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Abstract
This paper gives some of the issues present in the hydraulic fracturing design, application and evaluation procedures in the hydrocarbon industry. 

Depending on the reservoir, hydraulic fracture treatments have as a goal either to bypass damaged permeability close to the well, or to create additional contact area between the reservoir and the well. While for the first goal the key is to maximize the fracture conductivity and thus the fracture width in the vicinity of the wellbore, the second goal requires large fractures, preferably connecting to an already existing network of natural fractures. Typically, such massive hydraulic fractures are placed in low-permeability reservoir. 

The successful placement of a propped hydraulic fracture depends critically on the quality of the design input data. Such data contain knowledge about the in-situ stresses, the reservoir permeability, the elastic parameters, and the fracture propagation criteria. Minifrac tests are designed to disclose such parameters. To this end, the time-dependent behaviour of the pressure after a short injection test above the fracture pressure is analysed with specially designed software. Further important knowledge is the containing capacity of different layers in the subsurface, as these determine the height / length ratio of the fracture. A profile of the parameters, required to assess this, however, is often difficult to obtain. 

Even with good design input data and a properly operated fracturing treatment, the results are not always in line with the predictions. Knowledge is usually built up in specific areas during subsequent hydraulic fracturing treatments and their careful evaluation. Method that can help considerably in this evaluation are tiltmeter mapping and microseismic monitoring, by which the dimensions of the created fracture can be estimated.

Keywords: hydraulic fracturing, stimulation, oil and gas
1. Introduction
Many oil and gas wells in the hydrocarbon industry are stimulated for better performance. One of the possibilities of stimulation is hydraulic fracturing. With hydraulic fracturing, a fluid is pumped into the formation with such high rate and pressure that the formation strength is exceeded and a fracture develops. Coarse material – proppant – is then pumped along with the fracturing fluid with the aim to keep the created fracture open after the fracturing treatment has been finalized. The fracture acts as an improved connection between the reservoir and the well, where the proppant keeps the fracture open and facilitates the high permeability required for the stimulation to be effective. The current paper highlights a number of issues that play a role in hydraulic fracturing applications in the hydrocarbon industry. After the presentation of some basic principles, different kinds of hydraulic fracturing application will be given. Some remarks will then be made about the design, the monitoring, and potential pitfalls. Particular attention will be given to issues that are related to issues playing a role in stimulation of geothermal wells. The paper will be completed with a number of concluding remarks.
2. Hydraulic fracturing
Central in the discussion about hydraulic fracturing is the stress present in the subsurface. At greater depths, the largest normal stress component is usually vertical. Thus, the medium and minimum normal stress components are both horizontal. Hydraulic fracturing is tensile fracturing (i.e. mode I; see Figure 1); in that case the orientation of the fracture is perpendicular to the minimum in-situ stress and is vertical. 
The principle of fracturing is that a fluid is pumped into the well and the perforations at a high rate. When the increasing pressure exceeds the minimum in-situ stress and the tensile stress, the formation breaks and a fracture develops. The displacement of the fracture walls causes an increase in stress ahead of the tip. This stress exhibits a singular behaviour, described in the stress intensity factor. As long as the singularity is larger than the critical stress intensity factor, the fracture propagates further. On its turn, the displacement of the fracture walls is directly coupled to the volume of the fracture and therefore the fracture propagation criterion must be combined with a volume balance calculation. The volume balance states that the increase of fracture volume is determined by the difference between the injection rate and the leakoff rate. On its turn, the leakoff rate is controlled by the invasion of the fracturing fluid into the formation and the development of a filtercake on the fracture wall. This coupled process can be summarized conceptually as 
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Figure 1
Fracturing modes

There are a couple of issues that complicate the above described process. In the first place, the minimum in-situ stress does not need to be constant over the fracture area. The stress may in particular change on interfaces between subsurface layers. This makes the calculation of the propagation criterion far more difficult because the stress intensity factor depends critically on it. In the second place, the stress is not only influenced by the displacement of the fracture walls but also by the increase of pore pressure and the change in temperature when large amounts of fluid enter the reservoir. These effects are called poro-elasticity and thermo-elasticity. In the third place, the calculation of the leakoff rate is much more complicated then given above when the amount of fluid leaking to the reservoir is large in comparison to the volume of the fracture. In that case, the actual three-dimensional pressure field in the reservoir will determine the exact leakoff rate. This is in particular important when low-viscosity fracturing fluids like water are used.
The hydrocarbon industry has broad experience with hydraulic fracturing and many fracture models are around that simulate the fracturing process. Such simulators range from relatively simple single-layer tools to fully coupled simulators in which the fracturing process, the dynamic reservoir pressure response and the stress behaviour are taken into account [Ji et al, 2006]. In all cases, the more sophisticated the model, the more input is required. Very bad answers can be obtained when the input is wrong. Both a priori parameter estimation and a posteriori evaluation are critical to build a knowledge base in any area.
3. Types of Applications

