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The directional wells can effectively improve the development efficiency of deep and ultra-deep pre-salt oil and gas reservoirs in the Kuqa Mountains of Tarim basin. Under the condition of deep temperature and pressure, the mechanical properties of the composite salt-gypsum layers are complex. During the directional drilling process, that the salt rock is easy to creep causes the drill stick. Under the condition of controlling the well inclination, it is difficult to choose the appropriate drilling fluid density to resist creep and thus maintain the stability of the wellbore. On the basis of rock mechanics experiments, this study established a two-dimensional finite element model considering the combination of composite salt-gypsum layers and inclined well with the effect of in-situ stress, analyzed the influence of temperature, differential stress and well deviation on the salt rock creep. The density of drilling fluid for preventing creep sticking is calculated, and a safe drilling fluid density chart for preventing creep shrinkage of composite salt-gypsum layers is compiled. The results show that when the differential stress is less than 10 MPa, the creep rate of the Tarim composite salt-gypsum layers are at least 10 times higher than that of the Gulf of Mexico salt layers; the creep rate increases with the increase of the differential stress and temperature, and the creep rate is an incremental curve; taking the highly deviated well in the Bozi area as an example, where the shrinkage ratio caused by sticking is set to be 5%, the drilling fluid density chart for creep resistance at 45° and 60° inclination is built, which is consistent with the actual drilling in the field. The results can provide design basis for the selection of anti-creep drilling fluid density in the directional wells in the Kuqa Piedmont composite salt-gypsum layers.
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1 INTRODUCTION
Kuqa Piedmont is rich in pre-salt oil and gas resources. Creep sticking frequently occurs through composite salt-gypsum layers. According to statistics, creep sticking have occurred 1,220 times in 60 wells. With the increasing demand for exploration, the use of directional wells becomes more common, which brings new challenges to the safety of drilling. In the directional section of the composite salt-gypsum-gypsum layers, the sticking is easy to occur because of the creep, and thus the determination and adjustment of the drilling fluid density are difficult.
The creep mechanical characteristics of the composite salt-gypsum layers are complex. Previous studies have been carried out on the creep law, the influencing factors, the selection of the density of the creep-resistant drilling fluid, and the time of sticking caused by the corresponding shrinkage of the composite salt-gypsum layers. Moosavi et al. (2009) conducted indoor creep tests on salt rock at different temperatures and pressures, and believed that the creep under different temperature and stress conditions was divided into three stages. Zhou et al. (2011) proposed a creep constitutive model based on time derivative by fitting the experimental results of salt rock creep deformation, which was more in line with the experimental data than the estimated results of the Nishihara model. Chen et al. (2014) believed that the main factors influencing salt rock creep and borehole shrinkage were the difference between shear stress and drilling fluid column pressure, the exposure time of the drilled formation and the formation temperature. Orozco Sergio et al. (2018) used a constitutive model to evaluate the uncertainty and limitations of creep sticking during the drilling process of salt layers, and discussed the impact of the most important factors affecting salt creep on sticking. Orlic et al. (2019) conducted a geomechanical numerical simulation of sticking time, and the results showed that the creep of salt rock mainly depends on lithology, stress difference and temperature. Combined with the previous research on the creep of salt rock, many understandings have also been made in the research on the salt creep in Tarim. Zeng et al. (2005) conducted creep test research, analyzed the creep pressure of shallow-middle salt layers, established creep equation and determined the method of drilling fluid density selection. Zeng et al. (2012) established a finite element model of borehole creep shrinkage in composite salt layers with interlaced salt rock and sand-mudstone, obtained the relationship of creep shrinkage with time, and figured out the rate of shrinkage in rock salt layers with different drilling fluid density. There is relatively little research on directional drilling in salt layers. Du et al. (2021) conducted a numerical simulation study on creep of composite salt bed with directional wells in Xinghuo area of Tarim Basin, and provided a reasonable scheme of drilling fluid density window.
