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Summary

Everyone has a reservoir model; but the models are not very reliable at predicting the details of production. The
main reason for this unreliability is the inability of the models to accurately simulate variable fracture geometries
along the wellbore(s). One approach is to assume that all fractures along a wellbore are planar and simple, with the
same height, length, and permeability. While this might provide reasonable estimates of production and EUR, it fails
to accurately describe the drainage volume — inherent in the assumption of uniform fracture geometry for every
stage. Another approach is to use a stochastic DFN model along with geomechanical modeling of rock failure to
describe the resultant failed fracture geometry. This is used with Monte Carlo techniques that generate hundreds of
models to quantify the range of production and the associated uncertainty. While this approach appears more
rigorous, it requires quantifying values for a large number of model parameters, most of which have to be estimated,
since actual measurements of these parameters are very rare for unconventional wells.

When a reservoir is hydraulically fractured, the basic goal is to enhance the permeability of the reservoir by inducing
new fractures and activating the existing natural fractures. The most reliable predictor of a fractured reservoir’s
production is the level of permeability enhancement achieved by creating a network of failed natural fractures and
induced fractures through hydraulic stimulation. A new methodology has been developed that involves quantifying
the fracture intensity through a deterministic discrete fracture network (DFN) model explicitly using the measured
microseismic data, pumping parameters and rock properties. The fracture intensity can be translated into a
permeability tensor using fluid flow principles in fractured media. By accurately understanding, describing and
quantifying the permeability enhancement we obtain an improved description of the reservoir model honoring the
observed spatial changes in fracture intensity, fracture geometry and drainage volume.

This approach fundamentally changes how we quantify the permeability in our reservoir models. This methodology
incorporates actual changes in the fracture intensity along the wellbore, rather than using a theoretical fracture
model. This simplifies the reservoir simulation, providing very fast and sufficiently accurate results to understand
the production and depletion around single or multiple horizontal wells. One case study from Eagle Ford will be
presented.

Introduction

There are multiple methodologies for estimating production from unconventional reservoirs. Although many of
these methods are sufficient for estimating the gross production from treated wells, they typically cannot provide
accurate estimates of the drainage pattern around the wellbore to quantify the production contribution from
individual stages. This is mainly because the reservoir models are based on a fracture model that over-simplifies the
fracture geometry by assuming planar, simple fractures for the entire wellbore. Using these simple fracture models
in a reservoir simulation compounds those assumptions and their inaccuracies. We set out to find a solution that
would enable reservoir models to incorporate concrete data about each induced fracture, allowing the model to be
precisely calibrated to the treated state of the reservoir, which achieves a meaningful leap in the ability to accurately
predict a well’s production.
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In previously published works, we have established a deterministic method for building a discrete fracture network
(DFN) that discriminates the propped fractures from the un-propped fractures. However, describing the geometry of
propped and un-propped fractures is not enough to accurately determine the production potential of individual wells.
It is important to understand the permeability enhancement actually realized within the stimulated reservoir region.
Therefore, we have developed a methodology that uses the spatio-temporal dynamics of microseismic events (time
and distance of events from the wellbore) and the description of the fracture network and fracture intensity (number
of fractures, fracture orientations, and fracture apertures) to compute a permeability tensor based on principles of
fluid-flow in a fractured porous medium. This information fundamentally changes how we quantify the permeability
in our reservoir models. This methodology incorporates actual changes in the fracture intensity along the wellbore
during hydraulic fracturing, rather than using a theoretical fracture model.

Methodology

The most reliable indicator of a fractured reservoir’s future production is the level of permeability enhancement
achieved by the hydraulic stimulation. When a reservoir is hydraulically fractured, the basic goal is to enhance the
permeability of the reservoir by inducing new fractures and activating the existing natural fractures.

