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FORMATION PRESSURES AND ROCK MECHANICS

Stresses in the rocks drilled through are important parameters, especially for estimation of the stability of the well.  Here some basic concepts are introduced, and simple approximations are used to evaluate pore and fracture pressure in the main types of sedimentary rocks, salt, shale, sandstone and chalk.

Sedimentary rocks are the results of clay, sand and chalk deposits being buried under new deposits.  Pressure and temperature increases as they are buried deeper, and a process of consolidation can take place.  Due to sufficient high pressure and temperature the sediment grains may re-crystallize and fuse where they are in contact and pressed together.  Or the water filling the pore space between the grains may have dissolved minerals, possibly from deposits elsewhere, that are settling on the grain surfaces and fill up the narrow space around contact points between the grains.  This will glue the grains together.  This process is called consolidation, and will gradually turn loose sediments into more or less solid rock.  

3.1  Rock loading behavior

Figure 3.1 shows schematically the behavior of a typical rock subjected to an increasing load in one direction.  As rocks in the ground are normally under compressive load, compressive loads are defined as positive here.  The stress shown on the vertical axis is the force (load) acting against the rock divided by the cross section area perpendicular to the force direction.  The stress unit is accordingly N/m2, the same as for pressure.  The strain shown on the horizontal axis is the relative decrease of the rock length in the force direction.  Strain has no unit, as it is length divided by length (length decrease divided by initial length).


Figure 3.1
Stress as a function of strain for a typical rock.  Compression is here positive, and strain is positive for a decrease of length.  At any point on the curve the rate of increase is a direct measure of the apparent modulus of elasticity.

Figure 3.1 indicates that the rock can withstand a small amount of stretch (negative compressive stress), giving a small elongation (negative strain).  It also shows that the stress/strain relationship is nonlinear around zero stress.  As the stress increases this relationship becomes linear.  The explanation of this is the existence of small cracks in the rock.  It requires less force to squeeze these shut than to compress the rock material.  In the linear region virtually all cracks at an angle to the stress direction have been shut, now the rock gets shorter only due to compression of the rock material when the stress is increased.  The rate of increase of the straight line accordingly shows the true modulus of elasticity for the pure rock material.  At large loads small cracks running more or less in the same directions as the stress direction starts to open.  The rock material between these cracks start to bend in addition to being compressed, and finally the rock breaks down completely.

The figure also shows that when the rock is surrounded by fluid under pressure, it can withstand a larger load before breaking down.  This also extends the linear region.  Note that the stress shown is in addition to the fluid pressure.  The pressure gives also a compressive stress load, equal in all directions, including the direction of the applied force.  This shows that the rock becomes stronger when the pressure around it increases.  It is harder to drill a rock of a given type in a deep well than in a shallow well.

Rocks below the very top layers are usually in their linear region.  This can be used to evaluate the horizontal stress in the formation when the type of rock and the overburden stress are known.  For simplicity we assume the rocks to be homogeneous and isotropic, the material properties of any given rock does not change from place to place, and rock properties do not change with the direction they are measured.  This is by no means true in most field cases, but it gives a useful approximation.

In the linear region the rock behaves like other linear elastic materials, as for instance steel.  Its elastic properties are fully determined by only two material constants, the modulus of elasticity E, and the Poisson relation .  Typical values for sand stone is E = 25.109 N/m2, and   = 0.25.  The modulus of elasticity is here 8.4 times less than for steel, this shows that this sandstone is 8.4 times as elastic as steel!  That is, applying the same compressive force, the stone is compressed 8.4 times as much as steel.

3.2  Formation pressures

When drilling is done, the pressures and rock stresses in the formation is of prime importance, especially the pore and fracture pressures.  In traditional drilling the mud density, viscosity and volume flow rates must be chosen in such a way that the well pressure at all depths in any uncased section of the well always lies between these two pressures.  If the well pressure is higher than the fracture pressure, cracks will open in the rock and the mud returning up the annulus will be lost.  The rock cuttings from the drilling will not be transported up to the surface, will collect around the drill string below the fracture and get compacted there.  Quite probably the drill string will get stuck.

