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Abstract

:

Liquid nitrogen (LN2) fracturing is a potential stimulation method in unconventional hydrocarbon recovery, showing its merits in being water free, creating low formation damage and being environmentally friendly. The microstructure evolution of rocks subjected to LN2 cooling is a fundamental concern for the engineering application of LN2 fracturing. In this paper, pore-scale imaging and characterization were performed on two rocks, i.e., tight sandstone and coal specimens subjected to LN2 cooling using computed tomography scanning. The digital core technique was employed to reconstruct the microstructures of rocks and give a quantitative analysis of the pore structure evolution of both dry and water-saturated rocks. The results indicate that LN2 cooling has a great effect on the pores’ morphology and their spatial distribution, leading to a great improvement in pore diameter and aspect ratio. When compared to the sandstone, coal is more sensitive to LN2 cooling and thermal stresses, having a more noticeable growth in pore–throat size. The porosity growth of coal is 291% higher than that of sandstone. There is a growing trend in the irregularity and complexity of pore structures. After LN2 cooling, the fractal dimensions of the pores of sandstone and coal grow by 11.7% and 0.87%, respectively, and the proportion of pores with a shape factor > 100 increases. More bundle-like and strip-shape pores with multiple branches are generated, which causes a significant growth in the throat size and the proportion of connected pores with a coordination number ≥ 1, enhancing the complexity and connectivity of pore structures dramatically. Additionally, pore water plays an important role in aggravating rock damage during LN2 cooling, enhancing the pore space and connectivity. The porosities of the saturated sandstone and coal samples grow by 22.6% and 490.4%, respectively, after LN2 cooling, which are 5.6% and 186.6% higher than dry samples. The generation of macropores ≥ 70 μm is the primary contributor to porosity growth during LN2 cooling, although such pores account for only a small proportion of the total. These findings contribute to our understanding of the microscopic mechanism of LN2 cooling on rock damage and may provide some guidance for the engineering application of LN2 fracturing.
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1. Introduction


Unconventional hydrocarbon has become a reliable resource globally, which is of great significance for meeting the growing demand for energy and achieving low-carbon solutions [1,2,3,4,5]. Due to their intrinsic low-porosity and low-permeability features, the natural productivity of such reservoirs is generally quite low as compared to conventional reservoirs. Hydraulic fracturing plays an essential role in the economic exploration of unconventional hydrocarbon resources, which involves creating artificial high-conductivity fractures and enhancing the productivity [6,7]. Nevertheless, massive hydraulic fracturing is increasingly criticized due to the issues such as enormous water consumption, environmental risks and formation damage [8,9,10,11]. The formation is damaged mainly because external fracturing fluid during fracturing that invades low-permeability reservoirs can cause clay mineral swelling, fracture and pore narrowing or blocking of the seepage channels, resulting in a significant decline in the productivity. Additionally, the simple 2D planar fracture pattern created by hydraulic fracturing is not conducive to increasing the stimulated reservoir volume (SRV) [12,13]. To address these water-related issues, waterless fracturing technologies have attracted more and more interest recently [9,14].



Cryogenic fracturing, as a potential waterless fracturing technology, was first proposed and applied in fields in 1990s [15,16]. This technology uses liquid nitrogen (LN2) as a substitute for the conventional water-based fracturing fluid, showing great potential for addressing the environmental issues and enhancing the stimulation performances [17]. Nitrogen is abundant in the air, accounting for 78% of total gases, which can save the production cost of fracturing fluid when applied at large scales. Since cryogenic nitrogen fracturing is nonaqueous and chemical additives free, environmental contamination and formation damage induced by water blocking and clay swelling in conventional massive hydraulic fracturing could be perfectly eliminated. Moreover, liquid nitrogen can be directly dispersed into the air after gasification, reducing post-treatment disposal and greenhouse gas emissions, which are closely related to emission reduction and environmental protection policies. Additionally, liquid nitrogen has an extremely low temperature, with the boiling point of −195.8 °C at atmospheric pressure. When in contact with rocks, thermal shock induced by the sudden temperature drop destroys pore structures and the mechanical properties of rocks deteriorate significantly. This helps to reduce fracture initiation pressure, create secondary fractures, extend the length of primary fractures, and thereby improve reservoir stimulation performances greatly, contributing to energy conservation goals [18]. McDaniel et al. [16] and Grundmann et al. [17] reported six field application cases of cryogenic nitrogen fracturing, and suggested that injecting liquid nitrogen at cryogenic temperature is applicable at a moderate depth without damage to cement and casing. The stimulation results indicate that LN2 fracturing was promising, especially for unconventional oil and gas reservoirs. Therefore, more and more studies have focused on this technique to evaluate its efficiency in improving unconventional oil and gas reservoir permeability and conductivity.



Rock damage under super-cold conditions is the basis for the application of liquid nitrogen in reservoir stimulation [18,19,20]. Physical and mechanical parameters, such as compressive and tensile strength, elastic modulus, P-wave velocity, permeability and porosity, are commonly used to represent the damage characteristics of rock. Many experiments have been implemented to determine the physical and mechanical properties of rocks subjected to LN2 cooling [19,20,21,22,23,24,25,26]. It was found that LN2 cooling has a great effect on both physical and mechanical properties. After liquid nitrogen cooling, the permeability and porosity of rocks increase greatly, while density, P-wave velocity, uniaxial compressive strength, elastic modulus and tensile strength show a declining trend. According to previous experiment results, the permeability of coal improves by 93.55% after LN2 cooling, while uniaxial compression strength and peak strain (axial strain at the peak stress) reduce by 16.18~33.74% and 13.01~20.61%, respectively [18,27]. Moreover, audible cracking sounds can be heard when submerging coal in LN2. Zhao et al. [28] showed that the characteristic parameters such as the area, volume, length and width of internal fractures in rock samples were negatively correlated with rock mechanics properties. Therefore, the changes in the physical and mechanical properties demonstrate that LN2 cooling can greatly damage pore structures inside the rock.



