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Presentation Notes
Good morning, everyone, I am Xiaojin, from the department of petroleum engineering in UT Austin. Today I am going to talk about Uniaxial Strain Unloading Compressibility of Frio Sand, and its implications on Reservoir Pressure Management for CO2 Storage. 
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Reservoir pressure management

• CO2 injection may increase reservoir 
pressure and induce fault reactivation. 

• Reservoir pressure increase is related to 
(1) reservoir size, (2) reservoir 
compartmentalization, and (3) reservoir 
compressibility.
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In CO2 storage, we inject CO2 into the reservoir at a certain injection rate, which increases the pore pressure and reduces mean effective stress. If mean effective stress is reduced, mohr circle move to the left. The red circle in this figure. At some point, it touches the failure envelope, and fault may be reactivated and even induce the hydraulic fracturing. 
Many uncertainties will affect the amount of pressure increase, including reservoir size, reservoir compartmentalization, the reservoir compressibility (rock or fluids). Today I will focus on the reservoir compressibility and discuss how to achieve reliable reservoir pressure management. 
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Uniaxial strain unloading compressibility 2
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Generally, compressibility is a measure of the relative volume change of a rock as a response to a pressure change. From its definition, we know that for a certain amount of injected fluids, if we improperly use a small compressibility, there will be an unintentional large pressure increase. Therefore it is very important to get a correct compressibility before injecting any fluids. 
Unfortunately, almost all the compressibility measurement in the industry assumes the rock is under isotropic stress because it is easier to do in the field. Isotropic means the stress acts equally in all directions, which may not be true for a reservoir rock. 
Here we have a reservoir under a constant overburden stress. The rock can deform in vertical direction, but its lateral strain is constrained due to the opposite force from the surrounding rock. It is especially true for those thin and long reservoir. This condition is called as uniaxial strain, and the corresponding compressibility is called uniaxial strain compressibility.
Second, CO2 injection increases the pore pressure and reduces mean effective stress. So for the reservoir rock, it is an unloading process, and the unloading compressibility is the one we should use, and conventional loading compressibility is only good for the case such as well depletion.  
Therefore, the uniaxial strain unloading compressibility can better capture the rock deformation behavior during CO2 injection.�
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Uniaxial strain unloading compressibility 

Uniaxial strain unloading compressibility

Uniaxial strain loading compressibility 

Isotropic loading compressibility 

Isotropic unloading compressibility 

Compressibility for CO2 injection: 

Wrong and not 
conservative
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Now we know that for CO2 injection, isotropic compressibility is wrong. Loading compressibility is wrong, although it is what it is usually done in the industry. Uniaxial strain unloading compressibility is the one we should use in CO2 storage. In the following slides, I will present our measurement on uniaxial strain unloading compressibility. 
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• South Liberty oil field, a region of the Gulf Coast
• Unconsolidated sand: courtesy of GCCC-BEG

• 5053-5056 ft: Sand 
‒ Reservoir Frio C

• 5063-5066 ft: Sand
‒ Reservoir Frio C

Experimental cores

(Emily Beckham, MS thesis, 2018)

Sand rich intervals in Gulf of Mexico basin

Frio sand
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The rock samples we tested were obtained from Frio site, representative of Gulf of Mexico Basin.
The seismic map shows that the northeastern portion of the Miocene interval contains numerous sand rich intervals. The sequences of sand-shale intervals provide some suitable locations for CO2 storage. In addition, this location is close to CO2 sources and also CCS infrastructure as well. That’s why some CO2 are injected over there. 
The cores are drilled at the depth around 5053ft. Thanks to the Gulf Coast Carbon Center for providing the Frio cores to us. The Frio sand is an unconsolidated sediment with no cohesive strength. I can break it using my hand. 
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Results of uniaxial strain compressibility test 5

Frio sand, loading

• Uniaxial strain compressibility is non-
linearly stress-dependent (4 - 6 µsip 
at 25 MPa).

Mean effective stress
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Here I summarize the results of the uniaxial strain compressibility tests during the loading process. Clearly, the uniaxial strain compressibility is pressure-dependent. With increase of mean effective stress, pore volume uniaxial strain compressibility decreases non linearly. When mean effective stress is about 25 Mpa, the loading compressibility is about 4 to 6 microsip. 
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Results of uniaxial strain compressibility test 5

Frio sand, loading

Unconsolidated arkosic sand, loading

Berea sandstone, loading

• Uniaxial strain compressibility is non-
linearly stress-dependent (4 - 6 µsip 
at 25 MPa).