The design and the execution of a hydraulic fracturing stimulation treatment is critically dependent on the goal that the operator wants to achieve. A number of classes can be distinguished in the hydrocarbon industry. The most classic application is massive hydraulic fracturing, which is primarily used in low-permeability reservoirs. The goal is to create a large fracture to enlarge the contact area between the well and the reservoir. Because of the low permeability of the reservoir, it is not so difficult to create a large contrast between the flow capacity of the fracture and of the reservoir. With the increasing application of horizontal wells, multiple fractures in a single well are often placed. This is achieved by progressive perforation from the toe to the heel of the well, and temporary shutoff of earlier treated intervals. Such shutoff can be accomplished with sand plugs, with removable packers, or with easily drillable composite bridge plugs.
For reservoirs with larger permeability, the problem is sometimes that the area around the well is damaged. Then a short fracture is created to bypass this damage. Special procedures are available to ensure that the width of the fracture is larger than the natural width with just clean fluid: proppant is already pumped in an early stage of the treatment such that it bridges the tip of the fracture and the stress intensity factor is smaller because only a part of the full fracture wall area is supported by the injection pressure. This is called tip-screen-out fracturing or frac-and-pack [Roodhart et al, 1994].

Another application, which may be of more interest to geothermal applications, is fracturing during water injection. Here, the injector is fractured without proppant, and this is therefore not stimulation in the strict sense. Many oil fields utilize water injection in order to maintain the reservoir pressure and to force the oil to the injector. However, to maintain the required injection rate, the pressure often needs to exceed the fracturing pressure. These cases require in particular the coupling with the reservoir behaviour that was described in the previous section. In some circumstances, water is used that has been produced associated with the produced oil. An even more complicating factor for the injection of produced water is that it may not be fully clean. Then the permeability around the fracture will decrease with the increasing amount of contaminants injected, and the interior of the fracture will progressively be plugged with contaminants that can not enter the reservoir pores [Gheissary et al, 1999] (Fig. 2).
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Figure 2
Processes associated with re-injection of produced water under fracturing conditions
In Texas, the fields in the Barnett shale play (Fig. 3) are completely different from most other fields known, and here a fracturing procedure typical for the area has been developed [Fisher et al, 2004]. The procedure is related to the way the fractures grow and to the response of the reservoir. The permeability of these fields is very low, in the (d range and they are only economic in combination with stimulation through hydraulic fracturing. Seismic monitoring has shown that the fractures that are induced in these fields grow in a complex network. With proper modeling, the fracture geometry can be approximately predicted, although the network development is still highly variable. It is the total network length and area, not just the conventional half-length of the fracture, which controls gas recovery and drainage patterns. Further, the fracture permeability is important, which has led the operators to use non-damaging fluids and low proppant loadings to perform their treatments. 
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Figure 3
Geographical extent of Barnett shale [Fisher et al, 2004]
4. Considerations of Design

The goal of a hydraulic fracturing treatment is always an economic goal. In all cases, the design of the treatment should relate its costs to the expected benefits [Willis et al, 2005]. The benefits can be evaluated with simple analytic expressions [Prats, 1961], with comprehensive reservoir simulation, or with semi-analytic tools that allow some flexibility in the reservoir architecture and well completion [Fokker et al, 2005]. Users should realize that the productivity is critically dependent on the geology of the reservoir. Large reservoirs which exhibit flow barriers, for instance, may result in undrained reservoir parts. This can be countered by using multiple stages of fracturing from different positions in a horizontal well.  McDaniel [2005] gives an overview of many techniques to achieve this, and he proposes a scorecard methodology to choose the best approach. His approach consists of evaluating the most important concerns and determining which technique copes best with them. 

The fracture conductivity is an important number in evaluating what type of treatment should be chosen. It is a measure of the flow capacity of the fracture relative to the flow capacity of the reservoir and it is defined as
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According to Prats [1961], this number should be at least 1.6. However, the fracture conductivity is not a free-to-choose number – only the fracture length can be directly influenced by the job size. The width is dependent on the elastic modulus of the reservoir and the critical stress intensity factor, and can only be indirectly be influenced by the choice of treatment design (like the tip-screen-out design mentioned above). The permeability of the resulting fracture is dependent on the grain size of the chosen proppant and on the cleanup behaviour of the fracturing fluid. A low-viscosity fluid (water) has the advantage that virtually no residue is left in the fracture interior; the drawback, however, is that proppant may fall out to the bottom of the fracture and large parts of the fracture close after pumping has stopped [Grieser 2003].
For the more detailed design of a fracturing treatment, more information is required. The parameters that influence the pressure most are the in-situ stress and the fracture net pressure. The latter is related to the critical stress intensity factor. These input data can be measured in a minifrac test. A small fracture without proppant is pumped into the reservoir and the pressure buildup and decline is closely measured. The speed of the pressure decline also provides information about the reservoir permeability or the leakoff behaviour of the fracturing fluid. The latter is of importance in establishing the fluid volumes necessary to achieve the required fracture dimensions. For these evaluations, comprehensive computer codes are available, mostly based on suitable scaling of the time. Figure 4 provides an example of such an analysis [Smith et al 2000].
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Figure 4
Minifrac test analysis with scaled time function [Smith et al 2000]

