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Shale is a typical source rock and reservoir rock for oil and gas production. Accurate estimation of its mechanical properties and creep behavior is challenging due to the multiphase and multiscale structure of this rock. In this study, we conducted X-ray diffraction, organic geochemical analysis, and nanoindentation tests on Niutitang shale samples collected from outcrop in the north of Sichuan Province and a shallow well drilled in Guizhou Province, China, to investigate Young’s modulus (E) and contact creep modulus (C) at different scales. To upscale these parameters, we used the Voigt-Reuss-Hill (VRH) model; and analyzed the controlling factors on the variations of mechanical and creep properties for these shales. The results showed that the E of organic matter of the Niutitang Formation shales varied slightly, while the hardness (H) and C varied widely. Grid nanoindentation and k-means clustering revealed three mechanically distinct clusters for these Niutitang Formation shales, with the softest phase being the clay matrix phase, with E, H, and C values of 26.6–52.0, 1.7–3.1, and 869–1945 GPa, respectively. Based on the VRH model, the E and C values of the Niutitang shale are 25.8–43.6 and 1131–2643 GPa, respectively. The constituent content has a relatively stronger controlling effect on the contact creep modulus than the Young’s modulus for the Niutitang Formation shale. This study will help us optimize hydraulic fracture design and evaluate well stability, as well as assess the fracturability and recovery potential of Niutitang shale reservoirs, thereby guiding the efficient development of its shale gas.
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1 INTRODUCTION
Due to advances in technologies such as horizontal drilling and multistage hydraulic fracturing, unconventional shale oil and gas production has received considerable attention (Wang et al., 2017; Yuan and Wang, 2018). The successful application of these methods requires an adequate understanding of the mechanical and creep properties of shale. Traditional macroscopic mechanical testing methods, such as uniaxial and triaxial compression tests, help to understand the macroscopic mechanical or creep properties of rocks. However, they require relatively large and high quality core samples, and coring is difficult and costly (Alramahi and Sundberg, 2012; Sone and Zoback, 2013), and cannot reflect the multiphase heterogeneous properties of shale mechanics. Therefore, nanoindentation techniques have been gradually introduced into the micromechanical characterization of geological rocks (Kumar et al., 2012a; Ulm and Abousleiman, 2006; Wang et al., 2022a; Wang et al., 2022b; Yang et al., 2020).
Nanoindentation technology was initially used mainly to obtain mechanical parameters of rock composition phases (Zeszotarski et al., 2004). In theory, the mechanical or creep data measured by nanoindentation can only represent the microscopic scale of rock mechanics and cannot be directly used as the macroscopic mechanics of rocks. As a result, some scientists have subsequently conducted scale upscale studies on the mechanics or creep of rock micromechanics (Charlton et al., 2021; Goodarzi et al., 2017; Li et al., 2018; Liu K. et al., 2018; Liu et al., 2024a; Liu et al., 2024b; Liu et al., 2024c; Luo et al., 2021; Wang et al., 2023). In particular, they used homogenization models established for polymers in materials science, such as Mori-Tanaka (MT) (Mori and Tanaka, 1973), Self-Consistency (SC) (Berryman, 1980) and Voigt-Reuss-Hill Mean (VRH) (Hill, 1952), to estimate rock mechanics or creep properties at the macroscopic scale, and these models have a certain feasibility. In addition, the mechanical behavior of organic-rich shales is closely related to their composition and structure. For the multi-scale structure of shale, it can be divided into four levels from the nanoscale to the macroscale (see the multiscale structure in Figure 1) (Wang et al., 2024b). i.e., level III refers to the centimeter shale sample; Level II refers to the clay matrix (or clay minerals) mixed with brittle minerals (e.g., silt size quartz or feldspar grains); Level I refers to the organic matter (OM), porous clay minerals, and clay matrix in the shale; Level 0 refers to the unit of OM or clay minerals. Among them, the OM in shale can not only produce oil/gas, but also affect the macroscopic mechanical behavior of the shale, especially for shale rich in organic matter (e.g., total organic carbon (TOC) content ≥10%). In addition, shale is formed by the compaction, dehydration and cementation of clay minerals. Fine grained plate-like clay mineral particles can form a clay matrix (Level II in Figure 1) with other relatively smaller sized minerals such as carbonate minerals, pyrite and OM (Hornby et al., 1994; Liu Y. et al., 2022; Luo et al., 2020; Luo et al., 2021). The clay matrix can also greatly influence the mechanical and creep properties of blocky shales. Therefore, a comprehensive study of the mechanical and creep properties of OM, clay matrix, and the shale as a whole at the micro-scale is crucial for the development of physical rock mechanics models.