If the well pressure is lower than the pore pressure, pore fluid in any permeable rock will flow into the well and damage the mud properties.  Possibly worse, if the pore fluid is less dense than the mud the well pressure decreases as the pore fluid flows up the annulus and reduces the average density there, and a kick is started, possibly developing into a blowout.

The pore and overburden pressure can be estimated from available information, possibly from seismic and geological data, and any earlier drilled well in the same region.  If no data are available an estimate can be done, it will often be reasonably accurate.  The reason the overburden pressure is important is not so much that it is of interest by itself, but because it gives an indication of the fracture pressure.

For measuring pressure we will use the bar unit for presenting results, but the true SI unit of Pascal (Pa = N/m2) in most calculations, where 1 bar = 105 Pa.  On the surface the oil industry usually measures pressure relative to the atmospheric pressure, because pressure transducers (pressure measuring instruments) doing this are cheaper and more robust than absolute pressure transducers.  These transducers need a vacuum to compare the measured pressure with, and this vacuum reference may deteriorate due to leakage and gassing out (release of gasses from the surface of solid materials).  Pressure measured relative to the atmospheric pressure is referred to as gage pressure, and its unit may be written as barg or Pag (psig in the American unit system, where 14.5 psi = 1 bar).  Absolute pressure is referred to by using bara).  To convert from gage pressure to absolute pressure the measured atmospheric pressure is added to the measured gage pressure.  Pressure differences always have the unit bar.

For measuring pressures down in the well there is no atmospheric pressure readily available, and absolute pressure transducers are used.  There are also pressure transducers not requiring any pressure reference, as the quartz oscillator, often used to measure down hole pressure in well tests due to its accuracy and high sensitivity.

The overburden pressure is due to the weight of all material above the position in the formation where this pressure is of interest.  This includes rocks, all fluids in the pore spaces in the rock, loose material like clay and silt on the sea bottom, and the water in the sea.  We will use gage pressure, so the weight of the air in the atmosphere is not included.  That is, the overburden pressure at the sea surface is actually the atmospheric pressure, but this is zero when we use gage pressure.  The overburden pressure at the sea bottom is the water pressure at this depth.  This is also the pore pressure at the sea bottom.

Farther down in the formation the overburden is determined by the average density of the formation above, in addition to the sea bottom pressure.  As the densities of rocks are quite constant and almost independent of rock type, quite accurate estimations of the overburden pressure can be done.  The density of the rock material (the rock minerals) usually found in sedimentary rocks is in the range 2650 – 2700 kg/m3.  The main exception is salt, which has no porosity and a density of approximately 2200 kg/m3.  The largest uncertainty is due to variations in the porosity in the rock.  If we assume that the rock pore system is filled with water at sea water density (nearly all of the pore spaces are filled with water, oil and gas are rare exceptions), we get average formations densities depending upon porosity as shown in Table 3.1.  The equation for a rock of porosity  given as a fraction is:

Density of formation = 
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, where M is the rock mineral density,
(3.1)

and P is the density of the fluid filling the pore spaces.

Shale has a small porosity of a few percent; the porosity of sandstone and chalk is generally in the range 5 – 25 %, rarely reaching 30 – 40 %.  According to the table shale will then have densities above 2600 kg/m3, while chalk and sandstone generally have densities in the range 2200 kg/m3 to 2600 kg/m3.  For deep formations the water in the pore spaces usually contains considerably more dissolved salt than seawater, making the water density significantly higher.  But this will not increase the formation density by much.

Rock mineral density:

2650 kg/m3

     
2700 kg/m3
Porosity (%)

    Formation density (kg/m3)
      Formation density (kg/m3)

       0



2650



2700

       2



2618



2667

       5



2569



2617

     10



2489



2534

     20



2327



2367

     30



2166



2201

     40



2004



2034

Table 3.1
Density of formation for different porosities when the pore system is filled with water with density of 1035 kg/m3, and for two different mineral densities.

