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Abstract

The shear strength and hydraulic permeability of the interface between well cement and casing was investigated
using a triaxial direct shear apparatus. For the first time, these experiments provide measurements under
controlled stress conditions with fluid flow measurements along the interface. The low cohesion (1.1+1.1 MPa)
and the high friction angle (43.4+2.0°) indicates that the shear strength of the interface is provided by friction.
This implies that the state of stress of the cement is critical to well integrity. The hydraulic aperture of the
undamaged cement-steel samples was 6.8+1.0 microns. Shear damage to the interface caused a decrease (-
20%) in hydraulic aperture for samples aged up to 1 month, and an increase (+300%) for samples cured for two
years. We performed numerical simulations to estimate the leakage potential from a carbon storage operation.
This model predicts negligible leakage amounts (47 tonnes) in a shear-damaged well for the modeled injection
of ~1.26 million tonnes of CO.. Thus, our measurements indicate that the cement-casing interface is not a
significant leakage pathway in its intact or damaged state, and that shear-driven failure scenarios for this

interface are not a significant risk to CO, storage security.
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1. Introduction

The well seal provided by cement is essential in minimizing interzonal and surface migration of fluids around a
well casing in subsurface hydrocarbon and carbon sequestration reservoirs (Carey, 2013; Carroll et al., 2016;
Crow et al., 2010; Zhang and Bachu, 2011). Of particular importance is protection of shallow aquifers from oil
and gas contamination (Dahi Taleghani and Wang, 2016) and the long-term safe storage requirements of carbon

dioxide needed for conformance to EPA guidelines (Benson and Cook, 2005; U.S. E.P.A., 2012). Well leakage
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and failure can be caused by faulty cementing or abandonment, formation damage, mud channeling, gas
migration during curing, and stress-induced failure (Carey, 2013; Zhang and Bachu, 2011). The interfaces
between 1) casing and cement and 2) cement and formation have been identified as preferential pathways for
fluid leakage in wells (Carey et al., 2007; Dusseault et al., 2000). Wells drilled and plugged and abandoned with
no casing have been found to have a significantly lower risk of leakage than wells with casing present (Watson
and Bachu, 2009). It is therefore critical to understand the processes that control leakage at the cement-casing

interface for continued improvement of well design.

In this study, we focus on shear-induced mechanical damage to the cement-steel interface that could lead to
leakage. The key parameters of interest are the shear and normal stresses at the interface, the strength of the
steel-cement bond, and the frictional properties of the cement-steel interface. Experimental investigation of the
shear strength of the well casing and cement interface strength began in the early 1960s with the “pushout”
laboratory test of Carter and Evans (Carter and Evans, 1964; Evans and Carter, 1962). In this technique cement
is cured in the annulus between a containing steel ring and a central steel casing. The steel casing is then driven
out of the cement sheath while measuring the force required to shear the interface. This experimental method
has been used in a number of other works to investigate variables impacting the shear strength of the cement-
steel interface (Carpenter et al., 1992; Hwang et al., 2018; Kakumoto et al., 2012; Lavrov et al., 2019; Parcevaux
and Sault, 1984; Silva Neto et al., 2014). In addition, several other approaches have been used to characterize
the cement-steel bond strength including the slant-shear method in which cement is cast against a steel cylinder
with a 60° slanted surface and strength is measured by compressing the assembly (Genedy et al., 2014; Liu et
al., 2015); a classical friction sliding experiment in which the stress to move a block of cement across a steel
plate is measured as a function of the normal stress (Rabbat and Russell, 1985); and a pushout-type of

experiment conducted in a triaxial cell (Kakumoto et al., 2012).

In order to understand potential leakage in the subsurface, experimental data are needed to develop models of
shear damage and the hydraulic conductivity of shear-damaged interfaces. Understanding mechanical damage
to the cement-steel interface requires shear-stress measurements as a function of normal stress to the interface
to develop a failure model such as the Mohr-Coulomb criterion. Because the traditional pushout and the slant-
shear tests are conducted at a single condition, they cannot provide the cohesion and friction properties needed

for a model such as Mohr-Coulomb. A recent investigation of the traditional pushout test has shown a strong
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dependence of shear-strength on experimental geometry, possibly due to cement shrinkage and the
unconstrained normal stress at the interface (Lavrov et al., 2019). Of the studies described above, only the work
of Kakumoto et al. (2012) is suitable for extracting the needed mechanical parameters for the cement-steel
interface. The classical friction-sliding method satisfies the requirements, but data are only available on concrete
sliding against steel (Rabbat and Russell, 1985). None of these studies address the question of how shear

damage maodifies the hydraulic conductivity of the interface.

The cement-steel interface can also be damaged by tensile opening of cement and casing interface due to
injection fluid pressure greater than the normal stress. This increase could arise during carbon dioxide
sequestration operations and hydraulic stimulation operations. Theoretical (Frash and Carey, 2018; Lecampion
et al., 2013), experimental (Lecampion et al., 2013), and numerical (Feng et al., 2017) analyses of the tensile
opening of a bonded annulus driven by fluid injection have also been completed. Although not directly addressed
in our experimental investigation, the bond strengths that we derive apply to tensile failure as well as to fluid

injection-induced shear failure.

