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Diagenetic physical simulation is a reliable means to study patterns of pore evolution and variations of physical properties, however, the current compaction model is mostly based on sandstone, and there is a lack of quantitative compaction and porosity reduction studies for more complex rock fabrics. In order to simulate the continuous change of intergranular porosity in the reservoir under compaction during the diagenesis of buried sedimentary strata, a self-designed diagenesis simulation experimental system was adopted. Using different modern sediment samples, the simulation experiment of mechanical compaction of glutenite was carried out. The experiment shows that during the process of mechanical compaction of glutenite, the change of porosity with depth is segmented, and there is a good logarithmic relationship between depth and porosity in the process of diagenetic compaction. The larger the grain size in the reservoir rock, the better the pore preservation capacity; When the sand particles fill the pores among gravel, stable secondary support structure formed by gravel and sand grades can effectively take over the bearing pressure, and when the sand-grade particle content is about 30%, the pressure-bearing capacity is the strongest; Intergranular heterobase filling is greater in samples with high heterobase content, high heterobasic content is not favourable to the preservation of primary pores. This study provides favorable experimental support for the preservation mechanism of deep clastic reservoir pores, and has important theoretical and practical significance for oil and gas exploration in the study area. The use of simulation experiment provides a useful idea for the evaluation and prediction of reservoirs and the search for favorable reservoir development zones in the future.
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1 INTRODUCTION
The abundant oil and gas resources contained in the gravel reservoirs in the deep field have attracted much attention, showing great succession potential for the next step in energy development and deployment, and gradually becoming an important source of oil and gas reserves and production (Pang X. J. et al, 2020; Li et al., 2020). Reservoir quality is one of the key factors constraining oil and gas exploration in deep reservoirs (Taylor et al., 2010; Sun et al., 2013; Wang, 2020), mechanical compaction is an important cause of pore permeability reduction in glutenite reservoirs, controlling both the preservation of intergranular pore and the evolution of physical properties (Carvalho and Ros, 2015; Yuan et al., 2017; Pang X. et al, 2020; Li et al., 2021). As the systematic study of reservoir diagenesis is becoming more and more mature, qualitative descriptions and semi-quantitative analyses of mechanical compaction can no longer provide favourable theoretical support for reservoir pore retention mechanisms. Diagenetic physical simulation has emerged as an innovative experimental method for simulating diagenesis indoors, by establishing a compaction model with compaction physical simulation experimental data and setting up temperature, pressure and fluid property conditions in line with the geological situation, it studies pore evolution patterns and physical property variations of reservoir caused by compaction.
In recent years, scholars have introduced simulation experiments of compaction to study the multiple factors affecting compaction and the dynamic response mechanism. The factors affecting sandstone compaction can be categorised into internal factors such as mineral composition, filler, grain size and sortability, and external factors such as pressure, temperature, fluid and time. Liu et al. found that the pore penetration changes in the compaction simulation process have obvious segmentation, and have good linear and exponential relationship with bearing pressure, respectively (Liu et al., 2006). In terms of experimental studies of compaction for endogenous factors such as rock fabric, Fawad and Bjørlykke found that the evolution of reservoir porosity vary with different grain sizes and mineralogical compositions, and that coarser sands with a high content of clasts are more susceptible to compaction than finer quartz-rich sands (Chuhan et al., 2002; Chuhan et al., 2003; Bjørlykke, 2014). Cao et al. and Ji et al. analysed the variation patterns of porosity and permeability in sandstone reservoirs with different grain sizes and sorting under pure compaction conditions, and found that the two showed a good positive correlation with physical properties (Cao et al., 2011; Ji et al., 2017). Gao et al. found that there is a significant negative correlation between matrix content and porosity through the simulation of compaction of sandstone, and the rate of porosity attenuation is larger in sandstone with high matrix content (Gao et al., 2015). In addition, the quantitative impact of the above external factors on the simulation of compaction evolution has also been elaborated. You et al. applied physical simulation experiments to analyse the pore evolution characteristics in the setting of different temperature and pressure fields, and clarified that the protection of primary pores by overpressure is the most constructive role in reservoirs in the setting of high temperature overpressure and strong overpressure (You et al., 2019). Gao et al. carried out physical simulation experiments on the mechanism of the role of overpressure on the physical properties of deep reservoirs, and found that the reduction value of the remaining primary pores by mechanical compaction under overpressure is only one-half of that under hydrostatic pressure, and that overpressure can effectively inhibit the role of mechanical compaction, so that a large number of intergranular primary pores can be preserved (Gao et al., 2023). Hou et al. investigated the varying rules of porosity and permeability of sandstone reservoirs under different ground temperature conditions and different burial ways under compaction by physical simulation, and found that the ground temperature and pore permeability parameters were all in a logarithmic negative correlation, whereas the burial time was in a logarithmic relationship with the pore permeability parameters (Hou et al., 2017).