The structure of the reservoir can complicate the design of a hydraulic fracture considerably. When the reservoir exhibits layering, the stress may change at layer interfaces and it is very difficult to quantify such stress profiles. Naturally fractured reservoir may impact the development of the hydraulic fracture: depending on the stress situation, fractures may simply cross natural fractures, or follow the natural fracture over shorter or longer distances [Potluri et al 2005]. Further, pressurization of the reservoir due to the injection of large amounts of fluids, and the mechanical displacement of the fracture walls by the proppant, can change the stress profile and the associated direction of growth of the hydraulic fractures [Fisher et al, 2004]. It is such considerations that make hydraulic fracturing design difficult and that necessitate the buildup of a knowledge database in specific areas. This is the topic of the next Section.
5. Monitoring

The many uncertainties that are related to hydraulic fracture stimulation make the gradual buildup of a knowledge base crucial. This can only be achieved by careful evaluation of the treatment performance and the resulting productivity. A classic monitoring technique is the observation of the fracturing pressure. An increase in pressure, for instance, can indicate a tip-screen-out. Two other powerful techniques for monitoring the performance of the fracturing treatments during the operation are tiltmeters and microseismic monitoring [Warpinski, 1996; Warpinski et al, 2005]. 
With tiltmeters, the change in tilt is measured very accurately (Fig. 5) and it is inverted to a fracture geometry. Tiltmeters can be installed at the surface as well as in nearby offset wells. Surface tiltmeters permit larger flexibility in position but the distance to the source of the deformation makes them less precise. Surface tiltmeters have now been used for fracturing treatments down to a depth of 3000 m. For larger depths, tiltmeters in the treatment well or in an offset well are required.
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Figure 5
Deformation pattern induced by a vertical hydraulic fracture [Willis et al, 2005]

Microseismic fracture mapping provides an image of the fractures by detecting microseisms or micro-earthquakes that are triggered by shear slippage on bedding planes or natural fractures adjacent to the hydraulic fracture. The location of the microseismic events is obtained using a downhole receiver array that is positioned at the depth of the fracture in an offset wellbore. Results from microseismic fracture mapping can be used to "calibrate" fracture growth models. Microseismic mapping has been instrumental in the development of understanding the fracturing in the Barnett shale. An example of the very complicated fracturing pattern that has been observed in one of the wells in that area is presented in Fig. 6.
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Figure 6
Plan view fracture map of a typical uncemented Barnett treatment with interpreted fracture structure [Fisher et al, 2004]

A method that is suitable to detect whether fractures are present in an injection well and where it is located is Hydraulic Impedance Testing (HIT). It is a completely non-invasive method, using only surface equipment to perform downhole fracture measurements. HIT can also provide a measurement of formation closure stress (minimum in-situ stress) to assist hydraulic fracture engineering and to monitor water injection wells.
Fracturing treatments must always be followed by a post-fracture analysis. A first evaluation can be with well testing, to determine the effective fracture size. This is important to know the effectiveness of the fracture placement [Bourdet, 2002]. The well test needs to be followed by monitoring the production of the fracture. A useful tool which relates the size of the stimulated region with gas production has been developed by Warpinski et al [2005]. The authors have named their method stimulated volume analysis (SRV). Six months of production are plotted against the stimulated volume as determined by microseismic mapping. Figure 7 shows how they obtained a fairly good correlation. 
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Figure 7
Stimulated Reservoir Volume plot [Warpinski et al, 2005]

6. Concluding remarks
Hydraulic fracturing treatments should be designed from their goal. In all cases, the goal of a hydraulic fracturing treatment is related to economics. The technical goal could be to increase the contact area between well and reservoir, to bypass damage, to create a large fracture network, or to maintain injection at a certain level. The goal of a fracturing treatment determines its size to a large extent. It also determines the type of treatment: should it be with high-viscosity liquid or with water; should there be high or low proppant concentrations; should the well be cemented or not; etcetera. 

On a lower level, hydraulic fracturing should be designed with the right knowledge and input parameters. There are many fracture propagation models and many commercial software tools available that ease the design of a particular treatment. Still, a basic understanding of the rock mechanics and the design parameters is necessary. One needs to understand the impact of introducing the wrong value of a parameter, and the range of outcomes related to an uncertainty in the input. In particular, the relationship between the geology of the reservoir and the effectiveness of the hydraulic fracture is important.
Understanding the fracturing performance is helped by close monitoring. The pressure will always be recorded and a post-mortem analysis gives insight in the fracturing process. Monitoring during the fracturing process can also be done using tiltmeters and microseismic mapping. These are powerful techniques that give a direct measure of the spatial extent of the fracture.
The many uncertainties present in hydraulic fracturing call for the development of a knowledge base in areas where the technique is applied. Many case histories show that this incremental learning is one of the most important keys to success.
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