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Abstract

Given that the bulk of wellbore instability problems in drilling occur in shales, it is natural that this area of study is an important one.  The importance of study in this area is even more critical with the increasing complexity of drilling wells today.  Planning is underway for drilling ultra-extended reach (ultra-ERD) wells having horizontal stepouts of 45,000 ft or more. How to drill these long tangent sections and keep the wellbore stable will be a challenge for the drilling industry.

Interestingly, the interaction of invert emulsion drilling fluids with shale, and the changes in rock strength that result, have heretofore not been directly studied in a laboratory setting.  Instead, non-direct methods, such as monitoring shale swelling behavior, penetrometer tests, shale dispersion tests, etc., have commonly been used to gauge ‘relative’ shale strength.  In the results presented here, invert emulsion fluid interaction with two very different shales is reported and interpreted.  Two shales were tested with invert emulsion fluids (IEF) having varying water phase salinities.  The shale strengths were directly measured as functions of fluid chemistry and time using a specially-designed test device developed at the PoroMechanics Institute of the University of Oklahoma.

Introduction

Shales exposed to drilling fluids can fail over time, and most failure mechanisms generally fall into the following categories:

· Mechanical

· Chemical

· Hydraulic

Several researchers have described these processes in general1-3. In particular, some researchers have studied the transport of water in shales4-7 as a key factor in producing mechanical failure. Similarly, many wellbore stability models have been constructed in which the key failure mechanisms of shale have been coupled to give predictions for compressive shear as well as tensile failure8-11. Most recently, the complete models taking into account the three-dimensional wellbore geometry and the effects of time have also been coupled with earlier models12 to give a poromechanical analysis of the generation/diffusion of pore pressure in shales in contact with drilling fluids13,14.

In this paper the coupled chemical and mechanical effects of invert emulsion drilling fluid interaction with shale is studied in terms of chemical factors governing water transport in and out of rock. Industry currently-accepted theory states that IEF having higher WPS (lower chemical activity) than the rock pore fluid will pull water out of the rock, thereby strengthening the formation with the concurrent drop in rock pore pressure. Conversely, an IEF having WPS lower (higher chemical activity) than the formation fluid will transfer water across the semi-permeable membrane, increasing pore pressure at the near-wellbore area, and consequently weakening the wellbore.  An IEF with WPS or chemical activity equal to the formation pore fluid will not transfer water across the semi-permeable membrane and no changes in rock strength should occur.  Some researchers15 have suggested maintaining this chemical balance of IEF in exposed stressed shales as a way of keeping them stable.
 

Objectives of This Work

In these tests, the objectives were two-fold:

· Test the validity of the osmotic pressure semi-permeable membrane theory in terms of changes in rock strength.

· Investigate whether a chemomechanical ‘balance’ could be determined for a particular shale.  This balance would involve drilling fluid chemistry and yield the equivalent rock strength levels as a mechanical test where chemistry is not included. 

There was no plan to determine the optimal WPS for stability for shale in this study, as optimal WPS depends on the objectives of any particular case.

Test Device

In order to do these tests, a new apparatus developed at the PoroMechanics Institute at the University of Oklahoma – Norman was used.  The IDSTD™ apparatus is able to measure changes in rock strength as a function of time and fluid chemistry.  The device is novel in that varying levels of confining pressure can be applied in the tests and no physical handling of the test specimens is necessary once the tests begin.  Figure 1 contains a picture of the unit. Previous papers16,17,18 have demonstrated the use of the IDSTD apparatus in the studies of fluid interaction with shales, and patent applications for the device have been filed19.

Shales Tested

Two shales were tested in the study.  The first was taken from a core obtained from a deepwater West Africa well.  The West Africa shale had been cored several years previously, sealed in wax, and stored in the client company’s laboratory facilities until shipment to Oklahoma for testing.  Key properties of the West Africa shale have been previously published18.  Especially pertinent to this study is the chemical salinity of the pore fluid: the operator originally measured it at 150,000 ppm calcium chloride equivalent (0.899 activity) and so estimated the formation activity to be 0.85-0.9.

The other specimen, known as the Woodford shale, was taken from land drilling operations in Oklahoma. The Woodford shale samples were cored nearly two years ago and were preserved in the PMI facilities in Norman, Oklahoma.  The Woodford shale and its mechanical properties have previously been studied16,17.  

Invert Emulsion Fluids Used in This Study

For these tests, three invert emulsion fluids were prepared in the laboratory. They were essentially solids-free fluids composed of mineral oil, water, dissolved calcium chloride, and emulsifiers. No other solid materials were added in order to ensure the ports in the test apparatus where the fluid is circulated over the sample did not become blocked during testing. The only difference between the three IEF was the activity of the water phase. In these tests the water phase salinities (WPS) were formulated for:

· 50,000 ppm WPS calcium chloride (0.986 activity)

· 200,000 ppm WPS calcium chloride (0.83 activity)

· 350,000 ppm WPS calcium chloride (0.521 activity)

Given the wide range of WPS of the three fluids, it was theorized that some differences in shale strength over time would be measured as a result of exposure to them.

Testing Procedure

A standard testing procedure was used for the tests studied here. In short, the procedure included:

· Small shale specimens of a particular size and shape were cut and/or lathed in a mineral oil bath.  All samples had the dimensions required for fitting in the test apparatus: 0.796-in diameter x 0.282-in length.