The deep glutenite of Fukang Sag in Junggar Basin have a large potential of oil and gas resources (He et al., 2021), the stratigraphy of the Upper Urho Formation in this area has a large span of burial depth, and vertical burial compaction dominates, which facilitates comparative studies in the vertical direction, and provides a good example for the study of mechanical compaction response of deep glutenite. With the continuous updating of the petrogenetic physics simulation experimental device, high temperature and high pressure and even ultra-high temperature and ultra-high pressure experimental equipment have been developed successively, which provide the necessary experimental conditions for the study of deep physical and chemical diagenesis. However, most of the current compaction models are based on sandstones, and there is a lack of quantitative compaction and pore reduction studies for glutenite, which are more complex in rock fabric. Previous studies have found that glutenite is more resistant to compaction than sandstone (Xie et al., 2018; Liu et al., 2020), and that particle morphology, grain size and arrangement can have a significant effect on mechanical compaction (De Cola et al., 2018). The structure of gravel is different from that of pure sandstone. If a skeleton is built between gravel particles, it can play a supporting role, and the gravel skeleton can withstand the pressure during the compaction process, which can resist the destruction of sandy debris pores by mechanical compaction (Wei et al., 2015; Mahmic et al., 2018; Kang et al., 2019; Yue, 2019). Therefore, this paper takes the deep Permian glutenite reservoir in Fukang Sag of Junggar Basin as an example, applies the compaction physics simulation experiment to investigate the physical evolution patterns in the process of mechanical compaction of deep glutenite, quantitatively analyses the preservation of intergranular pores by rock fabric, with a goal of providing guidance for the evaluation and prediction of the deep gravel reservoirs and searching for favourable reservoir development zones.
2 EXPERIMENTAL SETUP AND EXPERIMENTAL PROCEDURE
The experiment adopts the compaction physics simulation experiment system independently designed and developed by the National Key Laboratory of Deep Oil and Gas (China University of Petroleum (East China)), which is able to complete the compaction simulation experiments with the maximum temperature of 500 °C, the maximum static rock pressure of 300 MPa, and the maximum fluid pressure of 100 MPa. It is the experimental device that can simulate the higher temperature and pressure in China, which can meet the high temperature and high pressure environment of deep- and ultra-deep strata under the actual geological conditions. It can simulate the diagenesis and pore evolution process of the reservoir under different temperature, pressure and fluid medium conditions.
The system device includes axial pressure monitoring equipment, flow pressure monitoring equipment, heating furnace and temperature control device, temperature monitoring equipment, automatic control system and other components. During the experimental process, the configured experimental samples were put into the sample tubes in the reactor, and the warming and pressurisation experiments were carried out under the set temperature and static rock pressure. The overlying formation pressure is simulated by the axial pressure, the pore fluid pressure is regulated by the backpressure booster pump, the constant flow pressure is slowly increased by the constant flow pressure pump to fill the fluid and make it slowly flow through the samples, the strata temperature is simulated by the heater and the temperature control device on the core gripper of the reactor, and the compaction displacement is recorded by the high-precision precision displacement sensors on the two ends of the core gripper (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of compaction physical simulation experiment device (modified from Zhou et al., 2011).
