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ABSTRACT

Most shale rocks which contain an appreciable fraction of reactive clays (e.g.
montmorillonite) will adsorb mud filtrate (water+ions) and cause unstable hole
conditions. When contacted with the mud filtrate, these shales will swell, creating a
soft, swollen zone around the wellbore, therefore, the natural mechanical properties
or the strength of the swollen shales will decrease causing serious hole problems such
as undergauge hole, stuck pipe, overpull on trips, and several other problems. Thus
swelling stresses and rock strength reduction must be included in any attempt to
effectively model shale mechanical properties after interaction with drilling fluid
filtrate. In this study shale swelling stresses were integrated into the prominent Mohr—
Coulomb failure criterion and therefore a new form of this criterion has been introduced
which combined the natural mechanical properties with swelling stresses to predict
the in-situ strength of shales when invaded by the drilling fluid filtrate. The modified
failure criterion was verified experimentally.
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MODIFIED FAILURE CRITERIA FOR SHALES

1. INTRODUCTION

The swollen zone created around the wellbore during drilling in shale sections will be driven inward by high
overburden stresses and require that higher than usual mud weights be used to counteract this inward displacement
[1]. When shale contains a high native water content, even before it is exposed to drilling fluid, it is abnormally weak
and unable to withstand the differential stress imposed by drilling out the surrounding rock (support). The mode of
failure, when the stress differential created by the relief of lateral stress exceeds the yield strength of the formation, is
plastic deformation of the wellbore. If the shale is under abnormally high pore pressure, spalling will be the result [2].
Swelling stresses generated due to the interaction between the shale and water-based drilling fluids must be taken into
account when predicting the effect of swelling on borehole stability and failure criterion [3].

2. FORMULATION OF THE MODIFIED FAILURE CRITERION

Mohr’s strength theory is normally used to represent the strength of rocks subjected to compressive stresses (axial
and confining) given in terms of total stresses by:

T, =1, +Otan(9). (1
In addition, the concept of effective stress can be used to modify Equation (1) to the following form [4]:

Ol =0'-P,, ()

T, =1, +(0 - P, )tan(9). (3)

As shown in Figure 1, the stress state is represented by Mohr’s circle. On circle 1 the line which passes through
point “A” gives the angle of obliquity of the resultant stress with the x-axis, as follows [5]:

B:[T—T“} @

(¢

Failure will occur when f increases to the maximum angle of obliquity ¢. Circle 1 represents a dry rock (B<¢)
assuming the rock is fully saturated with water and is not subjected to a positive hydraulic pore pressure. An increase
in pore pressure shifts Mohr’s circle 1 to the left (circle 2) increasing 3 to its maximum value ¢ and failure will occur
on the plane represented by T Bol et al. [6] have suggested that the dimensional effective stress relation for shale is
as follows:

; . :
Ogr =0' =P, 20p,. (5)

By substituting Equation (5) into Equation (1) and accounting for the moisture adsorption—desorption process,
Equation (1) can be rewritten as follows:

T, =T, + (0 -P, ohyd)tan((b) . (6)

The swelling (hydration) o, stress is composed of two major stresses called the osmotic swelling stress o, and
the surface swelling stress o__, therefore Equation (6) can be expanded as follows:

sur?

T, =T, + (0 - Py (0, + osu,))tan(q)) : (7
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Finally the pore pressure terms are combined with the swelling terms and defined as the total swelling stress.
Therefore Equation (7) changes to:

T, =7, + (0 - ols)tan(q)) : (8)
Equation (8) represents the modified Mohr—Coulomb failure criterion for shales.

3. APPLICATION OF THE MODIFIED FAILURE CRITERION
The following points show how this model is applied to experimental data:

(i) Swelling stresses are assumed to develop in two directions {7, 8] firstly normal to bedding planes and secondly,
parallel to bedding planes as shown in Figure 2:

Ot‘; = the total swelling stress in the direction normal to bedding planes.

o = the total swelling stress in the direction parallel to bedding planes.

