PS

How to Add Value to Tight Rock Fracturing Stages Using Geologically Constrained 3D Fracture Models and
Microseismicity*

Jean-Marc Daniel1, Matthieu Delorme1, Chakib Kada-kloucha1, Nina Khvoenkova1, Sylvie Schueller1, and Christine Souque1
Search and Discovery Article #41154 (2013)**
Posted July 29, 2013

*Adapted from poster presentation given at AAPG 2013 Annual Convention and Exhibition, Pittsburgh, Pennsylvania, May 19-22, 2013
**AAPG©2013 Serial rights given by author. For all other rights contact author directly.
1

IFP Energies nouvelles, Rueil-Malmaison Cedex, France (jean-marc.daniel@ifpen.fr)

Abstract
In the recent years, the rapid development of new plays in tight rocks, more particularly unconventional reservoirs, has promoted innovative
technologies and workflows to tackle new production challenges. This has led in particular to the acquisition of a large amount of microseismic
surveys to monitor fracturing jobs. With increasing experience, looking at the distribution of microseisms and focal mechanisms in different
shale gas/oil basins, it becomes clear that pre-existing weaknesses such as natural fractures and bed boundaries are reactivated during fracturing
jobs. This strongly calls for the use of Discrete Fracture Network in workflows designed to simulate the production of unconventionals. The
objective of this presentation is twofold. First, we describe a workflow based on the use of DFN to simulate fracturing jobs and their related
microseismicity. Then from its application, we will discuss how it gives additional values to data collected before and during fracturing jobs.
We first emphasize how to integrate all available data (logs and seismic data) to build a geologically consistent DFN representing the natural
fracture network around the wells. We then introduce an innovating mesh of the DFN, allowing to simulate efficiently fluid flow on the large 3D DFN representative of the geological complexity. These simulations are explicitly coupled to a simplified hydro-mechanical model to
compute the effect of fracture reactivation on fracturing stages. This allows confronting models with microseismicity and pressure monitored
during the injection period.
From this confrontation on representative cases, we demonstrate how the integration of in-situ stress, pressure measurements and
microseismics activity can be used to efficiently discriminate between contrasted conceptual models defined by the geologist from the
generally scarce available data and how this improves the characterization of tight reservoirs.
These stimulating results are finally used to discuss the remaining gaps in the understanding of these major targets for our industry.

Background information

ABSTRACT
In the recent years the rapid development of new plays in tight rocks, more particularly unconventional reservoirs, has promoted innovative technologies and workﬂows
to tackle new production challenges. This has led in particular to the acquisition of a large amount of microseismic surveys to monitor fracturing jobs. With increasing
experience, looking at the distribution of microseisms and focal mechanisms in diﬀerent shale gas/oil basins, it becomes clear that pre-existing weaknesses such as natural
fractures and bed boundaries are reactivated during fracturing jobs. This strongly calls for the use of Discrete Fracture Network in workﬂows designed to simulate the
production of unconventionals. The objective of this presentation is twofold.
First we describe a workﬂow based on the use of DFN to simulate fracturing jobs and their related microseismicity. Then from its application, we will discuss how it gives
additional values to data collected before and during fracturing jobs. We ﬁrst emphasize how to integrate all available data (logs and seismic data) to build a geologically
consistent DFN representing the natural fracture network around the wells.
We then introduce an innovating mesh of the DFN, allowing to simulate eﬃciently ﬂuid ﬂow on the large 3D DFN representative of the geological complexity. These simulations
are explicitly coupled to a simpliﬁed hydro-mechanical model to compute the eﬀect of fracture reactivation on fracturing stages. This allows confronting models with
microseismicity and pressure monitored during the injection period. From this confrontation on representative cases, we demonstrate how the integration of in-situ stress,
pressure measurements and microseismics activity can be used to eﬃciently discriminate between contrasted conceptual models deﬁned by the geologist from the generally
scarce available data and how this improves the characterization of tight reservoirs.
These stimulating results are ﬁnally used to discuss the remaining gaps in the understanding of this major targets for our industry.

Bakken a well documented example
The summary is based on the following references from which Figure 1 to 4 were extracted
Headington Oil Company LLC and XTO Energy Inc, (2008) Hydraulic Fracturing and Microseismic Monitoring Project, G-015-028 Final report
David Abbott D , Sherilyn Williams-Stroud S, and Shaﬀer R Surface Microseismic Monitoring of Hydraulic Fracture Stimulations, Bakken Formation, Nesson Anticline, Williston Basin, North Dakota
Search and Discovery Article #110089 (2009)
Sturm S.D. and Gomez E., (2009) Role of Natural Fracturing in Production from the Bakken Formation, Williston Basin, North Dakota, Search and Discovery Article #50199
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Summary
A pilot project was run in 2008 to understand the production characteristics of the bakken formation. Three horizontal wells were drilled in the middle member of the Bakken Formation ( Williams
County, North Dakota).
A lot of data were acquired in these wells including cores and imagery logs. From these data, natural fractures can be sorted in two sets (Figure 1a) that are frequently cemented. The stike of SHmax
as deﬁned form image logs is trending NE-SW (Figure 1b).
Two of these wells were stimulated either with a single stage (Figure 2 and 3) either with serval stages (Figure 4). In order to analyse the eﬀect of stimulation several arrays of seismometers were
deploid.
One of the lessons learned
The comparision of the strike of natural fractures with microseismicity records (Figure 3 and 4) strongly suggests that natural fractures partly controls how the shales responds to stimulation.
The computation shown in the following are inspired from this exemple
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Objectives

