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ABSTRACT

One of the main obstacles hindering the exploitation of high-temperature and high-pressure oil and gas is the seal-
ing integrity of the cement sheath. Analyzing the microstructure of the cement sheath is therefore an important task.
In this study, the microstructure of the cement sheath is determined using a CT scanner under different temperature
and pressure conditions. The results suggest that the major cause of micro-cracks in the cement is the increase in the
casing pressure. When the micro-cracks accumulate to a certain extent, the overall structure of the cement sheath is
weakened, resulting in gas channeling, which poses a direct threat to the safe production of oil and gas. A change in
the casing temperature has a limited effect on the microstructure of the cement sheath.
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1 Introduction

With the increase in offshore oil and gas exploration and development, more and more high-temperature
and high-pressure wells have been drilled. However, due to extreme operating conditions, such as ultra-high
formation pressure and temperature, the completion of offshore wells is fraught with challenges. Some
traditional completion technologies are unable to fulfill the demands of offshore well operating
conditions, and one of the major technical challenges is ensuring the sealing integrity of cement sheath in
the wells [1]. Cement sheath can provide safe offshore oil and gas production by sealing the reservoir.
The mechanical characteristics of cement sheath are crucial since they are directly related to the quality of
well completion [2]. Because of the complex operating circumstance, the integrity of cement sheath in
deep-water wells is difficult to ensure. The microstructure change of cement sheath subjected to high
temperature and high pressure have a significant impact on the sealing integrity of cement sheath.
Currently, there is an inadequate study on this subject, thus it is necessary to investigate the change
mechanism of microstructure cement sheath subjected to complex temperature and pressure conditions [3].

The most prevalent internal failure mechanism for oil pipelines is corrosion, which comprises pitting
corrosion, crevice corrosion, and stress corrosion. The failure process of the system can be divided into
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two stages: damaged stage, and then failure stage. The chemical reaction process of cement corrosion by CO2

was studied to determine the microstructure, compressive strength, and permeability of corroded cement
stone, which revealed that CO2 can react with cement hydration products to form CaCO3 with different
crystal structures, destroying the original hydration products and microstructure of cement stone, resulting
in decreased compressive strength and increased permeability of corroded cement stone. As temperature
and CO2 partial pressure rise, the compressive strength of corroded cement stone falls while the
permeability rises [4]. By introducing the notion of the weak interface of cement surface, three types of
weak interface microstructure models have been established. The products and morphology of the weak
interface, as well as the impact of the weak interface on microstructure, acoustic echo, and interfacial
shear strength, have all been characterized, which demonstrates that the weaker the microstructure of the
weak interface, the worse the acoustic detection results and the lower the interface shear strength [5].
Electrochemical test, SEM (Scanning Electron Microscope), and energy spectrum analysis was used to
investigate the electrochemical, microstructure, and element distribution characteristics of corroded
cement sheath, which has practical implications for well completion of acid gas fields containing H2S and
CO2 [6]. The key reasons for the weak interface are internal cement factors and the external environment
factors according to the analysis of the deterioration mechanism and improvement technique of the weak
interface of adjustment well completion. Furthermore, the deterioration mechanism of the weak interface
is a more scientific and rational method to evaluate well completion, providing a more targeted and
practical approach to investigate the improvement strategies [7]. To analyze the failure mechanisms of the
cement sheath of a gas injector, a laboratory experiment was conducted in which the cement sheath was
subjected to certain internal circulation pressure, according to the work conditions of the cement sheath in
the upper part of the annular space B of gas storage. The sealing integrity, permeability as well as SEM
and CT (Computed Tomography) techniques are employed to analyze the change of micro-cracks and
pores cement sheath [8].

The aforementioned research focuses on the failure mechanism of cement sheath from a micro
perspective. However, the process of the microstructure change of cement sheath under high temperature
and high pressure is not well understood. In this paper, the cement sheaths are prepared using a high-
temperature and high-pressure cement formula in the self-designed evaluation device for cement sheath
sealing integrity under high-temperature and high-pressure conditions. Following that, the prepared
cement sheath is scanned by a CT scanner to determine the microstructure change of the cement sheath
interface and body. By gathering and analyzing the experimental data, the change mechanism under
different temperatures and pressures, as well as the impact of microstructure change cement sheath on the
sealing integrity can be further introduced.