[image: Figure 1]FIGURE 1 | Schematic diagram of multi-scale structure for the Niutitang Formation shale. From top to bottom, level III refers to the centimeter shale sample, and the bedding plane is approximately horizontal. Level II refers to the clay matrix (or clay minerals) mixed with brittle minerals (e.g., silt size quartz or feldspar grains); Level I refers to the OM, porous clay minerals, and clay matrix in the shale; Level 0 refers to the unit of OM or clay minerals. Modified from Wang et al. (2024b).
Previous work has been carried out on the Young’s modulus (E) or contact creep modulus (C) of organic matter, clay matrix and the bulk shale from upscaling method, including Bakken Formation (Li et al., 2018); Wufeng-Longmaxi Formation (Wang et al., 2023); Marcellus, Haynesville, Antrim, Barnett, and Woodford formation (Slim et al., 2019), Posidonia formation (Charlton et al., 2021) and so on. However, for the over mature and high organic carbon content Niutitang shale, previous studies have mostly focused on the macromechanical properties through compressive strength and acoustic emission tests to discuss the main controlling factors of the geomechanical properties for this formation (He et al., 2022; Liu et al., 2018b). There is little research on the micro-mechanics (Lei et al., 2025) or creep behavior, especially the transition from micro-creep in components to micro-creep behavior in the bulk shale, which is almost blank. On the one hand, unlike shale gas formations located in tectonically stable regions, such as North America, the overmature marine Niutitang shale gas reservoirs in southern China have been altered by numerous tectonic events over multiple time periods, resulting in the formation of a significant number of intricate deformation structures, while being one of the key layers for shale gas exploration in the Middle and Upper Yangtze regions and an important reservoir for shale gas resources in China (Yu et al., 2022; Zou et al., 2013). On the other hand, due to the multi-scale heterogeneity of the shale and the easy fragmentation of the black shale in the Niutitang Formation during sampling, the understanding of the mechanical and creep properties of different types of Niutitang Formation shale is limited. Therefore, from a microscopic perspective, to obtain the variation of mechanical properties and creep behavior for OM, the clay matrix and bulk shale are crucial for the efficient development of this formation.
In this work, eight shales from the Niutitang Formation, China, were analyzed using a combination of experimental, statistical, and theoretical methods. High resolution optical microscopy, X-ray diffraction (XRD) and nanoindentation measurements, and mechanical upscaling based on the VRH model were carried out. The objectives of this study are 1) to obtain the mechanical properties and creep behavior of OM, clay matrix and upscaling mechanical parameters of Niutitang shale from the VRH model, and 2) to discuss the effect of mineralogy and organic matter on the mechanical properties and creep behavior of Niutitang shale samples. This study will help us to optimize hydraulic fracture design and evaluate well stability, as well as assess the fracturability and recovery potential of Niutitang shale reservoirs, thereby guiding the efficient development of its shale gas.
2 MATERIALS AND METHOD
2.1 Shale samples
Four outcrop shale samples (named GY-12, YB-25, YB-27, and FC-35) and four core shale samples (named JDS-55a, JDS-77b, JDS-78b, and JDS-80b, as the samples were collected continuously every 0.5 m, the letters “a” and “b” appended to the value are merely specific designations to distinguish between different samples) belonging to the Niutitang Formation were collected from the north of Sichuan Province and a shallow well was drilled in Jindingshan Town, Huagang District, Zunyi City, Guizhou Province, China, respectively. The outcrop samples can usually reflect the geological characteristics of the surface or near surface, while the core samples can provide the geological information of the deep subsurface. This combination can comprehensively cover the shale characteristics at different depths and geological conditions. For the shale samples, the numbers after JDS represent the depth (the unit is m) of the collected samples. The same shale samples were used in previous studies (Fang et al., 2022; Zheng et al., 2022).
These shale samples were divided into two parts, one of which was partially crushed to a mesh size of about 200 and dried for X-ray diffraction (XRD) and Rock-Eval analysis. The other part of the powder sample was treated with 5% hydrochloric acid (HCl) at 80°C to remove the carbonates, and then washed to neutral with deionized water, and finally measured for total organic carbon (TOC). The detailed procedures that related to the determination of TOC, XRD analysis and Rock-Eval analysis are given in our previous studies (Zheng et al., 2022). The other part of the shale sample was subjected to polishing treatment. We collected shale samples oriented perpendicular to their bedding planes. These samples were first cut into thin sections of approximately 1 mm thickness. They were then impregnated and hardened with resin. To achieve a smooth surface, we used silicon carbide abrasive discs in a range of grits, from a coarse 50 grit to a very fine 2000 grit, for grinding and polishing. In addition, we used diamond slurry with particle diameters of 9, 3 and 1 micron for a meticulous final polish (Yang et al., 2020).
