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Abstract
Marcellus Shale, a Devonian black shale, spans the majority of the Appalachian Basin from New York
through Pennsylvania, West Virginia and also extends into Ohio and Maryland (Bartuska, et al. 2012).
The unconventional gas reservoir is a term commonly used to refer to ultra-low permeability formations
that produces mainly dry natural gas and is not able to produce an economic flow rate without stimulation
treatments. The natural gas in the Marcellus Shale is produced most efficiently through horizontal wells with
multiple hydraulic fracturing stimulation treatments. Even though advances in technology have unlocked
considerable reserves of hydrocarbon, the long-term production behavior of the horizontal wells with
multiple hydraulic fractures is not well understood. This paper provides the results of parametric studies to
investigate the impact of the hydraulic fracture properties and more specifically the impact of non-uniform
fracture half-length, on the gas recovery from Marcellus Shale.

The purpose of this study is to evaluate the long-term production performance of horizontal wells with
multiple hydraulic fractures completed in Marcellus Shale. A commercial reservoir simulator was used to
develop the base model which incorporated the storage and production mechanisms inherent in shales. The
core, log, completion, stimulation, and production data obtained from wells located at the Marcellus Shale
Energy and Environment Laboratory (MSEEL) were utilized to generate the simulation model. MSEEL
is a research collaboration between West Virginia University, Ohio State University, The Natural Energy
Technology Laboratory, and Northeast Natural Energy. MSEEL aims to achieve a better understanding of
the unconventional shale resources through application of advanced technology in drilling, completion,
reservoir characterization, production and monitoring of horizontal wells. Furthermore, fracture properties
(fracture half-length, fracture width and fracture conductivity) were obtained by using commercial software.
Precision laboratory equipment was utilized to determine the shale properties from the core samples.

Field production data from two original horizontal Marcellus Shale gas wells at MSEEL site were utilized
for history matching to establish the missing shale parameters. History matching was initially performed
using production data for two years from one the horizontal wells. The matched model was then used to
predict the production for the following two years to confirm the accuracy and reliability of the model. In
addition, the base model was used to predict the second horizontal well production which provided reliable
results. Finally, a number of parametric studies were performed with the model to investigate the impact of
the hydraulic fracture properties and non-uniform fracture half-length, on the recovery.
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Introduction
In recent years, the demand for energy from unconventional reservoirs has increased all over the world. The
depletion of conventional resources has motivated technology advancement for economic recovery of oil
and natural gas from unconventional resources. The unconventional shale reservoirs require the application
of the massive stimulation treatments to achieve economic production. Typical unconventional reservoirs
are tight-gas sands, coalbed methane, heavy oil, and shales. Marcellus Shale is the largest shale gas play in
the U.S. Marcellus shale lies beneath much of Ohio, West Virginia, Pennsylvania and New York, as well
as portions of Kentucky, Tennessee and Maryland. The Marcellus Shale covers an area of approximately
95,000 square miles at an average thickness of 50 ft to 200 feet. The depth of the Marcellus ranges from
4,000 ft to 8,500 ft. Marcellus Shale is a Middle Devonian-aged shale bounded above by shales of the
Hamilton Group and below by limestones of the Tristates. It has been estimated that as much as 500 trillion
cubic feet of gas in place may be present in the entire Marcellus play area (Englander and Lash, 2009).
Shale gas reservoirs have become increasingly important energy sources in the recent years. Horizontal
wells with multiple hydraulic fractures are the key technology to achieve economic production from shale
gas reservoirs. However, the long-term production behavior of the horizontal wells with multiple hydraulic
fractures in ultra-low permeability formations is not well established. More specifically, the impact of the
non-uniform fracture half-length on the gas recovery has not been investigated.

Background
Shale is an organic-rich formation which could be both the source as well as the reservoir rock. The limited
pore space of the shale can store gas in free state while the organic material gas store gas in adsorbed state
(Cipolla 2009a). Shale is a complicated, naturally fracture reservoir with ultra-low permeability. Naturally
fracture reservoir are often characterized by dual porosity model (Warren & Root, 1962). The dual porosity
system consists of two interconnected media namely matrix and fissure. The matrix is primary porosity and
contains most of the fluid in the system but has very low permeability. The fissures which are considered the
secondary porosity and have greater permeability. However, it is believed that fissures in Marcellus Shale
are mineralized and do not contribute to well productivity (Cipolla 2009b). The stimulation treatment is
crucial to the production of natural gas from the shale because it is the key to creation of an interconnected
fracture system to reach a large, highly fractured network. The economic gas production from Marcellus
shale is mainly achieved by using of horizontal wells hydraulically fractured in multiple stages (Soeder,
2012). The first large slickwater stimulation treatment in Marcellus Shale was performed in southwestern
Pennsylvania in 2004 (Fontaine, et al. 2008). Large water-fracs with light proppant are currently being used
with success in many areas (Warpinski et al. 2008).