The pore pressure is the pressure of the fluid in the pores in the formation.  This may vary quite a lot, and not always in a predictable way.  But we can plot the normal, or expected pore pressure.  The normal pore pressure is found in reservoir rocks when there is some permeable connection all the way to the sea bottom.  This is very often the case.  The normal pore pressure is then the pressure in a water column all the way up to the sea surface.  The average density of the formation water is usually somewhat denser than seawater due to the increasing salt content with depth, but if no information of this is available seawater density can be used.

Overburden pressure, exact and approximate: 
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Normal pore pressure, exact and approximate:
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(3.3)

where hW is the depth of the sea, h is the depth below the sea bottom, W is the density of seawater,
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 are the actual formation and the actual formation water densities, both averaged over the depth h, and F is the assumed constant formation density.  It is a quite good approximation to set F = 2.5W = 2.5 .1035 kg/m3 = 2588 kg/m3, this will be used to estimate fracture pressures, which in the formation is equal to the lowest stress. 

When sedimentary rock is loaded down below new sediments of increasing thickness and is compressed vertically it tries to expand horizontally.  But this is not possible since it is surrounded by rocks that also try to expand horizontally.  The strains (relative change of length, symbol ) in the horizontal directions are therefore zero.  Using a Cartesian coordinate system with the three perpendicular axes x, y and z, where the z – direction is vertical, we get x = y = 0, where the indexes shows the directions of the strains.  For a homogeneous, isotropic rock the horizontal stresses will be equal, giving x = y = H, where the index H indicates the stress in any horizontal direction.

Due to the pore pressure PP the rock mineral will not be subjected to the total overburden pressure PO, only to the difference between PO and PP.  If the pore pressure had been equal to the overburden pressure, the pore pressure would balance the weight of all materials above, leaving no stress on the mineral.  The same applies to the horizontal stress; the mineral stress in this direction is the total horizontal stress minus the pore pressure.  This is a simplification, but may be considered as a first order approximation.  The mineral stresses can then be set equal to:


Mineral vertical stress:
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Mineral horizontal stress:
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(3.5)

Except for surface rock the surrounding pressure in the formation is sufficient large to give linear elastic behavior of the rock.  The stress and strain behavior of the rock mineral is then given by the Hook equations, where the values found above has been inserted:
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(3.6)

The two first equations are now identical.  By solving any one of them with respect to the mineral horizontal stress and inserting the values of these:
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(3.7)

From this we get the horizontal stress, and by using that 
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(3.8)

Note that these equations do not depend upon the modulus of elasticity E of the rock, only upon its Poisson ratio and the pore and overburden pressures.  By using the last equation in Eq. (3.6) the vertical compression of the rock can also be found:
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(3.9)

Approximate values of Poisson ratio  for different types of rock are given in Table 3.2 below, and the horizontal stresses for these rock types are calculated, both for overburden and pore pressures given, and for the pore pressure only (assuming PO = 2.5PP).

Rock type
Poisson ratio 
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Salt


0.5

PO



---

1

Shale


0.4

0.667PO + 0.333PP

2.0

0.8

Sandstone

0.25

0.333PO + 0.667PP

1.5

0.6

Chalk


0.15

0.176PO + 0.824PP

1.26

0.51

Table 3.2
Approximate Poisson ratios and horizontal stresses in different types of rocks, as functions of pore and overburden pressures.

In the last two columns in the table it is assumed that there is a normal pore pressure, except for salt where there is no porosity and accordingly no pore pressure.  For reservoir rocks, here sandstone and chalk, the normal pore pressure is usually found.  But for shale, especially in thick, deep shale layers, the pore pressure is often larger than the normal pore pressure.  The reason is that as shale is compacted due to an increasing overburden pressure (as it is buried deeper), the permeability decreases to the point where pore water cannot escape.  The pore water will then be compressed by the increasing overburden pressure, not by the smaller pressure of the formation water above.  Even if the permeability is not exactly zero, it becomes so small that pore water will use up to hundred of million years to escape, and the formations of interest for the oil industry is seldom that old.  From Eq. 3.8 it is seen that an increasing pore pressure will increase the horizontal stress.  Table 3.3 shows this when pore pressure increases from the normal pressure to the overburden pressure.  Equation (3.8) was used to calculate the stress values shown.