2.2 Nanoindentation scheme
We performed nanoindentation tests using an Anton Paar TTX NHT3 instrument (Figure 2A) with a diamond Berkovich tip (50–100 nm radius). The system includes a high-resolution microscope (Figure 2B) for precise surface observation and OM location prior to testing. Figure 2C shows a typical optical microscopy image of the shale sample after nanoindentation. Nanoindentation involves pressing a diamond tip into the surface of a material and analyzing the load and depth of contact to determine its mechanical properties. Figure 2D illustrates the nanoindentation process and Figure 2E shows a typical load-displacement curve (P-h curve) divided into loading (10 s), holding (90 s), and unloading (10 s) phases. Both elastic and plastic deformations occur during loading, and elastic recovery occurs during unloading. The P-h curve can be used to calculate the hardness (H) and reduced Young’s modulus (Er) of a material:
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where, [image: image], the stiffness of the material, is derived by measuring the slope of the initial unloading segment of the curve. For a Berkovich indenter, the constant β, which is specific to the shape of the indenter, has a value of 1.034. In addition, the projected contact area (Ac) is calculated from the contact displacement (hc) (Oliver and Pharr, 1992; Oliver and Pharr, 2004). In addition, using the known values of the reduced Young’s modulus (Ei) and Poisson’s ratio (νi) of the diamond indenter, the Young’s modulus of the material can be determined as follows:
[image: image]
where Ei = 1,140 GPa and νi = 0.07, respectively. The Young’s modulus (E) and Poisson’s ratio (ν) of the tested samples can be calculated. In this research, the Poisson’s ratio of the rock samples was assumed to be 0.3 based on previous studies (Li et al., 2018). Furthermore, if the Poisson’s ratios of the shale samples varied between 0.05 and 0.3, this would introduce an uncertainty of 8% in the measured Young’s modulus (Kumar et al., 2012b). Previous studies have shown that hardness and Young’s modulus decreased by less than 15% and 2.5%, respectively, after a 180- second holding time compared to a 5-s holding time, and that a 10-s unloading time is short enough to measure an indentation modulus unbiased by viscous effects (Vandamme and Ulm, 2013). Therefore, we report the hardness and Young’s modulus after a 90-second holding time and 10-second unloading time.
[image: Figure 2]FIGURE 2 | (a) Anton Paar TTX NHT3 instrument, (b) the main components of the test instrument, with the polished sample, (c) a typical optical microscopy image of the Niutitang Formation shale sample. (d) schematic diagram of the indentation profile, (e) Load–displacement (P–h) curve, (f) load-time (P-t) with displacement-time (h-t) curves, the applied peak load (Pmax) produces the maximum displacement (hmax). The elastic-plastic deformation zone is approximately 3–5 times the maximum displacement (Larsson et al., 1996). αU is the contact radius. hf, and h0 are the residual displacement and the displacement at the beginning of the holding stage during nanoindentation, respectively. hcreep is the increase in displacement during the holding stage. Modified from Wang et al. (2024b).
Figure 2F shows the load profile, which illustrates how the load varies with loading time during the creep test. Creep displacement (hcreep) is defined as the increasing displacement that occurs during the holding stage of the test (as shown in Figure 2F). Therefore, increasing the dwell time is critical when performing creep tests. In this study, a holding time of 90 s was used to obtain an accurate contact creep modulus (Liu et al., 2021). A higher contact creep modulus correlates with a reduced creep rate in the material. After achieving thermal equilibrium at room temperature (25 °C) for more than 2 hours, the thermal drift was less than 0.01 nm/s. Furthermore, due to the unique design of the Anton Paar TTX NHT3 instrument, which includes a reference ring, the thermal drift was automatically corrected to ensure data stability. A maximum load of 1 mN was applied to observe changes in the mechanical properties of OM, which helps to mitigate the influence of both substrate and size effects (Wang et al., 2022a; Yang et al., 2020; Yang et al., 2023).
2.3 Grid nanoindentation
The grid nanoindentation experiment was performed using a matrix tailored to the size of the OM, applying a peak load of 1 mN (shown in Figure 3A). To determine the Young’s modulus or contact creep modulus of three different mineral phases, an array of 15 × 15 indentations was created, with a spacing of 25 μm between adjacent indentations, using a peak load of 8 mN (Liu et al., 2021). Phase I is assumed to be the clay matrix (shown in Figure 3B). The representative elemental area (REA) of the rock measure approximately 380 × 380 μm2, which is large enough to evaluate numerous minerals and other phases within the shale, ensuring a statistically unbiased characterization (Liu et al., 2018a). Prior to nanoindentation testing, a standard fused silica sample was used to calibrate the tip shape, ensuring the accuracy of the mechanical data obtained. The contact creep modulus (C) was determined using a formula derived from previous research (Liu et al., 2021; Slim et al., 2019; Vandamme and Ulm, 2009; Wang et al., 2023).
