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WELLBORE INSTABILITY EVALUATION BY USING MOHR-
COULOMB FAILURE CRITERION*
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Abstract :

Wellbore instability represent one of the serious drilling problems encountered in
shale formations due to interaction between drilling fluids and shale formations. The
investigated Shale samples was taken from Well (K-246) located in Baba Dome in
Kirkuk oil field.

Pore pressure transmission experiments were performed to study the effect of variations
in wellbore pressure (P,) with different salt types and concentrations on the wellbore
pressure(Pnw) Which affect or disturb the state of stresses around the wellbore.

The Invariant Shear Stress (\/]_2) profile are calculated to determine wellbore instability

state as a function of salt types and concentrations depending on the Mohr-Coulomb
failure criterion which is experimentally determined for the shale sample by Tri-axial
Test. The results shows that well (K-246) is unstable(Collapse Failure) at (Py, = 2400 psi
and 2440 psi) at salt concentration (14% and 16%) for NaCl, KCI and CacCl, salt
solutions but stable for other salt concentrations employed in the research.

Key words: Wellbore instability, Invariant shear stress, Mohr-Coulomb failure
criterion, Pore pressure transmission test.
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1. Introduction :

The most challenging problems related to drilling shale formations are wellbore
instability. Wellbore instability problems cost the petroleum industry an estimated (500)
million USD per year. [1]. Wellbore instability is still a serious problem not only in the
petroleum industry, but also in the mining and construction industries. [2].

Failures occurs due to wellbore instability problems are tensile, compressive and shear failure.
The mode of failure depends on the mechanical and physicochemical properties of the shale
rock. [3];[4].
Numerous factors cause wellbore instability such as: [5];[6];[7].

1. In-situ stress state conditions.

2. Well type (vertical or directional).

3. Well trajectories (inclination and azimuth).

4. Rock properties (Strength, Poisson ratio, Modulus of elasticity, Permeability and

Porosity).

5. Shale / drilling fluids interaction.

6. Thermal effects [8].
These factors can be classified as mechanical, chemical and thermal effects where some of
these factors are controllable the others are uncontrollable.

The objectives of the research is to estimate:
1. The membrane efficiency of the shale sample due to interaction between different
drilling fluids and the shale formation.
2. The change in near wellbore pressure as a chemical stresses effects on the mechanical
stress state around the wellbore.
3. To develop an invariant shear stress profile to depicts the instability state around the
wellbore using Mohr_ Coulomb Failure Criterion.

2. Wellbore Stability Analysis :

Shale is a fine-grained rock containing a sizable fraction of clay minerals which
greatly influence shale chemical behaviors in the presence of aqueous solutions.
Montmorillonite is the only clay minerals that has a water interlayer and thus exhibits
swelling tendency where the unit layer of Montmorillonite can vary from (9.7 A) to (17.2 A)
[9];[10];[11]. So the Cation Exchange Capacity (CEC) should influence the shale membrane
efficiency and ion selectivity.

The ideality of shale membrane efficiency (In,) is a function of the cation exchange capacity,
porosity and salts concentrations of the pore fluid. (1,) can be defined as [12];[13].

AP

Io= =2 10000 ..o (1)
APtheoreticaI
a
AP, = R s (2)
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Where:
R- gas constant, Lit. atm./mole. K°,
T- temperature, K°.
V- molar volume of water, Lit./mole.
awsh- shale water activity.
awgs- drilling fluid water activity.
Im- shale membrane efficiency.
AP- pressure difference, psi.

The mechanical stresses effects on the wellbore instability may be defined by determining in-
situ stresses, rock strength and bedding planes. The total stress state around a wellbore as
governed by in-situ stresses and hydraulic effect derived as shown in Appendix (A) [13];[14].

If the consequence of interactions of chemical effects and membrane efficiency of the shale
formation due to osmosis is coupled with the distribution of mechanical stresses in the vicinity
of the borehole wall, the equations of stress model become: [15].

O =P, = P (3)
Cpo=0y+0,—P,—2lo, —0,)o0s 20— 4z, Sin20 +adP -1, AP—P,, ...... (4)
o, =0, -v|2(o, —o,)c0s 20+ 4z, sin 20|+ atP — 1, 4P -P,, ... (5)
T =T, =Tg =0 (6)
And:
RT, a
P.,—P =1 _xdAP=1_——In=2 (7
VW aWdf

The failure criterion must be considered to define the state of failure around the wellbore wall
which represent the equilibrium state between the shear stresses around the wellbore and the
compressive strength of the rock. The simplest and most popular criterion that was introduced
by Coulomb [16] defined as:

T=C d O (8)
UCS
C, = 9)
2(V1+ 4% +p)
H=taN @ (10)
Where:

C, = the cohesive strength, psi.

¢ = the friction angle, degree.

