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This brief report summarizes the state of the art in re-fracturing of tight gas sands and gas shales. The format of the report is as prescribed in the RPSEA proposal guidelines.

Summary Background of Industry/Sector

During the course of production from a well, these flow induced stresses can form a significant component of the overall stress. An important associated effect is rock deformation associated with the creation of the fracture and the reduction in pore pressure which can give rise to large changes in effective stresses and significant reductions in porosity and permeability. Field evidence of this has been provided in the past by fracture-mapping tight gas sands during re-fracturing treatments and by micro-seismic surveys of gas wells and wells in water flooded reservoirs (Wright et al., 1995, 1999).  

Warpinski and Branagan (1989) proposed that a favorable stress distribution resulting from stress reorientation can be used to create a desired fracture orientation. The process is referred to as altered stress fracturing. Palmer (1993) elaborated on the process of altered-stress fracturing with emphasis on the application to coal bed methane reservoirs.  Wright and Conant (1995) reported that fractures in primary recovery start and propagate at angles of 30° − 60° to the initial hydraulic fractures, while infill hydraulic fractures in secondary recovery start and propagate at angles greater than 60° to the original fracture orientation. 
Field studies, using hydraulic fracture mapping, provide confirmation that fracture reorientation does indeed occur in certain fields. The type (fracture azimuth and/or dip) as well as the magnitude of fracture reorientation observed is seen to be variable. Fracture reorientation was observed in both the Lost Hills diatomite and in the Austin Chalk (Wright, 1995). In most cases the source of the observed stress / fracture) re-orientation is production depletion. Fluid production from a reservoir results in a depletion of the reservoir pressure and an establishment of pore pressure gradients in the reservoir, which in turn alters the stress state in the reservoir through poro-elastic coupling.
Production from the initial fracture causes a local reduction in the pore pressure in an expanding elliptical region around the fracture. The pore pressure depletion changes the stress distribution in the reservoir. Numerical simulations (Elbel, 1993; and Marck, 1994) show that the total stress parallel to the initial fracture reduces faster than the orthogonal stress as a function of time. This could be explained by noting that the production induced displacement field near the y-axis in the elliptic region of Fig. 6 is characterized by a movement along the primary fracture but away from the well. This displacement field thus causes stretching in the x-direction.  If the induced stress changes are large enough to overcome the effect of the initial horizontal stress contrast, then the direction or azimuth of the minimum horizontal effective stress becomes the maximum within an elliptical region around the initial fracture (Elbel, 1993). Under these conditions, a re-fracture will propagate orthogonal to the initial fracture (i.e., orthogonal to the current local minimum principal stress), until it reaches the limit of this stress reversal region as depicted schematically in Fig. 3. The boundary of this region along the axis is defined by isotropic points - points with zero shear stress, and hence equal horizontal stress.

Technologies/Tools/Approaches/Data Being Used
Elbel (1993, 1998, 2000) presented a fracture reorientation theory and applied it to tight gas wells. Siebrits and Elbel (1998) provided an analytical solution of stress reorientation by fluid injection. The principal results of this study can be summarized as follows. A fracture propagating in an actively produced reservoir will propagate tangent to a producer and be attracted towards an injector if the fracture is propagating within its “attraction basin” (Minner et al., 1995). Fracture deviation and attraction toward the injection well appears to be primarily controlled by two dimensionless quantities (Berchenko and Detournay, 1997):
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the dimensionless time (where c is the hydraulic diffusivity and L is the half-distance between two wells).  

Zhai and Sharma (2007) used poro-elastic stresses around un-fractured wells to develop analytical solutions for the stress reorientation induced by fluid injection or production. The stresses due to well bore pressure were superimposed on the in-situ stresses to derive analytical expressions for the angle of re-orientation. Singh and Sharma (2007) numerically calculated the stress reorientation around fractured wells and around horizontal wells. They showed that for tight gas sands with large drawdown the pressure gradients are large enough to cause a significant degree of reorientation around the both vertical and horizontal fractured wells. 
Experimental and analytical studies have shown that the re-orientation radius increases as the pumping rate increases (Bradley, W. B., 1979; El-Rabba, 1989). It has been also found that as the ratio between the maximum and minimum horizontal stresses increases, the re-orientation radius gets shorter. Using the analysis developed by Viola, El-Rabaa developed a relationship between the re-orientation radius and the stress ratio (Viola, E. and Piva A., 1984; El-Rabba, 1989). For a stress ratio of higher than two, it is unlikely that a fracture in the direction of the minimum stress will be created (El-Rabba, 1989). One has to remember that Viola’s study was strictly analytical and that it only provides guide lines. When a fracture is re-oriented in space, it is expected that the fracture width would be reduced. The degree of reduction in the fracture width depends on the degree of re-orientation. A fracture created axially to the wellbore that turns to a perfectly transverse fracture would suffer maximum reduction in width. Deimbacher, et al. (1993) presented a simple equation to calculate this reduction in width.

