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Abstract: The sealing integrity of cement sheath in offshore wells is seriously threatened under high-temperature conditions, resulting in gas channeling and other problems. Given the lack of experimental results, in this study relevant samples of a cement slurry sealing section of a typical offshore high-temperature well have been prepared and analyzed. In particular, the mechanical properties have been assessed with a triaxial pressure servo instrument and a high-temperature curing kettle. The density and the Poisson’s ratio of the samples have also been tested. The stress-strain curve has been drawn to obtain the elastic modulus and the compressive strength. The rock brittleness index has been calculated according to the measured elastic modulus and the Poisson’s ratio, together with the brittleness and the compressibility of the cement samples. The test results show that the mechanical properties and bonding strength of the cement samples are optimal at 130°C, medium at 150°C, and poor at 180°C.
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1  Introduction

Over the last few years, the exploration and development of offshore oil and gas has been increasing. However, limited by extreme working conditions and ultra-high temperature, offshore drilling faces a series of huge challenges. Some conventional drilling and completion technologies cannot meet the needs of offshore high-temperature operation conditions, and how to ensure the sealing integrity of cement sheath under high-temperature conditions is a technical problem [1]. As the cementing slurry solidifies, the cement sheath can seal the formation to protect the safe production of oil and gas. The mechanical properties of cement sheath is important, which is directly related to the quality of cementing [2–5]. Due to the high-temperature and complex rock mechanical properties in deep-water wells, the integrity of cement sheath is easy to be damaged, resulting in annular space gas channeling [6–11]. At present, the variation law of mechanical property parameters of cement sheath under different high-temperature conditions is not clear.

The mechanical properties of cement sheath has attracted the attention of researchers. The test on the anti-channeling of cement sheath have been conducted, exploring the damage mechanism of cement sheath during perforation. A device has been designed to test the dynamic performance of multifunctional cement material, which the dynamic mechanical properties of original cement stones and modified cement stones have been studied [12]. The mechanical deformation behavior of cement stone under different temperature conditions have been studied by using the RTR-100 triaxial rock mechanics test system [13]. The mechanical properties of sandstone under normal temperature and ultra-high temperature have been studied by using the electro-hydraulic servo material mechanics test system, which the change characteristics of the full stress-strain curve, peak stress, peak strain, and elastic modulus of sandstone have been investigated [14]. The experimental research on the triaxial compressive strength of cement sheath have been carried out, which the mechanical property parameters have been obtained [15]. The test to evaluate the performance of two cement slurry systems commonly used in the actual horizontal wells have been conducted [16]. The influence of temperature variation of cement sheath in the wellbore has been studied, the model of cement sheath by considering thermal solid coupling has been established [17].

Some studies have been carried out for the mechanical integrity of the cement sheath from cementing to production. A casing-cement sheath-stratum system coupling mechanical model by using the theory of elastoplastic mechanics have been established, solving the Tresca stress and radial displacement of the cement sheath. Combined with the rock mechanics parameters obtained from the tailpipe cement stone triaxial stress experiment in a field well, the mechanical integrity evaluation of the cement sheath in the tailpipe cementing section have been carried out [18]. A mechanical model of the cement sheath by considering the initial stress state of the cement sheath have been built. The results show that the radial prestressed cementing technology can effectively prevent gas channeling [19]. The mechanical performance test of the deep brittle shale under different unloading confining pressure speed have been carried out. The mechanical properties and failure laws of deep brittle shale under complex working conditions have been studied [20].

The above research has discussed the related problems of mechanical properties of cement stones in detail, but the objects in the studies are mainly the cement sheath under normal temperature and pressure conditions. There are few researches on the experimental testing of the mechanical properties of cement sheath under high temperature conditions [21–23]. In this paper, the mechanical properties of cement sheath under high-temperature conditions have been tested by using tuses triaxial pressure servo instrument and high-temperature curing kettle devices, the triaxial compressive strength, elastic modulus and Poisson’s ratio of the cement sheath have been obtained. On this basis, the cohesion and internal friction angle of cement sheath have been calculated according to Moore Coulomb’s law. This study can provide theoretical basis and important reference for high-temperature cementing.