There have been attempts to evaluate the hydraulic fracture geometry from microseismic data. However,
these approaches fail to present actual fracture geometry and conductivity precisely because microseismic
data represent only a small portion of the complete hydraulic fracture deformation (Maxwell, et al., 2013;
Cipolla and Wallace, 2014) and, therefore, cannot determine the location of proppant or distribution of
fracture conductivity (Cipolla et al., 2011b and 2012). Furthermore, Diagnostic tools such as Fracture
Mapping Tools, Radioactive Tracer, Fiber Optics, and Production Logging, etc. are qualitative and severely
limited by non-uniqueness of the interpretation. Cipolla et al. (2010b) has displayed that about 40% of the
perforation clusters were not producing gas. Several authors have performed study to determine hydraulic
fracture properties, such as fracture half-length and fracture conductivity (Aboaba and Cheng, 2010; Yu
and Sepehrnoori, 2014). However, all previous studies have considered shale gas reservoirs with a uniform
configuration of hydraulic fractures.
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OBJECTIVE AND METHODOLOGY
The objectives of this study were

– To evaluate the long-term production performance of horizontal wells with multiple hydraulic
fractures.

– To investigate the impact of the hydraulic fracture half-length including non-uniform fracture
halflength, on the gas recovery from Marcellus Shale.

The data collected and used in this study were obtained from the Marcellus Shale Energy and
Environment Laboratory (MSEEL). MSEEL is field laboratory operated by Northeast Natural Energy
(NNE). The production and stimulation data from two horizontal wells (MIP-4H and MIP-6H) that were
drilled in 2011 at the site, were available through MSEEL project. Two additional horizontal wells (MIP-3H
and MIP-5H) as well as a vertical science well (MIP-SW), located between the two new horizontal wells,
were drilled in 2015. The vertical well was utilized to obtain core and log data as well for microseismic
monitoring.

In order to accomplish the objective of this study, a methodology consisting of the following steps was
employed:

➢ The results of logs and core data analysis were collected and used in the study. The petrophysical
analysis performed through the Precision Petrophysical Analysis Laboratory (PPAL) (Elsaig et al.,
2016) showed an average permeability of 120 nano-Darcy (nD) over a formation thickness of 90
ft. and an average porosity is about 2%. The geomechanical rock properties including the minimum
horizontal stress, Young’s modulus, and Poisson’s ratio were estimated from the logs and core data.

➢ Completion data for two horizontal wells MIP-4H and MIP-6H were collected. MIP-6H was
stimulated with eight fracture stages at over a lateral length of 2,380 ft. MIP-4H was stimulated with
eleven fracture over a lateral of 3800 ft. The fracture treatment for both wells used a pump rate of 80
bpm. 339,172 gallons of a slick water; 1500 gallons of acid; 36,175 gallons linear 2000; and 400,000
lb of sand which included 100,000 lb of 100 mesh and 300,000 lb of 40/100 mesh were used in
each stage. Young’s Modulus, Poisson’s Ratio and the minimum horizontal stress were assumed to
be the same for all hydraulic fracturing stages. The hydraulic fracture properties were estimated from
the completion data by employing a 3-D fracture modeling software (FRACPRO) which assumes
isotropic rock properties for estimating the fracture properties.

➢ The results of data collection and analysis were used as input to develop the models for wells MIP-6H
and MIP-4H. Table 1 summarizes the basic model parameter. The reservoir model for MIP-6H was
set with dimensions of 4000 ft. in length, 1000 ft. in width, and 90 ft. in height. The lateral length
is 2380 ft. with 8 fracture stages. Stage spacing is set as 340 ft. Since the exact distribution of the
fissures (natural fractures) were not known, it was assumed that fissures are distributed uniformly
with horizontal spacing 20-ft. A horizontal well is placed at the center of the model for efficient
production.

➢ There are 1460 days of production data available for MIP-6H. Production history matching for
MIP-6H was performed using production data for the first 730 days. The hydraulic fracture half-
length was the main variable which was adjusted to achieve a match. The matched model was then
used to predict the MIP-6H production for the next 730 days to confirm the accuracy and reliability
of the model.

➢ Production history matching was also performed for MIP-4H and MIP-6H using the entire production
data available. 6 different cases were modeled for each horizontal well to achieve history match.
These cases are as follows:

1. All hydraulic fractures were assumed to have the same length and other properties.
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2. The hydraulic fractures half-length were assumed to have different half-lengths (non-uniform) as
listed in Table 5 for MIP-6H and Table 6 for MIP-4H. The production history was matched without
changing any other input parameres.