There are several important factors affecting the damage of rocks subjected to LN2 cooling, such as bedding planes, lithology, water saturation and rock temperature, which have been comprehensively investigated in the past decades. Bedding planes are a critical feature for sedimentary rock, which act as natural weakness planes and guide the initiation and propagation of fractures during LN2 cooling. Cracks prefer to develop and distribute along natural joints and bedding in shale and coal. Jiang et al. [22,23] investigated the influence of LN2 treatment on the damage characteristics of different bedding shales through physical and mechanical tests. It was found that the permeability improvement and compressive strength reduction induced by LN2 cooling become less significant with increasing bedding angles. Water saturation is another important factor influencing rock damage during LN2 cooling. Unlike dry rocks, pore water not only causes mineral softening and defects to increase [29], but also, liquid nitrogen results in the freezing of pore water and its corresponding volume expansion in saturated rocks. The volume expansion induced by water phase transition can reach 9%, which can destroy pore structures and significantly enhance rock permeability. According to the studies reported by Cai et al. [30], the porosity does not rise significantly after LN2 cooling until the water saturation of coal increases to 40.6%. Moreover, Qin et al. [31,32,33] experimentally investigated the effect of cyclic freezing on the physical and mechanical properties of rocks. It was found that there is a negative correlation between compressive strength and cooling cycles. Increasing cooling cycles aggravates rock damage, resulting in greater permeability enhancement and more remarkable mechanical deterioration. Wu et al. [34] and Cai et al. [35] compared the physical and mechanical properties of high-temperature rocks (<600 °C) under LN2 cooling, water cooling and air cooling, in order to determine the damage characteristics of high-temperature rocks after LN2 cooling. The results indicate that damage induced by cooling becomes more serious with increasing rock temperature. Compared to water cooling and air cooling, LN2 cooling induces more microcracks, significant mechanical deterioration and permeability enhancement. Compared with granite and shale, sandstone is less sensitive to LN2 cooling. Guo et al. [36] also observed that with an increase in cooling rate, the degree of rock fragmentation increases, and the number of microcracks increases exponentially.



Rock is a multiscale porous media, and the destruction of micropore structures is the essential cause of physical and mechanical property changes in rocks subjected to LN2 cooling. Our predecessors employed a variety of methods to determine the pore structure evolution and internal damage characteristics of rocks, including nuclear magnetic resonance (NMR), scanning electron microscopy (SEM), acoustic emission (AE), energy dispersive spectroscopy (EDS), permeability measurement, the ultrasonic test, nitrogen adsorption and mercury intrusion [20,32,37,38,39,40,41,42,43,44,45,46]. However, these indirect tests cannot identify pore structures quantitatively, suffering from sample destruction and poor characterization capability. Some important features characterizing micropore structures cannot be captured, such as the three-dimensional (3D) spatial distribution of pores and throats, pore connectivity, fractal dimensions and pore size. In contrast to these methods, digital core technology is a nondestructive and more superior method for microstructural analysis of rocks, which benefits from presenting 3D spatial structures of the real pore-skeleton topology and providing corresponding data for quantitative analysis, and is thereby widely used in fields such as petroleum and geology analysis. Our predecessors conducted few preliminary investigations on the pore structures of coal subjected to LN2 cooling through digital core techniques [12,47,48,49]. Nevertheless, these preliminary studies were mainly focused on dry coal samples. Considering that rocks in reservoirs are generally saturated by water, further investigating the three-dimensional pore structure evolution of water-saturated rocks is of great significance to better understand the stimulation mechanisms of LN2 fracturing.



In the present paper, a high-resolution μ-CT scanning was performed on two rocks, i.e., tight sandstone and coal samples, before and after LN2 treatment. Three-dimensional micropore structures of rocks subjected to LN2 cooling were reconstructed and characterized quantitatively via digital core analysis, and rocks in both dry and water-saturated conditions were contrasted and analyzed to determine their differences in terms of microstructure evolution during LN2 cooling. This study is expected to offer insights into the microscopic damage mechanism of rocks induced by LN2 cooling at the pore-scale and provide some theoretical guidance for the engineering application of cryogenic nitrogen fracturing.




2. Materials and Methods


2.1. Sample Preparation


Coal and tight sandstone, collected from the major unconventional resource exploitation areas, were studied in this work. These samples were collected from the same coal mine and sandstone outcrop locations. Coal samples were collected from the Jincheng mining area, located in the southern Qinshui Basin, Shanxi Province, which is a significant area for coalbed methane development in China. Tight sandstone samples were collected from outcrops in Dayi County, western Sichuan Basin, which belongs to the Xu-3 member of the Upper Triassic Xujiahe Formation. It is a significant area for tight sandstone gas development in China. The Xujiahe Formation is divided into five members (T3x1~T3x5), with shale-dominated (T3x1, T3x3, T3x5) and sandstone-dominated T3x2, T3x4) layers serving as primary hydrocarbon source rocks and reservoir rocks, respectively [50,51]. The geographical locations of the coal mines and sandstone outcrops are illustrated in Figure 1. Further details on the Qinshui Basin and Sichuan Basin can be found in Refs. [52,53,54]. X-ray diffraction (XRD) analysis results for the rock samples are presented in Table 1. In addition, the proximate analysis indexes, vitrinite reflectance and organic macerals of coal samples were measured. As shown in Table 2, the Rmax (maximum reflectance), Rmin (minimum reflectance) and Ro (average reflectance) of the coal samples were 1.36, 0.91 and 1.14, respectively. The ash yield of coal samples was 12.95%, and the volatile content was 26.68%. Following the International Classification Standard of ISO 11760:2005 [55], the coal rank of the selected samples in this work is identified as Medium Ash Bituminous B. The organic macerals of the coal predominantly consist of vitrinite, accounting for 78% of the total, followed by inertinite at 22%, classifying it as moderately high vitrinite. Its mineral composition consists of clay minerals (46.0%), dolomite (31.2%), quartz (18.2%), etc. The sandstone samples are composed of quartz (50.90%), calcite (13.0%), dolomite (15.8%) and minor clay minerals. The main type of clay mineral is kaolinite and illite. Before the experiment, these samples were processed into cylinders with the dimensions of 5 mm in diameter and 10 mm in height, and dried for 24 h at the temperature of 80 °C in a muffle furnace. After this, CT scanning was conducted on these samples to acquire their original microstructures.