Pore pressure relative

to overburden pressure, PP/PO:
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Horizontal stress in shale, H:  
0.8
0.833
0.867
0.9
0.933
0.967
1.0

Increase of pore pressure needed

to fracture shale, relative to PO:
0.4
0.333
0.267
0.2
0.133
0.067
0.0

Table 3.3
Horizontal stress in shale for increasing pore pressure, from the normal pore pressure to the overburden pore pressure.  The increase of pore pressure in shale that will fracture the rock is also shown.

The table shows that for a pore pressure that is midway between the normal pore pressure and the overburden pressure, the horizontal stress is 90% of the overburden pressure.  In the North Sea it is usual to find fracture pressures in shale from 0.85 to 0.95 of the overburden pressure.  This indicates pore pressures in the shale from 0.55 to 0.85 of the overburden pressure, considerably above the normal pore pressure of approximately 0.4 of the overburden pressure.  But this increased fracture pressure might also be due to other processes, as discussed below.

The horizontal stress in the formation is not only dependent upon the overburden, type of rock, and the pore pressure.  Geological processes, as plate tectonics (slow moving of large areas of the continental crust), may push and compress the formation horizontally.  This increases the horizontal stress in the direction of movement, and may eventually give folds and faults.  This does not necessarily increase the fracture pressure, as this is equal to the smallest horizontal stress.  But geological processes might compress the crust in more than one direction, increasing the horizontal stress in all directions.  If plates are moving away from each other this decreases the stress in that direction, and may eventually give faults, thinning and sinking of the crust.  This will always decrease the fracture pressure.

Sand is often deposited at the outlet of rivers.  As the velocity of the water decreases the grains sink, but due to the still noticeable current the grains tend to be orientated with their longest axis along the water flow.  When the grains settle on the bottom, they tend to orient their shortest axis in the vertical directions (if coins are thrown down, they tend to end up lying flat, not standing on their edges).  This more or less systematic orientation of sand grains gives a rock that is not isotropic; its properties depend on the direction in the rock.

This is very clearly seen for permeability.  There are often different permeabilities in different horizontal directions, and the permeability for vertical flow may often be more than ten times smaller than the permeability for horizontal flow.  This non-isotropy of rock may give different horizontal stresses due to the vertical stress, even if no geological processes have taken place.

Over geological times (millions of years) rocks can gradually change shape when subjected to permanent, large stresses.  This process is called creep.  Since a rock is compressed in the vertical direction, but not in the horizontal direction, it gradually adapt to this and is permanently flattened.  If taken out from the ground it will be slightly shorter in the vertical direction and slightly longer in the horizontal directions.  This increases the horizontal stresses for a given overburden pressure.

In practice the horizontal stresses are almost always noticeably different in different horizontal directions.  There will be one direction where the horizontal stress is largest, and another where it is smallest.  For homogeneous, isotropic rocks these two directions are perpendicular to each other.  That is, the horizontal stresses are perpendicular to the vertical stress (and usually smaller), and the largest and smallest horizontal stresses are perpendicular to each other.

When a hole is drilled through the rock the stresses from the rock inside the hole, against the rock outside, are removed as the rock is drilled away.  This gives an imbalance of forces at the hole wall, pushing the wall slightly in, and the hole becomes narrower.  At the front of the drill bit the hole bottom support the wall, but farther back there is no such support.  The well diameter therefore decreases gradually behind (above) the hole bottom, typically over a length of a few hole diameters.  This may be a problem during tripping.  Pulling the drill string out the drill bit can get stuck in the well, because the hole behind the bit is slightly smaller than the hole when it is drilled.  To avoid this a reamer of the same diameter as the drill bit can be mounted behind the drill bit, enlarging the shrunken hole back to the drill bit diameter.