In the directional wells, the research of the creep characteristics in ultra-deep composite salt-gypsum layers superimposed by the influence of well deviation factors, has not been carried out yet. In order to solve the problem of sticking in the composite salt-gypsum layers, this paper studied the creep mechanical properties of salt rock, mudstone and gypsum rock under high temperature and pressure conditions by experiments and simulations, established a model of directional wells under vertical multi-layer conditions, simulated and determined the appropriate drilling fluid density, and built a proposal charter. Through on-site verification in the Bozi block, the simulated safe drilling fluid density value is basically consistent with the drilling fluid density selected to solve the creep shrinkage in the block, which verifies the rationality of the numerical model and the reliability of the method. This study provided a technical support for safe drilling of the directional section in the composite salt-gypsum layers.
2 GEOLOGICAL SETTING
The Kuqa Depression is related to the late Hercynian movement and began to develop in the Late Permian. The depression can be divided into 6 secondary structural units. Among them, Kelasu structural belt and Qiulitage structural belt are the main oil and gas exploration and development areas. Under the same structure, the buried depth and thickness of composite salt-gypsum layers vary greatly in longitudinal and transverse directions. In the Kelasu structural belt, from west to east, which is divided into four blocks: Bozi, Dabei, Keshen and Kela (Figure 1). The composite salt layers of Bozi and the western of Dabei are relatively thin, the layers of eastern of Dabei and Keshen are the thickest, and layers of Kela-Dina is relatively thin. The overall thickness of the layers is characterized by thick in the middle and thin at both ends (Fang et al., 2022).
[image: Figure 1]FIGURE 1 | Kuqa Depression geological structure map.
The composite salt-gypsum layers of the Paleogene Kumugeliemu Group are divided into gypsum-salt rock section, mudstone section and salt rock section from bottom to top. The gypsum-salt rock section is mainly composed of gypsum rock and salt rock, intercalated with dolostone and limestone; the mudstone section is mainly composed of mudstone, with thin layers of gypsum rock intercalated, and mud gypsum rock can be seen; the salt rock section develops relatively pure and thick salt rock, locally mixed with more gypsum rock and sandy mudstone.
3 MECHANICAL PROPERTIES OF SALT ROCK CREEP
3.1 Salt rock creep mechanics experiment and results
The salt rock samples of the Kumugeliemu Group were collected and prepared into 5 test samples with a size of 100 × 50 (mm × mm) (Table 1). The tests were carried out using the American MTS815 Flex Test GT rock mechanics test system (Rui et al., 2022a; Rui et al., 2022b). Creep tests require consideration of creep behavior under different confining pressures (axial compression) and temperatures, and the supplied salt rocks are highly rheological (Pan and Zhou, 2022). The test method is as follows: by controlling the principal stress σ1=125 MPa unchanged, starting from the initial stress σ3=120 MPa, σ1-σ3=5 MPa, the confining pressure (σ3) is reduced by 5 MPa in each stage and the axial pressure (σ1-σ3) is increased by 5 MPa, so as to ensure that the principal stress remains unchanged, and the pressure increases by 5 MPa step by step. Starting from 100°C, a total of 5 levels of temperature are designed, 110°C, 120°C, 130°C, and 140°C. The creep duration of the first 5 levels of deviatoric stress load is 3 h, and after 5 levels, it is changed to 2 h per grade.
TABLE 1 | Test sample parameters.
[image: Table 1]Considering different factors such as effective stress and temperature, triaxial creep tests at high temperature were carried out under actual confining pressure (axial compression) and temperature (Tan et al., 2020; Tan et al., 2021). The experimental temperatures, stress differences and corresponding strain rates are shown in Table 2.
TABLE 2 | Creep test data.
[image: Table 2]The results show that the creep displacement increases with the increase of temperature. When the temperature reaches more than 100°C, the creep displacement respectively reaches 100°C/22.14 mm, 110°C/26.09 mm, 120°C/31.59 mm, 140°C/53.32 mm, and the test result is rejected at 130°C because the sample is filled with oil. The results show that the temperature affects the overall strength of rock salt, resulting in weaker strength of samples (Figure 2). When the temperature is constant, the creep displacement increases with the increase of deviatoric stress; when the deviator stress is constant, the creep displacement increases with the temperature (Figure 3).