2.2. Experimental Setup and Procedures


2.2.1. Experiment Schedule


In total, four rock samples were used for the digital core analysis in this study, and they were divided into 2 groups, i.e., a dry group and a saturated group, with one coal sample and one sandstone sample in each group. The coal and sandstone samples in the dry group were labeled as C1# and S1#, while the samples in the saturated group were labeled as C2# and S2#, respectively. By comparing the pore structure evolution of samples C1# and S1# subjected to liquid nitrogen cooling, the sensitivity of the two rocks to liquid nitrogen thermal shock was studied. Samples C2# and S2# were saturated in the distilled water for 48 h under vacuum conditions to investigate the effect of pore water freezing during LN2 cooling. In summary, a total of eight micro-CT scanning experiments were conducted for the four aforementioned rock samples, and digital core analysis was carried out.



The experimental procedure of LN2 cooling of coal and sandstone samples was as follows:




	(1)

	
Initial micro-CT scanning experiments were conducted on both the dry and saturated group samples to obtain 2D slice images of the initial microscopic pore structure.




	(2)

	
Rock samples in both groups were immersed in a LN2 Dewar for 30 min and subsequently thawed at room temperature (about 25 °C) for 4 h.




	(3)

	
A second round of CT scanning experiments was performed on these samples to obtain 2D slice images of the post-treated pore structures.




	(4)

	
The visualization software AVIZO 9.0.1 was used to analyze the CT slice images before and after LN2 cooling, which could be stacked mathematically to reconstruct the 3D pore-skeleton structures following the procedure illustrated in Figure 2.










2.2.2. CT Scanning Setup


In this study, the high-resolution computed tomography (CT) inspection system YXLON FF35 was used to conduct the scanning. The working voltage and operating current were set to 100 Kv and 60 μA, respectively, with an exposure time of 20 s. The applied YXLON Panel 2530 detector has a detection range of 249 mm × 302 mm, with a frame rate up to 30 fps. X-ray CT scanning is a nondestructive method. It renders a detailed pore space structure while preserving the shapes of both pores and grains as well as their mutual configuration. When the sample is exposed to an X-ray beam, the energy of the X-ray attenuates due to the reflection, diffraction and absorption by the material. The degree of X-ray attenuation depends on the density of the material [56]. Based on the transmitted radiation received by the detectors, the detailed information about the internal structure of the target samples can be determined by Lambert–Beer’s law. The equation for this law is [57]:


  I =   I   0     e   − μ x    



(1)




where I0 is the intensity of X-rays before penetrating the sample, in ev/m2∙s; I is the intensity of X-rays after penetrating the sample, in ev/m2∙s; x is the X-ray penetration length, in cm; μ is the linear attenuation coefficient of the material, in g/cm.



In order to obtain useful images of the pore structures, the field of view (FOV) needs to be selected so that the pore-space components are resolved into more than one pixel/voxel [58]. Macroscopic structures and properties of interest for a sample can be characterized effectively if the size of the field of view (FOV) and corresponding reconstructed model is large enough. Nevertheless, an overlarge scanning area inevitably leads to the loss of resolution and an increase in the data size and associated computational burden. We scanned the coal and sandstone samples under different FOV sizes and analyzed the porosities of the reconstructed models (as shown in Figure 3). This indicated that the porosity remains constant with the increasing size of the FOV after reaching 600 μm. Hence, considering the mutual constraint of the FOV of an imaging instrument and its resolution, 1013 × 940 pixel images with a maximum resolution up to 1.12 μm were scanned in this study to meet the requirements of identification accuracy and representativeness. More than 1000 2D slices were derived in the CT scanning of each sample and stacked to produce virtual cut sections (multiplanar reconstruction) across the volume data set, which are able to present the micropore structures and corresponding parameters of the rock samples.





2.3. Digital Core Analysis


2.3.1. Image Enhancement and Denoising


The digital core analysis was performed on the scanning slices using Thermo Scientific Avizo software 9.0.1. The original CT images generally contained multisource system noises, which have a negative effect on the reconstruction of 3D digital cores. Thereby, necessary preprocessing operations were implemented to improve the quality of the images. We firstly removed the CT slices with scanning shadows at the top and bottom sections via image cropping, followed by the contrast enhancement of the images, making the difference in the gray scale between the matrix and pores become noticeable and allowing us to separate the pores and rock matrix more precisely. To remove image noise and increase the signal–noise ratio (SNR), the images were filtered based on smoothing algorithms. Three different smoothing algorithms, i.e., median filter, anisotropic diffusion filter and nonlocal means filter, were applied and contrasted in our work. As shown in the third column of Figure 4, the image processed by the nonlocal means filter is smoother and has fewer noise pixels as compared to those processed by the other two filters. In contrast, images smoothed by the median filter and anisotropic diffusion filter present obvious noise pixels, which could be misidentified as pore structures and result in remarkable over-segmentation or under-segmentation depending on the threshold setting. The pore structures highlighted in red in Figure 4 represent the outcome of adjusting the intensity range selection, which is a result of this thresholding segmentation method. When the intensity range was set to 7500–14,500 (third column of Figure 4), it was evident that the median and anisotropic diffusion filter presented over-segmentation due to the presence of noise pixels. When we decreased the intensity range to 7500–11,000 (fourth column of Figure 4), a significant amount of noise pixels was not selected, but it led to under-segmentation of the actual pore shapes due to the narrow threshold range. In comparison, we found that adjusting the intensity range to 7500–14,500 on the image processed with the nonlocal means filter ensures the selection of the actual pore shapes while guaranteeing minimal noise interference. Therefore, the nonlocal means filter shows a good performance in identifying pore structures (red areas) in CT images when rational thresholds are set, and thereby was employed for the CT image denoising in this study.




