The Stress in the Earth affer Drilling a Borehole:

Before a wellbore is drilled the rock is in a state of equilibrium. This state is called the “Initial
State”.

The stresses in the earth under this condition are known as the Far Field Stresses (on, on, ov)
or in-situ stresses.

When a well is drilled it introduces a perturbation in the initial stress field. The perturbation
causes a ‘new’ set of stresses known as wellbore stresses that act on the formation at the mud-
formation interface.

The far field stresses have therefore been altered near the wellbore due to the removal of rock
and substitution of drilling fluid during the creation of the borehole.

The wellbore stresses are described as follows (Figure 1):

or = Radial Stress

o« = Tangential Stress (or Hoop Stress)

6. = Axial Stress

Figure 2 shows how these wellbore stresses vary with distance away from the borehole wall.

This shows that the wellbore stresses diminish rapidly from the borehole wall converting to
far field stresses. This makes sense because away from the wellbore the rock is in an
unperturbed state (with stresses oy, on, Oy).

Or is seen to converge to Oh and Oy is seen to converge to Oy at very large distances from the
wellbore.

At the wellbore wall itself:

Or = Pw (1)
o = (oy + o) — 2(oy — op) cos 260 — p,, (2)
o, = 0, — 2(oy — 03,) vcos 20 (3)
Where:

Or = radial stress Arbitrary point on the circumference ofthe

Gt = tangential stress wellbore wall
Ga = axial stress /

Gv = vertical stress

6h = minimum horizontal stress

6 = maximum horizontal stress on
Pw = mud weight

0 = Angle between a point on the circumference of the wellbore and the direction of
maximum Horizontal Stress (6H)



Figure 1: The 3 Wellbore Stresses
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Figure 2: Variation of Wellbore Stresses away from the wellbore
Thus:

e The radial stress o; depends on the mud weight (py). It acts in all directions perpendicular
to the wellbore wall as shown in figure 1.

e When the mud weight is high, then at the wellbore wall o, is large and o; is small and vice
versa. This can be seen from examination of figure 2 and equations land 2.

e The tangential (hoop) stress o circles the borehole. Its magnitude depends on:

-The far field stresses (on and on)
-The mud weight (pw)



-The azimuthal position around the wellbore (6)

Hence o is a direction dependent variable.

When 6 = 0°:

(0t)o=0 = 30 — Oy — Pw (4)
When 6 = 90°:

(0t)g=90° = 30y — Op — Pw (5)

The maximum tangential stress occurs in a position that is 90° from the maximum horizontal
stress oy (equation 5), i.e. in the orientation of the minimum horizontal stress oy

e.g.

Wellbore pressure = 3000 psi (in equilibrium with the pore pressure of the reservoir) = pw
op = 3500 psi, oy = 5000 psi

The equations lead to values for the effective tangential stress (G, — p) of:

6 = (3x3500) — 5000 — 3000 — p = -500 psi (0 = 0°)

6t = (3x5000) — 3500 — 3000 — p = 5500 psi (0 = 90°)

(assuming pore pressure p = 3000 psi)

The tangential stress is in compression at 6 = 90° and in tension at 0 = 0,

The latter result indicates the possibility for the occurrence oftensile failure in a direction
perpendicular to the minimum stress, solely as a result of drilling the borehole.

The wellbore stresses (given by equations 1, 2, 3) are extremely important because it is at the
borehole wall where problems occur that affect the drilling, not far from the wellbore. These
wellbore stresses form the basis for wellbore shear failure.

The mud weight (py) is the major parameter that the Drilling Engineer has in order to influence
these wellbore stresses.

Objective: Describe the various wellbore stresses acting at the wellbore wall.