• Cemented rock has lower 
compressibility. 

(Unconsolidated arkosic sand, Sawabini, 
1974; Berea sandstone, Andersen,1985)
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We compare our experimental data with literature data. Frio sand loading compressibility is between the compressibility of unconsolidated arkosic sand and the compressibility of Berea sandstone, which indicates that cemented rock may have lower compressibility than the unconsolidated rock. 
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Results of uniaxial strain compressibility test 5

Frio sand, loading

Unconsolidated arkosic sand, loading

Berea sandstone, loading
Frio sand, unloading

• Uniaxial strain compressibility is non-
linearly stress-dependent (4 - 6 µsip 
at 25 MPa).

• Cemented rock has lower 
compressibility. 

• Unloading compressibility is smaller 
than loading compressibility. 

• CBerea sandstone, loading ~ CFrio sand, unloading

(Unconsolidated arkosic sand, Sawabini, 
1974; Berea sandstone, Andersen,1985)
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Here we add the unloading compressibility, which is represented by these blue markers. You can see that unloading compressibility is lower than loading compressibility. And, the loading compressibility of cemented rock, like Berea sandstone, is similar to the unloading compressibility of unconsolidated Frio sands. 
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Isotropic vs uniaxial strain compressibility 6

Uniaxial strain compressibility is 
about one half of isotropic 
compressibility at comparable 
mean effective stress. 

Isotropic compressibility
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We also compare the isotropic and uniaxial strain compressibility. When we plot this two types of compressibilities together in one figure,  it shows that the uniaxial strain compressibility is roughly half of the isotropic compressibility at comparable mean effective stress. The colorbar indicates the value of mean stress. The higher the mean stress, the lower the compressibility. 
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Loading vs unloading compressibility 7

Uniaxial strain loading compressibility
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Unloading compressibility is 
about 1/3 of the loading 
compressibility at 
comparable mean effective 
stress.
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When unloading compressibility is plotted over loading compressibility in this figure, we find that unloading compressibility is about 1/3 of the loading compressibility at comparable mean effective stress. 
If you only have isotropic compressibility or loading compressibility available when you are running a CO2 injection project, these correlations will be very useful for you to do a decent estimation about the correct uniaxial strain unloading compressibility. 
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Compressibility summary 8
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In this slides, we include direct measurements from uniaxial strain compressibility test, and also plot the estimated value from isotropic test. Isotropic compressibility is converted into uniaxial strain compressibility using this equation. 
Overall, all these data are aligned very well, they are all stress-dependent and loading compressibility is larger than unloading compressibility. 
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Reservoir simulation
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• Sand porosity: 0.34
• Fault porosity: 0.1
• Sand perm: 100 mD
• Fault perm: 0.1 mD
• Injection rate: 0.9×106

tonnes CO2 / year
• Injection period: 1 year

(High Island field example)
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Ratio of pore space utilization

Uniaxial unloading

Isotropic unloading

Uniaxial loading

Isotropic loading

Underestimate 
pressure increase!
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We also build a reservoir simulation model in CMG. One injection well in the middle with two leaky faults close to the reservoir boundary. We did some sensitivity tests by changing the compressibility. Clearly different compressibility will lead to different degree of pressure buildup. 
As discussed before, it is a uniaxial strain unloading process for CO2 injection. Using uniaxial unloading compressibility, the pressure increases about 2MPa after one year injection. Using isotropic loading compressibility, pressure increase is only 0.8mpa. So we will underestimate the pressure buildup and increase the risk of fault reactivation. 
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• Uniaxial strain unloading compressibility should be used in reservoir 
simulation of CO2 injection. 

• Uniaxial strain compressibility is pressure-dependent. Frio sand 
compressibility can be modeled with the porosity as a function of logarithm 
of mean stress. 

• Uniaxial strain unloading compressibility is about one third of the uniaxial 
strain loading compressibility at comparable levels of effective mean stress. 

• Uniaxial strain compressibility is about one half of the isotropic 
compressibility at comparable levels of effective mean stress. 

• Incorrect compressibility input for CO2 storage projects will result in non-
conservative estimation of pore pressure increase, which may increase the 
risk of fault reactivation. 

