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offset fault. The well was then deviated downward to once again
enter the C10.2 a few hundred meters further on. This encounter
occurred well away from the observed linear feature, however.
There is no indication of large-scale shear deformations in

InSAR. Such deformations would likely induce asymmetric uplift
patterns because of opposing lateral displacements on either side
of a strike-slipping fault. Only minor asymmetry is observed, all
of which can be attributed to the nonvertical look angle of the
satellite. The data, rather, indicate a tensile opening mode, which
could correspond to a fault zone dilating as pressurization occurs.
It is possible that the reservoir intersects one or more un-

detected faults that can provide a vertical leakage pathway. The
consistency of observations at each injector, however, makes
hypothesis 2 problematic. Seismic velocity anomalies are ob-
served at two injectors, and InSAR data suggest all may have
tensile opening in the overburden (10). The fault hypothesis
would imply that all three have intersected (by chance) leaking
faults that are aligned with the in situ stress field. The inter-
preted faults display a number of orientations but show no
preferential alignment with the present-day stress field. There-
fore, although still plausible, we conclude that the evidence in
support of hypothesis 2 is weaker than for other explanations.

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 mini-
mum 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, sig-
nificant 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

pressure, the middle is the fracture propagation pressure, and the
highest is the fracture initiation pressure. The leak-off pressure is
approximately the same as the instantaneous shut-in pressure.
Hollow symbols denote formation integrity test data; that is, the
formation could sustain the applied pressure without leak-off.
Filled symbols are tests in which leak-off was observed. There
are no leak-off tests for the C10.3 interval. There is also one
leak-off test in the C15 interval (filled triangle), a mudstone/
limestone unit encountered over part of the field.
It should be emphasized that estimating fracture pressures

from well measurements is always difficult, given limited and
scattered data. These tests also have considerable uncertainties.
They are influenced by drilling performance, wellbore damage,
and near-wellbore fractures. They only measure behavior in
a small region near the wellbore, and only the step-rate test
actually exceeds the fracture initiation pressure. The tests are
also performed with drilling mud, which behaves differently from
low-viscosity, cold CO2. Therefore, extrapolating these mea-
surements to kilometer-scale behavior should be done cau-
tiously. They can only be used as a general insight into minimum
principal stress and fracturing behavior.
From the data, there appears to be a consistent EMW = 1.35

sg leak-off trend through most of the Viséan C20 caprock. In the
unstable zone, there is a noticeable jump, however, to at least
1.55 sg. In the C10.3, only formation integrity test measurements
are available, but one could infer a leak-off value of at least 1.6
sg. For C10.2, there is one step-rate test measurement with leak-
off observed at 1.25 sg.
The data suggest that fractures could likely be initiated and

propagated in sandstone and mudstone units at an EMW
somewhere in the range of 1.35–1.70 sg, although the uncer-
tainties mentioned earlier should be kept in mind. For the in-
terval depths at KB-502, this corresponds to a pressure range of
239–301 bar at the top of the C10.2 and 237–298 bar at the top
of the C10.3. Fig. 8 shows the estimated bottom-hole pressure
(BHP) for KB-502. Daily-averaged values are presented for
clarity, as the averaging smooths out hourly fluctuations. BHP
was not measured directly, and all BHP measurements are

Fig. 4. Plausible mechanism to explain double-lobe deformation.

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 shallower-
to-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.
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§ 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  simulation  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  conducted  by  SINTEF
— Apply  model  to  physical  conditions  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.

In  Salah  Case  Study:  Bottom  hole  pressure  and  estimated  fracture  
pressure  range  at  KB-502.

Fractures striking parallel to the maximum horizontal stress
would likely be reopened when the fluid pressure exceeded the
minimum horizontal stress. Furthermore, there are preexisting
fracture orientations that are well-oriented for shear. These
fractures could be reactivated at injection pressures lower than
the minimum horizontal stress, depending on the cementation
and frictional properties of the fractures. In fact, the low leak-off
pressure observations at many places in the caprock could be
caused by shear along preexisting fractures, rather than tensile
initiation of new fractures in intact rock.
Unfortunately, no data are available on the strength and

frictional properties of fractures at the site. Nevertheless, it
seems likely that peak injection pressures are sufficient to reac-
tivate any existing fractures in both tensile and shear modes.
These fractures could also propagate and coalesce through
hydrofracture or hydroshearing, improving the connectivity of
the initial fracture network. The role that preexisting fractures
play in the permeability behavior of the caprock remains a large
and important uncertainty.