2.3.2. Image Recognition and Segmentation


Image segmentation is an essential step for the 3D reconstruction of rock samples, which involves converting a gray-scale multiphase image into two or more unique well-defined phases. In this study, an interactive threshold segmentation approach was employed, in which segmentation was implemented by selecting one or more gray values from the image pixels as the threshold values. Such an approach can be regarded as a binarization process in essence. Image segmentation can be achieved by setting two thresholds T1 and T2, as illustrated in Equation (2):


  g   x , y   =       0 ,                   f   x , y   ≥   T   2     or   f   x , y   ≤   T   1         1 ,                     T   1   ≤ f   x , y   ≤   T   2          



(2)




where f(x, y) represents the initial gray level of the pixels (x, y), and g(x, y) represents the gray level of the pixels after binarization. Gray levels of pixels between the lower threshold T1 and the upper threshold T2 are considered as pores marked with 1, while pixels ≥ T2 or ≤T1 are considered as the matrix or minerals marked with 0. A rational threshold value is crucial for accurate segmentation. By comparing with the experimentally tested porosity, careful and repetitious trials were conducted to find proper upper and lower thresholds. For sandstone, there is an obvious difference in gray values between minerals and pore structures; thus it is easy to find the proper thresholds to identify and segment pore-skeleton structures effectively. In contrast, coal is a typical pore-fracture medium, and gray values of the narrow fractures do not significantly differ from that of the surrounding matrix. Consequently, the interactive threshold segmentation approach alone is insufficient to adequately identify the fracture structures in coal samples. Hence, a joint approach combining the binary segmentation and the manual edition of the new label field was adopted for the coal samples in our work (as illustrated in Figure 5). In this approach, the pore structures were segmented by the interactive threshold, while the fracture structures were extracted by the manual edition. Afterwards, the 3D pore-fracture structure of coal samples were obtained by combining the separately segmented images and subsequently taking the union set of extraction fields. Based on the segmentation results, the 3D pore structures were labeled and analyzed.






3. Results and Analyses


3.1. Micro-Failure Characteristics


The 2D CT slices shown in Figure 6 and Figure 7 give visual evidence of the effect of LN2 cooling on the micro-failure characteristics inside the rocks. Herein, we converted the original gray-scale CT images into color images to better identify the micro-failure structures. In these images, the light red color corresponds to low gray value, representing highly radioactive minerals, while dark blue corresponds to high gray value, representing the pore-fracture structures. Note that coring and CT scanning caused numerous defects and scanning shadows, resulting in inconsistent image sizes of dry sandstone S1# and dry coal rock C1#. However, this does not affect our ability to accurately obtain representative pore structure images. This is because, under the condition of ensuring representativeness, the scanning size required for coal samples is smaller than that for sandstone samples (as shown in Figure 3). Before LN2 cooling, the sandstone is tight with just a few isolated small pore spaces. Mineral particles in the rock are closely cemented. Nevertheless, noticeable microcracks and large pore spaces can be found in the sandstone after LN2 cooling, as shown in Figure 6, substantiating that LN2 cooling induces remarkable damage in the rocks and changes the pore structures significantly. At the micro level, there are two typical failure modes for sandstones subjected to LN2 cooling, i.e., intergranular cracking and innergranular cracking. As compared to the intragranular cracks, it seems that the sandstone prefers to fail in the intergranular cracking mode. Most micro-failures preferentially occur at the boundaries between mineral particles, and the number and the size of intergranular cracks are greater than those of intragranular cracks. Hence, intergranular cracking is considered to be the dominant failure mode in the damage of rocks subjected to LN2 cooling, which is consistent with previous studies [32]. In contrast to the sandstone, pore structures are less developed in the coal, as shown in Figure 7, and there are no obvious cemented grains. The damage to coal samples is characterized by the failure of bedding structures, which act as weak planes during LN2 cooling. Rapid cooling of LN2 could induce great stretching thermal stress, which promotes the initiation of the microcracks in the rocks, thereby improving the permeability of coal and the stimulation performances.




3.2. Pore Morphology and Spatial Distribution


Figure 8A,B show the 3D pore structures of dry sandstone S1# and dry coal C1# before and after LN2 cooling treatment. It can be seen that the pores of the original dry sandstone S1# are relatively small and distributed in a scattered manner in space, as shown in Figure 8A. After LN2 cooling, pore size increases significantly, and the distribution of pores becomes denser, forming more large-sized connected strip-shape and bundle-like pore structures. Unlike the sandstone, the microstructures of the original coal sample C1# shown in Figure 8B give priority to isolated pores at the microscale, with worse connectivity. The number of micropores increases greatly after LN2 cooling, and many adjacent isolated small pores are connected to form pores with larger sizes. New fractures develop along the bedding planes in the coal, which play a major role in enhancing the permeability. Although LN2 cooling can induce damage in both sandstone and coal samples, the characteristics of pore morphology and spatial distribution changes are quite different.



To determine the changes in pore morphology and spatial distributions, we counted the feature parameters of pores before and after LN2 cooling, and the scatter distributions of pores at different sizes against the aspect ratio are plotted in Figure 9A–D. Herein, the color representation in the plot is used to indicate the distribution intensity of data points. Specifically, the red area represents the density of the data distribution, and the blue area represents the sparseness of the data distribution. The aspect ratio is defined as the ratio of the maximum Feret diameter to the minimum Feret diameter. Generally, the geometric morphology of pores can be divided into three categories based on the aspect ratio, i.e., strip-shape pores with a ratio > 3, bundle-like pores with a ratio 1.5~3 and a spherical pore with a ratio 1~1.5. The 3D spatial distributions of pores are generally characterized by the connected strip-shape and bundle-like pores, accompanied with many spherical isolated pores. LN2 cooling expands the distribution range of pore diameter and aspect ratio significantly for both rocks. Before cooling, the aspect ratio of sandstone and coal is distributed in the range of 1~8 and 1~6.5, respectively, while the aspect ratio’s range grows to 1~22 and 1~11, respectively, after LN2 cooling. Coal, by contrast, is more sensitive to LN2 cooling, with more noticeable changes in pore size and aspect ratio. This fact can be inferred from the statistic porosity data illustrated in Figure 9E. After LN2 cooling, the porosity of coal sample C1# grows by 307.7%, which is 291% higher as compared to that of sandstone S1#.