The need for a complete understanding of the mechanical and hydrological properties of the cement-steel
interface are highlighted by theoretical and computational studies (Bois et al., 2011; Feng et al., 2017; Frash and
Carey, 2018; Lecampion et al., 2013). In all of these studies, the properties of the interface had to be assumed.
For example, the recent theoretical analysis of (Frash and Carey, 2018) developed a tool for analyzing cement-
casing shear damage, including the mechanical behavior of the casing, cement, and formation, fluid flow through
the porous media, and the character of the bonding interface. However, this work had to assume values for the
strength and frictional properties of the cement-casing interface, which were shown to have a significant impact
on model results. A new method for obtaining these properties while also yielding interface permeability data
would be beneficial in better constraining model input parameters leading to improved ability to analyze wellbore

integrity.

In this work, we obtained strength and permeability data for the cement-casing bond under varying stress
conditions analogous to the depth of a wellbore using an experimental system with well-defined stress boundary
conditions. We used the triaxial direct-shear method in which bonded, half-cylinders of steel and cement are
sheared while a constant normal stress is applied across the cement-steel interface (Carey et al., 2015; Frash

et al., 2017). By performing measurements as a function of confining stress and displacement, we obtained the
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intact and de-bonded cohesion and frictional properties of the cement-casing interface. The triaxial direct shear
system also provided continuous measurement of fluid flow across the length of the cement-casing interface
allowing full characterization of the hydraulic properties before and after shearing. Our results quantify the initial
permeability of the cured cement-casing interface along with changes caused by shear damage of the sample.
From these measurements we find that cement-steel intact cohesion is small to negligible 1.1+1.1 MPa and the
friction angle is relatively high 43.4+2.0°. Therefore, interface strength is controlled primarily by friction and

confining stress and not the strength of the bond.

Experimental characterization of the permeability of the interface showed non-zero but relatively small values
equivalent to a hydraulic aperture of 6.8+1.0 microns prior to shearing and that shear displacement only weakly
modified the interface permeability. We evaluated the significance of the measured permeability by performing
numerical simulations of a leaking well at a model CO, sequestration injection site. The results showed that
despite the finite permeability of the casing-cement interface, the quantity of CO, escaping was negligible during

a 20-year period (less than 50 tonnes in a 1.3 Mt injection project).

2. Methods

Experiments were conducted using a triaxial direct shear apparatus (Carey et al., 2015; Frash et al., 2017, 2016)
using composite cement-steel specimens. Figure 1 provides a diagram of the direct-shear coreholder assembly
and images of the cement-steel sample preparation. The steel and cement samples were prepared using 1-inch
diameter, thin plastic tubing as a support for poured cement on the opposing face of steel half-rounds (Figure
1b). The steel half-rounds had a 1 inch diameter and were 1 inch in length with a black mill varnish typical of well
casings to prevent corrosion on the flat surface bonded to the cement. The cement used was Ash Grove oil well
cement type G and was prepared in small batches according to ASTM C305, mixing by hand with a water-to-
cement mass ratio of 0.4. Prior to mixing, the dry cement mix was passed through a No. 35 sieve to disaggregate
clumps. Following mixing, the cement was poured into the tubing containing three steel half-rounds separated

by thin, cured cement half-rounds to aid in later separation.

Samples were allowed to cure in three time intervals of 1 week, 1 month, and 2 years to determine the effect of
cure time on measured properties. These intervals were chosen to represent the initial performance of the

cement annulus immediately following completion, the beginning performance of a well, and the long-term
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performance of a well. The 1 week and 1 month samples were allowed to cure at ambient temperature and
atmospheric pressure, upright prior to being sectioned. The 2 year samples were allowed to cure as individual
specimens at ambient temperature and atmospheric pressure until hard enough to be removed and submerged
in a calcium hydroxide solution for long term storage in a sealed container at ambient temperature and
atmospheric pressure. It should be noted that the curing conditions of cement can have significant impacts on
the mechanical properties of the cement during curing. The air cured specimens likely had significantly lower
compressive strength than the moist cured 2 year samples (Gonnerman and Shuman, 1928; Kosmatka et al.,
2002; Wood, 1992). The ends of the samples were ground square using a water-wetted polishing wheel. The

dimensions and mass of each sample were recorded.