· The samples were inserted into the IDSTD apparatus.

· A pre-selected confining pressure was then applied.

· Shale samples were held static for 1-hr in order to allow the dissipation of local increases in pore pressure resulting from the application of confining pressure.

· The test fluids were circulated slowly at a steady rate over the face of the shale samples for three hours.

· After three hours, the fluid circulation was stopped and the shale specimens were sheared at a slow, steady rate until failure.

· The shearing pressures vs. machine strain were recorded. 

Testing Results

Both shales were first tested with raw mineral oil to get baselines for changes in rock strength with increasing confining pressure and exposure time to fluid.  An example test result is seen in Figure 2.  Here the deviatoric stresses (shear pressure less the 1,000 psi confining pressure) are plotted vs. machine strain for the Woodford shale.  The point of shale failure is noted on the plot and the near-linear behavior of the shale response to pressure is evident.  A second test at a higher confining pressure of 2,000 psi was then done in order to catalog the shale response with exposure to the mineral oil fluid at the higher pressure environment.  Together these types of data were used to obtain the predicted shale failure envelopes shown later in the paper.

After testing with the mineral oil fluids, the tests with IEF were run.  For the West Africa shale, an extra test at 5,000 psi confining pressure was run with the highest WPS IEF.  The resulting deviatoric stresses vs. confining pressure for all the fluids tested with the West Africa shale are seen in Figure 3.  Tests with the harder, more competent Woodford shale were run next as with the West Africa shale except that no tests were run with the intermediate WPS level IEF. The measured deviatoric strength was plotted as a function of confining pressure and the results are shown in Fig. 4.

Discussion of Results

Using the information contained in Figures 3 and 4, the failure envelopes for the two shales interacting with the various fluids were constructed.  This procedure involved the construction of Mohr circles using the stress data and rock mechanical properties used in wellbore stability modeling were derived: rock cohesive strength and internal friction angles.  The rock mechanical parameters determined for the deepwater West Africa and Woodford shales have been previously published18.  Relative strength curves, shown in Figure 5 for the West Africa shale and in Figure 6 for the Woodford shale, show the change in rock strength with increasing normal stress.  All strength performance demonstrated in these two figures is considered relative to the tests with mineral oil, which always received 100 points.  Key points to be learned from Figures 3-6 include:

· In all cases, increasing confining pressures required higher amounts of applied pressure to fail the shale samples.

· The rock mechanical balance in terms of rock strength was represented by the failure lines in the tests with mineral oil.

· In terms of their performance with the West Africa shale, the three IEF deviatoric strength levels needed to fail the shale samples stacked nicely in terms of the fluids’ WPS levels: the lowest WPS fluid had the lowest values, and so on.  The same was seen, albeit at different deviatoric stress levels, for the two IEF tested with the Woodford shale.  In short, there was consistency in the results for two very different shales.

· Strengthening and weakening of the shales is seen in terms of movement of the individual strength curves above or below the baselines seen with mineral oil:

1. In tests with both shales, obvious shale weakening was seen with certain fluids: in the West Africa shale, the 50,000 ppm  and 200,000 ppm WPS fluids weakened the shale (8-20% loss in strength), while in the Woodford shale, the 50,000 ppm WPS IEF weakened the rock slightly (0-10% loss in strength).

2. In tests with the 350,000 ppm WPS IEF, both shales were strengthened with their interaction with the IEF at the higher normal stress levels (up to 10% and 45%) respectively.

· The exact WPS levels needed to achieve chemomechanical balance in the two shales depends on the level of normal stress applied.  However, for a known normal stress, the WPS needed for chemomechanical balance can be determined.

· The failure line for the Woodford shale lies above that of the offshore West Africa shale, depicted in Figure 7, indicating the Woodford shale is mechanically much stronger across the range of normal stresses.  

Conclusions and Recommendations

The results clearly show the effects of drilling fluid chemistry and exposure time have direct bearing on shale strength:

· Shales can be weakened and strengthened during interaction with IEF having different chemistries.  This kind of information will be very helpful for anyone planning increasingly complex wells drilled in shales with invert emulsion drilling fluids.

· The observed and measured shale strengthening and weakening is consistent with osmotic pressure theory.

· The relative strengths of different shales can be measured and their individual failure lines can be compared using a fluid such as mineral oil as a baseline.

· The exact chemomechanical balance for a particular rock specimen can be determined using the techniques discussed in this paper.

· The IDSTD apparatus used in these tests can directly measure changes in rock strength with interaction with drilling fluids.

· Tests results from the IDSTD apparatus can be used to determine rock mechanical properties and rock failure envelopes needed in wellbore stability modeling.
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Figure 1 – View of IDSTD test apparatus.
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Figure 2 – Measured deviatoric stress vs. machine strain, Woodford shale with 1000 psi confining pressure.
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Figure 3 – Measured deviatoric stress vs. confining pressure for West Africa shale exposed to IEF.
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Figure 4 – Measured deviatoric stress vs. confining pressure for Woodford shale exposed to IEF.
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Figure 5 – Relative rock failure for West Africa shale exposed to IEF (mineral oil performance = 100).
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Figure 6 – Rock failure lines for Woodford shale exposed to IEF.
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Figure 7 – Rock mechanical failure lines for West Africa and Woodford shales exposed to mineral oil fluid.
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