[image: Figure 3]FIGURE 3 | The schematic diagram for obtaining the Young’s modulus (E) and contact creep modulus (C) of organic matter (OM) (a,c) and clay matrix (b,d). (a) refers to indents produced by a peak load of 1 mN and located only on the OM. (b) refers to indents produced by a peak load of 8mN, i.e., a 15 × 15 indentation pattern, located on different minerals. These indents can give E or C values for three different phases. We assume that Phase Ⅰ represents the clay matrix (d). Modified from Wang et al. (2024b).
Given the multiscale heterogeneity and mineralogical diversity of the rocks, we first examined their surfaces using a high-resolution optical microscope to identify representative elemental area (REAs) for testing. These selected areas were chosen to reflect the overall mineralogical characteristics of the rock surface, while avoiding regions with micro- or macro-fractures and those overly rich in specific minerals such as quartz or calcite. To mitigate boundary effects, indentations on the edge of the specimen were positioned at least 500 μm from the perimeter of the specimen. Occasionally, due to rock heterogeneity, some load-displacement curve data may appear inaccurate. Consequently, not all nanoindentation results can be used for upscaling calculations. Instead, at least 200 valid indentations from each sample were used for the upscaling analysis.
2.4 K-mean clustering
Shale is composed of different mineral phases. For the complex natural shale rock, the mechanical property of a specific phase is not a constant value, so we used the k-means clustering algorithm to classify clusters and determine the mechanical properties of different phases. To obtain reliable phase-specific properties, we set the number of clusters to three (K = 3), representing soft, medium, and hard phases. We then applied k-means clustering to the valid H, E, and C data. The mean of each cluster, called the cluster “centroid” was taken as representative of each class. The detailed calculation method can be found in the previous studies (Hartigan and Wong, 1979).
2.5 Voigt-Reuss-Hill average (VRH) upscaling method
The Voigt-Reuss-Hill (VRH) mean provides a reliable approach to estimating the modulus of elasticity in multiphase composites (Hill, 1952). For heterogeneous rocks with j different phases, the Voigt upper limit can be derived by assuming uniform strain throughout. Conversely, the Reuss lower limit is obtained by assuming uniform stress throughout the aggregate. These limits can be calculated using specific formulations:
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where k and Ej are the number of distinct phases and elastic modulus of the jth phase with a volumetric fraction of fj, respectively. Then the effective Young’s modulus of the bulk shale can be estimated by:
[image: image]
The upscaled contact creep modulus, CVRH, can be determined by analogy to the method used to upscale the bulk shale effective Young’s modulus:
[image: image]
where CVoigt and CReuss are the contact creep modulus of Voigt upper bound and Reuss lower bound, respectively.
3 RESULTS
3.1 Rock mineralogy and geochemistry characteristics
Mineral composition and geochemical parameters including TOC content, vitrinite reflectance equivalent (EqVRo %), and the total hydrocarbons generated by thermal cracking of nonvolatile organic matter (S2) are shown in Table 1. Quartz and clay minerals are the major constituents of both the outcrop and core shale samples. The quartz varies from 24.1% to 74.0% and clay minerals from 19.9% to 43.1% of sample. Feldspar is the third major component in shale. In addition, the shale samples contained other minerals: calcite (1.3%–4.0%), dolomite (1.5%–4.5%), and pyrite. The TOC values of the Niutitang Formation shale in the JDS-1 well range from 2.0–4.4 wt%, which is relatively higher than those (0.8–3.9 wt%) in the outcropping shales. The EqVRo % values range from 2.90%–3.73% (Fang et al., 2022; Zheng et al., 2022) and the S2 value is nearly 0, suggesting that the Niutitang Formation shales are at an over-mature stage.
TABLE 1 | Geochemical parameters and mineral contents of Niutitang formation shale samples.
[image: Table 1]Figures 4A–F show the optical micrographs of typical samples to illustrate the microstructure of the shale. The typical shale matrix contains quartz and feldspar, carbonate minerals, and clay matrix. Quartz grains show various irregular shapes with straight and sharp edges, with sizes mostly in the range of 15–40 μm (Figures 4B,D,F). Pyrite generally appears as the form of framboidal aggregates with sizes ranging from 1 to 8 μm (Yang et al., 2020). Clay matrix is a homogenized composite composed of high-density tabular clay particles (illite or chlorite) and relatively small size of grains such as carbonate minerals, pyrite, and organic matter (Liu Y. et al., 2022; Luo et al., 2021). Generally, the intensity of reflected light of shale matrix under the optical microscope is pyrite > silicate > clay matrix. Due to the limitations of the microscope attached to our nanoindentation system, which does not allow clear identification of feldspar and carbonate minerals. Additionally, Samples YB-27 and JDS-77b have much more hard mineral phases (e.g., quartz) than sample FC-35, suggesting much stronger mechanical properties of them. Clay matrix is continuously distributed and acts as a supporting framework in the FC-35 shale rock, while the hard minerals may act as a supporting framework for the other two shale samples.