3. One of the fracture stages was assumed to be non-contributing. Meyer et al. (2010) demonstrated
that not all perforation stages necessarily contribute to production. The location of the
noncontributing stage was alternated.

4. The fracture half-length was reduced but a region of increased fissure permeability around planar
hydraulic fractures was assumed.

5. The fracture half-length was reduced but a stimulated reservoir volume with increased fissure
permeability around the horizontal wellbore (2420 ft. in length, 400 ft. in width) was assumed for
MIP-6H and (3840ft. in length, 800ft. in width) was assumed for MIP-4H

6. This case is similar to case 6 but the stimulated reservoir volume was assumed to have a higher
fissure permeability in the region between the fracture stages and a lower permeability beyond the
fracture tips.

➢ The matched model for MIP-6H with uniform fracture half-lengths and properties (case 1) was
utilized for parametric studies to investigate the impact of the hydraulic fracture half-length and
nonuniform fracture half-lengths, on the gas recovery (30-year simulated production) from Marcellus
Shale. Eleven non-uniform fracture half-length configurations were investigated as illustrated in
Figure 1. For cases 1, 2 and 3 small changes to the base model fracture half- length (200 ft.) were
considered. For these cases, the two fracture half-length (260 and 140 ft.) in different orders were
assumed. For cases 9, 10 and 11, the changes to fracture half-lengths were increased. For these cases,
the fracture half-length of 300 and 100 ft. in different orders were assumed. Finally, for cases 6, 7 and
8 fracture half-length of 340 and 60 ft. in different orders were assumed. For case 4 several fracture
half-lengths including 340 ft. at the beginning followed by fracture half-lengths of 300, 260, 220,
180, 140,100 and 60 ft. For case 5, the same fracture half-lengths as case 4 were assumed but in the
reverse order.

Table 1—Basic Model for MIP-6H and for MIP-4H
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Figure 1—illustrates eleven non-uniform fracture half-length configurations

Result and Discussion
The results fracture-modeling software are provided in Table 2 and 3 for MIP-4H and MIP-6H. The
large fracture height growth was suspected because no significant barriers exist which would limit the
fracture height growth. It should be noted that even with good quality input data, the fracture properties in
shale cannot be accurately estimated because of complex interactions of rock, stress, and natural fracture
characteristics. The fracture model used in this study assumes isotropic rock properties. The models that
account for anisotropy are computationally expensive, especially when numerous simulations must be
performed by varying the input parameters for parametric studies.

Table 2—Hydraulic Fracture Properties for MIP-4H
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Table 3—Hydraulic Fracture Properties for MIP-6H

The results of history matching for MIP-6H using production data for the first 730 days are provided
in Table 4. As can be seen from Table 4, all hydraulic fractures were uniform. The history matching was
performed by varying hydraulic fracture properties such as fracture half-length and fracture conductivity,
while the reservoir properties were held constant. Figure 2 illustrates the match between the numerical
simulation results and the actual field production data. Subsequently, the matched model was used to predict
the production for the next 730 days to verify accuracy and reliability of the matched model. The predicted
production rates appear to be very close to the actual data as it can be seen in Figure 4. These results
confirmed the reliability of the matched model.

Figure 2—History Matching for MIP-6H well for first two years

Figure 3—Forecasting of gas rate for MIP-6H well for the second 2 years



SPE-185628-MS 7

Figure 4—History Matching for MIP-4H well for four years

Table 4—History Matching parameters for MIP-6H well for first two years

Fissure permeability I,j,k (md) 0.001.3,0.0013,0.00013

Number of hydraulic fractures S

Fracture Half-Length, x, (ft) 200

Conductivity, ky wy-. (mD-ft) 10

The results of history matching for all the 6 cases, as described earlier, are summarized in Tables 5 and 6.
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Table 5—History matching parameters for MIP-6H
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Table 6—History matching parameters for MIP-4H

For case 1, the base model which was used in MIP-6H was used to predict MIP-4H except for the
hydraulic fracture properties. The reservoir model dimensions were set as 5000 ft. in length, 1200 ft. in
width, and 90 ft. in height. The lateral length is 3800 ft. with 11 fracture stages or stage spacing of 380 ft.
The history match was obtained by adjusting the hydraulic fracture half-length. The final simulation results
and the production rates for four years are shown in Figure 5
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Figure 5—History Matching for MIP-4H well for four years

For the second case, the hydraulic fractures half-length were assumed to be different (non-uniform) as
listed in Table 5 and 6. As it can be seen from the Table 5, the half-lengths for MIP-6H were reduced for
four stages but in order to obtain a history match it is necessary to increase the half-lengths for the other
four stages. The same results were also obtained for MIP-4H as can be seen in Table 6.