Summary
In this work, we have explored possible mechanisms to explain
observed InSAR deformations, seismic velocity anomalies, and
injection behavior. We argue that the evidence favors the hy-
pothesis that injection pressures hydrofractured the reservoir
and lower caprock. Vertical hydrofractures provide a simple
explanation for the observed narrow, linear features running
perpendicular to the minimum in situ stress. An analysis of leak-
off and formation integrity test data supports the notion that

injection pressures exceeded the fracture pressures for the
reservoir and lower caprock units. The timing of the injection
pressure increase at KB-502 correlates well with the appearance
of the double-lobe in InSAR.
High pressures could also reactivate and coalesce preexisting

fracture pathways (a combination of hypotheses 3 and 4), and their
role should not be discounted. The evidence in favor of fluid mi-
gration from the reservoir along faults is weak, but there are small
faults present at the site that could serve as partial migration
pathways (7).
In Salah benefitted greatly from the diversity of monitoring

techniques applied at the site. Individually, each of the data sets
contains ambiguities that make interpretation difficult. Together,
however, a clearer picture begins to form. The field experience
also highlights the benefits of careful site selection. The 950-m
caprock provides a number of thick, resilient seals. As a result,
the formation can sustain a breakdown of lower caprock units
without compromising the overall storage integrity. This ro-
bustness should be a major priority during site selection for fu-
ture carbon capture and storage projects. At Krechba, robustness
is achieved through the massive nature of the seals, but other
sites could achieve a similar level of resilience by relying on
multiple, thinner seals interleaved with permeable thief zones.
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In  Salah  Case  Study:  Velocity  anomalies  seen  in  3D/4D  seismic.  Features  
run  perpendicular  to  minimum  horizontal  stress,  and  may  indicate  fracturing  
in  the  reservoir  and  lowermost  caprock  [White  et  al.  2014].

offset fault. The well was then deviated downward to once again
enter the C10.2 a few hundred meters further on. This encounter
occurred well away from the observed linear feature, however.
There is no indication of large-scale shear deformations in

InSAR. Such deformations would likely induce asymmetric uplift
patterns because of opposing lateral displacements on either side
of a strike-slipping fault. Only minor asymmetry is observed, all
of which can be attributed to the nonvertical look angle of the
satellite. The data, rather, indicate a tensile opening mode, which
could correspond to a fault zone dilating as pressurization occurs.
It is possible that the reservoir intersects one or more un-

detected faults that can provide a vertical leakage pathway. The
consistency of observations at each injector, however, makes
hypothesis 2 problematic. Seismic velocity anomalies are ob-
served at two injectors, and InSAR data suggest all may have
tensile opening in the overburden (10). The fault hypothesis
would imply that all three have intersected (by chance) leaking
faults that are aligned with the in situ stress field. The inter-
preted faults display a number of orientations but show no
preferential alignment with the present-day stress field. There-
fore, although still plausible, we conclude that the evidence in
support of hypothesis 2 is weaker than for other explanations.

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 mini-
mum 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, sig-
nificant 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

pressure, the middle is the fracture propagation pressure, and the
highest is the fracture initiation pressure. The leak-off pressure is
approximately the same as the instantaneous shut-in pressure.
Hollow symbols denote formation integrity test data; that is, the
formation could sustain the applied pressure without leak-off.
Filled symbols are tests in which leak-off was observed. There
are no leak-off tests for the C10.3 interval. There is also one
leak-off test in the C15 interval (filled triangle), a mudstone/
limestone unit encountered over part of the field.
It should be emphasized that estimating fracture pressures

from well measurements is always difficult, given limited and
scattered data. These tests also have considerable uncertainties.
They are influenced by drilling performance, wellbore damage,
and near-wellbore fractures. They only measure behavior in
a small region near the wellbore, and only the step-rate test
actually exceeds the fracture initiation pressure. The tests are
also performed with drilling mud, which behaves differently from
low-viscosity, cold CO2. Therefore, extrapolating these mea-
surements to kilometer-scale behavior should be done cau-
tiously. They can only be used as a general insight into minimum
principal stress and fracturing behavior.
From the data, there appears to be a consistent EMW = 1.35

sg leak-off trend through most of the Viséan C20 caprock. In the
unstable zone, there is a noticeable jump, however, to at least
1.55 sg. In the C10.3, only formation integrity test measurements
are available, but one could infer a leak-off value of at least 1.6
sg. For C10.2, there is one step-rate test measurement with leak-
off observed at 1.25 sg.
The data suggest that fractures could likely be initiated and

propagated in sandstone and mudstone units at an EMW
somewhere in the range of 1.35–1.70 sg, although the uncer-
tainties mentioned earlier should be kept in mind. For the in-
terval depths at KB-502, this corresponds to a pressure range of
239–301 bar at the top of the C10.2 and 237–298 bar at the top
of the C10.3. Fig. 8 shows the estimated bottom-hole pressure
(BHP) for KB-502. Daily-averaged values are presented for
clarity, as the averaging smooths out hourly fluctuations. BHP
was not measured directly, and all BHP measurements are

Fig. 4. Plausible mechanism to explain double-lobe deformation.