[image: Figure 2]FIGURE 2 | Creep time-displacement curve at high temperature.
[image: Figure 3]FIGURE 3 | Variation trend of creep section displacement with deviatoric stress and temperature.
3.2 Salt rock creep rate
Comparing the creep test data of Tarim deep salt rock under high temperature and pressure with the creep test data at home and abroad, it is found that the differential stress of 10 MPa is an important contrast demarcation point. When the differential stress is less than 10 MPa, the creep rate of Tarim salt rock is higher than that of other blocks at the same temperature. When the differential stress is higher than 10 MPa, the creep rate is higher than that of most of the world’s salt rock creep experimental data (Figure 4).
[image: Figure 4]FIGURE 4 | Comparison of data from the Tarim salt rock creep experiment and the world salt rock creep experiment.
Experimental data reveal the effect of temperature and differential stress on creep of salt rock. It can be seen that temperature and differential stress have a considerable magnitude of influence on the creep rate of salt rock, for example, the temperature ranges from 100°C–140°C, and the creep rate ranges from 3 × 10−6s−1 to 1 × 10−5s-1. While the differential stress varies from 5 to 40 MPa, the creep rate varies from 1 × 10−6s−1 to 1 × 10−5s−1.
3.3 Creep constitutive relation of salt rock
According to the global mainstream knowledge, where the temperature is high and the stress value is relatively small, and the power law can be used to describe the steady creep of salt rock (Weertman, 1955), the steady creep rate of salt rock increase with the increase of temperature and differential stress (Li et al., 2022). Its expression can be summarized as a stress-independent power-law (non-Newtonian fluid flow) equation:
[image: image]
The experimental data were fitted by the power-defect function. First, the exponent n is fitted as below:
[image: image]
where [image: image] is the steady creep rate of salt rock; A0 is the material property parameter, fitted as 2.0543 MPa−1 s−1; Q is the activation energy, equal to 53,920 J mol−1; R is the gas constant, equal to 8.314 J mol−1 k−1; T is the absolute temperature; σ1–σ3 is the deviatoric stress; n is the power-law exponent, fitted as 1.1333.
Then [image: image] is fitted by Liang et al. (2022) as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Fitting of [image: image] and [image: image]
4 ANALYSIS OF FACTORS AFFECTING THE CREEP OF SALT ROCK DUE TO WELL INCLINATION
Salt rock creep is controlled by two main factors, temperature and differential stress. The depth of the layers affects temperature and in-situ stress. Well deviation affects the stress distribution around the well and determines the change of differential stress. It is difficult to verify the well deviation factor through laboratory experiments, so it is necessary to use a simulation method to analyze the effect of well deviation on creep.
4.1 Numerical simulation method of salt rock creep influencing factors
Numerical simulations based on core tests can extend the real experimental environment to a wider range of simulations. A numerical model of the same scale of the core experiment was established, and the stress-strain relationship obtained from the experiment was input into the software platform as the constitutive model. According to the environment and loading conditions of the core experiment, the numerical simulation of the influencing factors of salt rock creep was carried out. The simulation is mainly divided into three steps. First establish a model for numerical simulation of core specimens. Second, use the creep constitutive model obtained from experimental data under deep environmental conditions, to carry out numerical simulation under experimental isothermal pressure conditions. Third, compare the numerical simulation results with the field data. The comparison shows that the simulation results are basically consistent with the experimental results, which verifies the accuracy of the model.
4.2 Influence of temperature and differential pressure on creep
By using the method of combining core experiment and core scale numerical simulation, this paper analyze the influence of temperature and differential stress (i.e., axial pressure) on creep, using creep power-law constitutive relations between temperature and pressure in deep layers. Combined with the actual on-site situation, four sets of simulations were set up, the creep deformation of 40 h was used, and then the deformation under different axial pressures was calculated respectively. The relationship between the creep rate and the combination of axial pressure and temperature was established (Table 3; Figure 6).
TABLE 3 | Influence of four sets of temperature and differential stress superposition on creep of salt rock.
[image: Table 3][image: Figure 6]FIGURE 6 | Creep deformation under different temperature and stress.