Conclusions 10
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Finally I would like to thank the support from ExxonMobil through its membership in The University of Texas at Austin Energy Institute. We are also thankful to Ganeswara R. Dasari and the ExxonMobil team for providing meaningful comments.
That’s all. Thank you. I am ready to take any questions. 
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Backup slides
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TerraTek triaxial frame

TerraTek

• PID control

• Capable of applying up to 
2,205 kN axial load and 
total radial stresses up to 
138 MPa

• Temperature up to 150oC 
(300oF)

13
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We use the TerraTek triaxial frame for conducting the compressibility tests. This triaxial frame consists of a loading cell, control panel and data acquisition device. 
In the sample stack, there are four axial cantilever arms for measuring axial deformation, and two pairs of opposite cantilever arms for measuring radial deformation. 
The triaxial frame is based on PID control, which uses the feedback information to correct the error during the process. And the total radial stress can be up to 140 Mpa, and maximum temperature up to 150 degree. 


PID controller is a control loop feedback mechanism, rather than open loop. A PID controller continuously calculates an error value as the difference between a desired setpoint (SP) and a measured process variable (PV) and applies a correction based on proportional, integral, and derivative terms (denoted P, I, and D respectively).
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(Sample 5053.2A and 5063A)

Stress path 14

Key characteristics

• Isotropic path: isotropic change of stress
• Deviatoric path: constant confining pressure
• Uniaxial strain path: constant radial strain 
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So here is the typical stress path for our compressibility tests. The sample is tested following the isotropic path, deviatoric path, and uniaxial strain path in sequence, with several loading/unloading cycles along the path. 
The horizontal stress is sigma xx and sigmayy, and vertical stress is sigmazz. The deviatoric stress q is defined as the difference between sigmazz and sigmaxx. And the mean effective stress p is the average of these three stresses. 
The key characteristics of isotropic path is that deviatoric stress is zero and stresses are the same in all directions. For deviatoric path, confining pressure is constant. And for our uniaxial strain path, the radial strain is constant. In this figure, you see there are several loading and unloading cycles along the uniaxial strain path. We measured the compressibility along this curve. 
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Uniaxial strain compressibility and constrained modulus

Uniaxial strain compressibility Constrained modulus
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Physically, compressibility is defined as relative volume change of a pore space as a response to a pressure change. Biot coefficient is measured as 0.944, which is close to 1. So we make an approximation that uniaxial strain pore volume compressibility is the inverse of constrained modulus divided by porosity. 
Here we have a reservoir, which has a constant overburden stress. The rock can deform in vertical direction, but its lateral strain is constrained due to the opposite force from the surrounding rock. It is specially true for those thin and long reservoir. This condition is called as uniaxial strain, and corresponding compressibility is called uniaxial strain compressibility. 
For conventional bulk modulus, when we compress it, it shrink in all direction. For young’s modulus, it shrinks in vertical direction and expand in lateral direction. However, for constrained modulus, it has no lateral strain when we compress it from the top. 
Therefore, We believe the uniaxial strain unloading compressibility can better capture the rock deformation behavior during Co2 injection.�
Biot coefficient decrease when we increase mean stress. That’s why we make this approximation, rather than using 1 directly. 
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Isotropic vs uniaxial strain compressibility
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We also compare the isotropic and uniaxial strain compressibility. The blue markers represents isotropic tests, and the red markers represents the uniaxial strain tests. When we plot this two types of compressibilities together in one figure,  it shows that the uniaxial strain compressibility is roughly half of the isotropic compressibility at comparable mean effective stress. 
According to isotropic linear elasticity theory, uniaxial strain compressibility can be calculated using this equation. Therefore compared with fitting results, we get one equivalent Poisson ratio as 0.211.
However, this equation will not be valid if there is viscoplasticity in our sample. This is only based on the prediction from linear elasticity theory. 
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Reservoir simulation
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• Sand porosity: 0.34
• Fault porosity: 0.1
• Sand perm: 100 mD
• Fault perm: 0.1 mD
• Injection rate: 0.9×106

tonnes CO2 / year
• Injection period: 1 year

(High Island field example)
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Ratio of pore space utilization
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We also build a reservoir simulation model in CMG. One injection well in the middle with two leaky faults close to the reservoir boundary. We did some sensitivity tests by changing the compressibility. Clearly different compressibility will lead to different degree of pressure buildup. 
As discussed before, it is a uniaxial strain unloading process for CO2 injection. Using uniaxial unloading compressibility, the pressure increases about 2MPa after one year injection. Using isotropic loading compressibility, pressure increase is only 0.8mpa . So we will underestimate the pressure buildup and increase the risk of fault reactivation. 
In addition, here fault permeability is acting like a pressure valve. The lesser permeable the fault, the higher the pressure increase would be. 
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