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Abstract

:

It is crucial to assess the bond strength of the cement–formation interface while developing novel cements for efficient zonal isolation. An integrated method is presented to investigate the failure mechanism in cement and formation rock under downhole reservoir temperature and pressure conditions using a triaxial experimental setup. The acoustic emission count, strain, and velocity data aid in inferring the fracture process that led to the failure of a specimen. Although most specimens investigated exhibit the three dominant events of compaction, multi-cracking, and sliding, there are variations in the basic structure of each specimen. Furthermore, the insight obtained about the internal structure of the specimen points to its strength and damage tolerance, both of which are vital requirements for bonding. This method can distinguish between a standard cement and modified cement very effectively and help in pairing the appropriate cement formulation for a formation rock.
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1. Introduction


From the well construction phase to the well abandonment phase, poor cementation makes it difficult to achieve effective zonal isolation due to debonding at the interfaces of cements and rock formations. Stress fluctuations, thermal shocks, stimulation treatments, casing shrinkage/expansion during shut down or restart of production, chemical attack, wettability variations, and surface conditions of the casing and formation are all factors for cement bond failure [1,2,3,4,5].



The ability to isolate different geologic zones with varying pore pressures and fluid/gas chemistries, as well as the ability to prevent uncontrolled migration of pore fluids to shallower depths, is called zonal isolation. Cement shear bond strength measurements are used to evaluate a particularly important aspect of the cement’s ability to provide effective zonal isolation [6]. Cement’s bonding strength to casing and formations was studied extensively [2,7,8,9,10].



Testing the compressive strength of cubic cement samples on a loading frame where the vertical load is increased at a constant rate until the sample fails is a recommended practice [11]. Ultrasonic cement analyzers (UCA) employ a sonic nondestructive testing technique to correlate compressive strength to sonic compressional transit time. Strength correlations are specific to certain cement compositions. Although this common UCA approach is quick, simple, and API-recommended, new cement compositions may not fit the manufacturer’s correlations, necessitating bespoke correlations.



Several push-out experiments were performed to determine shear bond strength, in which the cement is set with a cylindrical rock or casing sample within [12]. A load frame is used to apply a vertical load on the rock until it separates from the cement. Another approach is to create a composite core by vertically setting cement on top of a cylindrical rock [4]. The composite core is then loaded in the direction parallel to the bonding surface until failure. Earlier experimental methods for evaluating new cements were difficult to apply in a consistent and repeatable manner for all rock types. Separating the shear force to determine the shear bond strength is challenging and inconclusive because multiple forces act at the contact [13,14].



Our work will build upon that of researchers [14] wherein cement and shale samples were prepared with a 60° contacting angle for basic compressive strength testing in an unconfined and ambient laboratory condition. We are measuring the cement-to-formation shear bond strength while also monitoring velocities, acoustic emissions, and strain at downhole reservoir conditions. We have a quantitative analysis of the shear bond failure between the cement and the rock, as well as a value for the shear bond strength. Quantitative analysis gives us an insight into the strength and damage tolerance of the specimen.




2. Methodology


Two very different formations, the Berea and Torrey sandstones were used to demonstrate the method’s applicability. Table 1 shows the mean values for porosity measured using Boyle’s law helium porosimeter, permeability measured with flowing nitrogen, and grain densities. Berea [15] has higher permeability and porosity than Torrey, as shown in Table 1.



Table 2 shows the results of the X-ray diffraction analysis. A PANalytical X’PertPro X-ray diffractometer was used to examine the mineral content of both the formations. Quartz is the main component in both sandstones. Torrey has 30% dolomite, whereas Berea [15] contains trace amounts of carbonate minerals.



