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Hypothesis 3: Hydrofracture
The third possibility we examine is that injection pressures caused
hydrofracturing in the reservoir and lower caprock units. Leak-off
tests and formation integrity tests were performed during the
drilling of all wells at the site. A step-rate test was also performed
in well KB-9. These well tests can be used to estimate the minimum principal stress and fracture pressure of the formation. A
detailed introduction to the test procedures and their interpretation
can be found in ref. 25. Compiled test data for production wells 9–
14 and injection wells 501–503 are summarized in Fig. 7. Well
locations are marked in Fig. 2. To compare tests performed at
different depths, all results are presented in terms of equivalent
mud weight (EMW); that is, the pressure gradient, rather than the
pressure itself. Hydrostatic conditions correspond to an EMW = 1.0
specific gravity (sg) = 0.1 bar/m. Furthermore, because stratigraphic
contacts in different wells occur at different depths because of the
anticlinal structure, we have converted the vertical depth to a height
above the C10.2 interval at the given well. This allows for an easier
visual comparison of Viséan and Tournaisian data points. Layer
thicknesses are marked using depths from KB-502. There is some
variation in layer thicknesses across the site. During drilling, significant wellbore stability issues were often encountered near the
base of the C20 units, requiring an increase in mud weight. This
“unstable zone” is inferred to be a layer of high tectonic stress.
The most direct measurement of fracturing behavior in the
C10.2 interval comes from the step-rate test in KB-9. The raw
pressure and flow rate data measured during this test are provided
in Fig. S2. Summary results are included in Fig. 7 as an error bar
symbol. The lowest bracket is the measured instantaneous shut-in
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Fig. 5. Two-way time image of the C20.1 top (∼40 m above the injection
unit) in the 2009 3D seismic volume. Red-to-blue color indicates shallowerto-deeper depth to the anticlinal horizon. Northwest–southeast trending
features indicated by black arrows were not seen in the 1997 survey and are
interpreted to be seismic velocity anomalies correlated with injection. Image
courtesy In Salah Joint Industry Project.
White et al.

2

§ This  project  meets  the  Carbon  Storage  Program  goals  to  develop  and  

validate  technologies  to  ensure  99 %  storage  permanence.  

§ This  project  develops  and  validates  geomechanical computational  tools  

needed  to  avoid  caprock and  wellbore  failure  during  CO2 injection.

§ Approach  
•
•

GEOS  - multi-scale,   multi-physics  simulator   developed   at  LLNL
Caprock Integrity  
—
—

•

Update   key  physics  to  bound  operational   practices  that  might  fracture  the  caprock during  CO2
injection  
Test  s imulation  results  against  data  from  the  In  Salah  CO2 demonstration

Wellbore   Integrity
—
—
—

Update   key  physics  to  bound  the  impact  of  thermal  stresses  on  well  integrity
Constrain  simulations  against  thermal  cycling  experiments  c onducted  by  SINTEF
Apply  model  to  physical  c onditions  reflecting  CO2 operations

§ Success  is  defined  as  a  methodology  to  define  
•
•

pressure  thresholds  to  maintain   caprock integrity  and  
temperature   ranges  that  yield   minimum   damage   in  the  wellbore.
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Motivation:  Injection  of  cold  CO2 at  high  pressure  can  potentially  fracture  
reservoir  rocks  and  caprock  seals.
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acturing
behavior in the Fig. 5. Two-way time image of the C20.1 top (∼40 m above the injection
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in Fig.
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in  the  reservoir  and  lowermost  caprock  [White  et  al.  2014].
interpreted to be seismic velocity anomalies correlated with injection. Image
red instantaneous shut-in courtesy In Salah Joint Industry Project.
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We  solve  for  fracture  pressure,  fracture  aperture,  matrix  pressure,  and  matrix  
displacement  in  a  tightly-coupled  fashion.  
Lawrence Livermore National Laboratory
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Constraint  1:  InSAR data
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Fig. 3.

InSAR measured surface deformations as of March 2010.

Constraint  2:  pressure  data

“Static”  fracture  model  used  to  calibrate  rock  properties  against  
At the time of the 2009 survey, KB-502 had been shut-in
Constraint  3:  4D  seismic
surface  deformation  data.     Next  step  will  use  a  propagating  fracture   approximately
2 years, and the reservoir pressure had ne
to  look  at  the  time-evolution  of  the  system.
returned to background. This suggests that the velocity ano
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lies are more likely to be a saturation and/or mechanical ef
These field observations all provide indirect8indications
fluids may have migrated vertically, but none is definitive on