-
_—

[ od (3]
2 \
172}
(]
s
172}
3 T
(] ‘0’2=0’3
=
w2
o t [ 0—0[5] tan¢

.
=

Normal Stress, o

Pp = Total Hydration Stress.
T = Shear Stress at Failure.
To = Inherent Cohesion.

Normal Stress.

Effective Stress.

Angle of Internal friction (Saturated Rock).
Angle of Internal friction (Dry Rock).

o
o
¢
p

O, = Total Swelling Pressure.

Figure 1. Shear Failure Criteria for Argillaceous Rocks With and Without Swelling (Pore Pressure) Effect.
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(ii) Total swelling stresses are related to each other by the anisotropy factor [7, 8]:

oy
o] 0

(iii) Total swelling stresses are integrated into experimental triaxial compressive data as follows:

1%

Axial stress at failure = o, — o

: P H _ v
Confining pressure at failure = 0, - 0, = 05 — [Fanisols] .

(iv) Confining pressures and axial stresses at failure are obtained from triaxial tests conducted on intact shale
samples (zero moisture content) under realistic stresses.

(v) Total swelling stresses are obtained from tests conducted on cylindrical shale specimens under realistic stresses
as shown in Section 4.5.

4. EXPERIMENTAL SET UP AND ANALYSIS OF TESTING MATERIALS
4.1. Analysis of Tested Shale

The shale used in this study was moderately hard, grey in color, and has an average specific gravity of 2.5. This
shale was cored from an underground coal mine (Scotland, U.K.) from a depth between 250 to 270 meters. X-ray
diffraction analysis has shown that this shale is composed of: 24% calcite and quartz, 3% montmorillonite, 13% illite,
and 60% kaolinite.

4.2. Shale Anisotropy Factor

In this technique the shale were cut into cylindrical specimens, and strain gauges were attached diametrically
opposed on the samples. The leads were connected and strain gauges coated with waterproof material. These strain
gauges were arranged to measure swelling strains in both vertical and horizontal directions (normal and parallel to
bedding planes). The samples were then placed in desiccator containing saturated salt solutions, and the leads passed
through the rubber stopper (bung) on the top of the desiccator, connected to a special designed box containing a set of
resistors to complete full bridges. The output voltage from these bridges were connected to a data logger to record the
strains at chosen time intervals. The test was terminated when the strains became constant as shown in Figure 3(a),
(b), and (¢). Plotting the swelling strains at equilibrium normal and parallel to bedding planes at various water activities
(relative humidity) yields a straight line.

Wellbore

{s S

Figure 2. Total Swelling Stress Direction in Shale Formations.
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Figure 3(a). Anisotropy Factor Determination for Intact FMS-Shale when Exposed to at 30% Relative Humidity.
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Figure 3(b). Anisotropy Factor Determination for Intact FMS-Shale when Exposed to Relative Humidiry of 75.5%.
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The anisotropy factor equal to the slope of the straight line as shown in Figure 4:

- (8”) (10)

Ey

From these tests, it can be seen that the lateral strains are smaller than vertical ones. This difference in magnitude
between horizontal and vertical swelling strains is believed to be due to high shale density (2.65 gcm™') and alignment
of clay minerals during sedimentation. The following conclusions can be drawn out from this test. The shale is
considered anisotropic when the anisotropy factor is greater or less than unity. From this test it was found that for a
certain shale type, a unique anisotropy factor was measured regardless of humidity magnitude. This technique can
help in determining the anisotropy factor of sensitive shales without affecting their mechanical properties. It is clear
from this technique that, when shale specimen adsorbed water up to a level above its initial moisture content, swelling
strains in both directions normal and parallel to bedding planes are generated. These strains are able to produce or
enhance microfractures or/and separate the sample through its bedding.