An additional set of solid cement samples were prepared in a similar fashion with dimensions 2.5 x 2.5 cm
diameter and length, recovered from the upper, pure-cement section of the plastic tube columns shown in Figure

1. Experiments on the solid cement were completed after approximately one year of cure time.

Interface strength properties were measured with the triaxial direct shear system by applying force to opposing
halves of the axial faces of the cylindrical plug samples to induce shear along the cement-steel interface (Figure
1). The apparatus and methodology were originally developed for the study of shear behavior of rock systems
(Carey et al., 2015; Frash et al., 2017, 2016) but was readily modified by aligning the cement-steel interface with
the direct-shear plane. The direct shear stress applied to the samples was measured from the pressure applied
to the axial assembly of the cell by an ISCO syringe pump. The confining pressure of the system was controlled
by either gas regulator pressure or an ISCO syringe pump. The system allows for the measurement of fluid flow
rate through samples complemented by pressure transducer measurements on the inlet and outlet flow lines of
the cell. The displacement of the fractured specimens was measured by a linear variable differential transformer
(LVDT) affixed to the top of the axial assembly, and displacement was limited to 4 mm to avoid damage to the
confining sleeve. All system parameters were recorded and controlled through a National Instruments
workstation via the Los Alamos National Laboratory-developed Dlsco control software

(https://www.lanl.gov/software/disco).
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Figure 1: (a) Diagram of direct-shear collar assembly used in the triaxial direct-shear apparatus. (b) Diagram of

the preparation of cement-steel half rounds with pre-cured cement half-rounds used to aid in later separation.
(c) Image of post-experiment plug sample showing displaced cement-steel interface.

For the experiments, the cement-steel specimens were inserted into an ethylene propylene diene monomer
(EPDM) rubber sleeve (Figure 1). A titanium direct-shear collar was inserted into each end of the EPDM sleeve
aligning the shear edge with the interface of the cement-steel sample. Each collar assembly included silicone
rubber which provided support for the EPDM sleeve and applied a deformable and approximately constant stress
to the free end-surface of the specimen equal to the confining stress applied to the specimen circumference. An
L-shaped metal shim was used to avoid extrusion of the rubber into the system pore space at high pressures
(see (Frash et al., 2017) for details on the experimental direct-shear system). Each direct-shear collar has a pore
fluid channel to provide pore fluid conductivity to the face of the specimen. The sample ends were topped with a
thin metal mesh screen to provide pore fluid access to the entirety of the sample face. Finally, a fluorinated

ethylene propylene (FEP) overwrap was heat shrunk to the entire assembly to isolate the sample from the
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confining fluid and allow for the development of confining stress. Metal wires were wrapped around the base of

the thrust collars to provide mechanical stability and initial sealing of the FEP to the metal (Figure 1a).

The shear strength of the cement-steel interface was calculated from the direct-shear stress across the interface

(Tos) as (Frash et al., 2017):

_ Fp—-F¢
Tps = DL Os 1)

Using the force applied by the piston (Fe) to a semi-circular area of the specimen, the force of the compression
of the rubber (Fc) applied to the other semi-circular half of the specimen originating from the confining fluid
pressure assuming a Poisson’s ratio for silicone rubber of 0.5, the diameter of the sample (D), and the length of

the sample (L). The calibration term (0s) is a correction determined from system calibration that varies with shear

displacement. The magnitude of the uncertainty of this error term is shown as the error bars presented with each

individual measurement presented in the Results section below.

The effective confining stress (Pet) was calculated using the Terzaghi effective stress relationship with a Biot
poroelastic term of 1.0, the average of the upstream (P1) and downstream (P-) pore pressures, and the confining

pressure (P¢) as:

The hydraulic conductivity of the interface was characterized by the hydraulic aperture rather than permeability,
as the geometric area of flow at the interface is not well defined. The hydraulic aperture (bn) of the samples was
calculated from the flow rate through the sample (Q), the viscosity of water (1= 0.9 cP), the width of the interface
(w = 25.4 mm), and the pressure gradient across the sample (VP) using the cubic law equation for fluid flow

between parallel surfaces (Zimmerman and Bodvarsson, 1996):

_ 3 _ 12Qu
by = \/ (VP)w 3
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The triaxial direct shear tests were performed in a series of experimental steps as outlined in Figure 2. The
system was initialized with a small amount of direct shear stress to seat the sample and confining pressure was
raised to 3.5 MPa ((1)). The water in the pore lines of the system was pressurized to 0.5 MPa downstream
pressure and the upstream pump was operated at constant pressure of 1.5 MPa with a maximum flow rate of 1
ml/min. This control regime was employed to limit excessive flow rates for highly permeable samples and to
avoid rupture of the confining sleeve with low permeability samples. The system was allowed to stabilize for 15
minutes while measurement of the intact initial sample hydraulic aperture was collected at the same initial system
stresses for each sample. The confining pressure of the system was raised to the desired confining stress (if
greater than 3.5 MPa) for the intact shear strength measurement ((2)), and the system was again allowed to
stabilize and a pre-shear hydraulic aperture was measured. The intact shear-strength was measured by
increasing the direct shear stress at a constant rate until the sample failed, marked by a distinct drop in the
sustained direct shear stress supported by the sample (marked with a red arrow) and continuous displacement
((3)). The direct shear stress was returned to the low seating stress (creating approximately isostatic pressure

conditions) and a post-shear permeability was measured.