API Class G cement [16,17] was used in the study as pure cement. Coring cylindrical formation specimens (2 inches in diameter by 4.5 inches in height) is the first step in the sample preparation process. A composite specimen is prepared by cutting the aforementioned formation specimen in half at a 60° angle from the horizontal direction [15]. Laboratory data, field results, and acoustic logs emphasize the change in cement bonding with roughness [8]. Hence, a preset cutting speed was used to control the roughness of the formation interface to achieve consistent results. Before setting the cement, the surface roughness was measured using an optical profiler (Nanovea). Berea was found to have a roughness of 230 ± 47 micrometers. It was verified that using the same cutting tool at a preset speed consistently maintained the surface roughness.



The method of preparing cement and formation samples with a 60° contacting angle is based on the theory of rock strength [18,19]. The theory estimates the angle of the bedding planes that lower the rock strength [20] (pp. 105–107). According to this theory, a slip on a bedding plane at a 60° angle would occur at a far lower stress level than that required to generate a new fault. It was verified experimentally [21] that foliation planes at this angle have the maximum effect, reducing the rock strength by 50%.



Cement was prepared according to the standard recommended procedure [11]. The prepared cement was poured into a cylindrical mold on top of the cut core specimen. The molds were cured for three days at 180 °F and 20.68 MPa. Another specimen (improved cement) was prepared by mixing API Class G cement with silica flour (35% by weight of cement). Improved cement (silica flour is known to improve cement by reducing shrinkage) was cured at 300 °F and 20.68 MPa. The cured specimen was trimmed to achieve a length-to-diameter ratio of at least two. Special attention was paid to maintaining equal amounts of cement and formation in the composite specimen. Figure 1a shows one of our composite specimens cured with API Class G cement and Berea cut at 60° to the horizontal plane, which is the weakest plane of failure. The ends of the specimen were paralleled for precise velocity acquisition. The specimen was wrapped in a copper sleeve for protection from confining fluid at 6.89 MPa. Vertical and horizontal strain gauges were attached to the specimen. Input wires were soldered to the strain gauges for monitoring deformation. Endcaps with acoustic transducers were attached on both ends of the specimen. The specimen was then placed in the triaxial experimental setup (Autolab 3000, NER), as shown in Figure 2, and all the wires properly connected to the feed-thrus for data acquisition. A constant confining pressure (Pc) of 10 megapascals (MPa) was applied at room temperature and reading calibrations were performed [22]. The cement curing (temperature and pressure) and data acquisition conditions (axial stress, confining pressure, and temperature) may be adjusted to match the reservoir conditions of interest. At a Pc of 10 MPa, a vertical compressive force was applied at a constant rate of 0.01 MPa per second until the specimen failed. Velocities, specimen deformation, and acoustic emission counts were measured at regular intervals. It should be noted that the measurements and data analyses were performed on multiple samples of each kind and the standard deviation in the data are also presented.



The compressive strength (CS) at confined conditions (Pc) is the differential stress (axial stress Pc) at which the specimen fails. Figure 1b depicts one of our failed samples owing to interfacial shear slip. Figure 1c demonstrates that failure in a specimen is recognized when volumetric strain rolls over, giving us the load at failure (Lf). The shear bond strength may be obtained by dividing the shear force applied to the interface at failure by the interfacial area [14]. Figure 3 is reproduced with permission of the Cambridge University Press through PLSclear. We know the exact failure plane area with β = 60° in the composite specimen (Figure 3a), where β is the angle between the maximum compressive stress (σ1) and the normal to the fault. It is difficult to determine the failure plane for the whole cement or formation specimen, resulting in inaccurate shear strength measurements. Figure 3b [20] (p. 88) shows that the shear force can be calculated based on the Mohr–Coulomb failure analysis as:


   τ f  =    L  f     s i n 60 ° c o s 60 °   π  r 2     








where,    τ f    is the shear force at failure, r is the radius of the composite specimen, and Lf is the load at failure.