[image: Figure 4]FIGURE 4 | Optical microscopy images of shale matrix shown in different shale samples ((a, b), YB-27, (c, d), FC-35, and (e, f), JDS-77b). Quartz = Qtz, Clay matrix = CM, Pyrite = Py. The yellow rectangle represents the enlarged part.
3.2 Nanoindentation results
3.2.1 Indentation response of organic matter (OM)
Figure 5 shows the typical optical microscope images taken by a nanoindenter at indentation sites on OM in different shale samples. Due to the high maturity of OM in the Niutitang Formation shale, the indentation marks on the organic matter became indistinguishable. Consistent results have been reported for OM at comparable maturity levels (Wang et al., 2022a; Wang et al., 2023; Wang et al., 2024a). The OM in the Niutitang Formation shale is predominantly composed of amorphous OM, which exhibits various morphologies such as banded (Figures 5C,D) or agglomerated (Figure 5B) forms dispersed as amorphous bodies. They are mainly distributed in pores and fractures, and their shapes vary depending on the pore or fracture structure. The larger grains of OM are mainly solid bitumen. Unlike the reflective colors of minerals, the OM exhibits a white reflective color under the nanoindentation microscope, making it easily identifiable. In the FC-35 shale samples, the OM is primarily encapsulated by clay minerals, whereas in the other three samples, the OM is associated with hard minerals (i.e., quartz), which may result in different mechanical behaviors.
[image: Figure 5]FIGURE 5 | The typical optical microscope images taken by a nanoindenter at indentation sites on organic matter in shale samples, shown in different samples ((a) YB-25, (b) FC-35, (c) JDS-77b, and (d) JDS-80b). OM = organic matter.
Figure 6 shows the load-displacement curve and creep displacement-time curves of organic matter in representative shale samples. For the load-displacement curve, the maximum displacement of organic matter in the JDS-77b shale sample is almost the smallest, about 160 nm, while the displacement of organic matter in the FC-35 sample is the largest, and its distribution range is relatively large, from 250 to 350 nm (Figure 6C). Furthermore, the unloading curve shows a lower degree of unrecoverable deformation in the OM. For all the organic matter, the unrecoverable deformation (i.e., elastic deformation) of their unloading curves is relatively large, especially for YB-25, JDS-77b, and JDS-80A samples, indicating that the deformation of organic matter in over-mature samples is mainly elastic, which is consistent with previous studies (Wang et al., 2023). For the creep displacement, YB-25 has the smallest creep displacement of organic matter in the range of 11–14 nm, while FC-35 sample has the largest creep displacement of organic matter in the range of 25–35 nm. For all the creep displacement-creep time curves, the creep displacement undergoes a rapid increase during the initial phase of the holding stage. However, as the creep time progresses towards its final stage, the creep rate (i.e., dhcreep/dt) stabilizes at a constant value, indicating the emergence of steady-state creep behavior (Wang et al., 2023).
[image: Figure 6]FIGURE 6 | Load-displacement curves of the organic matter in shale samples for (a) YB-25, (c) FC-35, (e) JDS-77b, and (g) JDS-80b, creep displacement-creep time of the organic matter in shale samples for (b) YB-25, (d) FC-35, (f) JDS-77b and (h) JDS-80b. (i) and (j) are the fitting results for YB-25 and FC-35 based on the logarithmic equation (i.e., h(t) = x1ln(1 + t/x2)+x3t + x4), respectively.
Table 2 shows the mechanical and creep parameters of the organic matter in these four samples, and Figures 6I,J are the fitting results for YB-25 and FC-35, respectively, where R2 values are calculated for fitting the logarithmic equation to obtain the contact creep modulus, all of which are greater than 0.99, indicating that the logarithmic equation can be well used to characterize the creep properties of organic matter. The Young’s modulus, hardness, and contact creep modulus of JDS-77b organic matter are the highest, with values of 14.6 ± 0.9, 1.94 ± 0.10, and 2,273 ± 248 GPa, respectively. However, the sample in FC-35 has the lowest values, with values of 8.9 ± 1.5, 0.48 ± 0.13, and 166 ± 49 GPa, respectively. Their contact creep moduli differ by an order of magnitude, mainly due to the fact that the organic matter in the sample is mainly surrounded by the clay matrix. The Young’s modulus, hardness, and contact creep modulus of the outcrop shales (i.e., YB-25 and FC-35) are lower than those of the core shale samples (JDS-77B and JDS-80b) because the latter may have experienced greater compaction during geological evolution. The Young’s modulus of OM (13.12–15.54 GPa) in the Niutitang Formation obtained in this study, which is relatively consistent with those of OM (13.12–15.54 GPa) in the Niutitang Formation calculated by atomic force microscopy at the similar maturity (Lei et al., 2025).