To better identify the changes in pores at different scales, we categorized pores as small pore (<10 μm), mesopore (10~70 μm) and macropore (>70 μm) based on the equivalent diameter in this work. According to the scatterplots shown in Figure 9A–D, small pores with an equivalent diameter < 10 μm are distributed with the greatest density for both sandstone and coal, substantiating that the number of isolated small pores is the greatest for both rocks. The sandstone S1# has relatively larger pores, with mesopores accounting for the highest proportion (60.7%) as shown in Figure 10A. There are a few macropore structures with equivalent diameters over 100 μm, and the maximum pore size reaches 130 μm. In contrast, coal is dominated by small pores with a diameter < 10 μm, accounting for 74% in volume proportion. After LN2 cooling, the volume proportion of macropores in sandstone increases by 15%, while the proportion of small pores and mesopores shows a relative decrease, indicating that LN2 cooling promotes the expansion and connection of small pores to create more macropores or fractures. For coal sample C1#, although the number of small pores grows remarkably after LN2 cooling, the volume proportion decreases. The mesopore shows a slight growth in volume proportion. Regarding the pore morphology, original sandstone and coal samples are dominated by bundle-like pore structures, with both frequency and volume proportion accounting for more than 80% as shown in Figure 10B. The volume proportion of bundle-like pores increases greatly in the sandstone S1# after LN2 cooling, while other pores decrease. Unlike the sandstone, the micro-failure of coal C1# behaves similarly to the remarkable growth of strip-shape pores with an aspect ratio > 3 and isolated spherical pores with an aspect ratio 1~1.5, substantiating that LN2 thermal shock not only creates new pores but promotes the nucleation and convergence of primary pores to generate fracture structures.



Shape factor and fractal dimension are important feature parameters for porous materials such as rocks, and are commonly used to describe the regularity and roughness of pore morphology. The closer the shape factor is to 1, the more regular the pore structure. When the shape factor deviates from 1, the pore presents a more irregular and more complicated shape with more extended branches. Small pores generally present a relatively regular shape with a low shape factor, while large pores and fractures have greater shape factors. Figure 11A shows the volume proportions of pores with different shape factors in dry sandstone and coal samples before and after LN2 cooling. The distribution curves of pore shape factors are basically the same, ranging from 0 to 3000. There are three noticeable peak intervals at the shape factor ranges of 0~1.5, 3~5 and 10~3000, and pores with the shape factor between 0 and 1.5 account for the largest proportion. After LN2 cooling, the proportion of pores with a shape factor >100 increases sharply, suggesting a growing trend in the irregularity of pore structures. For coal sample C1#, in addition to the pores with a shape factor > 100, the proportion of pores with shape factor 0~1 is multiplied greatly after LN2 cooling, further indicating the generation of new micropores with a regular shape. Figure 7B contrasts the 3D fractal dimensions of sandstone S1# and coal C1# before and after LN2 cooling. The fractal dimension is calculated by Equation (3) [59]:


  l n       V   r       V   m a x       =   3 − D     ln  ⁡    d     −   3 − D   l n (   d   m a x   )  



(3)




where D is the fractal dimension; Vr and Vmax represent the pore volume and the total pore volume with the equivalent diameter of the pore smaller than r, respectively; Vr/Vmax is the cumulative pore volume fraction (in %); and dmax is the maximum pore diameter (in μm). The fractal dimension is an effective indicator to evaluate the roughness of pore surfaces, indicating how complex the surface is and how it fills the space. The less smooth the surface is, the bigger the fractal dimension. As shown in Figure 11B, the fractal dimensions of pores grow by 11.7% and 0.87% after LN2 cooling for C1# and S1#, respectively. It seems that the influence of LN2 cooling on the fractal dimensions of sandstone is not remarkable when compared to that of coal, which agrees with previous analysis.



LN2 cooling has a great impact on pore connectivity and corresponding transport probability. To quantitatively characterize the connectivity of pores, the Pore Network model (PNM) was employed to reconstruct pore–throat structures, as shown in Figure 12 (more detailed information of PNM in Appendix A). Branching or endpoints of the network were defined as pores, while the lines connecting them were referred to as throats. Throats in the sample S1# are small before cooling, and there are no throat structures in the sample C1#. After cooling, more large-sized pores and throats appear in the rocks, indicating that the permeability and connectivity improves significantly. According to the statistical data shown in Figure 13A, the diameter and channel length of throats in the sandstone are mainly distributed in the range of 3~35 μm and 27~165 μm before LN2 cooling. However, after LN2 treatment, the maximum diameter and channel length expand to 57 μm and 209 μm respectively, and the median throat diameter d50 of sandstone increases by 29.8% as illustrated in Figure 13B. Regarding the coal sample C1#, although no throat structures were found in the original sample, remarkable micro-failures were induced by LN2 cooling, creating throats with a median diameter of 10.64 μm.



In addition, pore connectivity can also be directly reflected by coordination number. Figure 13C shows the comparison of the proportion of pores with different coordination numbers. The isolated pores with a coordination number 0 occupied the majority for both rocks, accounting for more than 99%. There is a negative correlation between the proportion and the coordination number of pores. Compared with the sample C1#, S1# has greater pore connectivity and a higher value of coordination number. After LN2 cooling, the proportion of connected pores with the coordination number ≥ 1 increases by 25.3% in sample S1#, and the maximum value of the coordination number in sample C1# increases from 0 to 3, further verifying the effect of LN2 cooling on the enhancement of pore connectivity. Figure 13D plots the variation in the coordination number against pore diameter. It is indicated that most small pores are isolated with a coordination number of 0 regardless of rock type, while bundle-like mesopores and stripped macropores have a coordination number ranging from 0 to 4 and 0 to 5, respectively. Although the effect of LN2 on the coordination number is not consistent for different types of pores, the coordination number and connectivity of pores is always positively correlated to the scale of the pore.