4.3. Shale Adsorption Isotherm

Shale Adsorption Isotherm which relates the amount of clay in a shale to its moisture content was established for
the tested shale. This was performed by placing a sample from the shale under consideration in a range of water
activities (relative humidity). This was achieved by placing the shale inside vacuum desiccators containing saturated
salt solutions in their shallow base. Samples inside these desiccators will either gain or lose moisture. The Adsorption
Isotherm then established by plotting the gained moisture content at equilibrium versus salt water activity as shown in
Figure 5.

4000

@ Normal to Beddings
® Parallel to Beddings

Swelling Microstrains

-1000 T T d T N T T T
0 1000 2000 3000 4000 5000

Exposure Time, min.

Figure 3(c). Anisotropy Factor Determination for Intact FMS-Shale when Exposed to at 96% Relative Humidity.
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4.4. Swelling Strains—-Moisture Content Relationship

When shale moisture content is altered, its dimensions may change due to this alteration. This change in shale
dimensions in turn will produce swelling strains in its boundaries. Each cylindrical shale specimen was attached with
two strain gauges in order to measure any change in sample dimensions in both directions normal and parallel to
bedding planes. The strain gauged samples were then placed in a high relative humidity desiccators, and swelling
strains in both direction were recorded using a data logging system. When the sample is placed in the desired desiccator,
strain gauges leads are connected to the interface box, then to the data logger, after that, the desiccator is evacuated
using vacuum pump. Sample weight is measured at specified time intervals by opening the desiccator and weighing
the sample using electronic balance. When there is no change in sample weight, test was terminated. Figure 6 represents
the relationship between moisture content and swelling strains for FMS-shale obtained by averaging the results of
three experimental runs.

4.5. Measurement of Shale Swelling Strains

Cylindrical shale specimens of 1.5"x3.25" dimensions were strain gauged with diametrically opposed pairs of
bounded 120  active vertical and horizontal electrical resistance strain gauges in a 90° rosette. The specimen was
then placed in a triaxial cell and loaded with a dedicated loading arrangement (Figure 7) and subjected to fluid
invasion (9.5% by volume NaCl solution) at 3.45 MPa over an extended period of time until equilibrium was reached,
i.e. swelling strains were stabilized; and then the tests were terminated [9] as shown in Figure 8.

4.6. Conversion of Shale Swelling Strains to Swelling Stresses

The measured vertical and lateral swelling strains generated due to shale—fluid interaction were converted to swelling
stresses using the following technique as shown in Table 1:

(i) For any specific period of time the recorded swelling strains normal to beddings can be read from Figure 8
which represents experimental time—strain relationship.

2000

Anistropy Factor = Slope = 0.445

Swelling Microstrains Parallel to Beddings

0 T T Y Y v T v T T T d T

0 500 1000 1500 2000 2500 3000 3500

Swelling Microstrains Normal to Beddings

Figure 4. Relationship Between Swelling Microstrains Normal and Parallel to Beddings for FMS-Shale when Exposed to
Various Relative Humidity.

The Arabian Journal for Science and Engineering, Volume 22, Number 1B. April 1997



Musaed N.J. Al-Awad and B.G.D. Smart

6.0
5.07
< .
a" 4.07
L
c -
o
© 301
=
E -
Z
S 207
=
1.07
0.0 v 1 M ¥ A 1 A T T
0.0 0.2 04 0.6 0.8 1.0
Water Activity
Figure 5. Adsorption Isotherm for FMS-Shale.
2000
»
S
E
2 1500
=
2
=
=10}
£
- 1000 7
2
w2
(]
=
=
“ -
% 500
0™ - Bl - T T A

0.0 20 4.0 6.0 8.0

Moisture Content, %

Figure 6. Relationship Berween Moisture Content and Swelling Microstrains for FMS-Shale.

April 1997 The Arabian Journal for Science and Engineering, Volume 22, Number 1B. 85



Musaed N. J. Al-Awad and B.G.D.Smart

(ii) The computed swelling strain in step (/) is used to obtain the corresponding moisture content from Figure 6.

(iii) Moisture content read in step (ii) is used to compute the corresponding water activity from Figure 5 i.e. the
Adsorption Isotherm.