Results

The objective of the workﬂow described in this poster is to improve the characterization of shale plays taking into account properly the heterogeneity of shales.
The large amount of data recently collected on tight plays strongly suggests that in many cases natural fracture networks play a key role on stimulation eﬃciency and on the
drainage pattern toward the well. Therefore in a ﬁrst step, we prefered to simulate the natural fractures at a geologically realistic level of detail, making compromise with
physics (see also Dershowicz & Doe, 2011).
What you won't ﬁnd in this poster
A detailed physics of fracture propagation.

DFN1

Bakken reminder (see left panel)

Discrete Fracture Network

Centers of stimulated fractures a 3 time steps

It's all about Deformable Discrete Fracture Network (DDFN)
We aim at modifying fracture aperture and transmissivity for dense DFN based on realistic rules.
The parameters used by these rules are calibrated using pressure measurements and eventually
microseismicity during fracturing stages

DFN2
Pressure map two time steps

Intersection with well

Proposed workﬂow
The proposed workﬂow starts with tasks that are now performed routinely for fractured reservoirs from caracterization to DFN production (step 1 to 3).
In the DFN, speciﬁc fractures representing hydraulic fracture can be introduced.

1- Gathering the data that can control natural
fracture network
Seismic, Cores, image logs

2- Synthesis of fracture data in term of quantiﬁed
conceptual fracture model
Fracture set with orientation, density and
drivers

3- Computation of a Geologically consistent
Discrete Fracture Model
Blue impose rate
Red simulated pressure

Three cases are shown with various characteristics concerning fracture distribution

DFN3

DFN1: 2 natural fracture sets: NWSE 140m long, NESW 70m long
Constant fracture length - Nb Fractures = 23000

Pressure

Then an injection test is simulated in the computed DFN. step 4 The ﬂuid rate is imposed
4- Simulation of a fracturing stage
along the well at perforations and the evolution of ﬂuid pressure is computed in the DFN.
- Computing pressure and synthetic microseismicity
The aperture of the fractures and therefore their transmissivity increases linearly with the
- Fitting the parameter with actual data
rise of ﬂuid pressure (equivalent elastic response). When a fracture reaches the Mohr
Coulomb criterium, its aperture increases permanently. It is ﬂagged to be visualized in 3D
and compared with microseimic records.
The parameters of the model are the following one
- the elastic coeﬃcient that drive the elastic response
- the ﬂuid compressibility
- the initial fracture apertures and transmissibilities provided by sets
Pressure
- a cohesion and friction coeﬃcient that control fracture failure
- an aperture multiplier that control the post failure fracture behaviour
- a minimum aperture with pressure decreases for the activated fractures
- The state of stress
Details are provided on the right panel: How it works and Fracture reactivation due to pressuring. The value of the proposed workﬂow relies on the quality of the geological
model and on the eﬃciency of the ﬂuid ﬂow computation. The later is due to the use of An optimal mesh for fracture network (see right panel).
When the DFN is calibrated with pressure and properly behave with respect to microseismicity, it can then be upscaled and transfer to double media simulators to compute
expected recovery performance.

DFN3: 2 natural fracture sets: NWSE 140m long, NESW 70m long
Exponentiel fracture length - Nb Fractures = 23000
DFN2: 2 natural fracture sets: NWSE 70m long, NESW 70m long
Constant fracture length - Nb Fractures = 23000
Discussion
DFN1 and DFN2 have constant length distribution. DFN1 is close to percolation threshold, that is
why the fracture that cracks are heterogeneously distributed along the well. In DFN2 they are more
homogeneously distributed. As DNF2 contains longer fractures the injected ﬂuid only invades the
last cluster where it ﬁng enough volume. These two DFNs fail to reproduce qualitatively the
pressure response (ie. the ﬁrst pressure drop seen on the Bakken publications). DFN3 is much more
convincing in this regard. This is related to the occurence of large fractures in the natural fracture
distribution. I addition, the distribution of cracked fracture centers is similar (in term of void
distribution and trend) than the Bakken one.
Remark
These results demonstrate that the combination of pressure measurements and microseismicity
can help to precise some unknown parameters such as fracture length. Note that without
microseismicity, the pressure response alone can not solve this uncertainty

Key points concerning the Technical Background

How it works

An optimal mesh for fracture network
Eq 1

In order to compute the response of a fracture system to ﬂuid injection we have to solve a mass balance equation (the injected
ﬂuid has to go in existing space or to change its volume or the rock volume). In the case of injection in a fracture network, we
have therefore to deﬁne how the fracture system responds to pressure changes.