3.3. The Influence of Pore Water


Water saturation is an important factor influencing the damage of rocks subjected to LN2 cooling. Rock is a porous medium that is generally saturated by water under in situ conditions. Due to the freezing and expansion of pore water at low temperature, the damage degree and pore structure evolution characteristics of water-saturated rock under liquid nitrogen cooling are significantly different from those of dry rocks. We reconstructed and compared the 3D pore structures of water-saturated sandstone S2# and coal C2# before and after LN2 cooling, as shown in Figure 14A,B. Similar to the dry rock samples, the water-saturated rock samples also show a dramatic growth in the number and size of pores after LN2 cooling. For the saturated coal sample C2#, the damage is significantly enhanced, even creating a fracture extending throughout the entire sample. The length and width of this fracture (as shown in Figure 15) are significantly greater than those of the dry rock sample shown in Figure 7. Moreover, it is noted that the propagation direction of this fracture is basically parallel to the distribution direction of the vein represented in red in the 2D slices, indicating that the fracture preferentially develops along the bedding plane under LN2 cooling.



For the water-saturated sandstone S2#, the bundle-like pores with the aspect ratio ranging from 1.5 to 3 account for the majority of the total number, as illustrated in Figure 16. Both the aspect ratio and pore diameter increase dramatically after LN2 cooling. Figure 17A compares the porosity growth of the dry and saturated samples. It is evident that the variation in the pore structure is more significant for saturated rock samples as compared to dry rock samples. It is seen that the porosities of the saturated sandstone S2# and coal sample C2# increase by 22.6% and 490.4%, respectively, which are 5.6% and 186.6% higher as compared to S1# and C1#. Coal is more sensitive to water saturation and subsequent LN2 cooling.



In fact, the effects of LN2 cooling on various types of pores are different under saturated and dry conditions. As shown in Figure 17B, for saturated and dry sandstone, the variation trend of meso- and macropores stays the same. Nevertheless, unlike the dry sandstone C1#, the count of small pores increases drastically, indicating a large number of new pores are created in water-saturated sandstone C2# under LN2 cooling. For both dry and saturated coal samples, small pores and mesopores show an increasing trend after cooling. What differs for dry coal is that some macropore structures larger than 70 microns are formed in water-saturated coal. Although the macropores account for only a small proportion in the total count, the increment in volume proportion is significantly higher than that of other pores. Therefore, the generation of macropores is the main contributor to porosity growth during LN2 cooling. Figure 17C plots the variation in the volume proportion against pore shape factor. Similar to the dry sandstone S1#, the water-saturated sandstone S2# shows an increase in the volume proportion of pores with high shape factors (>100). For coal samples, due to the intrinsic development of bedding planes, the structures of pores and fractures become more complex after cooling, and the volume proportion of pores with a high shape factor (>100) increases significantly. In terms of the roughness of pores and fractures, the fractal dimensions of pores and fractures in saturated rock samples are basically at the same level as that of dry rock samples, as illustrated in Figure 17D. The fractal dimension grows after LN2 treatment, and the growth rate of coal samples C2# is remarkably higher than that of sandstone samples S2#, which is consistent with that of dry samples.



Figure 18 shows the pore–throat structures of water-saturated sandstone S2# and coal C2# before and after LN2 cooling. It is seen that the number and size of throats formed in saturated rocks are significantly larger than those formed in dry rocks. According to the statistical data shown in Figure 19A,B, after LN2 cooling, the maximum diameter and channel length of throat structures in S2# increase by 83.9% and 11.2% respectively, and the median throat diameter d50 increases to 26.8 μm as illustrated in Figure 19B. For the water-saturated coal sample C2#, the maximum throat length and median diameter reach 492 μm and 29.5 μm, which are 1.66 times and 1.77 times higher than those of dry coal sample C1#, respectively. Regarding the coordination number, as shown in Figure 19C,D, although the proportion of pores with coordination number 1 in sandstone and coordination number 1–3 in coal reduces slightly after LN2 cooling, the number of these pores does not actually decrease. The reduction in the proportion of pores with a low coordination number is mainly attributed to the dramatical growth in pores with a high coordination number. LN2 cooling has a more significant impact on the water-saturated coal. The maximum coordination number of sample C2# increases from 3 to 8, which is much higher than those of C1# and S2#. Moreover, for both the dry and water-saturated rock samples, small pores always exist in an isolated pattern with a coordination number of 0. Meso- and macropores of C2# and S2# have a greater coordination number than C1# and S1# do, further substantiating that pore water can aggravate the damage to rocks during LN2 cooling and enhance the pore connectivity significantly.





4. Discussion


Thermal stress is the primary cause of micro-failures during liquid nitrogen cooling. Rock is a mixture composed of various minerals. Since these minerals generally differ from each other in thermo-physical properties and mechanical properties, thermal deformations between neighboring minerals are mismatched in the LN2 cooling process, thereby resulting in thermal stresses, destroying the cementations and generating inter-granular cracks along mineral boundaries. Differing from intergranular cracking, intragranular cracking is attributed to the strong anisotropy of physical properties of one particular mineral. The difference in the thermo-physical properties along different axes causes a deformation mismatch inside the mineral particles and thereby creates intragranular cracks. Quartz is a crucial mineral, which plays a dominant role in the micro-failures during LN2 cooling [24]. Since quartz has a significantly higher thermal expansion coefficient as compared to other minerals, stronger local thermal stresses can be induced at the boundaries between quartz and other minerals. Hence, intergranular cracks are preferentially developed at quartz boundaries. Moreover, the thermal expansion coefficient of quartz vertical to the c axis is about two times higher than that parallel to the c axis [21]. Intra-granular cracks can also be found in quartz minerals. According to the XRD test results illustrated in Table 1, the sandstone sample used in our work is rich in quartz mineral, accounting for more than 50% of its composition. This explains why the microstructures of the sandstone have a significant response to LN2 cooling.



Nevertheless, unlike sandstone, the cracking of bedding planes induced by thermal stress is the primary failure mode of coal. During LN2 cooling, the bedding planes act as weak planes due to the poor cementation, and they prioritize initiation and propagation under thermal stress. Since coal generally has lower strength and develops many weak planes, LN2 cooling has a more significant impact on its pore structures, resulting in greater porosity growth and conductivity enhancement as compared to other rocks.