In order to distinguish between the total stimulated rock volume (SRV) where microseismic activity was observed
and the part of the SRV that contains proppant filled fractures and will therefore be productive in the long term, a
magnitude-calibrated DFN is modeled onto the microseismic events. Through source mechanism analysis, strike and
dip of the failure plane are identified for each individual event. The geometry of each individual failure plane is then
determined through the magnitude of an event incorporating rock and fluid properties. In order to obtain length,
height, and aperture of the fractures a methodology incorporating the magnitude of a microseismic event, the rigidity
of the reservoir rock, the injected fluid volumes, and, if available, fluid efficiency is employed. From the moment
magnitude, the seismic moment can be calculated, which depends on the area of the failure plane, the displacement
along the plane, and the rigidity of the rock. Assuming that the total detected seismicity is directly related to the
injected fluid volume and that the change in volume is completely accommodated by the seismic failure, minus leak-
off, the calculated fracture volume should equal the injected fluid volume. Since the seismic energy that was
recorded during a treatment and subsequently located as discrete events is usually only a fraction of the total emitted
energy, the two volumes described above rarely match. In order to account for any undetected microseismic event
population, such as tensile failure emitting quickly attenuating low frequency signal, or microseismic events with a
signal below the detection threshold, a scaling factor is introduced. Each variable defining the geometry of the
fracture is then recalculated so that the fracture volume matches the effective injected fluid volume (McGarr, 1976;
Kanamori, 1977; Bohnhoff et al., 2010; McKenna, 2013).

Estimating the propped half-length is performed by filling the DFN with proppant from the wellbore outward on a
stage by stage basis. The packing density of the proppant is variable and can be adjusted based on the specific
gravity of the proppant. Proppant filling is constrained by tortuosity of the flow path by allowing only a fraction of
the proppant to populate fractures intersecting the prevalent failure plane azimuth at high angles. The fracture
volume inside the respective stage DFN is filled with proppant until all proppant that was pumped is accounted for
to obtain the proppant filled fractures of the total DFN. The network of proppant-filled fractures is called the
propped DFN (P-DFN) (McKenna and Toohey, 2013).

To quantify the Stimulated Rock Volume (SRV), a three-dimensional grid is applied to the total DFN. Every grid-
cell containing a non-zero fracture property is included in the SRV. The total SRV is dependent on the size of the
model cells and can be adjusted based on known reservoir flow properties. It represents the total rock volume that
was affected by the treatment. In order to discern between the part of the SRV that is assumed to be drained over the
lifetime of the wellbore and the remaining part of the SRV, the grid is applied to the propped DFN as well. A subset
of the SRV that is calculated from propped DFN then represents the Productive SRV (P-SRV) that is expected to
contribute to production in the long term.

Every cell in the SRV and P-SRV contains at least a partial fracture. One key advantage of this workflow is the
ability to capture the fracture intensity (number of fractures, their orientation, and aperture) achieved in each cell of
the reservoir grid. This fracture intensity is translated into a permeability tensor using the Oda approach (Oda,
1985), providing quantification of the unscaled permeability enhancement in the x, y, and z-direction for each cell.
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We use the permeability enhancement results, as each cell’s comparative magnitude of permeability. In other words,
the permeability enhancement results demonstrate the amount of permeability enhancement in each cell compared to
its neighboring cell. We call this the PermIndex — as it represents an index or relative magnitude of permeability.
The ability to quantify these comparative permeabilities is a huge advantage for a reservoir model as it allows the
model to capture the variations in fracture intensity along and away from the wellbore. These values indicate which

cells likely will be more productive.

Figure 1 shows an example of the P-SRV with one enlarged geocell sample containing three intersecting fractures.
These fractures will result in varying enhancements in fluid flow within the individual cell. The full tensor is
calculated from the total number of fractures in an individual grid cell and the fracture orientations and size,
providing a three-dimensional distribution of permeability enhancement in the reservoir due to the stimulation.

Fracture Planes

Kx

Figure 1: Computing permeability tensor

Each cell of the P-SRV volume in Figure 1 is colored by the relative magnitude of permeability enhancement. The
hotter color (red) represents cells with higher permeability, while the cooler color (blue) represents cells with lower

permeability.