In the second stage of the experiment, the residual shear strength was measured in which the direct shear stress
was raised until displacement was reactivated. This test was done either as a single step or, as shown in Figure
2, as a dynamic measurement. In the latter case, the confining pressure was steadily lowered, reducing the
system effective confining stress, while maintaining the direct shear stress at a critical point to continuously
displace the sample under the changing stress conditions ((4)). This stage of the test provided a continuous
measurement of the residual shear strength of the interface as the effective confining stress was lowered. The
uncertainty in our fluid flow measurements during this stage increased substantially due to the fluid displacement

of the moving piston assembly.

In the third stage of the experiment, a hydroshear test was performed in which the downstream pump was
stopped while the upstream pump continued to flow resulting in increasing pore pressure in the fracture. The
direct shear stress was first raised to a value that the specimen was able to support without deformation at the
effective confining stress. The pore pressure of the fluid was raised at a slow rate, reducing the system effective
stress, until the system was again observed to displace and a drop in the supported direct shear stress was

observed (marked by a red arrow) ((5)). However, these results will not be presented in this work.
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In the final stage of the experiment, a series of permeability measurements were performed as a function of
confining stress to determine the effect of normal stress on the hydraulic aperture of the interface. The confining
stress was raised and lowered in a step-wise fashion from 3.5 to 30 MPa and back again to observe the behavior

of the sheared interface with no further shear displacement ((6)).
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Figure 2: Experiment stresses and pressures (top), hydraulic aperture (middle) with pink stars highlighting
stabilized measurement points, and displacement (bottom) for the two year sample CSS11-04. The numbered
regions show: ((1) seating and establishment of confining and pore pressures; ((2)) raising confining pressure
for the intact shear strength measurement; ((3)) intact shear strength measurement by increasing direct shear
with the specimen failure point identified by the red arrow; ((4)) dynamic residual strength shear test, ((5))
hydroshear test with the shear event marked with a red arrow; and ((6)) impact of changes in effective confining
stress on hydraulic fracture aperture. Yellow bands represent uncertainty in the hydraulic aperture measurement
that originate primarily from differing inlet/outlet flow rates.

Post-experiment profilometry and surface images were recorded using a VK-X150 shape measurement laser
microscope to determine the surface topography of the sheared cement. These results were used in quantifying
changes in surface roughness due to different cement curing times. Surface laser-optical images and

profilometry were collected with an image resolution of 10.91 um and height resolution of 0.1 nm.
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3. Results

In total, 19 samples were examined with intact shear strength and residual friction properties given in Table 1
and hydraulic properties given in Table 2. The initial hydraulic aperture was recorded at the end of a 15 minute
stabilization period and was taken at an effective normal stress of about 2.7 MPa for all samples. The effective
stress during shear is the confining stress used for the measurement of the intact shear strength. The post-shear
failure hydraulic aperture was recorded after returning the system to hydrostatic conditions corresponding to the
value given by the effective stress during shear. The hydraulic aperture of the solid cement samples was
calculated based on half of the flow to determine the contribution of flow coming from the cement matrix of the

cement-steel samples.



Table 1: Summary of the intact sample shear strength and post-shear residual friction.

Sample  Sample No. Effective Shear Stress of Residual
Group Confining Initial Shear Friction Angle
Stress During (MPa) )
Initial Shear
(MPa)
1 Week CSS12-01 2.7 1.8 36.0+0.7
CSS12-02 2.6 2.1 41.0+£1.0
CSS12-03 2.7 3.6 41.0+0.9
CSS13-01 28.9 20.4 46.9+0.2
CSS13-02 9.1 7.3 41.0+1.0
CSS13-03 29.0 17.9 42.7+£1.0
1 Month CSS10-01 3.0 2.9 33.6+0.6
CSS10-02 2.9 3.3 34.31£2.9
CSS10-03 29.3 26.7 35.5+3.8
CSS14-01 9.0 10.5 40.7+1.3
CSS14-02t - - -
CSS14-03! - - -
2 Year CSS11-01 3.1 4.8 28.0+1.4
CSS11-02 2.8 3.5 33.7+£0.5
CSS11-03 2.7 2.1 34.4+1.6
CSS11-04 28.9 28.3 36.3+0.4
Solid CEMO01-01 9.5 19.9 51.6+0.5
Cement CEMO01-02 2.8 7.9 51.0+£1.0
CEMO01-03 28.0 36.4 56.4+0.9

iIncomplete experimental results due to shear-collar impinging on steel.
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Table 2: Summary of sample hydraulic conductivity expressed as hydraulic aperture (Eq. 3). Solid cement
values have been adjusted to account for only half of the sample flow for comparison with the same flow area
as the cement-steel samples.