In contrast to the dry rocks, the damage mechanism is quite different for water-saturated rock subjected to LN2 cooling. According to the quantitative analysis in Section 3, LN2 cooling causes greater damage to water-saturated samples, generating more large-sized pores and throats as compared to dry rocks. Rock is a porous medium generally saturated by water under in situ conditions. During LN2 cooling, pore water has a phase transition from water to ice, causing the volume of pore water to expand significantly. Under the atmosphere condition, the volume expansion induced by phase transition can reach 9%. Meanwhile, due to the existence of connected pores and throats in the rock, the frontal ice gradually extends into the core in the freezing process, squeezes the internal pore water, boosts the pore pressure and thereby destroy the cementation between mineral particles. Joint actions of volume expansion induced by phase transition and the boosting pressure of internal pore water should be responsible for the damage aggravation of water-saturated rocks subjected to LN2 cooling.



In summary, we investigated the microstructure evolution of rocks subjected to LN2 cooling, which is a great and fundamental concern of the application of LN2 fracturing. Pore-scale imaging and characterization were performed on tight sandstone and coal specimens subjected to LN2 cooling using computed tomography scanning. Compared with the previous methodologies such as NMR, SEM and physical and mechanical properties tests, this study reveals the internal damage mechanism of rock subjected to LN2 cooling through more intuitive micro-scale evidence. However, although we obtained some new insights into the microscopic mechanism of rock subjected to LN2 cooling, there are still some limitations or shortcomings in this study. For instance, we only studied the sensitivity of rock properties and states to LN2 thermal shock, and obtained the formation applicability of liquid nitrogen fracturing. However, in the field application of LN2 fracturing technology, the parameters such as the cooling treatment time and cycle number of LN2 are critical factors affecting the reservoirs’ stimulation performance. Additionally, due to the high scanning accuracy, this study obtained high-resolution imaging of micro-scale cores in tight sandstone and coal specimens, but the corresponding rock reconstruction volumes are relatively small, and so it is difficult to comprehensively represent the structural features of macro-scale cores. While our study did not cover these aspects, they offer significant guidance for future investigations. In the future, we will further explore the characteristics of rock damage under different LN2 treatment parameters. Furthermore, a multiscale and multicomponent method will be used to reconstruct the macro-scale and high-precision structure of the digital core model. This approach aims to provide valuable insights into the practical application of LN2 fracturing technology.




5. Conclusions


In this paper, we performed a high-resolution μ-CT scanning on sandstone and coal samples before and after LN2 cooling. Three-dimensional pore structures were reconstructed and characterized to analyze the effect of LN2 cooling quantitatively, and rocks in both dry and water-saturated conditions were contrasted to determine the influence of water saturation on pore structure evolution during LN2 cooling. The main conclusions are summarized as follows:




	
LN2 cooling causes rock damage and significantly changes the three-dimensional pore structures of rock. After cooling, both intergranular and intragranular cracking appeared in the sandstone, while macroscopic cracks parallel to bedding appeared in the coal rock. The porosity and connectivity in the rock were greatly improved. As compared to the sandstone, coal is more sensitive to LN2 cooling, with more noticeable changes in pore–throat size, aspect ratio and fractal dimensions. After LN2 cooling, the porosity of coal grows by 307.7%, which is 291% higher as compared to that of sandstone.



	
LN2 cooling has a great effect on the morphology and spatial distribution of pore structures, increasing pore diameter and aspect ratio greatly. There is a growing trend in the irregularity of pore structures after LN2 cooling. The proportion of pores with a shape factor > 100 increases sharply, and more bundle-like and strip-shape pores that are multi-branched are generated, intensifying the complexity and roughness of pores. The fractal dimensions of the pores of sandstone and coal grow by 11.7% and 0.87% after LN2 cooling, respectively.



	
LN2 cooling can enhance the pore connectivity significantly. More large-sized pores and throats appeared in the rocks, the proportion of connected pores with the coordination number ≥ 1 increased by 25.3% in the sample S1# and the median throat diameter d50 increased by 29.8%. The maximum value of the coordination number in the sample C1# increased from 0 to 3, although no throat structures were found in the original sample, creating throats with a median diameter of 10.64 μm after LN2 cooling.



	
Pore water aggravates the damage to rocks during LN2 cooling, improving pore space and enhancing the connectivity significantly. The porosities of the saturated sandstone S2# and coal sample C2# increases by 22.6% and 490.4%, respectively, which are 5.6% and 186.6% higher as compared to dry samples. The meso- and macropores of water-saturated rocks have a greater coordination number than dry rocks. The generation of macropores is the main contributor to porosity growth during LN2 cooling. Although the macropores account for only a small proportion in the total number, the volume proportion increment of them is significantly higher than that of other pores.
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Appendix A


To quantitatively analyze the morphological characteristics of pore structures and the connectivity between pores, the Label Analysis module and Generate Pore Network Model were used to analyze the extracted pore structure in our work. The Label Analysis module can be used to obtain the volume, surface area, pore diameter, shape factor, fractal dimension, number of voxels, etc., individually for each separate particle. The Generate Pore Network Model can output the Pore Network Model (PNM) corresponding to the pore structure. Branching or endpoints of the network were defined as pores, while the lines connecting them were referred to as throats. The PNM can provide some important parameters, such as the number of pores, the number of throats, the coordination number, and the throat length. The significance of each parameter in characterizing pore morphology and spatial distribution is shown as follows:



Porosity: the ratio between the volume of pore structures and the volume of the rock (number of pixels in pore structures/number of pixels in the entire rock).



The volume of pores and throats corresponds to the number of voxels of pores and throats, multiplied by the volume of a single voxel.



Shape factor: This is commonly used to evaluate the complexity of the pore space. When the shape factor approaches 1, it indicates that the shape of the pore is closer to a perfect cube; when the shape factor deviates from 1, it indicates that the shape of the pore is more irregular and more complicated.



Fractal dimension is an indicator to measure and compare the roughness of a surface. The less smooth the surface is, the bigger the fractal dimension. It can also be interpreted as a quantification of how complex the surface is and how it fills the space.



The coordination number is defined as the number of throats connected to neighboring pore bodies.