The estimated permeability enhancement in the stimulated region can be input into a black-oil reservoir simulator to
predict gas/oil production from the wellbore during primary depletion of the reservoir. Using permeability
enhancement as an input fundamentally changes the resulting reservoir model because it enables the model to be
based on a deterministic DFN, incorporating actual changes in the fracture intensity along the wellbore.

Case Study

Background

Using microseismic monitoring, the hydraulic fracturing treatment of a multi-well pad in the Eagle Ford shale was
monitored. The measured microseismic data was used to model the DFN, P-DFN, SRV and P-SRV. Permeability
enhancement was computed for the SRV and P-SRV as described above. The results enabled the operator to assess
the success of hydraulic fracturing and accurately estimate the production from these wells using a commercial

reservoir simulator.
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Figure 2 shows the resultant DFN and P-DFN models along with the corresponding SRV and P-SRYV for the 2 wells.
For this two well pad, the Productive SRV (P-SRV) occupies about 47% of the rock volume occupied by the total
Stimulated Rock Volume. The DFN and P-DFN models show significant variation in the fracture intensity over the
length of individual wells. Here fracture intensity is described as the number of fractures over a unit length of the
wellbore (e.g. a single stage), the average fracture dimensions (length and height) for a given stage and the fracture
orientations. We can also see that the variation in propped fracture intensity is different that the variation in total
DFN. This is important and can have a significant impact on how individual stages will contribute towards the
production. All of these variations are accurately captured by the permeability scalar described for the SRV and the
P-SRV. The permeability scalar thus provides an accurate three dimensional map of the effective permeability
variations over the entire stimulated region.
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Figure 2: DFN and P-DFN Models (Top); corresponding SRV and P-SRV models (bottom)
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Quantifying the Drainage Volume

Figure 3 through Figure 5 show a depth slice at three different TVD’s. We can see large variations in the fracture
dimensions per stage as well as the permeability enhancement at a particular depth interval. The question that still
remains un-answered is whether the SRV and P-SRV, along with the permeability scalar, accurately and sufficiently
quantifies the drainage volume.
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Figure 1: Depth Slice of SRV (left) and P-SRYV (right) @ 200ft TVD above the wellbore
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Figure 2: Depth Slice of SRV (left) and P-SRYV (right) @ wellbore TVD
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Figure 3: Depth Slice of SRV (left) and P-SRYV (right) @ 200ft TVD below the wellbore

We can see large variations in the fracture dimensions per stage as well as the permeability enhancement at a
particular depth interval. The question that still remains un-answered is whether the SRV and P-SRV, along with
the permeability scalar, accurately and sufficiently quantifies the drainage volume.

We validate the above model through production history matching using a commercial reservoir simulator. The
permeability enhancement results, obtained from the microseismic-derived DFN, are combined with other available
data to construct a detailed reservoir simulation model. The reservoir rock properties in each layer of the reservoir
model are specified based on core data, petro-physical well logs, and interpreted horizons. Fluid properties and rock-
fluid interactions are defined based on PVT and relative permeability measurements respectively.

The model is then calibrated by performing history-matching of production data. An identical permeability
multiplier is applied to all the P-SRV cells, while a separate permeability multiplier is applied to the cells located in
the un-propped portion of the SRV. This ensures that the relative magnitudes of permeability, as determined from
the microseismic analysis, are maintained throughout the history matching process. Differentiating between
propped and un-propped fractures also allows for the application of different compaction curves for propped and un-
propped fractures in the model. The reduction in fracture conductivity due to pressure depletion is accounted for by
applying a compaction table to the cells within the SRV and P-SRV. The history matching process is continued until
a reasonable agreement between simulation results and field data is achieved.

Results

Figure 6 and Figure 7 show the results of the history matching. The measured wellhead pressure (WHP) profile for
both wells was used as input into the reservoir simulator to calculate oil, gas and water production rates. A very
good agreement between simulation results and actual oil, gas and water rates are obtained for both wells
simultaneously.