Acoustic emission method detects defects using sounds generated by the defects themselves. When a material is under stress, acoustic waves are generated by the transient release of strain energy caused by sudden internal displacements and spatial crack surface oscillations. Sensitive acoustic transducers are used to detect the waves. The various attributes of acoustic emission are counts, risetime, amplitude, threshold, and duration. These attributes can be employed alone or in combination to detect, localize, assess, or monitor failure.



Only acoustic emission counts are acquired using one sensor mounted at the top of our specimen. It was discovered that there is a significant common trend in the variation in acoustic emission activity as a function of strain in each specimen. As a result, each specimen’s failure is governed by similar fracture processes. Comparison of the acoustic emission count and variations in P- or S-wave velocities during deformation provides considerable insight into the mechanical processes at work [23].



A rock specimen’s deformation history may be categorized into five distinct categories:




	
The specimen’s initial compaction is caused by the preferential closure of cracks normal to the principal compression axis. This region is associated with low acoustic emission activity and an increase in P- and S-wave velocities.



	
A quasi-linear elastic region with constant elastic wave velocity.



	
Micro-crack initiation and extension, with an increasing acoustic emission count, when cracks develop predominantly parallel to the principal compression axis.



	
Macro-cracks form through coalescence of micro-cracks as the acoustic emission count saturates and the P- and S-wave velocities decrease sharply.



	
Shear faults are formed when macro-cracks combine. On the shear fault, frictional sliding occurs.








In most cases, it is difficult to distinguish all five regions since some are short-lived or absent in relation to nearby regions, or occur simultaneously, resulting in a combined region effect. The usage of velocity and acoustic emission activities as a function of strain was split into four stages in mortar [24]: crack closure (1), linear elastic (2), stable crack growth (3), and unstable crack growth stage (4). The third region of a rock specimen corresponds to the stable crack growth stage in mortar, whereas the fourth and fifth region correspond to the unstable crack growth stage.



A schematic diagram of distinct events/regions during the deformation of a rock/concrete specimen is shown in Figure 4. The green vertical arrows represent the direction of axial stress, which represents the principal compression axis. Region 2 is not depicted here since it lacks a visually distinct feature. Region 1 corresponds to a compaction event, whereas regions 3 and 4 correspond to a multi-cracking event, and region 5 corresponds to a sliding event. The green slanting arrows in region 5 represent the sliding motion.




3. Results


The compressive strength of cement, formation, and composite cement–formation specimens, as well as the shear bond strength of the composite are shown in Table 3. Unconfined compressive strength (UCS) is the most widely used rock property. It is worth mentioning that Berea’s UCS of 32.8 MPa [22] is lower than the CS of 58 MPa at Pc of 10 MPa (Table 3). Similarly, UCS of 50 MPa utilizing UCA [15] is lower than CS of 65.6 MPa at Pc of 10 Mpa with improved cement (Table 3).



Shear bond strength for cement–Castlegate sandstone of 4.5 Mpa [12] by push-out tests and 1.7 MPa [4] for cement–Berea sandstone were reported. Please note that [4] used Class H cement and their composite sample was made with cement and formation cores in a series arrangement. Shear bond strengths of 2.76–6.9 MPa were found between cement and shale [14]. Lower values in this study are due to the following factors: (a) unconfined conditions result in lower strengths [20] (p. 104); (b) multiple forces act at the interface, rendering shear bond studies in most tests inconclusive [14]; and (c) cement–shale shear bond strength is lower than cement–sandstone shear bond strength [4].



Initial compaction of the specimen is characterized by a short-lived acoustic emission activity and an increase in velocity. The multi-cracking stage is characterized by the formation and propagation of both micro-cracks and macro-cracks. As a result of the complex multi-scale structure, micro-cracking initiates and accumulates, forming a fracture zone surrounding the starting point of the eventual macro-crack [25]. During the macro-crack formation and propagation, the acoustic emission counts exceed the sensor’s limit, leading to the acoustic emission peaks. The acoustic emission peaks may be sensor-dependent and/or arbitrarily set. As a result, it is critical to maintain the sensor and its setting throughout the experiment. As confirmed by the velocity decrease and acoustic emission counts, numerous cracking incidents have a detrimental effect on the material durability or damage tolerance. The cracking process then repeats itself, with the formation of a new micro-scale crack leading to a new macro-scale crack. With increasing stress, newly developed macro-cracks show larger strain amplitudes. The acoustic emission count remains constant in the post-cracking stage because matrix cracks are saturated and the accumulated damage hinders acoustic emission wave propagation.