The throat length is defined as the distance from the pore center to another pore.
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Figure 1. Location of the coal and sandstone samples used in this study. 
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Figure 2. Experimental procedure and digital core analysis. 
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Figure 3. Porosities of coal and sandstone samples scanned at different areas against the size of FOV. 
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Figure 4. Comparison of filtering performances of different smoothing algorithms. Red areas in the images represent the segmented pores. 
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Figure 5. The image segmentation process of pore-fracture structures’ extraction in coal sample. 
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Figure 6. Micro-failure characteristics of sample S1# before and after LN2 cooling. 
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Figure 7. Micro-failure characteristics of sample C1# before and after LN2 cooling. 
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Figure 8. Three-dimensional reconstruction of pore structures in dry rock samples before and after LN2 cooling. (A) Sandstone sample S1#; (B) coal sample C1#. 
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Figure 9. Impact of LN2 cooling on the microstructures and porosities of S1# and C1# samples: (A–D) pore size and aspect ratio scatterplot; (E) porosity comparison. 
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Figure 10. Changes in count and volume proportion of different types of pores before and after LN2 cooling. (A) Pores at different scales; (B) pores at different aspect ratios. 
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Figure 11. Shape factor and 3D fractal dimension of pores in dry sandstone S1# and coal C1# before and after LN2 cooling. (a) Volume proportions of pores with different shape factors; (b) comparison of the 3D fractal dimensions of pores. 






Figure 11. Shape factor and 3D fractal dimension of pores in dry sandstone S1# and coal C1# before and after LN2 cooling. (a) Volume proportions of pores with different shape factors; (b) comparison of the 3D fractal dimensions of pores.
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Figure 12. Pore–throat skeleton of dry rock samples before and after LN2 cooling. (A) Sandstone sample S1#; (B) coal sample C1#. 
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Figure 13. Connectivity parameters of pore structures. (A) Scatterplot of throat diameter against channel length; (B) cumulative distribution curve of throat diameter; (C) proportion of pores with different coordination number; (D) coordination number ranges of pores with different diameters. 






Figure 13. Connectivity parameters of pore structures. (A) Scatterplot of throat diameter against channel length; (B) cumulative distribution curve of throat diameter; (C) proportion of pores with different coordination number; (D) coordination number ranges of pores with different diameters.
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Figure 14. Three-dimensional reconstruction of pore structures in water-saturated rocks before and after LN2 cooling. (A) Water-saturated sandstone S2#; (B) water-saturated coal C2#. 
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Figure 15. Micro-failures inside the water-saturated coal C2# after LN2 cooling. 
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Figure 16. Scatterplot of pores at different sizes against aspect ratio for water-saturated samples S2# and C2# before and after LN2 cooling. (A) sandstone S2# before LN2 cooling treatment; (B) sandstone S2# after LN2 cooling treatment; (C) coal C2# before LN2 cooling treatment; (D) coal C2# after LN2 cooling treatment. 






Figure 16. Scatterplot of pores at different sizes against aspect ratio for water-saturated samples S2# and C2# before and after LN2 cooling. (A) sandstone S2# before LN2 cooling treatment; (B) sandstone S2# after LN2 cooling treatment; (C) coal C2# before LN2 cooling treatment; (D) coal C2# after LN2 cooling treatment.
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Figure 17. Changes in the feature parameters of pore structures in water-saturated samples after LN2 cooling. (A) Comparison of porosity growth rate between dry and water-saturated rocks; (B) count and volume changes in pores at different scales; (C) volume proportion distribution of pores against shape factor; (D) 3D fractal dimensions of pores before and after LN2 cooling. 






Figure 17. Changes in the feature parameters of pore structures in water-saturated samples after LN2 cooling. (A) Comparison of porosity growth rate between dry and water-saturated rocks; (B) count and volume changes in pores at different scales; (C) volume proportion distribution of pores against shape factor; (D) 3D fractal dimensions of pores before and after LN2 cooling.
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Figure 18. Pore–throat structures of (A) water-saturated sandstone S2# and (B) water-saturated coal C2# before and after LN2 cooling. 
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Figure 19. Throat parameters of water-saturated rocks. (A) Comparison of the ranges of throat diameter and channel length of water-saturated rocks before and after LN2 cooling; (B) comparison pf the cumulative distribution curve of throat diameter between dry samples and water-saturated samples; (C) proportion of pores with different coordination numbers in the water-saturated samples; (D) comparison of the coordination number ranges of pores with different diameters between dry samples and water-saturated samples. 






Figure 19. Throat parameters of water-saturated rocks. (A) Comparison of the ranges of throat diameter and channel length of water-saturated rocks before and after LN2 cooling; (B) comparison pf the cumulative distribution curve of throat diameter between dry samples and water-saturated samples; (C) proportion of pores with different coordination numbers in the water-saturated samples; (D) comparison of the coordination number ranges of pores with different diameters between dry samples and water-saturated samples.
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Table 1. XRD analysis of rock samples.






Table 1. XRD analysis of rock samples.





	Mineral
	Q
	K
	Pl
	Ca
	D
	Py
	B
	C





	Sandstone
	50.6%
	1.2%
	3.2%
	13.0%
	15.8%
	-
	-
	16.2%



	Coal
	18.2%
	-
	-
	-
	31.2%
	1.2%
	3.4%
	46.0%







Q: quartz; K: K-feldspar; Pl: plagioclase; Ca: calcite; D: dolomite; Py: pyrite; B: barite; C: clay minerals.













 





Table 2. Basic parameters of coal samples.






Table 2. Basic parameters of coal samples.





	

	
Rmin

(%)

	
Ro

(%)

	
Rmax

(%)

	
Proximate Analysis

	
Maceral Content

	
Coal Rank




	
Fixed Carbon

(%)

	
Moisture

(%)

	
Ash Yield

(%)

	
Volatile

(%)

	
Vitrinite

(%)

	
Inertinite

(%)






	
Coal

	
0.91

	
1.14

	
1.36

	
57.38

	
2.99

	
12.95

	
26.68

	
78

	
22

	
Bituminous B
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