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 shallower-
to-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.
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We  solve  for  fracture  pressure,  fracture  aperture,  matrix  pressure,  and  matrix  
displacement  in  a  tightly-coupled  fashion.  
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Simple  test  problem  with  a  pressurized  crack  on  a  fixed  background  mesh.    
Computed  response  is  independent  of  crack  orientation,  as  expected.
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At the time of the 2009 survey, KB-502 had been shut-in for
approximately 2 years, and the reservoir pressure had nearly
returned to background. This suggests that the velocity anoma-
lies are more likely to be a saturation and/or mechanical effect.
These field observations all provide indirect indications that

fluids may have migrated vertically, but none is definitive on the
mechanism. A variety of hypotheses have therefore been put
forward by various groups to explain these observations. Table
1 summarizes four plausible mechanisms, along with published
studies relevant to each hypothesis. The remainder of this ar-
ticle examines these hypotheses in greater detail and discusses
the supporting and contradictory evidence. Note that these
mechanisms are not mutually exclusive (except for hypothesis
1), and more than one may have occurred at the site. For ex-
ample, injection pressures could have hydrofractured the lower
caprock by extending and coalescing preexisting fractures
(combining hypotheses 3 and 4). Finally, much of the analysis
to date has focused on vertical propagation upward. For many
of the proposed mechanisms, however, there are physical
grounds to expect that fluids could also migrate downward into
the Devonian units. For example, Morris and coworkers (5)
considered both downward and upward fluid migration on
a preexisting fault. For obvious reasons, however, upward
movement presents a greater concern with respect to
storage integrity.
It should be emphasized that neither the InSAR nor seismic

data suggest that the overall storage integrity has been com-
promised. In addition, if a significant flow path had formed
through the 950 m of caprock, a noticeable drop in reservoir
pressures should have been observed (9). This has not been the
case. Finally, no water quality degradation has been observed at
monitoring wells in the shallow aquifer (17).

Hypothesis 1: Reservoir-Only Behavior
The first hypothesis is that all monitoring observations are con-
sistent with excess pressure and CO2 saturation contained in the
reservoir interval. That is, there has been no vertical migration of
fluids into the caprock. As suggested by Vasco and colleagues
(20), it is possible that the observed surface deformations above
KB-502 could result from a heterogeneous permeability distri-
bution in the reservoir interval alone. A low-permeability zone
intersecting the injector and extending to the northwest could
partition the reservoir pressurization into two zones, each re-
sponsible for one of the uplift lobes. Although inversion models
including a vertical dilation zone provide a better fit to the data,
one can conclude that InSAR data alone are ambiguous on
whether fluid migration has been contained in the reservoir.
The observed velocity anomalies, however, make hypothesis 1

less plausible. The anomalies require a mechanism to change the
velocity structure of the lower caprock (i.e., pressure, saturation,
and/or mechanical changes). The reservoir-only hypothesis implies
the only significant changes to the caprock that have occurred are
far-field geomechanical deformations. The diffuse nature of such
deformations would not explain the narrow tabular zones that are
observed. We therefore conclude that hypothesis 1 has a low
probability. Although it cannot definitively be excluded, it does not
provide a simple explanation for the similarity of the InSAR and
seismic anomalies and requires a complete discounting of the
seismic evidence.

Hypothesis 2: Fault Leakage
In response to indications of possible caprock damage around
KB-502, much of the initial investigation focused on the poten-
tial for leakage through preexisting faults at the site (5–7). This
work was motivated by a fault interpretation of the 1997 seismic
survey, which suggested a fault or lineation intersecting the
horizontal leg of KB-502 (Fig. 6). The strike of this lineation
(120° Az) is rotated ∼15° with respect to the estimated maximum
horizontal stress. A later interpretation of the higher-quality
2009 survey did not pick out this same lineation. The inferred
stress regime for the site is strike-slip, with the vertical stress
being the intermediate stress (3). Faults with a similar orienta-
tion to the “phantom” fault from the 1997 survey could poten-
tially be reactivated by injection pressure.
The fault interpretation was performed by the operator and is