Sample  Sample No. Initial Hydraulic Effective Pre-shear Post-shear
Group Aperture Confining Stress Hydraulic Hydraulic
(microns) during Shear Aperture Aperture
(MPa) (microns) (microns)
1 Week CSS12-01 6.7 2.7 6.7 55
CSS12-02 6.7 2.6 6.7 55
CSS12-03 5.9 2.7 5.9 5.8
CSS13-01t 1.5 28.9 - -
CSS13-02 51 9.1 3.3 3.1
CSS13-03 6.0 29.0 2.9 2.4
1 Month CSS10-01 8.6 3.0 8.6 6.9
CSS10-02 4.6 29 4.6 51
CSS10-03 - 29.3 14 0.7
CSS14-01 7.2 9.0 4.7 3.6
CSS14-022 7.4 - - -
CSS14-032 17.5 - - -
2 Year CSS11-01 4.5 3.1 4.5 8.0
CSS11-02 9.0 2.8 9.0 6.4
CSS11-03 19 2.7 19 8.3
CSS11-04 4.0 28.9 0.1 11
Solid CEMO01-01 4.0 9.5 4.0 3.5
Cement CEMO01-02 4.3 2.8 4.3 51
CEMO01-03 4.3 28.0 3.3 2.7

IFluid Flow port became blocked during experiment. 2Incomplete experimental results due to shear-collar
impinging on steel.

3.1. Intact Shear Strength
The initial intact shear strength of each of the samples was investigated over a range of confining pressures from
3.5 MPa to 30 MPa (Table 1). The resulting data for the cement-steel interface samples and the solid cement
are shown in Figure 3. A trend line was fit to each dataset representing the failure envelope with the shaded
region showing the 95% confidence interval of the linear fit (Figure 3). Due to the lack of significant differences

as a function of cure time, the cement-steel interface samples were fit with a single trend line. The intercept and
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slope of the trendline were used to evaluate the cohesion (1.1 + 1.1 MPa) and friction angle (43.4 + 2.0°) in a

Mohr-Coulomb failure model.

50

F
o

Solid Cement
¢=474x11.1°
C=6.8+3.4 MPa
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Figure 3: Comparison of intact shear strengths for all samples as a function of effective normal stress including
linear fit and error band. The shear strength as measured using this equipment for Marcellus shale is included
as the dashed blue line for reference of caprock.

3.2. Residual Strength
The residual strength of the cement steel interface after shearing was measured for each of the samples in
individual shear steps or by using a dynamic method. As the dynamic technique results in a continuous
measurement of the residual shear strength of the interface, 10 points were selected along the length of the test
to be plotted along with the stepwise measurements. A linear fit of the data was used to determine the Mohr-
Coulomb failure envelope and 95% confidence interval of the linear fit is shown as a shaded region (Figure 4).
The cohesion was considered to be zero as the samples had already been sheared. Included in this figure are
the initial cement and bonded cement-steel shear strength failure envelope shown as dashed lines for ease of

comparison.
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Figure 4: Residual shear strength of the cement-steel interface and the fractured cement showing data points,
fitted line, and 95% confidence intervals (cement-steel fit shown with blue confidence and fractured cement in

gray). For reference, the dashed yellow line shows the intact shear strength of cement-steel and the dashed
black line is the shear strength of intact solid cement.

3.3. Intact Hydraulic Aperture
The initial hydraulic aperture of each specimen was measured with a confining pressure at ~3.5 MPa (effective
stress of ~2.7 MPa) as listed in Table 2. The mean value for the initial hydraulic aperture of the cement steel
samples independent of age was 6.8+£1.0 microns, with the error bounds representing the standard error of the
full dataset. It is important to note that for each of the undeformed samples there was always fluid percolation,
and none of the samples provided near zero or no flow. The solid cement samples were found to have an intact

permeability of 6.50+0.36 x 101® m? (0.65+0.04 mD) equivalent to 5.38+2.05 microns hydraulic aperture.

3.4. Effect of Shear on Hydraulic Aperture
The hydraulic aperture was measured for each specimen prior to and following shear failure. The changes in
sample hydraulic aperture before and after shearing each sample are shown in Figure 5. It was observed that
the 2 year samples showed a general increase in hydraulic aperture following shearing, whereas the 1 week and

1 month samples showed a reduction in hydraulic aperture with shearing.
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Figure 5: Relative change in sample hydraulic aperture induced by shearing normalized by the pre-shear
hydraulic aperture (bno). The light diamonds indicate an individual experiment measurement and the solid circle
the sample set average with error bars for the standard error.