2 Experimental Design

In the experiment, the self-designed evaluation device for cement sheath sealing integrity and CT
scanner is the key equipment, with the high-speed mixer serving as auxiliary equipment.

To simulate the high-temperature and high-pressure conditions in realistic working, a small-size casing-
cement sheath-casing combination evaluation device is designed, as illustrated in Fig. 1. According to the
similarity principle, the inner casing diameter of the evaluation device is 35 mm, the wall thickness is
6 mm, the outer casing diameter is 50 mm, and the wall thickness is 3 mm. The plugs seal the upper and
lower ends of the combination are sealed using the plugs and set with a pressure differential between
0.01 MPa and 0.05 MPa. High temperature can damage cement sheath, resulting in gas channeling, and
that gas channeling can be simulated by this device. The evaluation device for cement sheath sealing
integrity can regulate internal casing temperature and pressure. The device can sustain a 0–10 MPa
cement slurry annulus pressure and a 0–10 MPa annular gas channeling pressure, the casing can sustain a
0–35 MPa pressure and a 0–180°C temperature. The gas source is N2.
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The CT scanner is used for determined the microstructure to analyze the damage of cement sheath.
However, the CT scanner is limited to steel materials, and cannot penetrate the casing to determine the
internal microstructure of the cement sheath. Therefore, a thermoplastic tube, which has the same
roughness and size as the casing, is linked to the inner wall of the casing. The cement sheath in the
casing can be easily removed and scanned.

Based on this device, it is possible to investigate the effect of cement slurry’s curing temperature, curing
duration, temperature change, and casing pressure change on the cementing strength of the first interface, as
well as the hydraulic bonding strength of cement sheath under high-temperature and high-pressure
conditions. In combination with the CTscanner, the microstructure change of cement sheath can be observed.

Under high-temperature and high-pressure conditions, the cement sheath is fragile, which can easily
result in gas channeling, while the microscopic morphology of the cement sheath is unclear [9–24]. To
explore the microstructure change mechanism and its influence on the sealing failure of cement sheath,
the experimental simulations of cement sheath in the annulus of the vertical well section are performed
under different temperatures and pressures. Cement sheath curing temperatures are 50°C, 90°C, 130°C,
150°C, and 180°C, respectively, with 2 MPa annular pressure, 0–5 MPa casing pressure, and 7-day
curing duration. The nitrogen cylinder applies pressure to the annulus during the experiment, and the
circulation pressure in the casing is obtained by injecting and pushing heat transfer oil using the hand pump.

3 Experimental Procedure

3.1 Preparation of Samples
The cement sheath samples are created using the high-temperature and high-pressure cement formula.

The following is the formula for cement composition: water, +100% G-grade cement, +50% heat stabilizer,
+5% self-repairing material, +2% anti-channeling enhancer, +1% latex defoamer, +3.5% water-loss reducer,
+8% latex, +1% dispersant, +1.5% high temperature retarder, and +0.5% medium temperature retarder. Five

Figure 1: Schematic diagram of small-size evaluation device for cement sheath sealing integrity (1-inner
casing; 2-outer casing; 3-cement sheath; 4-high strength tie rod; 5-heating rod; 6-temperature control
system; 7-sealing ring; 8-foundation; 9-lower flange; 10-booster pump; 11-upper inlet hole; 12-air inlet;
13-pressure gauge; 14-pressure relief valve; 15-nitrogen cylinder); 16-sealing ring; 17-the oil layer above
the cement slurry (Pressurized to prevent boiling of high temperature cement paste); 18-upper flange
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groups of cement stones are cured at 50°C, 90°C, 130°C, 150°C, and 180°C, respectively. One of the
experimental cement sheath samples is shown in Fig. 2.

3.2 Experimental Steps
(1) In the curing apparatus, the inner wall of the outer casing is covered with an even layer of lubricant

and is affixed with a thermoplastic tube heated with hot water. The evaluation device for cement sheath
sealing integrity is assembled in order, with the heating rod and temperature sensor connected to the base,
as shown in Fig. 3.