3.1. Whole Specimen Analysis


Compaction, multi-cracking, and sliding are three distinct and dominant events in the Berea sandstone specimen (Figure 5a). Region 1 corresponds to a compaction event, whereas regions 3 and 4 correspond to a multi-cracking event, and region 5 corresponds to a sliding event. Similar to Berea, the Torrey sandstone specimen (Figure 5b) exhibits three dominant events: compaction, multi-cracking, and sliding. The acoustic emission peaks in event 1 show that Torrey has a larger number of macro-cracks of smaller strain amplitudes generated from pre-existing micro-cracks than Berea. The acoustic emission peaks in event 2 show that Torrey also has a higher number of macro-cracks generated from newly formed micro-cracks than Berea. The total number of acoustic emission peaks in Figure 5 for Berea is 5 and Torrey is 26. Higher porosity and permeability in Berea (Table 1) may result in more empty space for particles to slide and interconnect more efficiently than in Torrey. As a result, the stress distribution in Berea is better. Torrey has more disconnected/isolated macro-cracks before a few of them merge to form a failure plane for sliding. Please note that the compressive strength values of Torrey (62 MPa) and Berea (58 MPa) are quite similar (Table 3), therefore the strength values alone would not provide this insight into their internal structure.



The pure cement specimen (Figure 5c) contains fewer pre-existing micro-cracks than the sandstone specimen, resulting in short-lived compaction event 1. Macro-cracks generated from pre-existing micro-cracks (acoustic emission peaks in event 1) do not demonstrate a strain amplitude increase with stress. Macro-cracks generated from new micro-cracks increase in strain amplitude with stress, as shown in event 2 of the pure cement specimen. The total number of acoustic emission peaks in Figure 5c for pure cement is 12, which is more macro-cracks than Berea (5) but less than Torrey (26).



Improved cement with compressive strength of 65.6 MPA is higher than 50 MPa for pure cement (Table 3). In improved cement, the initial compaction event 1 is absent as there is no increase in velocity observed (Figure 5d). This is because there are few (closed) or no pre-existing micro-cracks. The total number of acoustic emission peaks in Figure 5d for improved cement is 37. As the structure is denser in improved cement than pure cement [15], a larger number of isolated macro-cracks occur before a few of them join to create a failure plane for sliding.




3.2. Composite Specimen Analysis


We found that the composite cement–sandstone specimen fails at the interface rather than in the cement because failure at the interface occurs at a lower stress level than that necessary to generate a new fault in the cement. Our composite specimens (Figure 6) reveal a combination of sandstone compaction (more pre-existing micro-cracks leading to macro-cracks from acoustic emission peaks in event 1) and cement multi-cracking (more macro-cracks from acoustic emission peaks in event 2) leading to shear failure. The cement–Berea (73.43 MPa) composite specimen has a higher compressive bond strength than any of its constituents, Berea (58 MPa) or cement (50 MPa). Initial compaction of the cement–Torrey composite specimen (Figure 6b) is characterized by long-lived acoustic emission activity and an increase in velocity, as Torrey has a larger number of pre-existing micro-cracks. Table 3 shows that cement–Berea (31.8 MPa) bonding is stronger than cement–Torrey (23.53 MPa) bonding. This strength difference may be attributed to Berea’s higher porosity and permeability. Higher porosity might lead to better stress distribution and thus, attributing to the greater strength, as seen in the whole specimen case. Furthermore, higher permeability corresponds to a well-connected pore system, allowing more cement to fill the pore spaces, which leads to better bonding between the cement and formation [26].