3.5. Hydraulic Aperture Effective Confining Stress Response
The change in hydraulic aperture with effective confining stress was explored in some of the experiments before
and after shearing. The fluid flow response of the interface to changes in effective confining stress was
determined by varying the confining pressure from 3.5 MPa to as much as 30 MPa while maintaining a constant
displacement (no shearing). The hydraulic aperture response to changes in effective confining stress of the pre-
sheared intact samples is shown in Figure 6. Trends are shown only for samples in which an elevated effective
stress was applied prior to shearing. The younger 1 week and 1 month samples are less responsive to changes
in effective confining stress compared to the 2 year samples. The hydraulic aperture response to loading (when
available) and unloading of the post-shear samples is shown in Figure 7. The loading cycle of certain samples

is abbreviated or absent depending on the final effective stress at which the sample was sheared.
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3.6. Post-Experiment Surface Profilometry
Surface profilometry of the cement surface of a 1 week sample (CSS13-03) and a two year sample (CSS11-04)
were recorded following shear tests to examine surface characteristics (Figure 8 and Figure 9). The root-mean-
squared surface roughness (Rg) for the 1 week sample was 10.8 um and 4.8 uym for the 2 year sample. The 1
week cure time sample showed numerous larger asperities as expected from a higher roughness coefficient
along with a higher occurrence of deep valleys. The direction of shear was in the left to right direction, with the
striations present likely caused by the grating of the two materials. In addition, no significant changes in the steel

surface were observed to indicate corrosion up to the two year cure time examined.

200
300 490 500 ggp 700 ggp

900 1000 4499 1200 4300

Figure 8: Surface profilometry of 1 week cement surface after shear experiments.

Figure 9: Surface profilometry of 2 year cement surface after shear experiments.
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3.7. Storage site leakage simulations
CO; wellbore leakage simulations were performed using the measured hydraulic aperture results to determine
the potential impact on long-term CO; injection operations (e.g., geologic carbon sequestration (GCS)). Thermal
multi-phase simulations were performed with the FEHM simulator (fehm.lanl.gov), modeling supercritical CO-
injection into a water-saturated target reservoir and subsequent leakage along a wellbore. As the CO; leaks up
the wellbore and encounters lower pressures and temperatures, phase transitions to gas are modeled. The
simulations are similar to those presented in (Harp et al., 2016). The simulation domain consisted of a 10x10 km
horizontal region with a cemented wellbore in the center. The target injection reservoir was 965 m deep and 51
m thick. The initial pressure was hydrostatic based on a surface pressure of 0.2 MPa and hydraulic gradient of
9.81x10 MPa/m. The initial temperature was based on a surface temperature of 20°C and a geothermal gradient
of 0.03°C/m. The lateral boundaries of the reservoir were constant pressure (Dirichlet) for both water and CO»,
allowing inflow and outflow. Intermediate reservoirs, thief zones, or aquifers were not considered here, and the
CO; leaked directly to the atmosphere through the wellbore. The wellbore was represented with a column of 3.2
m long grid cells with 10x10 cm horizontal dimensions, resulting in an effective wellbore area of 0.01 m?. The
mesh spacing expanded from the 10 cm spacing at the wellbore to the 204.8 m spacing of the base mesh using
octree refinement, resulting in 108,712 mesh cells. The mesh was generated using the LaGriT meshing software

package (lagrit.lanl.gov).

In order to apply the measured hydraulic aperture to the wellbore permeability in the simulations, an equivalent
wellbore permeability was determined by calculating the volumetric flowrate of a single planar fracture having a
width equivalent to the circumference of a 15 cm (6 in) diameter well casing and aperture given by the hydraulic
aperture measurements. The calculated flowrate was used in determining an equivalent permeability to apply to
the 10 x 10 cm wellbore in the simulations. The mean initial hydraulic aperture (6.8 microns) and the largest
aperture following shear failure (24.6 microns) were used to provide undamaged and damaged cement-steel
interface leakage scenarios resulting in calculated wellbore grid cell permeabilities of 1.25 x 10*® m? and 5.94 x
101 m?, respectively. For simplicity, the entirety of the well bore was assumed to be cemented contrasting typical

well completion designs in which only certain segments may be cemented.

We considered four scenarios, including combinations of two reservoir permeabilities of 10*? and 10'* m? and

either a leaking injection wellbore or a leaking abandoned well 144 m from the injection well. An aerial view and
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vertical cross-section of the simulation results for the abandoned well scenario are shown in Figure 10. The
abandoned well is assumed to be plugged with leakage occurring only at the external casing-cement interface.
The two reservoir permeabilities provide lower and higher reservoir injection pressures for the constant injection
simulation. CO, was injected at 2 kg/s (~63,000 tonnesl/y) for 20 years, resulting in ~1.26 million tonnes of CO-
injected. In Figure 11, we present the leakage rates for the damaged wellbore scenario (5.94 x 10 m?
permeability wellbore). The undamaged case did not produce significant leakage during the 20 years of injection.
The leaking injection well in the low permeability reservoir had the largest leakage rates, resulting in 47 tonnes

of CO; leaked during the 20 years. This is 3.7 x 10 % of the total injected CO>, a very small percentage.
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Figure 10: Year 1 simulation results of the abandoned well scenario in a low permeability (101* m?) formation.
The top figure is a vertical cross-section showing the carbon dioxide saturation in the storage formation and
abandoned wellbore. The bottom figure shows an aerial view of the carbon dioxide saturation in the storage
formation.
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Figure 11: Well leakage rate of CO, to the atmosphere for a damaged injection well and nearby damaged
abandoned well in a high and low permeability reservoir.