briefly described in ref. 18. It is based on reflector offsets in the
seismic volume, supplemented with attribute analysis and other
methods to help identify smaller features. The 20-m-thick res-
ervoir (C10.2) is never fully offset, and all identified faults were
close to the limit of resolution. The same faults are not visible at
the C20.1 horizon, ∼40 m above the reservoir. No substantial
faults are observed in the caprock, suggesting that any faulting in
the seals is minor and below seismic resolution. An important
caveat is that the caprock in general contains fewer reflectors,
making identification more challenging.
Drilling records for KB-502 suggest that the reservoir interval

contains unobserved faults. While drilling the horizontal well
section through the C10.2, cuttings and logging while drilling
revealed that the well suddenly reentered the C10.3 unit. The
interpretation was that the well had passed through a vertically

Table 1. Four plausible hypotheses to explain available observations

Hypothesis References*

1. Reservoir-only behavior: Observations are consistent with excess pressure and CO2 contained in the reservoir 12, 19, 20
2. Fault leakage: The reservoir intersects one or more faults, providing a vertical migration pathway 1–3, 5–7, 9–12, 18–20
3. Hydrofracture: Injection has created new fracture pathways, through tensile hydrofracture 1, 2, 4, 7–11, 13, 20
4. Preexisting fractures: Preexisting fractures are intrinsically permeable, or reactivated by pressure 1–4, 7–13, 18–20

*Published studies by various groups relevant to each mechanism.
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estimated from well head pressure, flow rate, and temperature,
using a well model as described in Bissell and colleagues (4). This
model was calibrated to three shut-in pressure measurements, one
for each well. There is still some uncertainty, however, in the BHP
conversion. The model used by the In Salah Joint Industry Project,
presented here, is ∼10 bar higher than that of Rinaldi and col-
leagues (9) and ∼30 bar higher than Shi and colleagues (7), with the
discrepancies most likely explained by temperature uncertainties.
A peak BHP of 323 bar occurred in March 2006. Between

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
are large uncertainties, the general observation is that the in-
jection pressure at KB-502 is high in comparison with the esti-
mated fracture pressure for both the reservoir and caprock units.
A vertical hydrofracture at KB-502, penetrating into the lower
caprock, would readily explain the orientation and timing of the
InSAR deformations and the appearance of the seismic anomaly.
A portion of the leak-off test and formation integrity test data

in Fig. 7 was previously published in Shi and colleagues (7), along
with an extrapolated fracture pressure profile. Note that this
extrapolation uses the high leak-off test values in the unstable
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 extrapo-
lation, 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 (well-
head pressure, 155 bar). There is significant scatter around this
estimate, however, which could be explained in part by an evo-
lution of fracture geometry over time and interaction with pre-
existing fractures. Interestingly, Oye and colleagues compare this

estimate with recorded microseismicity from April to November
2010, using the KB-601 geophones. There is a correlation be-
tween measured event frequency and exceedance of a well-head
pressure threshold of ∼155 bar. Unfortunately, microseismic was
only available late in the field life and did not cover the initial in-
jection period. Event locations are also highly uncertain.
The contrasts in fracture pressure in different layers suggest

that the dynamics of hydrofracture growth would be complex.
The physics is further complicated by buoyancy and pressure-
volume-temperature effects associated with supercritical CO2.
The rate of leak-off of fluids from the fracture into the various
units would also play a critical role. The ∼400 m width of the
seismic anomaly may correspond to a leak-off zone of pressur-
ized, CO2-saturated, and/or damaged rock, as the main fracture
is likely below seismic resolution.
As mentioned earlier, the seismic and InSAR data suggest that

the two other wells may also be hydrofractured. The estimated
BHP for both wells approaches and exceeds an EMW of 1.70 sg,
although the two wells do not show the same degree of sustained
high pressures as seen at KB-502. The surface deformations for
these two wells show strong NW-SE trends, suggesting a stress-
dependent permeability anisotropy at depth. Unusually, how-
ever, the seismic anomaly detected at KB-503 is much stronger
to the southeast of the well. One might reasonably argue, there-
fore, that the evidence for hydraulic fracturing at these two other
wells is weaker than at KB-502.

Hypothesis 4: Preexisting Fractures
The reservoir and caprock units contain preexisting fractures,
and it is important to consider their role in the observed field
behavior. Iding and Ringrose (3) present an extensive fracture
characterization for the site, using FMI, core, and mud loss
observations. There is a dominant fracture orientation parallel to
the maximum horizontal stress (northwest–southeast). In gen-
eral, fractures are steeply dipping, within 20° of vertical. Fig. S3
provides a rose diagram of fracture strikes observed in the FMI
log of well KB-10. This well is some distance from the injectors
but may be in a similar structural setting.