Page 6 of 10
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Figure 6: Production History-Matching/Calibration of Model (solid lines) with Actual Production Data (dots) From Well A
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Figure 7: Production History-Matching/Calibration of Model (solid lines) with Actual Production Data (dots) From Well B
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While the completion designs are almost identical for the two wells, there are subtle differences in the oil, gas and
water production from the two wells. The reservoir simulation is able to simultaneously match the oi, gas and water
rates for both the wells, without making any changes to the reservoir model as described by the SRV, P-SRV and
permeability scalar. This suggests that the SRV, P-SRV and permeability scalar computed through advanced
microseismic analysis provide an accurate and sufficient quantification of the drainage volume over the productive
life of these wells.

Conclusions

There is a significant gap in the industry’s ability to measure the reservoir’s detailed reaction to hydraulic fracturing
and, therefore, it is difficult to predict future production from the reservoir. Microseismic-derived permeability
provides a solution for understanding details of the reservoir’s state after treatment. It enables early predictions of
the well’s expected production, with the added benefit that it is available immediately after completion of hydraulic
fracturing, without the need for well intervention. This bridges the gap between microseismic monitoring and
reservoir simulation by allowing direct import of microseismic-obtained data to calibrate reservoir models.

Case studies have shown that microseismic data can be reliably used to quantify the permeability enhancement in
the reservoir after a stimulation treatment. This enables operators to assess the success of a hydraulic fracture job
and accurately estimate the productivity of a well immediately after the treatment. It gives operators the control to be
able to balance completion and stimulation parameters to meet certain production goals and economic thresholds,
and it also reduces the overall economic risk in field development.

References

Bohnhoff, M., Dresen, G., Ellsworth, W.L., Ito, H., “Passive Seismic Monitoring of Natural and Induced
Earthquakes: Case Studies, Future Directions ans Socio-Economic Relevance”, New Frontiers in Integrated Solid
Earth Sciences, International Year of Planet Earth, Springer, 2010

Eisner, L., Williams-Stroud, S., Hill, A., Duncan, P., and Thornton, M., “Beyond the Dots in the Box:
Microseismicity-Constrained Fracture Models for Reservoir Simulations”, The Leading Edge: 936-941, 2010.

Detring, J., Grealy, M. “Using Microseismic to Understand Subsurface Fracture Systems and to Optimize
Completions: Eagle Ford Shale”, TX. Unconventional Resources Technology Conference, Denver, Colorado, 25-27
August, 2014.

Kanamori H., “The Energy Release in Great Earthquakes”, Journal of Geophysical Research, Vol. 82 (20), pp.2981-
2987, 1977.

McGarr A., “Seismic Moments and Volume Changes”, Journal of Geophysical Research, Vol. 81 (8), pp. 1487-
1494, 1976.

McKenna, J., and Toohey, N., “A Magnitude-Based Calibrated Discrete Fracture Network Methodology”. First
Break 31, 9-11, 2013.

McKenna, J., “Where did the Proppant Go? Unconventional Resources Technology Conference, Denver, Colorado,
25-27 August, 2014.

Neuhaus C.W., Ellison, M., Telker, C. and Blair, K., “Where is the Proppant? DFN Modeling, Proppant Placement,
and Drainage Estimation from Microseismic Data”, EAGE Annual Conference and Exhibition, Amsterdam, The

Netherlands, 1619 June, 2014.

Oda, M., “Permeability Tensor for Discontinuous Rock Masses”, Geotechnique 35(4), 483-495, 1985.



Page 9 of 10

UNCONVENTIGNAL

RESDURCES TECHNOLOGY COMNFERENCE
ik FUELED B8Y BPL » AAPG » 8EG

2016 COPYRIGHT FORM FOR URTeC

Thank you for presenting at the Unconventional Resources Technology Conference (URTeC). We appreciate your willingness to
present your paper. URTeC’s Policy is to safeguard contributed works by obtaining copyright in the name of URTeC. Therefore, a
transfer or assignment of copyright is required.