For each fracture

Voronoï nodes position

Eq 2

Intermediate Voronoï mesh
Transmissivity computation

Honoring ﬂow characteristics
with

Kissing Disks Theorem

Basic principle of fracture response to pressure
When pressure increases, the initial response of each fracture is elastic. The eﬀect of pressuring on aperture at step n (an) is
discribed using equation 1 and 2. The transmissivity is then increase according to the cube of the aperture increment.
The reactivation of the fractures is analysed using the mohr-coulomb criterion. The initial in situ stress is provided as input and
the computation of the pressure evolution leads to the modiﬁcation of eﬀective stresses on the fracture planes. The distance to
the Mohr Coulomb criteria is computed for each fractures (equation 3). When, for a given fracture, it becomes negative the
fracture does no longer behaves elastically, and its aperture is suddenly increased by a constrant factor (PAV in equation 4). The
aperture variation also depends on the last increment of pressure.

Eq 3
Eq 4

3D resulting mesh

In the past years modeling ﬂows in fractured reservoirs received considerable attention from hydrogeology and oil industry. We propose an optimal method to model ﬂuid ﬂow in
realistic 3D fracture networks. This method allows to take into account geometrical heterogeneities of fractures network using a minimal number of nodes.
This method takes advantage of the fact that the presence of strong discontinuities of conductivities in every plan of fracture lies locally along the intersections. This means that the
pressure gradient is weaker along the intersections. The lines of iso-pressure in every plan of fracture therefore correspond approximately to the lines of equidistance between the tracks
of intersections. Therefore using Voronoï diagram also called Dirichlet tesselation in each fracture plane, is thus appealing because of its properties: a Voronoï cell is consisting of all points
closer to its center than to any other site, the segments of the Voronoi diagram are all the points in the plane that are equidistant to the two nearest sites, the Voronoi nodes are the points
equidistant to three (or more) sites.
The complete 3D mesh is generated meshing each fracture independently, including fracture intersections in each fracture plane. The proposed workﬂow is illustrated in this ﬁgure.
The method is highly parallelisable and creates a minimum number of nodes on dense fracture networks with sparse and irregular fracture distribution. It is therefore well adapted to
capture ﬂuid ﬂow within the fractured reservoirs.

Eq 5

Mass balance
Mass conservation (equation 5) is solved for the fracture network and the wells descretized on the optimal mesh described in the
"An optimal mesh for fracture network" panel on the right.
The space available for the ﬂuids comes from changes in the rock volume either due to the elastic response that contain
information about rock compressibility (equation 6) either from plastic response (equation 7)

Eq 6
Eq 7

To close the system of equation, ﬂuxes are set at model boundaries and imposed at the intersection between the fractures and
the wells. The complete system of equation is then explicitely solved.

Reallistic DFN

Fracture reactivation due to pressuring
The eﬀect of pressure on fractures is to bring them closer to rupture as depicted in the sketch below.
Step 1: The state of stress is provided as input.
We presently assume that one principal stress is
vertical
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Step 2: The stresses are resolved on each fracture (ie
each fracture is placed in the Mohr diagram)
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Fracture

Step 2: On each fracture the pressure change is
applied to assess whether it the fracture is
reactivated.
in the example the fracture is just brought at
criticality
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Resulting complex 3D mesh

Conclusion and perspectives
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Conclusion
This poster demonstrates that combining the geological informations available in stimulated wells with pressure and microseismics measurements can provide valuable insights on the
characteristics of natural fracture networks in shales (Figure "Resutls"). In particular, the simulation of frac stages with appropriate discretre fracture models can be used to control
heterogeneity of the fracture network and therefore the eﬃciency of drainage system toward the wells. This conﬁrm that making some compromise with physics trying to capture the
proper level of detail is certainly a fruitful route. The meshing strategy is certainly a key of succes along this route.
Perspective
With respect to the promising results presented here, several improvements are in developpement. This especially includes the propant
behaviour within the fracture nework and also a modiﬁcation of the behavior of fractures representing hydraulic ones. In this case of this
fracture speciﬁc aperture laws are tested including incremental aperture instead of complete rupture of the predeﬁned planes.
Most importantly adding some real mechanics in the process will certainly improve the eﬃciency of the tool. The objective is to go
beyond the hypothesis made regarding the interaction between fracture and stress allowing some fracture/fracture interaction. In order
to adding this funcitonnality without hurting computation eﬃciency, the idea is to apply boundary element techniques to the larger
fractures. Tests made in this direction shows promizing results.

Stess computed across a pressurized fracture
(Blue FEM solution, Yellow BEM solution