TABLE 2 | Results of nanoindentation tests of the organic matter in shale.
[image: Table 2]3.2.2 Indentation response of shale matrix
The indentation load-displacement and creep displacement-creep time curves for the typical shale samples (YB-27, FC-35, and JDS-77b) are shown in Figure 7. Figures 7A,C,E illustrate all the curves of load-displacement of the typical shale samples (YB-27, FC-35, and JDS-77b). For the YB-27 shale, the displacement is the smallest, ranging from approximately 200–1,200 nm with the mean displacement of 286.6 ± 127.8 nm, while for the FC-35 shale, the displacement is the largest, ranging from about 200 to 1,500 nm with a mean displacement of 503.7 ± 282.4 nm. Different from those of OM, the load-displacement curves of the three samples show the “pop-in” behavior, which is characterized by a sudden jump of the displacement in the load curve. The “pop in” event may be attributed to crack initiation or the action on the micro- or nano-scale pores in the shale during the experiment (Li et al., 2019; Wang et al., 2022b). For these three samples, the creep displacement of the YB-27 are the smallest, and most of them are less than 20 nm, while those of the FC-35 are the largest, and most of them are larger than 20 nm. It is noted that we can also observe the “pop in” behavior in some of the creep displacement for FC-35 sample, which may also be related to crack initiation in the shale during the experiment. Since the R2 values from the fit of logarithmic equation for the creep displacement is poor (e.g., less than 0.8), these curves cannot be used to calculate the contact creep modulus. For the creep curve, we can also divide them into two stages based on the creep rate: primary creep stage and steady-state creep.
[image: Figure 7]FIGURE 7 | Load-displacement curves of the shale samples for (a) YB-27, (c) FC-35, and (e) JDS-77b, creep displacement-creep time of the shale samples for (b) YB-27, (d) FC-35, and (f) JDS-77b.
3.2.3 Statistical analysis of nanoindentation data
Figure 8 shows the k-mean clustering results for Young’s modulus and contact creep modulus of all the eight samples. The Young’s modulus and contact creep modulus of FC-35 shale are mostly at ∼20–40 GPa and ∼500–1,000 GPa, respectively, while those of the YB-27 shale are mostly at ∼50–70 GPa and ∼4,000–6,000 GPa, respectively. For the other six shale samples, the Young’s modulus and contact creep modulus are mostly at ∼40–60 GPa and ∼1,000–2000 GPa, respectively. Based on the distribution of the indentation Young’s modulus, hardness, and contact creep modulus, and XRD results of mineralogy, we can identify three different clusters (Figure 8), i.e., the soft, medium, and hard mineral clusters. The indentation response of Cluster 1 has a mean Young’s modulus value of 26.6–52.0 GPa, hardness value of 1.9–3.1 GPa, and contact creep modulus value of 869–1945GPa, Cluster 2 has these three mechanical values of 55.6–73.6 GPa, 3.6–8.1GPa and 2,286–6,773 GPa, and those of Cluster 3 are 75.8–101.9 GPa, 7.8–13.6 GPa and 5,228–17718 GPa (Table 3). According to the mineralogy of the shales, the Cluster 1 is the softest and should be the clay matrix, the Cluster 2 should be the mixture of minerals containing calcite, clay mineral-silicate interfaces, clay minerals-carbonate interfaces, or the boundaries of hard minerals. The Cluster 3 with the highest Young’s modulus and contact creep modulus contains the hard minerals, such as quartz, feldspar, dolomite, and pyrite. Except for the YB-27 shale, the largest fraction by k-mean clustering analysis is Cluster 1, ranging from 68.4% to 88.0%. This result suggests that the clay matrix is the main cluster in these shale samples. The Cluster 2 is in the middle of the three clusters, varying from 13.9% to 27%, and finally Cluster 3 with fractions less than 13%. Since the quartz is the major component for the YB-27 shale (as seen in Figures 4A,B), Cluster 2 is the dominant cluster in this sample. The mean Young’s modulus and contact creep modulus of all the indents for these shale samples are also calculated and they are all between those of Cluster 1 and Cluster 3 (Table 4). Since all the samples have large standard deviations for the Young’s modulus and contact creep modulus, and the standard deviation for contact creep modulus for some shale samples (e.g., YB-25 and JDS-55a) is even larger than the mean values (Table 4), the bulk shale sample’s Young’s modulus and contact creep modulus cannot be represented by averaging the mean value at a load of 8 mN. Therefore, it is necessary to upscale mechanical and creep properties from the nanoscale to the macroscale to obtain the physical properties of the bulk shale.