3 DESIGN OF EXPERIMENTS
3.1 Experimental samples and experimental parameters
The samples used in this experiment were modern sediments taken from the surface layers of the sedimentary areas of Golden Beach and Silver Beach in Qingdao, Liansan Island, and Lingshan Island. The compaction physics simulation experiments were carried out by means of artificial natural sampling, and the composition of the experimental samples was referred to the actual clastic group distribution ratio of the deep Permian sandstone and conglomerate reservoir cores in Fukang Sag. The rock type of the reservoir is dominated by clastic sand (conglomerate), and the distribution of quartz content in the grains ranges from 2% to 12%, with an average of 7.5%; the distribution of feldspar content ranges from 3% to 17%, with an average of 8.4%; the distribution of clastic content ranges from 67% to 93%, with an average of 84.1%. In view of this, the seashore glutenite of Qingdao, which is close to the source of this area, was selected as the physical simulation source sample for the experiment, taking 10% quartz particles content, 10% feldspar particles content and 80% rock debris particles content. The source samples were sieved into different particle size groups by sieve analysis and rounded into sub-angular and sub-rounded samples. Accordingly, artificial samples under the corresponding experimental conditions were prepared for physical modelling.
The Junggar Basin is a typical low-temperature cold basin in the west (Cao et al., 2022), and the Fukang Sag is located in the southeastern part of the central depression of the Junggar Basin, the Upper Urho Formation develops a thick layer-scale glutenite reservoir, with the depth of burial ranging from 4,500 to 6,000 m. According to the actual geological situation of the basin, the strata density of 2.5 g/cm3, the ground temperature gradient of 2.4 °C/hm. The present formation water of Upper Urho Formation in Fukang Sag is CaCl2 type. The density of strata water of 1.01 g/cm3, and the pressure coefficient under the normal compaction condition are set to be 1.0. Combining the above parameters and setting the temperature and pressure conditions of each depth, the simulated maximum burial depth of the study area is set to be 7,000 m (Table 1).
TABLE 1 | Experimental design depth and temperature, pressure parameters.
[image: Table 1]3.2 Experimental control group
The rock structure of glutenite reservoir of the Upper Urho Formation in the Fukang Sag is complex, with low maturity of composition and structure, and the fraction of clastic particles is dominated by plastic clasts, with an average content of more than 80%, and the average content of quartz, feldspar and other rigid particles is less than 10%, with a wide range of particle size, poor sorting as a whole, and the gravel particles are filled with both sand-scale particles and muddy matrix. Based on the actual geological analysis of the study area, there is little variation in the mineralogical components of the rock, and there is a difference between sand and mud in the support structure and fill material characteristic of the glutenite. Therefore, three sets of variables, grain size, sand content and mud matrix content, were selected and introduced into the compaction physics simulation experiment to investigate the effect of each single factor on the preservation of intergranular porosity in glutenite reservoirs. The experiment was divided into a total of 11 control groups, of which 4 were grain size controls, four were sand content controls, and three were mud matrix tcontent controls, and were analysed and compared within the groups (Table 2). After the physical simulation experiments, the compacted samples were removed after natural cooling to room temperature and pressure unloading to atmospheric pressure (Figure 2) for subsequent cast thin section preparation and microscopic observation.
TABLE 2 | Experimental control group design.
[image: Table 2][image: Figure 2]FIGURE 2 | Sample effect diagram before and after compaction physical simulation experiment (A) Compacted samples with 10% sand content; (B) Compacted samples with 20% sand content; (C) Compacted samples with 30% sand content.
4 EXPERIMENTAL DATA RECORDING AND PROCESSING
During the experiment, the computer monitors and records the changes in temperature, pressure, fluid flow rate, compaction displacement and other relevant experimental conditions and parameters. When the corresponding depth point reached and the pressure was confirmed to be stable, the data were collected to gather and analyse the results at different depths. The calculation method of porosity during the simulation experiment is as follows (Formulas 1–4) (Cao et al., 2011):
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where r is the radius of the sample cross-section, cm; L0 is the length of the sample, cm; S0 is the cross-sectional area of the sample, cm2; V0 is the original volume of the sample, cm3; Vϕ is the original volume of the pore, cm3; Vg is the volume of the skeleton of the sample, cm3; ϕ0 is the original porosity.