Copyright assignment protects reproduction and distribution of the paper. URTeC shall control the use and may offer to sell and/or
collect royalties for use of the paper. However, URTeC permits authors and their employers to retain certain rights to make copies
and reuse the material. The author/femployer also retains all interest in the proprietary material disclosed in the paper.

For and in consideration of the potential publication of the manuscript or extended abstract (the Work) submitted, |, the submitter of
the Work, as Author or for and on behalf of all authors and/or owners of copyright in the Work (Authors), hereby agree to transfer,
assign, and convey all right, title, interest, and copyright in the Work and the right to publish the Work in online (including wirelessly
conveyed), removable media, and/or printed form to the three societies, Society of Petroleum Engineers (SPE), American
Association of Petroleum Geologists (AAPG), and the Society of Exploration Geophysicists (SEG) that make up URTeC effective
when the Work is submitted for presentation at the 2016 Unconventional Resources Technology Conference and related
publication, subject only to limitation expressed in this Transfer of Copyright.

| warrant and represent that | am empowered and authorized to represent Authors with respect to this Transfer of Copyright if this
group includes others besides me. Authors warrant that they are empowered to convey the publication right described above to
URTeC and that the Work does not infringe any copyright or invade any right of privacy or publicity. Authors further warrant that
they have secured permission for the use of materials from a copyrighted source and all illustrations and photographs used in the
Work. Authors agree to indemnify, defend, and hold URTeC, its directors, officers, employees, and agents harmless against any
claims to the contrary. Authors understand and agree that URTeC may, at any time, republish in any form the whole Work or parts
thereof in any future publication with SPE, AAPG, and SEG at the discretion of URTeC. Authors convey to URTeC non-exclusive
right to license distribution or republication of all or any portion of the Work to third parties. Authors retain all other rights. Authors
confirm that the Work has not been published previously, nor is it under consideration by any other publisher. This transfer of
Copyright shall be binding on Authors’ heirs, executors and administrators.

Authors’ Royalty-free Rights
Authors of Works published in conjunction with URTeC shall retain the following royalty-free rights:

1. The right to reproduce the Work, including figures, drawings, tables, and abstracts of the Work, with proper copyright
acknowledgment, for any purpose.

2. All proprietary rights in the Work that were not transferred to URTeC, including the right to any patentable subject matter
that might not be contained in the Work.

3. The right to make oral presentation of the same or similar information as that contained in the Work, provided proper
acknowledgment is made of URTeC copyright ownership and current publication status.

4. The right to post the Work or portions thereof on Authors’ own Web pages or on Web pages or institutional repositories
operated by authors’ employers, in either case with acknowledgment of URTeC copyright and a link to an official version
published online by URTeC. If Authors’ online posting or reproduction of the Work in another form constitutes a
modification of the Work as published by URTeC, an accompanying notification stating this is required.

URTeC Control ID Number 2459223

Title of Paper Understanding and Quantifying Variable Drainage Volume for Unconventional Wells
Authors (Name all) Asal Rahimi Zeynal, Sudhendu Kashikar
Author/Authorized Agent Name (Please Print) Asal Rahimi Zeynal

)' D AA 06/01/2016

(Author!AulhorizeWgnature) Date



United States Government Certification
This will certify that all authors of the paper are U.5. government employees and prepared the paper within the scope of their officiat
duties. As such, the paper is not subject to U.S. copyright protection.

{AuthorfAuthorized Signature) Date
Crown Copyright Certification

This will certify that alt authors of the paper are employees of the British or British Commonwealith government and prepared the
paper in connection with their official duties. As such, the paper is subject 1o Crown Copyright and is not assigned to URTeC. The
undersigned acknowledges, however, that URTeC has the right to publish, distribute and reproduce the paper in all forms and
madia.

{AuthorfAuthorized Signature) Date

Page 10 of 10