32
20

00
0

32
25

00
0

32
30

00
0

415000 420000 425000 430000

N
or

th
in

g,
 m

Easting, m

NS1959

KB-501

KB-502

KB-5

KB-503
Shmax

Fig. 6. Fault interpretation at the C10.2 interval, based on the 2009 seismic
survey. Dashed trace intersecting KB-502 is a fault interpreted in the earlier
1997 survey but not visible in the higher-quality 2009 survey.
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§ Layered  in  situ  stress  profile

§ Fluid  leakoff to  reservoir  /  caprock

§ Thermal  perturbations

§ Single  fracture  vs.  multiple  
interacting  fractures

In  Salah  leak  off  test  and  formation  integrity  
test  data.

Spectrum  of  fracture  behavior,  from  single  mode-I  fracture  to  a  
complex  multi-fracture  environment
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Ø Thermal  and  Linear  Elastic  Solvers

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

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

Properties/  Material Steel Cement Rock

Density  (kg/m3) 8000 2300 2500

Thermal  Exp.  Coeff (K-1) 12.0  x  10-6 7.9  x  10-6 10.0  x  10-6

Thermal  Conductivity  (W/m/K) 50 1 2.1

Specific  Heat  (J/kg/K) 450 1600 2000

Fail  Strength   (MPa) 200 2 6

Fracture  Toughness   (Mpa.m1/2) 40 1 2.5



Fracture  propagation

During  cooling  –
Thermal  contraction  causes  interfacial  debonding

Temperature  contours

106  C

100  C

Time  =  222  s

Adding  confining  pressure  slows  fracture  propagation



Time  =  728  s

Fracture  propagation

During  heating  –
Thermal  expansion  causes  radial  cracks

Temperature  contours

24  C

40  C

Adding  confining  pressure  slows  fracture  propagation
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§ 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

15
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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

16



Lawrence Livermore National Laboratory
17



Lawrence Livermore National Laboratory
18

Fuel  Cycles  Innovations
(Roger  Aines)

Carbon  
Management  
(Susan  Carroll)

LLNL  Carbon  
Sequestration  
Program

Task  1.  
Carbonates

Task  2.  
Induced  

Seismicity

Task  3.  
Caprock &  
Well  Integrity

Task  4.  
Industrial  

Partnerships

Technical  Staff

Carroll,  Hao,  Smith

Matzel,  Templeton,  
White

Carroll,  Hao,  Iyer,  Morris,  
Roy,  Walsh,  Wang,  White

Carroll,  White

Expertise

Experimental  
and  Theoretical  
Geochemistry

Subsurface  
Hydrology

Computational  
Geomechanics

Seismology
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Planned Planned Actual Actual
Start End Start End

Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Date Date Date Date

1.1
Calibrate Reactive Transport 
Model x 1-Oct-14 30-Mar-15

1.2
 Calibrate NMR Permeability 
Estimates x 1-Oct-14 30-Mar-15

1.3

Scale Reactive Transport 
Simulations from the core to 
reservoir scale x 1-Jul-15 28-Feb-17

1.4

Write topical report on CO2 
storage potential in carbonate 
rocks x 1-Dec-16 30-Sep-17

2.1
Algorithm development and 
testing x 1-Oct-14 30-Sep-15

2.2
Array design and monitoring 
recommendations x 1-Oct-15 30-Sep-16

2.3
Toolset usability and 
deployment x 1-Oct-16 30-Sep-17

3.1

Analysis of  monitoring and 
characterization data available 
from the In Salah Carbon 
Sequestration Project x 1-Dec-14 30-Sep-15

3.2 Wellbore model development x 1-Oct-14 30-Sep-15

3.3

Analysis of the full-scale 
wellbore integrity 
experiments x 1-Mar-14 28-Feb-17

3.4

Refining simulation tools for 
sharing with industrial 
partners x 1-Oct-16 30-Sep-17

4.1
Engage with industrial 
partnerships x 1-Oct-14 28-Feb-15

Future tasks pending discussions with 
industrial partners

4.2
Develop work scope with 
industrial partners x 1-Mar-14 30-Sep-15
* No fewer than two (2) milestones shall be identified per calendar year per task  

Comment (notes, explanation of deviation 
from plan)Task Milestone Description*

Project Duration       Start :  Oct 1, 2014                    End: Sept 30, 2017          
Project Year (PY) 1 PY 2 PY 3