After measuring its original volume, the samples were dried and then the skeleton volume was measured by the drainage method to find the original porosity ϕ0.
From the recorded compaction displacements, the volume of the rock sample at each depth point during compaction can be derived (Formula 5):
[image: image]
where L1 is the experimentally recorded compaction displacement, cm; V is the volume of the rock sample at each point during compaction, cm3.
During the experiment, it is assumed that the volume of the skeleton remains essentially constant. Then there is (Formula 6):
[image: image]
where ϕ is the porosity at each depth point during compaction.
5 ANALYSIS OF EXPERIMENTAL RESULTS

(1) Preservation of intergranular pores by different grain sizes
By preparing and observing cast thin sections of the compacted samples, it is possible to qualitatively describe the degree of compaction hole reduction and the mode of compaction deformation during the simulated experiments. It is worth noting that, in the cast thin sections obtained from the compaction experiments, the particles were found to be loose under microscopic observation, partly due to the outward expansion of the samples after the release of the compaction, and partly due to the lack of systematic diagenesis in the physical simulation experiments, but the microscopic observation can still obtain more effective information on the contact relationship between the particles, the arrangement characteristics, and the fracture information of the compression under force. It was found that the sandstone particles with smaller grain size were adjusted by sliding, rotation, displacement and other positional adjustments, and the particles were rearranged, presenting certain directional arrangement characteristics, and the rupture degree of the particles was smaller. For gravel particles with larger grain size, positional adjustment occurs, the arrangement tends to stabilise, the particles tend to contact the long axis more closely, and the particle skeleton reaches the compressive limit of the rupture phenomenon is more obvious (Figure 3).
[image: Figure 3]FIGURE 3 | Compaction characteristics of samples with different grain size (A) Sample with grain size 0.25–0.5 mm, partially orientated arrangement of particles (−); (B) Sample with grain size 0.5–1.0 mm, obvious orientated arrangement of particles (−); (C) Sample with grain size 2.0–3.0 mm, particles supported, low degree of rupture (−); (D) Sample with grain size 2.0–3.0 mm, particles orientated arrangement (−); (E) Sample with grain size 3.0–4.0 mm, particles orientated and tightly arranged (−); (F) Sample with grain size 3.0–4.0 mm, particles supported, visible rupture (−).
The results of physical simulation experiments on mechanical compaction of samples with different grain sizes show that the porosity evolution has a segmented characteristic (Figure 4). In the early stage of mechanical compaction, with the increase of pressure, the debris particles slide, misalign and rotate, rearranging and adjusting their positions so as to reach the state of compact accumulation, i.e., the rapid compaction stage; after this stage, the debris particles reach a stable stacking state, and with the increase of pressure, the degree of compact stacking increases and the porosity decreases slowly, this is the slow compaction stage. Meanwhile, it was found that with the gradual increase of the sample grain size, the stage of rapid change gradually became shorter, and it was analysed that the gravel scale formed the support structure faster than the sand scale particles, and the adjustment of particles in the later stage was smaller, the reservoir was more resistant to pressure. In addition, based on the results of physical simulation experiments, the relationship between porosity and depth of the four groups of samples was obtained by fitting curves, and the results showed that porosity and depth were basically in a logarithmic relationship (Table 3).
[image: Figure 4]FIGURE 4 | Physical simulation experiment results of mechanical compaction of samples with different grain size (A) Porosity-pressure correlation; (B) Porosity-depth correlation.
TABLE 3 | The fitting results of porosity and depth of samples with different particle sizes.