The shear bond strength of cement–Berea (31.8 MPa) and that of improved cement–Berea (30.89 MPa) are very close. The total number of acoustic emission peaks in Figure 6 for cement–Berea is 11 and that of improved cement–Berea is 12. Despite similar bond strengths and total number of macro-cracks, the composite specimen shows a slightly larger number of new isolated macro-cracks (acoustic emission peaks in event 2) in improved cement–Berea (7) than pure cement–Berea (5) in Figure 6. More isolated macro-cracks point to a lower damage tolerance in improved cement. Cement strength retrogression is an issue in some situations, such as deeper and thermal wells, where improved cement is still preferable [16].



Our method relates the material bonding to the number of macro-cracks generated by counting the acoustic emission peaks. When comparing materials, it is critical to use the same acoustic emission sensor and instrument setting to keep the acoustic emission counts that define the acoustic emission peaks consistent. This integrated approach is an excellent method to compare various specimens, however, the exact number of cracks generated may differ owing to the arbitrary definition of acoustic emission peaks. As a result, an imaging technique might be helpful in validating the findings for future research.



We attempted to keep our sample preparation protocol consistent, but unknown variables may still exist. One such factor is the variation due to change in curing and testing conditions. Future studies should identify and control more factors for enhanced accuracy.





4. Conclusions


Sample preparation procedures are essential for consistent results and accurate forecasts by reducing the number of variables. The fracture mechanism that causes the failure in cement formation and composite cement–formation specimens under downhole conditions is described using an acoustic emission count in conjunction with velocities and strain data. The ultimate failure in all specimens is caused by the development of fracture process zones from micro-cracks (acoustic emission count increase) progressing to macro-cracks (acoustic emission peaks), and the coalescence of macro-cracks leading to shear fault. Although the three dominant events of compaction, multi-cracking, and sliding may be present, there are some differences related to the basic structure of each specimen.



Because the compressive strength values of Torrey (62 MPa) and Berea (58 MPa) are so close, the strength values alone would not reveal anything about their internal structure: Torrey has more pre-existing micro-cracks than Berea, and Berea has more empty space for particle movement to slide and interconnect more effectively than Torrey.



A compaction event is short-lived (pure cement) to absent (improved cement) due to the decreasing number of pre-existing micro-cracks. A larger number of isolated macro-cracks are formed in improved cement, indicating a denser structure. The denser structure is also confirmed by a higher compressive strength in improved cement (65.6 MPa) compared to pure cement (50 MPa).



Pure cement binds better with Berea (31.8 MPa) than Torrey (23.53 MPa) based on the shear bond strength values of the composite specimen. Although the shear bond strengths of Berea with pure cement (31.8 MPa) and improved cement (30.89 MPa) are very close, pure cement might pair better with Berea than improved cement due to higher damage tolerance, except where cement retrogression issues exist. Thus, our approach offers additional information for pairing the appropriate cement formulation to a formation rock by assessing its strength and damage tolerance.
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Figure 1. Failure in composite specimen. (a) Prior to setting the cement, the formation was cut at 60° to the horizontal in a composite specimen. (b) The composite specimen of cement (top) and Berea (bottom). Arrows indicate the direction of applied stresses. Vertical axial stress is applied, as well as confining stress all around the specimen. The size of the arrows indicates the relative magnitudes of the stresses that caused the shear failure. (c) Load versus volumetric strain data obtained from one of our specimens. Failure in a specimen is recognized when volumetric strain rolls over (at the star point). 