2  Experimental Program

2.1 Experimental Principle

The mechanical properties of cement stones can be obtained by triaxial tests. In order to simulate the actual stress state of cement stones in downhole, the high-temperature rock mass triaxial testing machine has been used to determine the compressive strength, elastic modulus, Poisson’s ratio and cohesion, and the internal friction angle of cement stones with confining pressure under high-temperature conditions can be calculated. In the triaxial test, the specimen is compressed in three directions, the specimen is under lateral confining pressure, and the pressure is applied in the axial direction. The cement sample is installed with matching the hydraulic oil and vacuum. By increasing the confining pressure (σ2 = σ3) to the specified value, keeping the confining pressure unchanged, resetting all kinds of displacement sensors, the experimental procedure is launched until the sample is broken. The compressive strength, elastic modulus and Poisson’s ratio of cementing stone are calculated as follows:


Rc=PcA
(1)

where 
Rc
is the uniaxial compressive strength of the cement stone, MPa; 
Pc
is the load when the cement stone is broken, N; 
A
is the cross-sectional area of the cement stone, mm2.


E=ΔσzΔεz
(2)

where 
E
is the slope of the stress-strain curve, which is the rate of change of stress relative to strain under uniaxial stress; 
Δσz
and 
Δεz
are the increments of axial stress and strain, respectively.

The Poisson’s ratio of cement stone is the ratio of radial strain (transverse strain) to axial strain (longitudinal strain) of cement stone under unidirectional compression, which is the ratio of transverse elongation to longitudinal shortening:


μ=−εrεz
(3)

where 
μ
is the Poisson’s ratio; 
εr
is the radial strain;
εz
is the axial strain.

When calculating the elastic modulus and Poisson’s ratio of cement stone, the elastic state segment of its stress-strain curve should be used, otherwise it will cause a larger error. According to the elastic modulus and Poisson’s ratio, the brittleness index of cement stone can be calculated, and the brittleness index of cement stone elastic parameter method is used to calculate the brittleness index:


BRIT=[E−18−1×100+μ−0.400.15−0.40×100]/2
(4)

where 
BRIT
is the brittleness index of cement stone; 
E
and 
μ
are the elastic modulus and Poisson’s ratio of cement stone, respectively.

The brittleness evaluation standard of cement stone refers to the brittleness evaluation standard of rock, and the brittleness index is greater than 50%. It can be considered that the brittleness of cement stone is larger and the compressibility is better. If it is between 40% and 50%, it can be considered that the brittleness of cement stone is general, and the compressibility is moderate. If it is less than 40%, it can be considered that the cement stone has low brittleness and poor compressibility [12].

2.2 Experimental Procedures

2.2.1 Sample Preparation

In this experiment, the proportion and dosage of reagent configured with cement slurry are more difficult under high-temperature conditions to quantify than that in normal temperature. The quality of cement slurry produced is difficult to control by using high-temperature curing kettle to cure and prepare cement slurry. The principle of sample preparation used in the experiment is based on the standards of International Association of Rock Mechanics.

The sample height is about 50 mm, the diameter is about 25 mm, and the base surface deviation is within 2.5%. The cement composition formula is as follows: water + G-grade cement + 50% heat stabilizer + 5% self-repairing material + 2% anti-channeling enhancer + 1% latex defoamer + 3.5% fluid loss agent + 8% latex + 1% dispersant + 1.5% high temperature retarder + 0.5% medium temperature retarder. Cement stones are cured at 130°C, 150°C, and 180°C to prepare three groups, which are cored, as shown in Fig. 1. The specific production process of the cement stones is as follows:

(1) The cement slurry system is mixed in proportion, and the high-speed mixer is used to mix to prepare the cement slurry.

