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Problem

• CO2 plume migration and distribution

• Potential points for CO2 leakage: oil and gas wells (both 

abandoned and injection)

• Why? They are direct connections between underground 

formations and surface

• Any defects may convert them into potential leakage 

pathways

2



How important is this problem?

• 400,000 abandoned wells in the 

Alberta Basin in Canada

• In Australia, this number is close to 

10,000

• Around 2.4/3.2 in the USA of have 

been left dry, inactive, or 

abandoned

• More than one million are in Texas, 

USA

Intergovernmental Panel on Climate Change (IPCC), 

Metz, B., Davidson, O., Coninck, H. de, Loos, M., Meyer, L. (Eds.), 2005. 

IPCC 2005. Cambridge University Press, UK.
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Potential leakage pathways

• gap between the surrounding 

rock and the cement sheath

• the gap between the casing 

and the cement sheath

• cracks within the cement 

sheath itself

• percolation through the 

cement matrix

Potential leakage pathways (Nordbotten et al., 2009)
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Geochemical alteration

The changes in the volume fraction 

of different presumed constituents 

of the cement matrix due to the 

exposure to CO2-bearing fluids at 

a point  within the cement matrix
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Geomechanical alteration

Incurred stresses on the cement sheath, and the two main phenomena which may occur in 

the cement sheath.
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How this idea can be developed?

• Effect of the mechanical and chemical alteration on 

the failure envelope of the cement matrix.
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Coupling the geochemical simulation with the 

geomechanical simulation

Coupling the geochemical simulation with 

the geomechanical simulation.
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𝜎𝑟 = 𝜆′ 𝜀𝑟 + 𝜀𝜃 + 𝜀𝑧 + 2𝜇′𝜀𝑟 + 𝛼′𝑝 − 3𝜆′ + 2𝜇′ 𝛼𝐶𝑇𝐸∆𝑇

𝜎𝜃 = 𝜆′ 𝜀𝑟 + 𝜀𝜃 + 𝜀𝑧 + 2𝜇′𝜀𝜃 + 𝛼′𝑝 − (3𝜆′ + 2𝜇′)𝛼𝐶𝑇𝐸∆𝑇

𝜎𝑧 = 𝜆′ 𝜀𝑟 + 𝜀𝜃 + 𝜀𝑧 + 2𝜇′𝜀𝑧 + 𝛼′𝑝 − (3𝜆′ + 2𝜇′)𝛼𝐶𝑇𝐸∆𝑇
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Failure time (radial cracking)
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The failure time at the different radial stresses (σR)
The failure time at the different depths



Failure time (radial compaction)

The profile of η (the Drucker-Prager failure criterion) versus time (days)
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Verification with the experimental data
Part-1

Prediction of the penetration depth into the cement 
matrix at the temperature of 50 ℃ in a CO2-
saturated brine pressurized to 30.3 MPa; brine is a 
1% NaCl solution. Portlandite and C-S-H are 
considered as the main composing components of 
the cement matrix with the volume percentages of 
13.5% and 75.2%, respectively, prior to being 
exposed to CO2-bearing fluids.
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Verification with the experimental data
Part-1

Comparison of the carbonation front ingress into 
the cement matrix obtained from the experiment 
with the predicted penetration depth. Porosity is 
0.36, and the volume percentages of portlandite and 
C-S-H is assumed to be 15% and 49%, respectively.
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Radial Cracking

Change in the ratio of the effective 

pressure (Pe) over the overall compressive 

strength (OCS) when the radial cracking 

process is active. The inside diameter of the 

cement matrix is 20 cm, and the radial 

thickness of the cement is 3 cm. The 

anticipated failure time is 156 years after 

being exposed to CO2-bearing fluids. The 

radial stress on the cement from the rock 

(Pr) is 33.28 MPa.
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Radial Cracking

The depth of calcite zone within a cement 

matrix on the left vertical axis versus time, 

the right-side vertical axes show the 

porosity and volume fraction of calcite 

within this zone. The grid with the 

maximum volume fraction of calcite at 

each time step was chosen to show the 

alteration of calcite zone in the cement 

matrix. The depth of well is 2075 m and 

the radial stress (Pr) on the outmost layer 

of the cement matrix transmitted from the 

rock side is 33.28 MPa. The active process 

is radial cracking.
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Radial Compaction

Change in the ratio of the effective 

pressure (Pe) over the overall compressive 

strength (OCS) when the radial 

compaction process is active. The inside 

diameter of the cement matrix is 20 cm, 

and the radial cement thickness is 3 cm. 

The radial stress on the outmost layer of 

the cement matrix from the rock (Pr) is 

33.25 MPa. The porosity in the compacted 

layers reduces to 0.0375.
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Radial Compaction

The depth of calcite precipitation zone 

which is formed within the cement matrix 

affected by compaction process. The 

profile of porosity in girds with maximum 

calcite volume fraction at each time step 

and calcite volume fraction itself are also 

shown. Depth is 2075 m, Pr is 33.25 MPa. 

The porosity in the compacted layers 

reduces to 0.0375.
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Which process?
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Depth (m)

The type of band

The casing-cement 

interface

The cement-rock 

interface

800 N N

1140 N N

1480 PDB N

1820 PDB N

2160 PDB N

2500 PDB DSB

The status of the ITZs at the time step of 

zero for a well used for CO2 injection for 

2.5 years which is abandoned afterwards. (N: 

the ITZ is in the elastic zone and intact)



Verification with the experimental data
Part-2

The alteration depth of the cement 
sheath from the experiments in 
(Mito et al., 2015) versus the 
simulated alteration depth
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Verification with the experimental data
Part-2

The ingress of the carbonation 
front into the cement sheath from 
the experiments in (Mito et al., 
2015) compared to the predicted 
carbonation depth.
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What would be a long-term logic pattern for 
the behaviour of the cement sheath?
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Change in the shear failure criterion in the injection wells at different thicknesses of the cement sheath



*100

Critical Area

Min=2084 years

Min=1414 years

Effect of formation



Thank You
Questions?
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