4. Discussion

4.1. Initial Shear Strength
We determined a cohesion of 1.1+1.1 MPa for the intact cement-steel samples (Figure 3). The near-zero value
of cohesion is consistent with experience in our laboratory where simply maneuvering samples into the testing
apparatus can cause debonding unless some measure of confinement is maintained throughout (e.g., our use
of a heat-shrink tubing). Very low to negligible cohesion values were also found by Lavrov et al. (2017) who
found that cement-steel specimens could not be removed from a mold without breaking the bond; by Rabbat and
Russell (1985) who also had difficulty handling grout-steel specimens but were able to record cohesion values
ranging between 0.17 and 0.67 MPa for concrete-steel specimens; and by Kakumoto et al. (2012) who found a
value of 0.79 MPa. All of these observations indicate that without significant roughening of the steel surface (e.g.,

by sand-blasting) cohesion of the cement-steel interface can be conservatively assigned a zero value.

By comparison, the “bond strength” results from pushout tests include a value of 0.50+0.03 MPa from the work
of Carter and Evans (1964); 2.2 MPa from Kakumoto et al. (2012); 8 MPa from Parceveaux and Sault (1984); 4

MPa from Hwang et al. (2018); 5.3 MPa from Silva-Neto et al. (2014); 0.4 MPa from Carpenter et al. (1992); 0.8-
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0.9 MPa from Ladva et al. (2005); and 0.4 to 1.3 MPa from Lavrov et al. (2019), depending on specimen diameter.
The lower values recorded in the pushout experiments are consistent with the near-zero values we measure as
well as a value of 0.79 MPa determined with the triaxial system of Kakumoto et al. (2012). The high variability in
push-out results is consistent with Lavrov et al.’s (2019) analysis of the limitations of the pushout test due to the
uncontrolled normal stress at the cement-steel interface and emphasizes that these values should not be used

to infer cement-steel bond strength.

The friction angle of the cement-steel samples was determined to be 43.4+2.0°. The pushout tests do not provide
information on friction. Both Rabbat and Russell (1985) (32.6 to 35.0°) and Kakumoto et al. (2012) (28.6°) found
significantly lower friction angles for concrete sliding on steel and a modified, triaxial pushout test respectively.

The results indicate significant uncertainty in the friction angle.

We did not observe variability in the cohesion or friction angle of the cement-steel samples as a function of cure
time. This indicates that shear strength of a well is independent of age within our observed time frame of up to 2

years.

As expected, the strength of the intact solid cement was significantly greater than the interface of the cement-
steel samples with a cohesion of 6.8+3.4 MPa and a friction angle 47.4+11.1°. These values show that the
interface will fail before the cement at any normal effective stress. The Mohr-Coulomb failure criteria combined
with the cohesion and friction angle can be used to calculate the equivalent unconfined compressive strength of

the solid cement specimen at a value of 33 MPa.

4.2. Residual Shear Strength
The residual shear strength of the cement-steel interface was lower than the intact interface (Figure 4). Scatter
in the results at low confining stress prevent a good measurement of the residual cohesion, but it is effectively
zero. The friction angle decreased slightly from the initial shear strength value to 39.7+0.9°. A small to negligible
decrease in friction angle for residual shear was previously reported for similar concrete/grout-steel samples
(Rabbat and Russell, 1985). Again, we did not observe variation in the residual strength parameters as a function

of cure times.
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The friction angle of the fractured cement increased to a value of 53.0+£1.8°. As shown in Figure 4, this implies
that a wellbore under effective shear stress >~28.4 MPa is likely to fail through the matrix rather than along the

existing fracture.

4.3. Hydraulic Aperture of the Cement-Steel Interface
The average intact hydraulic aperture of the cement-steel samples was 6.8+1.0 microns, and the permeability of
the solid cement was 6.50+0.36 x 10*® m? (0.65+0.04 mD). In order to decouple the contribution of fluid flow
through the cement matrix of the cement-steel samples from that of the interface, we used the calculated flow
through half-circle of cement. This results in a contribution of 4.3+1.6 microns to the hydraulic aperture of the
cement-steel interface. This value appears to be a large, however, due to the cubic-law relationship of aperture
to flow assumed in the parallel plate fracture flow model, this only accounts for 24.7% of flow for a 6.8 micron
aperture. The remaining flow results in a hydraulic aperture of 6.2+1.7 microns attributed directly to the interface
in the samples. These flow measurements also indicate that while very low, both cement and the cement-steel

interface have measurable flow properties and would likely not provide a perfect seal.

The intact hydraulic apertures of the 2 year aged samples were smaller than the younger samples. Mineral
changes were also observed on the surface of the 2 year samples upon removal from the calcium hydroxide
storage solution. These may have affected the pore space of the cement at the steel surface, as well as additional
modification of the pore space in the interior of the sample. This could cause a reduction in the permeability of

the cement matrix and possibly the cement-steel interface.