(2) The configured cement slurry is poured into a cylindrical mold with diameter of 25.4 mm and height of 50 mm.

(3) The cement stone test model is put into the high-temperature curing kettle, and the cement stone is took out after curing for 7 days under high-temperature conditions.
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Figure 1: Cement stones curing at 130°C, 150°C, and 180°C

As the cores taken from the site are generally irregular in shape, which cannot be directly used for experiments. It is necessary to machine the on-site core before the experiment. The machining process of indoor core is as follows: Firstly, the cylindrical sample is taken out from the field core by diamond coring bit; then, both ends of the cylindrical sample are polished flat, the deviation of the base surface is within 2.5%, and the aspect ratio of the sample is 1.5, as shown in Fig. 2.
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Figure 2: Sampling diagram

2.2.2 Experimental Equipment

The high-temperature rock mass triaxial testing machine is shown in Fig. 3, and the auxiliary equipment is a high-speed mixer and a high-temperature curing kettle. The high-temperature rock mass triaxial testing machine is composed of five main parts: a high-pressure triaxial chamber, a confining pressurized system, an axial pressurized system, a heating and constant temperature system, and a data acquisition control system. The design index of the triaxial chamber is 200 MPa, the temperature is 200°C, and the diameter of the sample that can be accommodated is 25 mm and 50 mm. The compressive strength of cement stone tested by the equipment is the limit value when the sample reaches failure under uniaxial pressure, which is equal to the maximum compressive stress at failure in value. The compressive strength of cement core is generally measured, and the schematic diagram of the compressive strength test is shown in Fig. 4.

During the test, the core is processed into cement samples. The processed cement samples are placed on the testing machine. The pressure rate is controlled, and the corresponding load of the cement samples is recorded in real time. As the load applied to the end face of the cement sample through the indenter reaches the ultimate strength that the cement sample can withstand, the cement sample is damaged. The compressive strength of cement samples can be obtained by Eq. (1) with the corresponding load divided by the action area. The pressure plate in Fig. 4 can be regarded as the indenter of the test press, and β is the rupture angle.
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Figure 3: High-temperature rock mass triaxial testing machine
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Figure 4: Schematic diagram of compressive strength test

2.2.3 Experimental Steps

The test is carried out under the condition that the confining pressure is lower than the axial pressure, and the mechanical property parameters can be obtained by the test system. The cement sample can be placed in the center of the bearing plate of the testing machine after measuring the size of the prepared cement sample. The axial displacement sensor, lateral displacement sensor and acoustic emission sensor are respectively adjusted.

At the beginning of the triaxial test, the cement sample is loaded stepwise. The confining pressure is applied to a certain value through the high-pressure pump, and then the hydraulic press is turned on to apply the axial load to the cement sample, which the specimen can offset the upward force of the plunger caused by the confining pressure. As the confining pressure is increased to the expected level, the confining pressure is stabilized and the axial load is continued to expand until the cement sample is damaged. After stopping the loading, the load applied to the axial direction of the sample can be obtained, which is the difference between the axial load when the sample is broken and that as the confining pressure is stable. The data can be collected automatically or manually during the test, and the full stress-strain relationship curve can be drawn.

3  Results Analysis

Based on the above experimental steps, the indoor test of cement samples is completed. The triaxial mechanical property parameters of the cement samples under effective stress can be obtained, and the representative test curves can be drawn. The tables of the cement sample test results are listed and the experimental data are analyzed.