(2) With the equipment sealed, the prepared cement slurry is injected into the annulus between two
simulated casings. The pressure relief valve on the nitrogen cylinder is turned on. By manipulating the
two valves, 2 MPa annulus pressure is applied.

(3) The inlet and outlet knob of the hand pump are turned off and the pressure from the casing is pumped
into the evaluation device for cement sheath sealing integrity. The cup draws the heat transfer oil into the

Figure 2: Experimental sample of the cement sheath

Figure 3: Evaluation device for cement sheath sealing integrity
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hand pump.With the inlet knob on, the heat transfer oil in the cup is drawn into the pump by rotating the hand
pump knob outward. The outlet knob of the hand pump is turned on, while the pressure knob of the casing
into the evaluation device is turned off. The heat transfer oil can be pumped into the small size device, and the
pressure gauge can be monitored during operation. The foregoing procedure is repeated until the pressure
gauge reaches a certain degree, at which point pressure can be relieved within the range of 0–2.5 MPa by
opening the pressure relief valve.

(4) The heating rod and temperature sensor is turned on, and then the cement sheath is cured at a set
temperature and pressure for 7 days. After curing, the cement sheath is taken out and scanned by the CT
scanner, as shown in Fig. 4.

(5) The detection results are determined and analyzed. Several cement sheaths are cured under different
temperatures and pressures. The microstructure of the cement sheaths is determined with a CT scanner, and
the microstructure change process could be observed.

4 Results Analysis

Based on the preceding experimental steps, the indoor experimental analysis of the microstructure
change of cementing cement sheath under different temperatures and pressures is accomplished. Using
the cement sheath cured in high-temperature and high-pressure conditions, a microstructure experimental
test can be carried out, and the casing pressure is raised by 10 MPa, 20 MPa, and 30 MPa, respectively.
The CT scanning results are shown in Fig. 5.

The black dots in the figures represent the pores identified by CT microscopic scanning. The detection
results reveal that the pore distribution is uniform when cement sheath is cured at high temperatures and high
pressures. When casing pressure rises to 10 MPa, the pore near the inner casing wall becomes dense, causing
internal micro-cracks of the cement sheath. When casing pressure rises to 30 MPa, the internal structure of
the cement sheath is damaged, resulting in the sealing failure of the cement sheath.

Fig. 6 shows the CT detection results after changing the temperature in the casing is changed by 20°C,
40°C, and 60°C, respectively, which reveal that increasing the temperature in the casing has little effect on the
pore structure, and the pores are evenly distributed across the cement sheath. When the temperature rises to a
certain degree, micro-cracks appear inside the cement sheath.

Figure 4: CT scanner
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Fig. 7 shows the three-dimensional geometrical model of the cement sheath sample. The model is of the
same size and material as the sample in the experiment. The physical model needs to be meshed and divided
into hexahedral meshes for numerical simulation, as shown in Fig. 8. The average mesh spacing is about
2.5 mm, and there are about 3000 meshes in total. Based on the numerical simulation model,
temperature, pressure, as well as other experiment-relevant condition parameters are set, and the
numerical simulation computation is carried out using finite element analysis software [25]. The
simulation results reveal that temperature and pressure significantly impact the generation and change of
the cement sheath microstructure, which is supported by the experimental results.

Figure 5: The microstructure change by CT scanning results with a different casing pressure

Figure 6: The microstructure change by CT scanning results with different casing temperature

Figure 7: Half of the three-dimensional geometrical model of the cement sheath sample
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5 Conclusion

(1) The pore distribution of the cement sheath cured under high-temperature and high-pressure
conditions is relatively uniform. With the increase of the pressure in the casing, the local
compaction micro-cracks of the cement sheath cause a changing process of local compaction,
micro-cracks generation, and micro-cracks increase, until the cement sheath structure is
damaged, and the sealing integrity fails.

(2) Initially, with the casing temperature rising, the internal structure of the cement sheath does not change
significantly. When the temperature rises to a certain degree, the micro-cracks appear inside the cement
sheath, and the micro-cracks do not significantly increase with the temperature rising.

(3) The failure mechanism of cement sealing integrity is different due to different temperatures and
pressures. A suitable cement formula needs to be chosen according to the actual conditions of the
oil and gas well.
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