Figure 1. Failure in composite specimen. (a) Prior to setting the cement, the formation was cut at 60° to the horizontal in a composite specimen. (b) The composite specimen of cement (top) and Berea (bottom). Arrows indicate the direction of applied stresses. Vertical axial stress is applied, as well as confining stress all around the specimen. The size of the arrows indicates the relative magnitudes of the stresses that caused the shear failure. (c) Load versus volumetric strain data obtained from one of our specimens. Failure in a specimen is recognized when volumetric strain rolls over (at the star point).



[image: Energies 15 05949 g001]







[image: Energies 15 05949 g002 550] 





Figure 2. Triaxial experimental setup to pressurize the sample with confining and axial stress. An inset with a fully connected sample is shown. 
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Figure 3. Stresses at failure. (a) Illustration of a cylindrical sample (top circle area A) with a bedding plane at an angle β under a confining pressure σ3 and maximum compressive stress or axial stress σ1. (b) The normal stress σn and shear stress Ʈf on the plane correspond to the point where the Mohr circle hits the linearized Mohr failure envelope [20] (p. 88). 
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Figure 4. Schematic diagram of distinct events/regions during deformation of a rock/concrete specimen. 
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Figure 5. Failure analysis in a whole specimen. Acoustic emission (AE) counts in blue and axial stress in red are shown as a function of axial strain for (a) Berea (b) Torrey (c) pure cement and (d) improved cement in the left plots. The plots depict three distinct events: (1) compaction, (2) multi-cracking, and (3) sliding. The right plots show the P-wave velocities as a function of axial strain. 
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Figure 6. Failure analysis in a composite specimen. Acoustic emission (AE) counts in blue and axial stress in red are shown as a function of axial strain for (a) cement–Berea, (b) cement–Torrey, and (c) improved cement–Berea composite specimen in the left plots. The fracture mechanism is a combination of features observed in both cement and sandstone. The right plots show the S-wave velocities as a function of axial strain. 
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Table 1. Mean porosity, permeability, and grain density of formations.






Table 1. Mean porosity, permeability, and grain density of formations.





	
Formation

	
Porosity (%)

	
Permeability (mD)

	
Grain Density (g/cc)




	
k_air

	
Klinkenberg






	
Berea

	
24.6

	
826

	
785

	
2.65




	
Torrey

	
17.7

	
3.33

	
2.74

	
2.73
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Table 2. X-ray diffraction analysis results. Tr ≤ 0.5%.






Table 2. X-ray diffraction analysis results. Tr ≤ 0.5%.





	
Formation

	
Clay Minerals (wt.%)

	
Other Minerals

(wt.%)

	
Carbonate Minerals

(wt.%)

	
Totals (wt.%)






	

	
Illite-Smectite

	
Illite/Mica

	
Kaolinite

	
Quartz

	
K-Feldspar

	
Plagioclase

	
Pyrite

	
Calcite

	
Dolomite

	
Clay

	
Other

	
Carbonate




	
Berea

	
Tr

	
1

	
3

	
95

	
1

	
Tr

	
Tr

	
Tr

	
Tr

	
4

	
96

	
Tr




	
Torrey

	
Tr

	
3

	
9

	
54

	
5

	
Tr

	
Tr

	
Tr

	
29

	
12

	
59

	
29
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Table 3. The mean compressive and shear bond strength of cement, formation, and composite cement–formation specimens at a confining pressure of 10 MPa.






Table 3. The mean compressive and shear bond strength of cement, formation, and composite cement–formation specimens at a confining pressure of 10 MPa.





	Specimen
	No. of Samples
	Compressive Strength (MPa)
	Shear Strength (MPa)





	Berea
	3
	58 ± 2.65
	-



	Torrey
	2
	62
	-



	Cement
	5
	50 ± 3.24
	-



	Improved cement
	2
	65.6 ± 3.67
	-



	Cement–Berea
	3
	73.43 ± 3.83
	31.8 ± 1.66



	Cement–Torrey
	3
	54.3 ± 2.84
	23.53 ± 1.23



	Improved cement–Berea
	4
	71.35 ± 8.15
	30.89 ± 3.53
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