UCS = uni-axial compressive strength, psi.
u = the coefficient of friction angle.
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The invariant shear stress around the wellbore which represent the actual shear stresses around
the wellbore (/) can be calculated by the following equations [17].

\/Z = \/é[(a" —099)2 +(o*@6,—o'zz)2 +(0'ZZ —0'")2]+ th+th Tl . (12)

Where:
J " - effective mean stress, psi.

\JJ2 — invariant shear stress, psi.

3. Experimental Work :

The pressure transmission technique is applied to measure the osmotic pressure
difference (AP) across the shale sample and to measure the variations in near wellbore
pressure due to interaction between drilling fluids and shale formation. Fig. 1 shows the
experimental setup and equipment components used to carry out the test.[18].

The test procedure is summarized by injecting the downstream simulated pore fluid having a
water activity (0.92) to saturate the shale core sample (1" x 2") which is placed in the main
cell shown in Fig.2 by injection pump. Salt solutions with different salt concentrations as
drilling fluid (with different water activity) injected by the upstream injection pump, with
different wellbore pressure (Py,). The change (reduction) in osmotic pressure or near wellbore
pressure (Pny) is monitored continuously with time.

Twenty two experiments are conducted to measure the osmotic pressure to calculate the
membrane efficiency of the shale sample. (96) experiments performed is to measure the
change in near wellbore pressure with time due to interaction between drilling fluid with
different salt concentrations and salt types with shale sample.

4. Results and Discussion :

The membrane efficiency tests are conducted to measure the variation or build up of
the downstream pressure with time during the injection of the upstream drilling fluids (salt
solutions). The difference between the upstream and the downstream pressure (AP) was
calculated which represents the induced osmotic pressure which are used to calculate the
membrane efficiency of the shale sample as shown in Fig. 3 for NaCl salt solutions, Fig. 4 for
KClI salt solutions and Fig. 6 for CaCl, salt solutions respectively.

The membrane efficiency calculations is illustrated by an example for (4%) NaCl salt
solutions with (0.98) water activity as an upstream drilling fluid. Eq. (3) calculates the
theoretical osmotic pressure which equal to (- 1375.87 psi). the difference between the
upstream drilling fluid pressure and the downstream pressure during the test measured as (AP)
which represent the observed osmotic pressure (— 120 psi) for (4%) NaCl. So the membrane
efficiency calculated by eq. (3) gives (Im = 8.72%).

The membrane efficiency values for other salt solutions are calculated and tabulated in Table
1. The negative sign for observed osmotic pressure occurred when the water activity for the
drilling fluid is greater than the shale water activity. This may be due to the combined flux of
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water from the wellbore into the shale formation by hydraulic and osmotic pressure potentials.
In other tests where the drilling fluids water activity is less than (awsn), the osmotic pressure
potential was offsetting some of the hydraulic potential which make the downstream pressure
always less than the circulating upstream pressure as shown for (14%) NaCl salt solution with
(aw = 0.9) which gives (AP = 32 psi), (APy, = 478.64 psi).So the membrane efficiency is equal
to (I, = 6.68%).

Generally as shown in Table 1, as the water activity of the salt concentrations decreases, (AP)
observed osmotic pressure increases and the membrane efficiency decreases. This may be
attributed to the reduction in the amount of water that can be transported to the shale
formation due to reduction of water activity and the reduction in chemical potential gradient
between the drilling fluid and shale formation water activity. So all the values of the observed
osmotic pressure and membrane efficiency are generally low.

The KCI salt solutions tests indicates the lowest membrane efficiency values compared with
NaCl and CaCl, solutions because the (K*) cations average hydrated radius (5.32 A) is smaller
than the hydrated radius of (Na*) cations (7.9 A) and (Ca™™) cations (9.6 A).

Pore pressure transmission tests are performed in order to study the effect of variations in
wellbore pressure (Py,) as drilling mud density with different salt types and concentration on
the near wellbore pressure (Pn,) which affect or disturb the state of stresses around the
wellbore. The tests utilized four different values for wellbore pressure (2400 psi, 2440 psi,
2570 psi and 2700 psi) while the salt concentration ranging from (14% to 26%) for NaCl, KCI
and CaCl, salt solutions.

Fig. 6 show the pore pressure transmission test for (14%) NaCl salt solutions at (P, = 2400
psi) and (Pcons, = 2800 psi). The test sample in the cell is subjected to a confining pressure
(2800 psi) followed by a circulating solution (12%) NaCl to reach equilibrium after (10 hrs.),
and (P,y) maintained at (2400 psi). Finally the shale is exposed to the test fluid (14%) NaCl
and after (16 hrs.), the downstream pressure starts to reduce continuously until it stabilizes at
(1430 psi) after (40 hrs.) which represent the effect of chemical potential difference on the
near wellbore pressure (Pnw). The same tests for other salt types at different salt concentrations
and for other wellbore pressure values are conducted.