Creep simulations show an upward trend in creep rate with increasing differential stress and temperature combinations (Figure 7). From the data analysis, it can be seen that the creep rate increases from 0.4 × 10−7 s−1 to 9.82 × 10−7 s−1 as 100°C/5 MPa increases to 130°C/20 MPa, which shows a multiple growth.
[image: Figure 7]FIGURE 7 | Creep Rate vs. Differential Stress Temperature Combination.
4.3 Influence of temperature, differential stress and well deviation
The stress around the well is affected by the in-situ stress and the deviation angle, and the stress around the well can be obtained by calculating the in-situ stress according to the deviation angle. Therefore, the well deviation factor can also be considered as the change of differential stress in essence. Considering the influence of the well deviation angle (differential stress) and temperature on the creep, using the creep constitutive relations between temperature and pressure in deep layers, four sets of simulations were set up, the creep deformation of 40 h was used, and then the deformation under different conditions was calculated respectively. The relationship between the creep rate and the combination of temperature and well deviation was established (Table 4; Figure 8).
TABLE 4 | Influence of four sets of temperature and deviation superposition on creep of salt rock.
[image: Table 4][image: Figure 8]FIGURE 8 | Creep deformation under different temperature and deviation.
Creep simulations show that the creep rate tends to increase as the combination of well deviation and temperature increases. When the deviation ranges from0° to 90°, the effect on the creep rate is similar to the effect of 5–6 MPa differential stress increase (Figure 9). From the data analysis, it can be seen that the creep rate increases from 3.05 × 10−7 s−1 to 8.04 × 10−7 s−1 as 100°C/0° increases to 130°C/90°.
[image: Figure 9]FIGURE 9 | Relationship between creep rate and well inclination angle (differential stress condition) and temperature combination.
Through multi-factor comprehensive simulation, it can be seen that temperature and differential stress are the key controlling factors of creep, and well deviation angle has an important influence on creep. Its essence is to change the stress distribution around the well, which can be directly converted into the change of differential stress.
5 WELLBORE CREEP SIMULATION AND DRILLING FLUID DENSITY CHART FOR DIRECTIONAL WELLS
5.1 Model and application
The wellbore stability of the composite salt-gypsum layers is affected by the rock mechanics, in-situ stress, well deviation and drilling fluid density. An integrated model of in-situ stress, the composite salt-gypsum layers, borehole and drilling fluid is established (Figure 10). Steps are as follows.
(i) Combining a stratigraphic model based on the superimposed relationship of multiple layers of mudstone and salt rock, with engineering data and creep mechanics test data, establish a mechanical model that reflects the vertical distribution of real stratigraphic lithology.
(ii) According to the designed well trajectory, establish a deviated well model under vertical multi-layer conditions that reflects the real deviation angle.
(iii) Apply vertical stress and minimum horizontal stress to the model. In the salt layers, due to the small differential stress, the principal stress values applied to the salt layer in all directions are equal.
(iv) The liquid column pressure generated by the density of drilling fluid is simulated by the pressure exerted on the inner wall of the wellbore.
(v) The reduction ratio is characterized by the ratio of the shrinkage displacement of the salt layers in the direction perpendicular to the deviated well wall and the borehole radius.
[image: Figure 10]FIGURE 10 | Deviated well model under 2D vertical multi-layer condition.
The creep shrinkage is simulated through the actual drilling and sticking situation on site. At a given reduction ratio, the drilling fluid density required to control creep is calculated.
5.2 Density chart of creep-resistant drilling fluids with different well deviations
According to the main deviation angle drilling through the composite salt-gypsum layer, when modeling the directional well, the angle is mainly set to 45° and 60° for simulation research. Table 5 illustrates the specific parameters at different deviation angles. Figure 11 shows the schematic diagram of the mechanical model at different deviation angles. Figure 12 shows the differential stress distribution at different deviation angles. Figure 13 shows the creep shrinkage results when the drilling fluid density is 2.3 g/cm3.
TABLE 5 | Specific parameters for creep simulation of salt rock with well inclination of 45° and 60°.