With reference to figure (3). A coordinate system is used to so that:

x’ 1s parallel with oy

v is parallel with oy,

2" is parallel with oy

x is parallel to the low side of the hole

y is perpendicular to x (and perpendicular to the axis of the borehole)
z is parallel to the axis of the borehole
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Figure 3: Deviated borehole in an anisotropic stress field (i.e. where 61 # Gh)

A transform from (X’ vy’ z’) to (X, v, z) can be performed by a rotation “a” around the z’-axis
and a rotation “i”" around the y-axis.

The 6 complete stress solutions are given below. It is assumed that the rock remains linear

elastic, and the wellbore fluid pressure pw does not penetrate the rock (here we are assuming
the presence of mud cake).



2 4 ? 4 : z

1 v, 17 L) o r . e s

2 8 :_(()-t +gv}{l_L}+:(_Jr—(}']:){l+ 5 —4%}coszﬂ+r“ [l+3 ST N8 B
’ ’ ¥ = ' r o o

2 5 4 43 1
1 r, 1 }[ 3r, g I r,
o, :E(_G'x-i-{}'}él'f- 5 }—E[G’I—JT l]+ ™ }cos.’l@—rﬁ,[lJrST sin 26 — p,, 5
7 ! ’ 7
i r? ]
o,=0.—-V E{Jx —o‘,_] —c08 20 + 47, —-sin 26
T il o
1, rw4 rwz ; JI'WSI J‘H_]\I
0 =0, ~E N =32 e 20 4p L] J- D cos 26
= EE ' r Fe E r o

2

: r’
T, =(-7,sinf+1  cos 9}[1 + ]
: v

7

7, =(r cosf+7, sin .9)[1— L3 ]

or = Radial Stress

o = Tangential Stress (or Hoop Stress)
Ca = Axial Stress

on = Minimum Horizontal Stress

on = Maximum Horizontal Stress

Oy = Vertical Stress

I'w = Wellbore Radius

r = Distance from the wellbore

0 = Angle between a point on the circumference of the wellbore and the direction of Maximum
Horizontal Stress (o)

pPw = Wellbore fluid pressure

Tt/ Ta / Tra = Shear stress in radial/tangential, tangential/axial, radial/axial planes respectively

In the case of a vertical well in an anisotropic stress field (i.e. 6y ¥ 6n) the problem becomes
far simpler.

In a vertical well, the shear stresses are zero and therefore the normal stresses become principal
stresses and are oy and Op.

The above equations simplify to the following 3 equations:
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These equations merely define the value of the wellbore stress (Gr, Gt or Gg) as a function of
the distance (r) from the wellbore and the azimuthal position of the wellbore stress .

The variables are Gy, 6¢, Ga, Gh, GH, I, 0
The given knowns (constants) are Iy, Pw

(The mud weight py and the wellbore radius I'w can be varied before the rock is drilled to see
the effect).
T

a) At the wellbore wall itself: r = ry and Tw =1

Or = Pw (6)
o = (oy + 0y,) — 2(oy — ap,) cos 260 — p,, (7)
o, = 0, — 2(oy — op,) vcos 20 (8)

These wellbore stresses are used in rock failure analysis.

The radial stress depends only on the mud weight while the tangential stress depends on the
azimuthal position around the wellbore 0 as well as the mud weight.

Note that from equation 8 the axial stress o, also depends on the value of 0. The reason is that
the axial stress is affected by the horizontal stresses (which themselves vary with 0), just as
the horizontal stresses can be increased (forced laterally) by applying force axially.

b) Far from the wellbore wallr — wandry /17— 0

The stresses simplify to:
o, =%(O’H+O'h) +%(O’H—Uh) cos 26 (9)
JCZ%(UH-FUh)—%(JH—Uh) cos 26 (10)

Oq = Oy (11)



This shows that the wellbore stresses diminish rapidly from the borehole wall converting to
far field stresses. This makes sense because at large distances from the wellbore the rock 1s in
an unperturbed state.

For example, when 6 =0 (cos26 = 1):

O-?":UH
Ut:Uh
Oq4 — 0y

When 6 = 90° (cos26 = -1):
Oy = Op

Jf:O_H