To depicts the state of failure around the wellbore we must calculate the invariant shear stress

profile (\/]_2) and draw the invariant shear stress profile. In this research (\/]—2) is calculated by
introducing the mechanical and chemical stresses encountered around the wellbore as shown
in Appendix (A). The invariant shear stress profile (\/]—2) with % salt concentrations are shown
in Figs. 7, 8, 9 for NaCl, KCI and CaCl, respectively.

These figures showed that:
1. The chemical factors represented by an osmotic phenomena due to difference in water

activity between the drilling fluid and shale formation increase the (\/]—2) values, so
increase the instability of the wellbore.

2. The increase in salt concentrations cause to increase the instability of the wellbore due
to reduction in (P,,) because of increase in osmotic pressure due to 0Smosis
phenomena.

3. There is a minimum salt concentration for each salt solution type that gives the most
stability of the wellbore, i.e. the lowest values for (\/E).

4. The failure envelope represented by Mohr-Coulomb failure criterion measured in the
laboratory by tri-axial test for five core shale samples which gives an equation of a
straight line as:
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T =05030+803 ..o (13)

This failure envelope line define the stability of the wellbore which represent the
collapse failure around the wellbore.

The failure envelope line define the stable and unstable region for the wellbore so for
NaCl salt solutions only (14% and 16%) at (P,, = 2400 psi) and (14%) at (P,, = 2440
psi) lies above the strait line, so these points reflect the instability of the wellbore,
where the wellbore may be collapse. For KCI salt solutions (14% and 16%) gives
instability of the wellbore at (P = 2400 psi and 2440 psi). For CaCl; solutions (14%
and 16%) salt concentrations shows the instability of the wellbore at (P,, = 2400 psi
and 2440 psi).

5. Conclusions :

=

All measured membrane efficiency values were low ranging from (1.41% to 9.8%).

As the water activity gradients increased (i.e. awqs decreased) the membrane efficiency
decreased.

The chemical factors (osmosis phenomena) tends to raise the invariant shear stress
values which in turn enhance wellbore instability in shale formations.

For each wellbore pressure (Py,), there is a minimum salt solution concentration that
gives the lowest value for the invariant shear stress which represent the most stability
of the wellbore.

Get the failure envelope line equation by Mohr-Coulomb theory for the region
investigated.
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Nomenclature :

A hole azimuth, degree.
B: hole angle, degree.
S angle around wellbore, degree.
T shear stress,psi.

c normal stress, psi.

\% poisson’s ratio.

Goo: hoop (tangential) stress at wellbore, psi.
Toz: shear stress at wellbore, psi.

Gh: minimum horizontal stress, psi.

OH: maximum horizontal stress, psi.

AP osmotic pressure potential, psi.

or: reflection coefficient.

Tro: shear stress at wellbore, psi.

O radial normal stress at wellbore, psi.

Trz: shear stress at wellbore, psi.

Ov. overburden stress, psi.

Oy normal stress in X-direction, psi.

Tuys Tyzs Tzx:  IN-Situ shear stress in (X, y, z) coordinated system, psi.
Oy normal stress in Y-direction, psi.

(op axial stress, psi

Gz axial stress at wellbore, psi.

Pow: near wellbore pressure, psi.

Po: pore pressure, psi.

Puw: well pressure, psi.

r: near wellbore radius, ft.

(g wellbore radius, ft.
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Figure (2): Schematic diagram of the pressure transmission test cell
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Figure (3): Osmotic Pressure Difference Versus %oNaCl Salt Concentration Variations
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Figure (4): Osmotic Pressure Difference Versus %K ClI Salt Concentration Variations
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Figure (5): Osmotic Pressure Difference Versus %CaCl, Salt Concentration Variations
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Figure (6): Near wellbore pressure variation with time for (14%) NaCl solution
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Table (1): Membrane efficiency results

Salt | Salt concent. Water AP, Theoretical | AP Observed Membrane
type % activity % pressure, psi | pressure, psi | efficiency, In %
4 0.98 - 1375.87 -120 8.72
8 0.95 -698.83 -52 7.44
14 0.90 478.64 32 6.68
NaCl 16 0.88 968.05 52 5.37
18 0.85 1723.41 78 4.52
20 0.83 2241.94 82 3.66
22 0.80 3043.65 90 2.96
24 0.78 3595.01 103 2.86
6 0.98 - 1375.87 - 62 450
10 0.96 -926.84 - 38 4.09
18 0.91 238.00 9 3.78
KCI 20 0.89 721.97 16 2.21
22 0.88 968.05 18 1.86
24 0.86 1468.70 22 1.49
26 0.84 1981.13 28 1.41
6 0.98 - 1375.87 -135 9.81
10 0.95 -698.83 - 57 8.15
15 0.90 478.64 35 7.31
CaCl, 18 0.86 1468.70 70 476
20 0.83 2241.94 83 3.70
22 0.80 3043.66 79 3.18
24 0.76 4160.69 126 3.02
1400 1
e 1200 4
P Unstable region
~ 1000 1
i £
,:%. %00 Stable region : ?: ff;;:
5 600 " —d— P_= 2570psi
2 —5— p_=2700ps
Y 400 —— Nic, effct
—— Mech, & Chem effea
200 1
0 r r - - 2 . )
0 4 8 16 20 24 28 32