[image: Table 5][image: Figure 11]FIGURE 11 | Schematic diagram of the well inclination model of 45° and 60°.
[image: Figure 12]FIGURE 12 | Differential stress distribution at 45° and 60° inclination.
[image: Figure 13]FIGURE 13 | Creep shrinkage results when the drilling fluid density is 2.3 g/cm3 when the well inclination is 45° and 60°.
When the well deviation is 45°, the differential stress distribution of the model shows that the differential stress in the salt layers is very small (close to the isotropic stress condition), only about 0.03 MPa, while he differential stress of mudstone is 40–80 MPa, the maximum value of borehole shrinkage is 1.44 × 10−2 m, and the shrinkage rate is about 11%. When the well deviation is 60°, the differential stress in the salt layers is also very small, about 0.06 MPa, while the mudstone differential stress is 60–90 MPa, the maximum value of borehole wall shrinkage is 1.70 × 10−2 m, and the shrinkage rate is about 17%.
By establishing a two-dimensional mechanical model for deviated wells in composite salt-gypsum layers, the paper simulates the drilling fluid density that can resist salt rock creep with different depths and stresses under the conditions of 45° and 60° well deviation respectively (Table 6). Assuming that the creep shrinkage of salt rock that causes sticking is 5%, the drilling fluid density required to prevent sticking is calculated based on the field data of several wells, and the intersection chart of depth, stress, well deviation and creep-resistant density is established (Figures 14, 15).
TABLE 6 | Simulation parameters of well.
[image: Table 6][image: Figure 14]FIGURE 14 | Intersection chart of salt rock creep of depth, stress and drilling fluid density (45° inclination).
[image: Figure 15]FIGURE 15 | Intersection chart of salt rock creep of depth, stress and drilling fluid density (60° inclination).
The depth ranges from 5,500 to 6,000 m and the temperature ranges from 130°C to 150°C in this chart. Each colored line in the chart represents the three-dimensional in-situ stress of the salt rock, which is also the liquid column pressure required to balance the creep of the salt rock. The value of different colors is ranges from 140 to 180 MPa, and the ground stress of the same line is the same. The depth of sticking and the corresponding drilling fluid density data in the Bozi block are put into the chart. When the points with different colors are on the left side of the corresponding color curve, it means that the selected drilling fluid density is too small to resist salt rock creep. It also proved that the simulation was accurate.
The simulation chart shows that with the increase of the triaxial in-situ stress, that is, the increase of the formation depth, the density of the drilling fluid used to suppress the same shrinkage ratio increases, otherwise the sticking will show a more serious trend. Comparing the well deviation of 45° and 60°, under the same in-situ stress or depth, the density of drilling fluid required for 60° is slightly higher than that of 45° to maintain the same diameter reduction rate. It can be seen from the simulation results that the change of the well deviation angle will have an important influence on the creep shrinkage and jamming of the directional well in the composite salt-gypsum layers.
6 CASE STUDY
During the drilling process of 5,674–5,711 m in Well Bz A, serious sticking accidents occurred continuously, where the lithology is salt rock and muddy salt rock, the well inclination angle is 39°–42°, and the drilling fluid density is 2.2 g/cm3. In order to reduce sticking, the creep rate simulation of composite salt-gypsum layers was carried out to optimize the density of creep-resistant drilling fluid. Well Bz A is a deviated well oriented in the composite salt-gypsum layers. The analysis shows that when the formation depth is greater than 5,510 m, the jamming situation is more serious. Based on the actual drilling situation, the simulation depth is set to be 5,500–6,000 m, the deviation angle is set to be 45°, the ground stress is set to be 130, 136, 146, 150, 156 and 160 MPa respectively according to the depth change, and the shrinkage ratio is set to be 5%, and then the relations of depth, stress and drilling fluid density are simulated and the chart is drawn (Figure 16). On this basis, the actual drilling fluid density on site is put on the chart for comparison.
[image: Figure 16]FIGURE 16 | Intersection chart of salt rock creep of depth, stress and drilling fluid density of Bz A.
