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Homework #3



Homework #3



Term Paper
P i  R tProgressive Report

– Submission by 24:00 30 Oct (through email)
– Late submission by 24:00 1 Nov (20% penalty)y ( p y)
– Please use MS Word for writing report (due to track change 

function))
– Meeting with me (after class on 28 Oct)



Reservoir Geomechanics
tlioutline

– Fundamentals of rock mechanics
– Borehole stability – stability of geothermal wellborey y g
– Mechanics of Hydraulic fracturing

Reservoir Geomechanics – Reservoir Geomechanics 

http://www.helix-
rds.com/EnergyServices/HelixRDS/Capabilities/Geomechanics/tabid/178/Defaul
t.aspx

http://www.swri.edu/3PUBS/BROCHURE/D20/geotech/geotech.HTM



Wednesday

• Stress distributions around a borehole
• Kirsch solution• Kirsch solution
• General Kirsch solution considering internal pressure and 

th l tthermal stress
• Condition for tensile failureCondition for tensile failure
• Condition for compressive failure



today

• Borehole Stability (continue)
• Hydraulic Fracturing• Hydraulic Fracturing



Drilling Video



Stresses distribution around a borehole
ith i i l  b d  twith principal  boundary stresses

– Problem of stress distribution around a circular borehole was 
solved by Kirsch (1898) 

– Homogeneous rock under plane strain condition within elastic 
range
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Stresses distribution around borehole
ith i i l  b d  twith principal  boundary stresses
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Stresses distribution around borehole
ith i i l h i t l twith principal horizontal stresses

σyy

-σy 3σx
By superimposing two cases, 

3σy σx

x

-σx σx+
we can obtain stress 
concentration under biaxial 
stress field.

σy

σy

-σy+3σx

=In a uniaxial stress field, the 
i   i  σx

3σy-σx

σx=maximum stress concentration 
is 3 (compressive) and 
minimum is -1 (tensile)

σy



Stresses distribution around borehole
ith i i l h i t l twith principal horizontal stresses

• Influence of borehole is within 2~3 times of radius



Stresses distribution around borehole
G l l tiGeneral solution

• Stresses distribution around a borehole with;
– Principal in situ stress boundaryPrincipal in situ stress boundary
– Internal pore pressure (could be mud pressure)

T t  h– Temperature change
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Stresses distribution around borehole
G l l tiGeneral solution

– At the borehole wall (r = R), maximum and minimum hoop stresses 
are;
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– Without considering temperature change,
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Stresses distribution around borehole
G l l tiGeneral solution

– Required internal pressure 
to induce tensile stress;
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Stresses distribution around borehole
G l l tiGeneral solution

– A more general case around the borehole g
can be considered.

– And regions where r>R can be also analyzed 
minhS

g y
using failure criteria such as Mohr-Coulomb 
failure criteria. maxHS

maxHS

S minhS



Failure Criteria
F i ti  ffi i tFriction coefficient

– Friction : force of resistance acting on a body which prevents or 
retards slipping of the body relative to a second body.

– Frictional forces act tangent (parallel) to the contacting surface in a 
direction opposing the relative motion or tendency for motion.

– Maximum frictional force, 
– μ: coefficient of (static) friction

sF N

μ ( )



Failure Criteria
F i ti  ffi i tFriction coefficient



Failure Criteria
M h C l b F il  it iMohr-Coulomb Failure criteria

– τ: Shear stress
0 n iS   

τ: Shear stress
– S0=cohesion (or cohesive 

strength)strength)
– σn: normal stress
– μi: coefficient of internal friction



Failure Criteria



Failure Criteria
M h C l b F il  it iMohr-Coulomb Failure criteria



Failure Criteria
Mohr Co lomb Fail re criteria (E ample)Mohr-Coulomb Failure criteria (Example)

– Sandstone from 3065 m depth in southeast Asia (Zoback, 2007)
– S0=24MPa, UCS=105MPa, μi=0.90 μi



Failure Criteria
Mohr Co lomb Fail re criteria (E ample)Mohr-Coulomb Failure criteria (Example)

– Examples of measured cohesive strength (cohesion) and 
coefficient of internal friction



Failure Criteria
A li ti  t   b h lApplication to a borehole

– Shmax=90 MPa, Shmin=51.5 MPa, Sv=88.2 MPa, UCS(C0) = 45 MPa, 
μi=1.0

– Region of failure
– Color indicate the required UCS q

to avoid failure



Hydraulic Fracturing

– Fracturing of the rock by fluid pressure for the purpose of altering 
rock properties, such as permeability.

– Also called ‘hydrofracturing
– Takes place when the fluid pressure within the rock exceeds the p p

smallest principal stress plus the tensile strength of the rock.



Hydraulic Fracturing
B kd  PBreakdown Pressure

– At the borehole wall (r = R), maximum and minimum hoop stresses 
are (without considering temperature effect);

 3 P E TS S T     ,min min m 0ax 1
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– Tensile failure occur when hoop stress reach
the tensile strength

maxHS
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the tensile strength
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– pb: breakdown pressure
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Hydraulic Fracturing
ti  pressure-time response

Pb :breakdown 
pressure Psb :secondary breakdown 

pressure

Ps: shut-in 
pressure

time



Hydraulic Fracturing
shut in pressure & secondary breakdown pressureshut-in pressure & secondary breakdown pressure

– Shut-in pressure (ps) is equal to the minimum horizontal stress

mins hP S

– The difference between breakdown pressure and secondary 
breakdown pressure equals the tensile strength.

mins h

p q g

0b sbP P T



Hydraulic Fracturing
A li ti  t  t  tApplication to stress measurement

3P S S T

mins hP S

P P T
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– Shmax, Shmin and T0 can be obtained.

0b sbP P T

hmax, hmin 0

– However, above calculation is based on circular borehole and it is 
not accurate to calculate the maximum principal stress with above p p
method on a deep borehole with borehole breakout. 

– Borehole breakout depth??? ~2km???Borehole breakout depth??? 2km???



Hydraulic Fracturing
E i tEquipment

Schematic downhole and surface equipment set up for hydraulic fracturing (ASTM D 4645-08)



Hydraulic Fracturing
b h l   borehole pressure response



Hydraulic fracturing
P tProppant

– Sized particles mixed with fracturing fluid to hold fractures open 
after a hydraulic fracturing treatment. 

– In addition to naturally occurring sand grains, man-made or 
specially engineered proppants, such as resin-coated sand or 
high strength ceramic materials like sintered bauxite  may also be high-strength ceramic materials like sintered bauxite, may also be 
used. 
Proppant materials are carefully sorted for size and sphericity to – Proppant materials are carefully sorted for size and sphericity to 
provide an efficient conduit for production of fluid from the reservoir 
to the wellbore (Schlumberger dictionary). ( g y)



Hydraulic stimulation

– The fractures created by hydraulic stimulation, which best connect 
across the reservoir, may not formed through tension. Instead, 
they are created by shearing on pre existing joint sets (MIT  2006)they are created by shearing on pre-existing joint sets (MIT, 2006).

– Shear failure of fracture occur inclined to the maximum principal 
stressstress



today

• Borehole Stability (continued)
– Mohr-Coulomb Failure CriteriaMohr Coulomb Failure Criteria

• Hydraulic Fracturing
– Direction of fracturing
– Condition for fracture initiation/propagationp p g



Wednesday

• Reservoir Geomechanics
• Coupled Process• Coupled Process
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