[image: Table 3]Through the quantitative analysis of the test data, in the rapid compaction stage, the rate of pore reduction was 11.8%/km for samples with grain sizes of 0.25–0.5 mm, 11.5%/km for samples with grain sizes of 0.5–1.0 mm, 10.5%/km for samples with grain sizes of 2.0–3.0 mm, 11.2%/km for samples with grain sizes of 3.0–4.0 mm, it shows that the rate of pore reduction is larger for samples with smaller grain size in this stage. During the slow compaction stage, the rate of pore reduction was 1.16%/km for samples with grain sizes of 0.25–0.5 mm, 1.17%/km for samples with grain sizes of 0.5–1.0 mm, 0.94%/km for samples with grain sizes of 2.0–3.0 mm, and 0.68%/km for samples with grain sizes of 3.0–4.0 mm (Figure 5). Therefore, the preservation of pore space by grain size is mainly in the slow-change compaction stage. It was analysed that, with the increase of burial depth and overlying pressure, the finer-grained samples have less force per unit area, and their overlying pressure is mainly used to squeeze the pore space, while the coarser-grained samples have more force per unit area, and the support structure formed earlier carries part of the pressure and reduces part of the force to squeeze the pore space. Therefore, the coarser grain size samples have better pore preservation ability.
(2) Preservation of intergranular pores by different sand contents
[image: Figure 5]FIGURE 5 | Mechanical compaction pore reduction characteristics of samples with different grain size.
Microscopic observation revealed that with the increase of sand content, the sand-scale particles gradually occupied the intergranular pore space, and the gravel-scale particles gradually transitioned from point contact to floating, while the long-axis contact of the particles gradually weakened (Figure 6). By analysing the pore evolution of the compaction simulation with different sand contents, the porosity evolution with depth was also segmented (Figure 7), and the results of the fitted curves yielded a logarithmic relationship between porosity and depth for samples with different sand contents (Table 4).
[image: Figure 6]FIGURE 6 | Compaction characteristics of samples with different sand content (A) Samples with 20% sand content (−); (B) Samples with 30% sand content (−); (C) Samples with 50% sand content (−).
[image: Figure 7]FIGURE 7 | Physical simulation experiment results of mechanical compaction of samples with different sand content. (A) Porosity-pressure correlation; (B) Porosity-depth correlation.
TABLE 4 | The fitting results of porosity and depth of samples with different sand content.
[image: Table 4]During the fast compaction stage, the samples show similar trends in porosity evolution and insignificant differences in pore reduction. After entering the slow compaction stage, with the increase of overburden pressure, the evolution process of the samples began to show a non-monotonic pattern, i.e., the pore reduction rate showed a tendency of decreasing and then increasing with the increase of sand-scale particle content. Further quantitative analysis of the test data showed that in the fast compaction stage, the rate of pore reduction was 8.15%/km for samples of 20% sand content, 8.44%/km for samples of 30% sand content, 7.94%/km for samples of 40% sand content, and 6.75%/km for samples of 50% sand content. During the slow compaction stage, the rate of pore reduction was 0.68%/km for samples of 20% sand content, 0.55%/km for samples of 30% sand content, 0.67%/km for 40% samples of sand content, and 0.97%/km for samples of 50% sand content, which shows that the pore preservation effect of the samples with different sand contents is mainly reflected in this stage (Figure 8).
[image: Figure 8]FIGURE 8 | Mechanical compaction pore reduction characteristics of samples with different sand content (A) Characteristics of total pore reduction rate for samples with different sand content; (B) Characteristics of different stages of pore reduction rate for samples with different sand content.
It was analysed that in the rapid compaction stage, when the position of particles of different grain sizes was adjusted and rearranged, the finer particles were forced to squeeze and fill in the pore space formed by the arrangement of coarse particles, resulting in a rapid loss of porosity. However, after entering the slow compaction stage, the particles have a stable stacking state, and compaction further increases the tightness of the particles and the degree of compaction. At this time, the content of sand particles is not enough to completely fill the pore between gravel particles, the pressure increase will be further extrusion caused by the loss of the pore, and when the sand particle content exceeds the limit of filling the pore between gravel particles, the gravel particles show incomplete contact, which makes it difficult to form a stable mechanical structure between the gravel particles, and the pressure increase will be turned to extrusion of sand particles caused by the loss of the pore. Therefore, only when the sand-scale particles can just fill the pore between gravel-scale particles, the external gravel bridges the pressure, and the internal sand particles take over the pressure, which makes the best preservation of the intergranular pore space. It was found by the experiment that when the sand particles can just fill the pore space between gravels, the content of sand particles is about 30%.