Fracture re-stimulations in the naturally fractured Barnett shale, north of Fort Worth, Texas, are also an example of fracture reorientation. These treatments were monitored with an array of surface and subsurface tiltmeters (Fisher et al., 2002). The results suggest significant fracture reorientation in one well and oblique reorientation in another well. Post-treatment production increased substantially in both wells. Other re-fractured wells in the area had similar increases. Reservoir depletion combined with natural fractures can cause development of complex fracture “networks” during initial treatments and re-stimulations. Fractures tend to follow the path of preexisting fractures or planes of weakness that are more susceptible to fracturing (Li, 2007).
Rod et al. (2005) discussed the relation between fracture orientation and stress reorientation in horizontal wells (Rod et al, 2005) in the Halfdan Chalk field in the Danish North Sea. Induced fractures are actively steered along the horizontal wells in a densely spaced line -drive-flood method to ensure sweep efficiency. The horizontal wells were drilled with 600 ft lateral spacing in a pattern of regular arrays with alternating producers and injectors. Figure 6 shows the horizontal wells in the Halfdan field with the virgin maximum stress direction and the reoriented maximum stress direction in the field (reoriented as a result of production). Similar results were obtained through simulations by Singh et al. (2008) indicating that stress reorientation in horizontal wells can be well explained by their poro-elastic models. Indeed it may be possible to predict and design fracture and refracture treatments to fully utilize the reorientation phenomena. 

The creation of a hydraulic fracture alters the stress distribution in its vicinity (Sneddon and Elliott, 1946). The stress increase is maximum in the direction perpendicular to the fracture. If the stress contrast is low, the stress orientation may change affecting the fracturing of successive transverse fractures in horizontal wells (Soliman and Adams, 2004). These effects should be taken into account to determine the optimum fracture spacing.

In the past 10 years, over 5000 Codell wells have been refractured, sometimes more than once, with economic success estimated in over 90% of cases (Emrich, 1998) Although wells were originally drilled on 40 acre spacing, production analysis computed effective drained areas of 10-20 acres and also produced evidence of long-term formation linear flow behavior, inferring an elliptical drainage pattern restricted to the reservoir near the propped fractures (Boone, 1997).  Fracture reorientation, with propagation into poorly drained rock not affected by the original treatment, is believed to be a dominant factor in treatment success (Wolhart, 2007).

The Barnett shale has been on the leading edge in developing many of the completion techniques used in fracture stimulating shale reservoirs. BJ Services has fractured more than 2000 wells in the Barnett Shale with slickwater fracturing systems utilizing a variety of proppants including light weight proppants. This includes more than 800 horizontal wells and more than 4,000 frac stages. Hundreds of vertical wells that were previously fractured with conventional cross linked gelled fluids have been refractured. Horizontal well activity has expanded into the tight gas sands of East Texas and N. Louisiana including the Cotton Valley and Bossier Sands as well as the tight gas reservoirs in Mississippi. 

Inadequacies of Current Information or Technology

The significant cost savings achieved with the use of re-fracture treatments in different wellbore geometries, in both tight gas sands and in gas shales (saving the cost of in-fill wells), means that their use will continue to increase over time. Re-fracturing treatments offer new challenges for operators in terms of candidate well selection, timing of re-fracture treatments and re-fracture fluids and design.   

While several strategies are available today for candidate well selection, such as statistical methods based on the success or failure of prior treatments, none of the existing methods have the capability to establish a geo-mechanics simulation based selection procedure. No guidelines have been established for the timing of the re-fracture treatments in the life of the well, or for the selection of fluids and proppants specifically accounting for the complexities associated with the presence of the original fracture.  The primary objective of the proposal is to improve the performance of re-fracture treatments in gas shales and tight gas sands through better candidate well selection, novel fluids, and improved re-fracture designs based on poro-elastic models and field data analysis.
Development Strategies and Future Work
The primary challenge facing gas producers in unconventional gas plays is the rapid depletion rate of new wells and their relatively high cost. Rapid decline rates require that many new wells be drilled just to maintain production. To address these concerns, this proposal aims at developing methods for improving reservoir access through existing wellbores so as to minimize drilling and completion costs. This can be accomplished by reducing the number of wellbores drilled by suitably fracturing and re-fracturing both vertical and horizontal wells.  

Re-fracture treatments are widely applied in gas shales and tight gas sands but with highly variable success rates. Current methods for candidate well selection are primarily based on statistical data available from past treatments in the play. Re-fracture designs do not take into account changes due to near-wellbore and reservoir stresses and pre-existing proppant packs which can have a big influence on the design of re-fracture treatments.  This proposal aims at developing a systematic methodology for providing an operator the following key deliverables:

· A well defined methodology for candidate well selection based on poro-elastic models and analysis of field data.

· Recommendations and charts for the time window most suitable for re-fracturing, for a range of reservoir types, reservoir properties and production profiles.

· Application of re-fracture treatments in horizontal and deviated wellbores

· Re-fracture treatment designs utilizing novel fluids, proppants and injection strategies

This will be accomplished through field application of newly developed geo-mechanical models, proppant placement strategies, and better re-fracture designs based on novel fluids and proppants.
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