It can be seen that when the in-situ stress is 130 MPa and the depth is from 5,500–6,000 m, the recommended drilling fluid density is 2.20–2.24 g/cm3. When the in-situ stress is 136 MPa, the depth is from 5,500–6,000 m, and the recommended drilling fluid density is from 2.26–2.29 g/cm3. When the in-situ stress is 146 MPa, the depth is from 5,500–6,000 m, and the recommended drilling fluid density is from 2.30–2.33 g/cm3. When the in-situ stress is 150 MPa, the depth is from 5,500–6,000 m, and the recommended drilling fluid density is from 2.35–2.38 g/cm3. When the in-situ stress is 156 MPa, the depth is from 5,500–6,000 m, and the recommended drilling fluid density is from 2.38–2.42 g/cm3. When the in-situ stress is 160 MPa, the depth is from 5,500–6,000 m, and the recommended drilling fluid density is from 2.40–2.47 g/cm3. According to the chart, the density of the drilling fluid can be appropriately increased to effectively control the shrinkage ratio. Therefore, that density of drilling fluid was increased to 2.23 g/cm3 in field application, and the sticking at 5,873–5,966 m was relieved. The field application of anti-creep measures has achieved good results. The field application of anti-creep measures has achieved good results.
7 DISCUSSIONS
7.1 Reaming to deal with salt rock creep
When the drilling fluid density is too high, it is easy to leak in the salt interlayer, so it is unreasonable to simply increase the drilling fluid density to resist the salt rock creep. Salt rock reaming was adopted in the field to deal with the problem of creep sticking. The fracture pressure was taken as the upper limit of drilling fluid density, and the salt creep rate under this density was calculated. The limit time of periodic reaming was calculated according to the creep variable of reduced diameter sticking, so as to prevent creep. Based on the creep model established in this study, 5% diameter reduction was set as the standard to judge stuck drilling, and the minimum reaming time was calculated under different drilling fluid densities. Drilling stuck occurred in Bz 9 well at a depth of 6,200–6400 m with 2.36 g/cm3 drilling fluid density. Actual drilling showed that the time from the first drilling through the stuck point depth to the occurrence of stuck was 41.7 h, within this time the bit successfully passed the stuck point. Under the condition of the simulated drilling fluid density of 2.36 g/cm3, the hole diameter at the stuck point reduced by 5% in an average time of 39.5 h, which corresponds well with the actual stuck time, verifying the practicability of this study.
7.2 Three-dimensional model to analysis salt rock creep
This study establishes a model and method for numerical calculation of wellbore stability in two-dimensional directional wells, and it is an effective way to simplify the stress calculation. Three-dimensional modeling needs to be used in order to set up a more realistic model based on multiple parameters such as geostress distribution, well deviation angle, and azimuth angle. Due to the three-dimensional borehole mechanics calculation and demonstration along the shaft axis direction and each depth section direction in directional well are complicated, the three-dimensional mechanical analysis of wellbore creep will be carried out in the future study.
8 CONCLUSION
The high temperature and high pressure creep test of salt rock shows that temperature and differential stress are the most important factors affecting creep, and temperature directly affects the overall strength of salt rock. When the temperature reaches above 100°C, the creep displacement increases faster as the temperature increases. When the temperature is constant, the creep displacement increases with the increase of the differential stress. By means of simulation, the effect of well deviation on creep is analyzed, which shows that the well type (well deviation angle) has an important influence on creep. Its essence is to change the stress distribution around the well, which can be directly interpreted to be the change of differential stress.
The differential stress of Tarim salt layer is generally less than 10 MPa. Under the same temperature conditions, the creep rate of Tarim salt rock is higher than that of other similar blocks in the world.
By establishing a two-dimensional mechanical model for deviated wells in composite salt-gypsum layers, the paper simulates the relations of deviation angle, depth, stress and drilling fluid density. Combined with the field drilling data of multiple wells, the intersection chart of stress, deviation angle and drilling fluid density resisting creep are established to analyze the drilling fluid density required to prevent sticking. The chart of creep-resistant drilling fluid density in Bz A well was established to guide the adjustment of drilling fluid density on site, which effectively solved the problem of sticking and verified the effectiveness of the method.
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