3.1 Bond Strength

According to the reference standard for the evaluation of the bond strength between the cement sheath and the formation rock [7], when the compressive strength of the formation rock is less than or equal to 20 MPa, the bond strength of the second interface with the cement sheath is poor. When the compressive strength of the formation rock is 20–30 MPa, the bond strength of the second interface of the cement sheath is medium. When the compressive strength of the formation rock is 30–40 MPa, the bond strength of the second interface with the cement sheath is good. When the compressive strength of the formation rock is greater than or equal to 40 MPa, the bond strength of the second interface with the cement sheath is excellent. According to this evaluation standard, the bonding strength quality of the second interface between the formation rock and the cement sheath can be evaluated based on the results of the core rock mechanics parameters obtained by the triaxial test. The results of the evaluation of the second interface between the formation rock and the cement sheath are shown in Tables 1–3.
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Comparing these experimental temperatures, it can be seen that the bonding strength of the second interface between the formation rock and the cement sheath is the lowest at 150°C, medium at 180°C, and the best at 130°C. The compressive strength of the cement stone sample at 150°C is 42.22 MPa, the compressive strength of that in other layers is respectively 21.33 MPa, 30.33 MPa, and 37.53 MPa, and the modulus of elasticity is 4.9–6.5 MPa, which is much smaller than that at 130°C and 180°C. Therefore, the mechanical properties of cement stone at 150°C are the worst, the first interface and the second interface of the cement sheath are most easily damaged because the second interface has the worst bond strength with the formation. However, the cement stone under the condition of 180°C has a medium cementation strength as a whole, and there is no large variation drop. On the whole, the bonding strength of the second interface at 180°C is better than that at 150°C, but it is inferior to the bonding strength of the second interface at 130°C. It can be shown that in each group of experiments under the same temperature, the cementation effect of cement core samples tested under triaxial test conditions is better than that under uniaxial test conditions. The reason can be inferred from Mohr circle: the triaxial compressive strength of core is greater than that of uniaxial compressive strength.

The minimum compressive strength of the cement stone sample is 21.33 MPa, which occurs at 150°C. The maximum compressive strength is 61.34 MPa, which occurs at 130°C. When the compressive strength of the cement core is the largest, the elastic modulus is also the largest, and the brittleness index is also relatively large, which can be regard as a hard cement stone. From Table 2, it can be seen that the softest cement stone appears at 150°C, which the compressive strength is 21.33 MPa. The Poisson’s ratio is the minimum value of 0.048, the elastic modulus is relatively small and the bonding strength of the second interface of the soft cement sheath is unfavorable. As the elastic modulus and compressive strength of the formation are small, the cement sheath is easier to break. As the bonding strength of the corresponding second interface is weaker, the corresponding first interface is more likely to be damaged by tensile resistance, which can affect the strength of the casing. Therefore, in the formation section with weak rock mechanical strength, the strength and steel grade of the casing should be increased to prevent various damages of the casing.

3.2 Stress and Strain

Several groups of high-temperature triaxial tests on the cement cores have been carried out, and three sets of typical stress-strain curves of cement cores have been selected for analysis and evaluation. The stress-strain curves of cement cores by triaxial tests at 130°C, 150°C and 180°C can be obtained respectively, as shown in Figs. 5–7. It can be seen that the stress-strain curves of cement cores at 130°C and that at 180°C are relatively smooth. The above curves have similarities that the stress and axial strain basically have a linear relationship at the beginning, as shown in the right half of the stress-strain curves under 130°C and 180°C. The elastic modulus of cement cores obtained in the experiment is the slope of the stress-axial strain curve. In the section approaching the top of the curve, the elastic modulus gradually decreases as the stress gradually increases. The reason is that the cement core gradually reaches its failure limit.

When the stress increases to the apex, the cement core begins to rupture. The reason is that the stress value at the apex is the triaxial compressive strength value of cement core. After reaching the apex, the curve goes down as the section represents the failure stage of the cement core. Due to the fracture of the cement core, the stress drops sharply or gradually while the axial strain increases sharply or gradually.