The inward movement of the rock at the hole wall compress it in the tangential direction, because the circumference of the hole gets smaller as the wall is pushed in.  While the radial stress in the rock gets smaller, the tangential stress increases.  This stress distortion due to the hole in the rock is distributed outwards from the hole, getting smaller with distance, and for all practical purposes disappears a few hole diameters away.

When the horizontal stresses are different, this stress difference is enlarged as the well is approached.  The radial mineral stress at the hole wall is equal to zero when the well pressure is equal to the pore pressure.  In the special case where two of the three principal stresses are perpendicular to the hole wall, the tangential stresses of the rock material at the wall of the well, and in the direction of the largest and smallest stresses are then given by:
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where 

[image: image21.wmf]MHS

MHL

s

s

and


are the largest and smallest material stresses in the formation. 
[image: image22.wmf]MTS

MTL

s

s

and


are the largest and smallest material tangential stresses at the 

hole wall.

For the special case where the horizontal stress is constant, independent of direction, the smallest and largest horizontal stresses in the equation above are equal, and it reduces to:
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The total stresses are found by using that mineral stress is equal to total stress minus pore pressure PP, as given by Eq. (3.5):
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where 
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are the largest and smallest tangential stresses at the hole wall
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is the pore pressure in the formation, and also the well pressure 

In the special case where the there is no variations in the stresses perpendicular to the well, the tangential stress at the hole wall also becomes uniform, having the same value in all tangential directions:
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If the fluid pressure in any crack in the rock is increased, it will start to open the crack when it becomes larger than the combined rock material stress and the rock pore pressure acting against the walls of the crack.  It will obviously be easiest to open the crack if it is opened against the minimum stress in the formation.  This is also what is nearly always seen when a well is fractured.  The fracture is perpendicular to the smallest stress in the hole wall.  The smallest stress therefore gives the fracture pressure.  If one could increase the pressure in the well, fractures would probably start to open in other directions also, but this is not possible in practice.  If one tries to increase the pressure by pumping down fluid, it will just open the first fracture more and flow faster into it, thus preventing any further pressure increase.

If there are no natural cracks in the rock, this does not make any large difference, as rocks tear apart easily when they are stretched.  This is indicated by Fig. 3.1, where the maximum stress in stretching (here in the negative direction of the vertical axis) is very small compared to the maximum stress in compression.  A rock without natural cracks needs only slightly more pressure to tear than required to open an existing crack.  The exception is rocks close to the surface.  Here the overburden is small, and therefore the horizontal stresses are small also, even compared to the maximum stress in stretching.  The direction of the fracture may then be determined more by the strength of the rock against tearing than the compression stresses.

In a layered rock structure, the strength may be at a minimum perpendicular to the rock layers.  If these are horizontal the rock may then fracture with a horizontal fracture.  This is seen quite often when the formation is fractured close to the surface.  When this happen the fluid pressure in the fracture is actually lifting the whole mass of rock above it, including any water on top of that.  In this case the fracture pressure is equal to the overburden pressure, plus any tear strength the rock might have in the vertical direction.

Farther down the, where the tear strength of the rock becomes rather insignificant compared to the formation stresses, any fracture is almost always vertical, as horizontal stresses usually are smaller than the overburden stress.  The exception is in salt formations, where the Poisson ratio is 0.5, because as seen from the stress equations the stresses in salt are then equal to the overburden in all possible directions.

The fracture pressure is a very important parameter in drilling operations.  It should be noted that it has two different meanings.  In practice, for most cases, it is the well pressure needed to start a fracture in the well of the wall.  This is determined by the axial and tangential stresses in the hole wall, and to some degree the properties of the mud cake.  This is usually different from the fracture pressure in the formation, far away from any well.  The formation fracture pressure is of interest for instance in fracturing for increased production.  Then the fluid pressure in the growing fracture must be kept larger than the formation fracture pressure in order to extend the fracture far away from the well.