November 2005 and August 2006, the average BHP was 307 bar.
The dashed horizontal lines indicate a fracture gradient range of
1.35–1.70 sg. Even using the reduced BHP estimate from Shi and
colleagues (7), one observes that injection pressures are at the
upper end of the fracture pressure estimated from the integrity
tests. For reference, the first hints of a double-lobe feature appear
in the InSAR data in February 2006, with the trough becoming
increasingly distinct through shut-in in July 2007. Although there
large uncertainties, the general observation is that the in§are
jection pressure at KB-502 is high in comparison with the estimated fracture pressure for both the reservoir and caprock units.
vertical hydrofracture at KB-502, penetrating into the lower
§A
caprock, would readily explain the orientation and timing of the
InSAR deformations and the appearance of the seismic anomaly.
of the leak-off test and formation integrity test data
§in AFig.portion
7 was previously published in Shi and colleagues (7), along
with an extrapolated fracture pressure profile. Note that this
uses the high leak-off test values in the unstable
§extrapolation
zone to predict fracture pressures below this interval. It therefore
overestimates the observed leak-off test in the C20.1 unit and the
step-rate test data in the reservoir interval. Using this extrapolation, Shi and colleagues arrive at a fracture pressure of 295 bar
at the reservoir depth. Bissell and colleagues (4) estimated
a fracture pressure of 286 bar, using log data and a semiempirical
calculation. Both of these estimates are within but toward the
high end of the uncertainty range inferred from Fig. 7.
As noted in Bissell and colleagues (4) and Oye and colleagues
(8), an analysis of the injection rate behavior itself may also
provide insight into possible fracturing behavior. For example,
Oye and coworkers (8) show, by analyzing the injectivity index,
that injectivity increases when pressures exceed ∼297 bar (wellhead pressure, 155 bar). There is significant scatter around this
estimate, however, which could
be explained
in part
by an evoSpectrum  of  fracture  behavior,  
from  single  
mode-I  
fracture  to  a  
lution
of
fracture
geometry
over
time
and
interaction
with precomplex  multi-fracture  environment
existing fractures. Interestingly, Oye and colleagues compare this

observations. There is a dominant fracture orientation parallel
the maximum horizontal stress (northwest–southeast). In g
eral, fractures are steeply dipping, within 20° of vertical. Fig.
provides a rose diagram of fracture strikes observed in the F
log of well KB-10. This well is some distance from the inject
but may be in a similar structural setting.
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Fig. 7. Leak-off test (LOT), formation integrity test (FIT), and step-rate
In  Salah  leak  off  test  and  formation  integrity  
(SRT) data compiled from injection and production wells.
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Ø

Thermal  and  Linear  Elastic  Solvers

Ø
Ø

Variable  Temperature  at  inner  radius
Constant  Temperature  at  outer  radius
Temperature  range  =  6  – 106  oC
Heating  or  cooling  rate  =  1.5  – 2  oC/min

Ø
Ø
Ø

Fail  Strength
Ø Steel-Cement  interface  =  1.0  Mpa
Ø Cement-Rock  interface  =  1.5  MPa  
Properties/   Material

Steel
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Rock

Density  (kg/m3)

8000

2300

2500

Thermal   Exp.  Coeff (K-1)

12.0  x  10-6

7.9  x  10-6
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During  cooling  –
Thermal  contraction  causes  interfacial  debonding
Temperature   contours

Fracture  propagation
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Adding  confining  pressure  slows  fracture  propagation

During  heating  –
Thermal  expansion  causes  radial  cracks
Temperature   contours
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Adding  confining  pressure  slows  fracture  propagation

§ 3.1  – Caprock Integrity
• Implementation  of  an  embedded  fracture  model  in  a  continuum  

geomechanics /  flow  simulator
• Future  model  improvements,  including:
—
—

Multiphase  effects
Non-isothermal  conditions

• Finalize  the  In  Salah  case  study

§ 3.2  – Successfully  modeled  modes  of  deformation  of  wellbore  upon  

heating  and  cooling  separately

• Update  model  to  account  for  thermal  cycling

§ 3.3    Model  SINTEF  experiments  (on  – going)
§ 3.4  Refine  simulation  tools  for  sharing  with  industrial  partners
§ 3.4  Development  of  best  practices  for  risk  management

Lawrence Livermore National Laboratory
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• Collaboration  with  SINTEF  and  In  Salah  JIP
— Provides  detailed  field  and  experimental  data  to  
constrain  models
— Provides  strong  ties  with  industry  to  identify  real  and  
practical  questions  from  an  operators  point  of  view
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(Roger  Aines)

Carbon  
Management  
(Susan  Carroll)

LLNL  Carbon  
Sequestration  
Program
Task  1.  
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Task

Milestone Description*

1.1
1.2

1.3

1.4
2.1
2.2
2.3

3.1
3.2

3.3

3.4
4.1
4.2

Project Duration
Start : Oct 1, 2014
Project Year (PY) 1
PY 2
Q1
Q2
Q3
Q4
Q5
Q6
Q7

Calibrate Reactive Transport
Model
x
Calibrate NMR Permeability
Estimates
x
Scale Reactive Transport
Simulations from the core to
reservoir scale
Write topical report on CO2
storage potential in carbonate
rocks
Algorithm development and
testing
x
Array design and monitoring
recommendations
Toolset usability and
deployment
Analysis of monitoring and
characterization data available
from the In Salah Carbon
Sequestration Project
x
Wellbore model development
x
Analysis of the full-scale
wellbore integrity
experiments
Refining simulation tools for
sharing with industrial
partners
Engage with industrial
partnerships
x
Develop work scope with
industrial partners
x
* No fewer than two (2) milestones shall be identified per calendar year per task

Lawrence Livermore National Laboratory

End: Sept 30, 2017
PY 3
Q8
Q9 Q10 Q11

Q12

x

x

x
x

x

x

Planned
Start
Date

Planned
End
Date

1-Oct-14

30-Mar-15

1-Oct-14

30-Mar-15

1-Jul-15

28-Feb-17

1-Dec-16

30-Sep-17

1-Oct-14

30-Sep-15

1-Oct-15

30-Sep-16

1-Oct-16

30-Sep-17

1-Dec-14
1-Oct-14

30-Sep-15
30-Sep-15

1-Mar-14

28-Feb-17

1-Oct-16

30-Sep-17

1-Oct-14

28-Feb-15

1-Mar-14

30-Sep-15

Actual
Start
Date

Actual
End
Date

Comment (notes, explanation of deviation
from plan)

Future tasks pending discussions with
industrial partners
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