As shown in Fig. 6, it can be found that the curve characteristics are quite different from those in Figs. 5 and 7. The stress-axial strain curve in Fig. 6 reached the first peak faster, and the stress value decreased after a certain value. Then the stress value begins to rise, reaching the second peak. This phenomenon appeared in the curve four times, and then the curve gradually became flat. It indicates that the cement core reaches the rupture stage faster at 150°C than 130°C or 180°C, but there is no obvious regularity between the core rupture speed and the final rupture.
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Figure 5: Stress-strain curve of cement core at 130°C
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Figure 6: Stress-strain curve of cement core at 150°C
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Figure 7: Stress-strain curve of cement core at 180°C

3.3 Results Verification

Based on the real parameters of cement stones in the experiment, the 3D physical model can be established with the height of 50 mm and the diameter of 25 mm, as shown in Fig. 8. The mesh model is divided into hexahedral meshes, as shown in Fig. 9. The mean grid spacing is 3 mm and the total number of grids is about 5000. Based on the above models, the numerical simulation has been carried out on the software in the computer. The simulated results show that the mechanical properties of the cement sheath at 130°C are better than 150°C and 180°C, which is mutually verified with the experimental results.

[image: images]

Figure 8: 3D physical model of cement stones

[image: images]

Figure 9: Mesh model of cement stones

4  Conclusion

For high-temperature cementing operation conditions, the elastic modulus, compressive strength, Poisson’s ratio and other mechanical property parameters of cement sheath have been obtained by triaxial tests, and the stress-strain curves of cement sheath have been drawn. The following conclusions can be obtained:

(1) The mechanical properties of the cement sheath at 130°C are the best while that at 150°C are the worst. The first interface and the second interface of the cement sheath are most easily damaged at 150°C, the reason is that the second interface has the worst bond strength with the formation. The bonding strength of the second interface of the cement sheath at 180°C is better than that at 150°C, which is worse than that at 130°C. This shows that the higher the compressive strength of cement stone, the better the mechanical properties, and the more advantageous to improve the cementation strength of cement sheath.

(2) The stress-strain curve of the cement sheath at 150°C are quite different from 130°C and 180°C. The curve reaches the compressive strength and cracks faster, more attention should be paid to the real-time monitoring of the cement sheath at 150°C during on-site cementing construction.

(3) The smaller the elastic modulus or compressive strength of the formation, the easier the cement sheath is to crack. The weaker the bonding strength of the corresponding second interface, the easier the corresponding first interface is to be damaged by tension, affecting the strength of the casing. Therefore, in the formation section with weak rock mechanical strength, the strength and steel grade of the casing should be increased to prevent various damages of the casing. In the formation section under the construction condition of 150°C, the steel grade and wall thickness of the casing should be increased to prevent the integrity of the cement sheath from failing and causing annulus pressure.
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Table 1: Rock mechanics parameters of cement cores at 130°C

Remark Compressive Cementation Elastic modulus Brittleness Poisson’s
strength (MPa) evaluation (GPa) index ratio
Untriaxial 41.11 Excellent 8.56 85.80% 0.241
Untriaxial 39.55 Good 8.11 85.98% 0.224
Triaxial 61.34 Excellent 8.89 103.97% 0.162
Triaxial 46.92 Excellent 7.68 95.33% 0.162
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Table 3: Rock mechanics parameters of cement cores at 180°C

Remark Compressive Cementation Elastic modulus Brittleness Poisson’s
strength (MPa) evaluation (GPa) index ratio
Untriaxial 36.32 Good 8.68 108.23% 0.133
Untriaxial 36.91 Good 8.22 107.20% 0.122
Triaxial 44.90 Excellent 8.62 97.20% 0.186
Triaxial 39.21 Good 7.45 101.55% 0.123
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Table 2: Rock mechanics parameters of cement cores at 150°C

Remark Compressive Cementation Elastic modulus Brittleness Poisson’s
strength (MPa) evaluation (GPa) index ratio
Untriaxial 21.33 Medium 6.52 109.80% 0.048
Untriaxial 30.33 Good 5.73 86.80% 0.135
Triaxial 42.22 Excellent 6.28 84.75% 0.165
Triaxial 37.55 Good 4.97 63.98% 0.222
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