(iv) The resulted water activity obtained in step (iii) is substituted in the adsorptive pressure law [10, 11] to obtain
the experimental swelling stresses as follows:

P= () nfa] an

Table 1 shows the conversion process of the experimental swelling strains to swelling stresses, as explained above.

Table 1. Conversion of FMS-Shale Swelling Strains to Swelling Stresses.

Exposure Swelling Moisture Shale Experimental Shale Net
Time Strains Content Water Swelling Adsorptive Swelling
% by Activity Pressure Pore Pressure Pressure

h %1076 Weight MPa MPa MPa

1 338 3.677 0.852 -22.33 —22.64 0.31

7 422 3.902 0.883 -17.28 -22.64 5.36

52 472 4.023 0.898 -15.1 —22.64 7.54

Heavy Duty Compression Machine

E I I

Test Fluid Port (2) w—g l*l 1

oo

Interface
Test Fluid Port (1) | Box

nniems.
NN

Upper Platen —]
Rubber Sleeve — |

Strain gauges leads { Personal

Computer

Confining
Pressure y

Test Specimen——-1

Lower

/MW//

A R X

Pressure
Platen™ | Transducer
Pore Pressure
Measurement Data Logging and Strain

M//’/ gauges Conditioning
System .

Load Cell

0

bttt

eavy Duty Compression Machine

Figure 7. Schematic Diagram of the Triaxial Cell and Data Logging System.
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4.7. Measurement of Shale Failure Criterion

The 1.5"x3.25" shale cylindrical specimens were placed in a Hoek-type triaxial cell rated to 70 MPa, providing
radial confinement by means of hydraulic oil acting on a synthetic membrane jacketing the specimen, this confining
pressure being developed by means of a servo-controlled hydraulic intensifier. Axial load was provided by a stiff
testing machine as shown in Figure 9(a) and (b). Ten specimens were used to establish the Mohr circles required to
obtain the locus of the failure envelope. All of these ten shale specimens has zero moisture content i.e. zero pore
pressure. On the other hand, failure criteria for hydrated shales were determined by placing shale specimens inside a
specially designed triaxial cell and the conditions shown in Table 2 were applied. When swelling strains were stabilized
the axial load were increased until failure was recorded. Failure data obtained from triaxial tests for both natural intact
{moisture content = (), i.e. zero pore pressure) and hydrated shale specimens (a,, = 0.85) are shown in Table 3.

5. RESULTS AND DISCUSSION

Table 4 shows how the triaxial data of intact shale samples is combined with swelling data to predict the change in
shale mechanical properties while Figures 10 to 13 show the failure criteria of tested shale samples under different

Table 2. Testing Conditions for FMS-Shale Swelling Tests.

Drilling Fluid Type = 9.5% by volume NaCl Solution
Drilling Fluid Water Activity = 095
Shale Type = FMS-Shale
Shale Water Activity = 085
Test Fluid Injection Pressure = 345MPa
Confining Pressure at all Swelling Tests = 6.895 MPa
Axial Load at all Swelling Tests = 7.85kN
Dimensions of Shale Specimens = 1.5"x3.25"
120

90 A

60

Linear Swelling Microstrains, %
[ (E-Eo0)/Eo] x 100

0 ‘- ¥ T ¥ T v T T T Y
0 10 20 30 40 50 60 70

Exposure Time, hrs.

Figure 8. Experimental Vertical Swelling Microstrains Generated in FMS-Shale when Exposed to 9.5% by Volume NaCl
Solution.
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magnitudes of swelling stresses. Figure 14 shows a comparison between natural intact and reacted (hydrated) shale
failure criteria with those obtained using the modified Mohr—Coulomb failure criterion. Although more tests are
required to assess this model, it is provided reasonable predictions of shale strength reduction. It is clear that shale
strength decreases as the total swelling stress increases. Shale apparent cohesion decreases as the swelling stresses
increases. This is due to the increase in the amount of invasion fluid which is weakened the bonds between clay
particles and lubricate the existing microfractures as well as the natural bedding planes. The angle of internal friction
was independent of swelling stresses magnitude as shown in Figure 15. These results are in complete agreement with
Hayatdavoudi et al. [5]. Therefore Equation (8) can be written in the following form:

N
=T,

where:

1; =T, — [ols Iaﬂ(¢)]

+ tan(¢) ,

foro, =0—> AMC =0

foro,>0—=AMC>0

Table 3. Experimental Triaxial Failure Data of FMS-Shale Samples Reacted
with 9.5% by Volume NaCl Solution for Various Exposure Intervals (at the

End of Tests).
Confining Axial Stress
Cnise Pressure at Failure Remarks
’ O3, MPa 0,. MPa
1 6.895 3067 Natural sample with moisture
content = 0
After | hour exposure t0 9.5%
2 6-895 28.96 by volume NaCl solution
After 7 hours exposure t0 9.5%
3 6895 2636 by volume NaCl solution
After 52 hours exposure to
4 6.895 23.62 9.5% by volume NaCl solution
[T}
L XY XY
o L : Axial Load.
LT : Load Transducer.
A 3 C  :Triaxial Cell.
€ cpj | DT : Deformation Transducer.
CPT : Confining Pressure Transducer.
DT DT HP  : Confining PressureGenerator.
C CP : Confining Pressure.
o : Normal Stress.
i J € : Strain.
CPT—{ 1P |

Figure 9(a). Schematic Diagram of Equipment Used to Measure Shale Failure Criteria.
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Figure 9(b). Schematic Diagram of Hoek—Franklin Triaxial Cell.
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Figure 10. Mohr—Coulomb Failure Criterion for Natural Intact FMS-Shale.
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Figure 11. Mohr—Coulomb Failure Criterion for FMS-Shale After 1.0 hour of Interaction with 9.5% NaCl Solution.
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Figure 12. Mohr—Coulomb Failure Criterion for FMS-Shale After 7 hours of Interaction with 9.5% NaCl Solution.
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Figure 13. Mohr—Coulomb Failure Criterion for FMS-Shale After 52 hours of Interaction with 9.5% NaCl Solution.
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Figure 14. Comparison Between Experiment and Theoretical Axial Stress at Failure for FMS-Shale.
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Figure 15. Effect of Swelling Stresses (Exposure Time) on Shale Frictional Properties.

6. CONCLUSIONS

(/) Mohr—Coulomb failure criterion was modified to account for the swelling stresses generated due to shale—

fluid interaction.

(if) Swelling strains were measured experimentally under realistic stresses and were found to be function of moisture
front advance i.e. function of exposure time.

(i1i) Shale apparent cohesion was decreased when the swelling stresses were increased, while the angle of internal
friction was found to be independent of swelling stresses magnitude.

(iv) The modified criterion represents a new effective method which can be applied to predict the reduction in shale
strength due to the incompatibility with drilling fluid, hence borehole instability can be avoided.

(v) Shale strength was reduced when mud filtrate front was advanced away from the wetted end of test sample.
This process was perfectly described by the modified failure criterion.

7. NOMENCLATURE

a, = Water activity.

F_.. = Shale anisotropy factor.

P = Hydration Stress.

P, = Pore fluid pressure.

R = Gas constant.

T = Absolute temperature.

y = Pure water partial molar volume.
B = Angle of obliquity, degrees.
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= Angle of internal friction.

AMC = Net gain in moisture.

T, = Shear stress at failure.

T, = Apparent cohesion of rock.

o = Normal stress.

oly = Effective stress in i-direction.

o' = Total Stress in i-direction.

Op,q = Hydration stress in i-direction.

o, = Total swelling stress.

0[‘5/ = Total swelling stress normal to bedding planes.

oé’ = Total swelling stress parallel to bedding planes.

o, = Osmotic swelling stress.

g, = Surface swelling stress.

¥ = Anisotropy coefficient.

g, = Swelling strains parallel to bedding planes.

€, = Swelling strains normal to bedding planes.
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