As an example we assume that in a vertical well the largest and smallest horizontal stresses are equal to 0.95PO and 0.45PO respectively, where PO is the overburden pressure.  The pore pressure is assumed equal to 0.4PO, as used before for reservoir rocks.  This gives 
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, which shows that the well will fracture in the direction of the largest horizontal stress (perpendicular to the smallest horizontal stress), because the well pressure is much larger than zero.  However, this fracture will stop a short distance from the well, because away from the well the smallest horizontal stress approaches the initial stress of 
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, slightly larger than the well pressure of 0.4PO, which here is equal to the pore pressure.  Note that the minimum horizontal stress assumed here is very small, even in chalk the natural horizontal stress is larger than this, as shown by table 3.2 (0.51PO).

In order to get no fracture in the well when the largest horizontal stress is 0.95PO, the smallest horizontal stress must be increased to 0.583 PO.  The equations above then give the largest and smallest tangential stresses at the hole wall as 
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, equal to the well pressure.

As another and more realistic example, assume a horizontal well to be drilled in a sandstone reservoir.  There is a uniform horizontal stress of 0.6PO, as calculated in Table 3.2.  Is there a possibility that the drilling operation will give a fracture in the wall?

In this case the vertical stress and one of the horizontal stresses are the maximum and minimum stresses against the well.  Still assuming a well pressure equal to the pore pressure, this gives also 
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, as in the first example, but here we get 
[image: image36.wmf]O

TS

P

4

.

0

=

s

, exactly equal to the well pressure as in the second example.  As the value for the Poisson ratio used to calculate the stress in sandstone is a sort of average value, we will expect some sandstones to crack, others not, if we drill horizontally through them.  As these cracks will be in the direction of the largest stress (the overburden), they will run along the low side and the high side of the well (at the floor and at the roof).  These cracks will be very shallow, and have no large influence on the well.

If the well is slanted relative to the direction of the principal stresses the situation is more complicated and will not be discussed here (for uniform, isotropic rocks the principal stresses are perpendicular to each other, and one of them will be the maximum stress, one of the two others will be the minimum).  A deviated well is almost always in this situation, it is only for a vertical well or for a true horizontal well section that maximum and minimum stresses in the formation are perpendicular to the cylindrical wall of the well.

Looking at the stress equations for the hole wall, it might seem that it will be very difficult to fracture a vertical well where the horizontal stresses are approximately equal, as this gives a tangential stress that is considerably larger than the horizontal stress in the formation.  For shale with normal pore pressure the tangential stress becomes even larger than the overburden pressure (tangential stress = 2.0.8 PO – 0.4 PO = 1.2 PO).  Taken as the fracture pressure this will indicate that the well would fracture horizontally, it would require less pressure to lift the whole weight of the formation above a horizontal crack than to open a vertical fracture.  But this is almost never seen in practice.  The reason is that these equations for the tangential stress assume that the well pressure is equal to the pore pressure.  If the tangential stress is less than that, the well will fracture.  If not, the equation tells us only what the tangential stress is with pore pressure in the well.  [In some of the literature this equation is assumed to give the fracture pressure.  This is obviously wrong and shows that one should not believe everything that is published].

If the mud cake on the wall of the well is completely impermeable the pore pressure around the well will not change due to mud leakage into the formation.  If the well pressure is increased to the horizontal stress in the case of a uniform stress, the radial stress against the formation will be as if the rock was not removed.  There would then be no stress concentration around the well, and the tangential stress at the well would be reduced to the horizontal stress far from the well.  As this is equal to the fracture pressure we will now have the fracture pressure in the well.  This shows that in the case of a uniform horizontal stress the well fracture pressure is actually equal to the formation fracture pressure in general.  However, there must be a small additional pressure in order for the well fluid to penetrate the mud cake, and eventually to tear a crack in the formation if there are no cracks already present.  The case of a non-uniform horizontal stress is not so obvious.

Experience shows that different types of mud actually can give somewhat different fracture pressures in the well, for the same formation.  For a well where there is problems with fracturing it is therefore important to select a mud that gives as high a fracture pressure as possible.
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