[image: Figure 8]FIGURE 8 | (Color) Clustering analysis results from indentation data of different shales, (a) GY-12, (b) YB-25, (c) YB-27, (d) FC-35, (e) JDS-55a, (f) JDS-77b, (g) JDS-78b, and (f) JDS-80b. Inputs to the clustering analysis are C, and E, (a-h) the C-E plot shows a top view of the k-mean clustering results of three clusters (i.e., phases), Cluster 1, Cluster two and Cluster 3.
TABLE 3 | k-mean clustering results of mechanical parameters obtained from nanoindentation on shales.
[image: Table 3]TABLE 4 | Summary of the mean and upscaling values from grid nanoindentation for Young’s modulus and contact creep modulus.
[image: Table 4]3.3 Upscaling results
We used the VRH model to obtain the Young’s modulus and contact creep modulus of the bulk shale. Table 4 shows the results of upscaling results for all samples. Young’s moduli and contact creep moduli based on the VRH model for all the samples fall between those of the Reuss lower bound (14.8–21.9 GPa and 679–3,366 GPa) and the Voigt upper bound (36.9–66.0 GPa and 1,582–5,439 GPa). Similar to the variation of Young’s modulus and contact creep modulus for clay matrix, GY-12 and YB-27 samples have larger Young’s modulus (39.9–43.6 GPa) and contact creep modulus (2,643–3,366 GPa), while other shale samples have relatively smaller Young’s modulus (25.8–37.7 GPa) and contact creep modulus (1,131–1,656 GPa).
4 DISCUSSION
4.1 Influence factors on mechanical and creep properties of bulk shale
Figures 9A,B show that there is a positive correlation between Young’s modulus and contact creep modulus for both the clay matrix and the bulk shale, which is consistent with the previous studies (Liu K. et al., 2022; Mighani et al., 2019). This may be related to factors such as molecular structure and chemical bonding strength within the material. Furthermore, the Young’s modulus and contact creep modulus values of the bulk shale show a good positive correlation (R2 ≥ 0.64) with those of the clay matrix (i.e., cluster 1 in Figure 8), but show almost no correlation with the values of cluster two and cluster 3. This indicates that the micromechanical and creep properties of the bulk shale are closely related to the corresponding mechanical and creep properties of its clay matrix, while the mechanical and creep parameters of other components have a relatively small effect on the bulk shale. This is consistent with the results of our previous thermal simulation studies (Wang et al., 2024b). The influence of the mechanical and creep parameters of organic matter on the overall mechanical behavior of the shale may be related to the mode of occurrence of organic matter in the shale. Large blocks of organic matter encapsulated by the clay matrix may have a more pronounced weakening effect on the Young’s modulus and contact creep modulus of the shale compared to organic matter encapsulated by hard minerals such as quartz (Table 2).
[image: Figure 9]FIGURE 9 | Relationships between CCM and ECM (a), CBS and EBS (b); EBS and ECM (c) and CBS and CCM (d). Young’s modulus of clay matrix (ECM) and bulk shale (EBS); Contact creep modulus of clay matrix (CCM) and bulk shale (CBS).
Figure 10 shows the relationships between upscaled Young’s modulus and contact creep modulus with TOC content, clay + TOC content and QFCP (total quartz, feldspar, carbonate and pyrite) contents. As expected, Young’s modulus and contact creep modulus increase with higher contents of hard minerals, such as quartz, feldspar, carbonate and pyrite, and decrease with higher contents of soft components, such as organic matter and the sum of TOC and clay contents. These results are similar to previous findings (Kumar et al., 2012b; Li et al., 2018; Wang et al., 2024c). Notably, the R2 value for the relationship between contact creep modulus and constituent content is better than that between Young’s modulus and constituent content, suggesting that the constituent content has a relatively stronger controlling effect on the contact creep modulus than Young’s modulus for the Niutitang Formation shale studied. Given the relatively similar maturity of these samples, variations in maturity have little effect on these parameters. However, constituent content has a certain influence on the micromechanical and creep properties of the Niutitang Formation shale. In particular, contact creep modulus show better correlations with organic matter and organic matter/clay mineral (i.e., organic clay composite) content, indicating that the creep properties of the Niutitang Formation are more influenced by organic matter and organic matter/clay mineral than by other constituents.