% MaCl Concentration

Figure (7): Invariant shear stress profile for % NaCl concentrations
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Figure (8): Invariant shear stress profile for % KCI concentrations
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Figure (9): Invariant shear stress profile for % CaCl, concentration
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Appendix

According to [Bradley, 1979] at the borehole wall when r = r, vertical hole, we get:
ox = (on c0s% A + oy sin® 2) cos® B+ oy sin® 8
ox = (0.85 cos? 0 + 0.85 sin? 0) cos? 0+ 1 sin® 0
ox=(085*1+0.85*0)*1+1*0=0.85psi/t
oy = (on sin? A + oy cos? A)
o, = (0.85 sin” 0 + 0.85 cos® 0)
oy =(0.85* 0+ 0.85* 1) = 0.85 psi/ft
o, = (on €0s? A + oy sin? 2) sin® B + o, cos® 8
o, = (0.85 cos? 0 + 0.85 sin 0) sin® 0 + 1 cos® 0
0;=(0.85*1+0.85*0)*0+1*1=1psilft
7, = sin A cos A sin S (on — on)
=sin0cos0sin0(0.85-0.85) =0
%z = sin S cos B (on cos® A + oy sin® A— o)
=sin 0 cos 0 (0.85 cos® 0—0.85sin0—1) =0
To, = 2 (7, COS 6— 7, Sin 6)
=2(0*cos0-0*sin0)=0
To=17,=0
ox=oy=oy=o0nh=0.85
By = %= 5 =0
For 14% NaCl, P,, = 2400 psi = 0.485 psi/ft = 1.12 gm/cc
Pnw = 1430 psi = 0.2894 psi/ft.
P, = 0.45 psi/ft, I, = 0.0668.
AP =Py — P, =0.2894 — 0.45 = 0.1606 psi/ft.
The stresses around the wellbore wall are:
orr = Py — Pnw = 0.485 — 0.2894 = 0.1956 psi/ft.
o= Ox + oy — 2(ox— oy) 05260 — 4 7y SIN20 + AP — InAP — Py — Phw
=0.85+0.85-2(0.85-0.85) cos 0 —4 * 0sin 0 + 0.9 (-0.1606)
+ 0.0668 (-0.1606) — 0.485 — 0.2894 = 0.79178 psi/ft.
0= 0;—V [(ox— oy) c0s280 + 4 1,y 5in20] + aAP — 1z AP — Py, — Phy,
=1-0.22[2(0.85 - 0.85) cos 0 + 4 * 0 sin 0] + 0.9 (-0.1606)
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—0.0668 (-0.1606) — 0.2894 = 0.57678 psilft.
The effective stress (mean stress) is:

O +04 +0,, 0.1956 +0.79178+0.57678
3 3

J1 = 0.52138 * 4940 = 2575 psi

J]_:

=0.52138 psifft.

Also the invariant shear stress (\/I ) is:

\/I= %(\/(a”—agg)zjt(a%—an)z+(azz—arr 2)

J3, = %(\/(0.1956 —0.7917)? +(0.7917-0.5767)° +(o.5767—o.1956)2)

J3, = 0.2464 psilft
\/I = 0.2464 * 4940 = 1217 psi
If the chemical factors are neglected, i.e. (I, = 0), then:

orr = Py —Pnyw = 0.485 — 0.2894 = 0.1956 psi/ft.

o= ox + oy— 2(ox— oy) C0S20— 4 5y SiN260 + AP — Py — Phy
=0.85+0.85-2(0.85-0.85)cos0—-4*0sin0+ 0.9 (-0.1606) — 0.485 — 0.2894
= 0.7810 psi/ft.

o= 0;—V [(ox— oy) c0S280 + 4 5y Sin26] + aAP — Py

=1-0.22 [2 (0.85 - 0.85) cos 0 + 4 * 0 sin 0] + 0.9 (-0.1606) — 0.2894 = 0.5660
psi/ft.

_ 0.1956 +0.7810+0.5660
3

J1 =0.5142 * 4940 = 2540 psi

J1 =0.5142 psilft.

J3, = %(\/(0.1956—0.781)2+(0.781+0.566)2+(0.566+0.1956)2)

JJ3, =0.2417 psifft, So /3, = 0.2417 * 4940 = 1194 psi
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