(3) Preservation of intergranular pores by different mud matrix contents
Through microscopic observation, it was found that the particles of the sample with matrix content of 5% were mainly in point contact, with only a small amount of line contact. With the gradual increase of compaction effect, the particles tend to be tight contact with each other, and a small number of micro-cracks begin to appear on the surface of the particles. For loose gravel particles with 10% matrix, the intergranular space was filled with matrix, and the intergranular pore was further reduced. Loose gravel grade particles with 15% matrix radicals, the contact degree of the particles is increasing, the position between the particles is adjusted, and the matrix radicals are squeezed and filled into the remaining intergranular pore, which makes the pore decrease significantly and the intergranular pore reduce (Figure 9).
[image: Figure 9]FIGURE 9 | Characteristics of samples with different mud content (A) Samples with 5% mud content (−); (B) Samples with 10% mud content (−); (C) Samples with 15% mud content (−).
By analysing the pore evolution of the compaction simulation for different mud contents, the porosity evolution with depth is also segmented, and the results of the fitted curves yielded a logarithmic relationship between porosity and depth for the samples with different clay contents (Table 5). In addition, it was found that the rate of pore reduction gradually increases with the increase of matrix content (Figure 10).
TABLE 5 | The fitting results of porosity and depth of samples with different mud matrix content.
[image: Table 5][image: Figure 10]FIGURE 10 | Physical simulation experiment results of mechanical compaction of samples with different mud matrix content. (A) Porosity-pressure correlation; (B) Porosity-depth correlation.
In the fast compaction stage, the rate of pore reduction was 5.4%/km for samples with 5% mud content, 6.0%/km for samples with 10% mud content, and 6.3%/km for samples with 15% mud content. In the slow compaction stage, the rate of pore reduction was 0.74%/km for samples with 5% mud content, 0.79%/km for samples with 10% mud content, 0.97%/km for samples with 15% mud content (Figure 11).
[image: Figure 11]FIGURE 11 | Mechanical compaction pore reduction characteristics of samples with different mud contents (A) Characteristics of total pore reduction rate of samples with different mud contents; (B) Characteristics of different stages of pore reduction rate of samples with different mud contents.
It is analysed that at the early stage of compaction, different contents of mud matrix were forced to squeeze into the intergranular pore, resulting in a reduction of porosity, and with the increase of overburden pressure, the samples with higher matrix content had greater intergranular matrix filling degree, resulting in a greater reduction of porosity. It shows that high matrix content will occupy intergranular pore, especially for gravel close to the source and easy to receive a large number of source area deposits, usually the storage space is not developed, and the preservation of intergranular pore is poor.
6 CONCLUSION

(1) In the process of mechanical compaction of glutenite, the change of porosity with depth is segmented, i.e., the fast-change phase in the early stage of compaction and the slow-change phase in the later stage. The depth of the boundary between the fast-change and slow-change phases is about 1,000 m.
(2) Regression fitting using the slow-change phase data revealed a good logarithmic relationship between depth and porosity during diagenesis compaction, with correlation coefficients of 0.90 or higher for the data fitting results of the 11 sets of experiments.
(3) In the case of only experiencing mechanical compaction, the coarser the grain size of the sample particles, the smaller the rate of compaction pore reduction during compaction, the more pores are eventually preserved, and the preservation of pores by the grain size is mainly reflected in the stage of slow-change compaction.
(4) When the sand particles fill the pore space between gravels, the stable secondary support structure formed by gravel-scale and sand-scale can effectively take over the pressure, and when the content of sand particles is about 30%, the pressure-bearing capacity is the strongest. The preservation effect of sand particles on pore is mainly reflected in the slow-change compaction stage.
(5) Samples with high mud matrix content have low initial porosity and greater intergranular matrix filling, and samples with high mud matrix content have a greater rate of pore reduction throughout all stages of the compaction process, so high matrix content is not conducive to the preservation of intergranular pores.
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