The third case was simulated to investigate the possibility that one the stages is not contributing to the
production. The production history was matched but required higher fracture half-lengths for other rest of
the stages. The results are summarized in Table 5 and 6.

The fourth case was simulated to investigate the impact of hydraulic fractures on the fissure permeability.
For this case, the fissure permeability enhancement was assumed to be around planar hydraulic fracture,
which could be caused by shear or dilation during the injection. To model this, a region of increased fissure
permeability around planar hydraulic fractures was assumed. Two matches were obtained. The first was
based on the fracture half-length of 140 ft. and the fissure permeability around the hydraulic fracture was
increased to 0.0043 mD to obtain the match. The second one was based on a fracture half-length of 100 ft.
and fissure permeability was needed to be increased to 0.009 mD to achieve a match.

The fifth case was simulated to investigate the impact of hydraulic fractures on the formation around the
horizontal wellbore by assuming a stimulated reservoir volume around the horizontal wellbore (2420 ft. in
length, 400 ft. in width). Two matches were obtained. The first was based on the fracture half-length of 140
ft. and the fissure permeability of 0.0025 (mD). The second one was based on a fracture half-length of 100
ft. and fissure permeability was needed to be increased to 0.0036 mD.

The sixth case was similar to the fifth case however the stimulated reservoir volume around the horizontal
wellbore was assumed to have a higher permeability in the region between the fracture stages and a lower
permeability beyond the fracture tips. Two matches were obtained. The first was based on the fracture half-
length of 140 ft. and the fissure permeability of 0.0028 mD in the inner region and 0.0018 mD in the outer
region. The second one was based on a fracture half-length of 100 ft. and fissure permeability was needed
to be increased to 0.004 mD in the inner region and 0.0028 mD in the outer region.

Impact of Fracture Half-length
The history-matched model for MIP-6H, as described in case 1 above, was used to investigate the impact
of the hydraulic fracture half-length, on the gas recovery from Marcellus Shale. The gas recovery was
estimated as the 30-year cumulative production based on the model predictions. Figures 6 illustrates that
the impact of fracture-half-length on cumulative production which increases as the fracture half-length
increases. Therefore, fracture half length is a major contributor to the gas recovery. The fracture halflength
impact is much more significant during the early production.
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Figure 6—shows fracture half-length xf vs Cumulative Gas

Effect of Non-uniform Fracture Half-Length
Table 7 summarizes the model predictions for all eleven cases and compares them against the base model
predictions. As can be observed case 10 provides the highest and case 6 results in the lowest cumulative
recovery. However, the impact of non-uniform fracture half-length is not very significant.

Table 7—Hydraulic Fracture Geometry

Fracture Half-Leneth. ft

stase 1 stage 2 stage 3 stage 4 stage 5 stage 6 stage 7 stage 8
Cumulative
Gas MMScf Deviation, %

Base Model 200 200 200 200 200 200 200 200 2245 -

Case 1 140 140 260 260 260 260 140 140 2201 -1.962

Case 2 260 260 140 140 140 140 260 260 2269 1.073

Case 3 260 140 260 140 260 140 260 140 2245 0.022

Case 4 340 300 260 220 180 140 100 60 2194 -2.285

Case 5 60 100 140 180 220 260 300 340 2199 -2.059

Case 6 60 60 340 340 340 340 60 60 2106 -6.183

Case 7 340 340 60 60 60 60 340 340 2266 0.951

Case 8 340 60 340 60 340 60 340 60 2245 0.019

Case 9 100 100 300 300 300 300 100 100 2159 -3.805

Case 10 300 300 100 100 100 100 300 300 2274 1.300

Case 11 300 100 300 100 300 100 300 100 2248 0.158

Conclusion
1. The fracture half-length and fracture conductivity predicted for both of the wells (MIP-4H and

MIP-6H) by 3D fracture model resulted in significantly higher production than observed from the
field data. This can be attributed to the fracture model assumption of isotropic rock properties.
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2. There is no unique explanation for the differences between the model predictions and the observed
production history. A number of possibilities were investigated and the production history can be
matched in each case by adjusting the fracture half-length.

3. If two of the hydraulic fracture stages were assumed to be non-contributing, the hydraulic fracture half-
length obtained from reservoir simulation nearly matches the 3-D fracture model results for both wells.
Obviously, the fracture half-lengths that were obtained from either models are not the true fracture
half-length. However, it can be concluded that various fracture stages do not contribute uniformly to
the production.

4. Fracture half-length has a significant impact on the gas recovery.
5. The impact of non-uniform fracture half-length is not very significant.
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