The change in hydraulic aperture with shear displacement was studied in both the cement-steel interface
samples and the cement (Figure 5). The older 2 year samples had a significant increase in hydraulic aperture
following shearing; whereas the younger samples and the solid cement showed a decrease in hydraulic aperture.
This means that shear failure at the cement-interface in younger wells does not increase potential leakage. Wells
over 2 years of age are susceptible to increases of >100x leakage rates following shearing. Subsequent shear
events at elevated effective stresses (>15 MPa) causes a reduction in hydraulic aperture to values similar or

lower to the intact initial sample hydraulic aperture.

The hydraulic aperture of a shear-damaged interface converged toward 2-3 um hydraulic aperture as effective

confining stress increased in all but one 2-year old sample (Figure 7). The impact on younger interfaces was
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modest with changes of less than 1 um in hydraulic aperture. The 2-year old interface and the cement specimen
showed much stronger, but variable hydraulic aperture changes ranging up to a factor of 10. Thus leakage
through older shear-damaged cement-steel interfaces appears to be more sensitive to changes in confining

stress.

The cause of the variability in the hydraulic aperture response of the younger and older cure time samples has
not been determined. Previous work has shown that the compressive strength of cement continues to increase
with cure time. Samples kept in a water-rich environment will continue to gain compressive strength tor at least
one year. In contrast, samples allowed to cure in open air environments will approach their maximum
compressive strength within one month albeit significantly lower than that of water—cured cement (Gonnerman
and Shuman, 1928; Kosmatka et al., 2002; Wood, 1992). These differences in cement compressive strength can
cause changes in the strength of asperities in the sheared interface, reducing the self-propping of the sheared

younger samples.

4.4. Surface Profilometry
Following experimentation it was noted that there were significant differences in the appearance of the surfaces
of the cement as a function of cure time. The 2 year old samples were stored in a calcium hydroxide solution,
which may have allowed for physical changes to occur within the cement not seen in the younger samples stored
in a closed container. The change in surface roughness was quantified using profilometry (Figure 8 and Figure
9), and the 2 year old sample (Rq = 4.8 microns) had a significantly smoother surface than the younger samples
(Rq = 10.8 microns). The intact and shear damaged 2 year old samples also had significantly lower hydraulic

apertures at high effective stresses that may have been the result of this smoother surface.

4.5. Numerical Simulations
The results from this experimental work were incorporated in a numerical simulation to understand what impact
the measured hydraulic apertures would have in terms of the total leakage from a carbon dioxide storage site.
The results for leakage from an injection well at a depth of 965 m indicates that even for the worst case scenario
(shear-damaged injection well in a low permeability reservoir), the leakage would be extremely small (3.7 x 107
% of the injected CO; over a 20 year injection period). Simulations of undamaged wellbores resulted in even
lower leakage quantities. However, these calculations do not consider other damage mechanisms such as

injection-induced hydraulic failure of the cement-steel interface that could contribute to additional leakage.
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5. Conclusions

In this study we performed triaxial direct shear tests to evaluate the strength of the cement-casing interface under
controlled boundary conditions. Results demonstrate cohesion is negligible (1.1+1.1 MPa) and does not
significantly contribute to the mechanical integrity of the cement-steel system. Instead, resistance to shear
damage at the cement-steel interface arises solely from friction showing that it is the normal stress at the interface
that holds the casing in place. These results highlight the importance of the at present unknown stress state of
cement in the wellbore environment (Welch et al., 2019). The measured friction angle of 43.4+2.0° is relatively
high compared with previous work that ranged from 28-35° and could still use additional work to determine the
source of this variation. Experiments on the residual shear strength showed a further reduction of cohesion and
a decrease of friction angle to 39.7+0.9°. We did not observe variability in strength properties as a function of

cure time ranging from 1 week to 2 years.

We characterized the permeability of the cement-steel interface in terms of hydraulic aperture using a cubic-law
relationship to permeability. The hydraulic aperture of the intact cement-steel interface was 6.2+1.7 microns after
correcting for flow contributions for the matrix. This value is equivalent to a permeability of 4 mD for a 2.5-cm
thick cement surrounding a 15 cm (6 inch) diameter pipe. Shearing of the interface did not increase the
permeability of 1 week and 1 month cements, but did increase the hydraulic aperture up to 24.6 microns for a 2

year aged sample.

With respect to well leakage, simulation of leakage from an injection and an abandoned well during a 20-year
injection using these measurements indicate that the cement-casing interface is not a significant leakage
pathway in its intact or damaged state. Thus, our results indicate that shear-driven failure scenarios for this
interface are not a significant risk to CO, storage security. However, the very low cohesion of the cement-steel
interface indicates that hydraulic failure of the interface could occur where fluid pressure exceeds the normal
stress at the interface. Current lack of understanding of the normal stress at this interface is a key unknown in

risk studies of wellbore integrity.
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6. Data Availability

Datasets related to this article can be found at http://dx.doi.org/10.17632/hbwgp2jméd.1, an open-source online

data repository hosted at Mendeley Data (N J Welch et al., 2019).
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