[image: Figure 10]FIGURE 10 | Plots of Young’s modulus of bulk shale (EBS) versus (a) TOC content, (b) TOC + Clay content and (c) QFCP (Quartz + Feldspar + Carbonate + Pyrite) content, contact creep modulus of bulk shale (CBS) versus (d) TOC content, (e) TOC + Clay content and (f) QFCP content.
4.2 Implications and limitations of statistical nanoindentation in this study
Compared to traditional uniaxial/triaxial compression tests and ultrasonic measurements, nanoindentation technology offers a refined analysis of the mechanical and creep properties of various shale components. It not only reflects the multiphase heterogeneous nature of shale mechanics, but also has tremendous potential for predicting reservoir mechanics and creep properties by obtaining relevant mechanical and creep parameters through micromechanical and creep testing of drill cuttings, especially in the absence of intact core samples or in the context of horizontal well coring difficulties. The mechanical and creep performance parameters of organic matter and clay matrix obtained in this research provide excellent baseline parameters for cross-scale upscaling of actual shale mechanical or creep parameters. Furthermore, the Young’s modulus and contact creep modulus obtained by the VRH model are relatively close to those of the Niutitang Formation shale (Liu et al., 2018c) and the similar maturity and similar constituents of the marine shale in China (Wang et al., 2023) obtained by uniaxial compression experiments, respectively, indicating that the grid nanoindentation and upscaling methods have great potential for accurately predicting the macroscopic Young’s modulus and contact creep modulus of shales in the petroleum industry.
However, grid nanoindentation methods have limitations. The results may be influenced by the randomly selected areas in grid nanoindentation tests, as well as the content and distribution of each single-phase component in the composite. Multivariate clustering techniques rely on the mean and standard deviation of the indentation modulus and contact creep modulus values for each mechanical phase. Given the mathematical nature of clustering techniques, the distinction between different mechanical phases is based on the probability of an event belonging to a particular cluster. For example, if a data point lies on the boundary between two clusters, the algorithm determines the result based on the probability of that value occurring in other clusters or in the overall data set. Therefore, the level of uncertainty in statistically based clustering techniques lies in the assignment of a measured mechanical modulus value to a particular phase (Li et al., 2018). In other words, if some indents are located at the edges of single-phase minerals or at interfaces between single phase minerals, they are automatically assigned to the phase with the highest probability, introducing a degree of uncertainty. In addition, this study only obtained the bulk mechanics and creep performance of shale are upscaled by the VRH method. However, due to the complexity of shale composition, the effects of pores and fractures are not considered, and the bulk mechanics and creep properties obtained by this simple upscaling method still need to be compared and validated with macroscopic uniaxial/triaxial compression tests. More accurate upscaling methods are needed in the future to obtain the bulk mechanics and creep properties of shales.
5 CONCLUSION
In this study, eight shale rocks from Niutitang formation, China, were analyzed using a combination of experimental, statistical, and theoretical methods. High-resolution optical microscopy, XRD, and nanoindentation measurements, and mechanical upscaling based on the VRH model were conducted. The following conclusions can be drawn:
(1) The organic matter Young’s modulus of the shales in the Niutitang formation varies slightly, from 8.9 to 14.6 GPa, while the hardness and contact creep modulus vary widely, from 0.8 to 1.94 GPa, and 166–2,273 GPa, respectively.
(2) Grid nanoindentation and k-means clustering revealed three mechanically distinct clusters for these Niutitang formation shales, with the softest phase being the clay matrix phase, with Young’s modulus, hardness and contact creep modulus values of 26.6–52.0, 1.7–3.1 and 869–1945 GPa, respectively.
(3) According to the VRH model upscaling results, the Young’s modulus and contact creep modulus values of Niutitang shale are 25.8–43.6 and 1,131–2,643 GPa, respectively. There is a positive correlation between Young’s modulus and contact creep modulus values.
(4) Constituent content has a relatively stronger controlling effect on the contact creep modulus than Young’s modulus for the Niutitang Formation shale.
These results showed that the grid nanoindentation methods combined with k-mean clustering can provide a reliable assessment of the mechanical properties and creep behavior of shales from the nano/micro scale (e.g., organic matter and clay matrix) and can also predict the macroscopic behavior of shales. This study demonstrates the great potential of nanoindentation for the assessment of mechanical properties and creep behavior in the petroleum industry. Future research can develop models to accurately predict the macroscopic mechanical and creep properties of shale by considering the shape, size and contact relationship of particles, as well as the effects of pores and fractures.
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JDS-80b 80 373 001 44 316 220 29 35 22 101 277

Tllite = IIl; Chlorite = Chl.

Note:Quart:
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