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Fig. 9. Results of nanoindentation mechanical experiments on different mineral 
components of Lianggaoshan Formation shale: elastic modulus distribution (a) and 
hardness distribution (b).

(a)

(b)
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Table 2. Statistical summary of nanoindentation mechanical experimental data for 
different mineral components in Lianggaoshan Formation shale

Test point Mineral  
category

Elastic  
modulus, 

GPa

Hardness, 
GPa

Test point Mineral 
 category

Elastic  
modulus,  

GPa

Hardness, 
GPa

YY-1 Clay mineral 0.35 20.05 YY-63 Calcite 0.88 30.99

YY-2 Clay mineral 0.66 21.02 YY-64 Calcite 1.06 31.14

YY-3 Clay mineral 0.48 21.05 YY-65 Calcite 0.87 31.48

YY-4 Clay mineral 0.49 21.70 YY-66 Calcite 1.56 32.17

YY-5 Clay mineral 0.41 22.08 YY-67 Calcite 1.54 32.54

YY-6 Clay mineral 0.43 23.06 YY-68 Calcite 1.14 32.65

YY-7 Clay mineral 0.86 24.31 YY-69 Calcite 0.95 30.22

YY-8 Clay mineral 0.58 24.38 YY-70 Calcite 0.56 30.45

YY-9 Clay mineral 0.78 24.90 YY-71 Calcite 0.77 31.13

YY-10 Clay mineral 0.58 25.30 YY-72 Calcite 0.66 31.75

YY-11 Clay mineral 0.06 9.66 YY-73 Calcite 0.45 32.02

YY-12 Clay mineral 0.16 11.22 YY-74 Quartz 2.75 32.62

YY-13 Clay mineral 0.21 12.81 YY-75 Quartz 2.18 32.77

YY-14 Clay mineral 0.34 13.21 YY-76 Quartz 1.26 33.10

YY-15 Clay mineral 0.80 14.07 YY-77 Quartz 1.26 33.13

YY-16 Clay mineral 0.45 16.57 YY-78 Quartz 1.11 33.15

YY-17 Clay mineral 0.55 17.34 YY-79 Quartz 1.82 33.03

YY-18 Clay mineral 0.60 18.89 YY-80 Quartz 1.20 33.19

YY-19 Clay mineral 0.22 19.02 YY-81 Quartz 0.99 33.29

YY-20 Clay mineral 0.47 19.12 YY-82 Quartz 1.10 34.74

YY-21 Clay mineral 0.47 19.38 YY-83 Quartz 1.64 34.87

YY-22 Clay mineral 0.44 19.95 YY-84 Quartz 1.65 34.95

YY-23 Clay mineral 0.55 20.34 YY-85 Quartz 2.24 36.79

YY-24 Clay mineral 0.18 21.02 YY-86 Quartz 2.42 39.29

YY-25 Clay mineral 0.13 21.22 YY-87 Quartz 1.76 40.75

YY-26 Clay mineral 0.20 22.22 YY-88 Quartz 1.44 42.04

YY-27 Clay mineral 0.60 23.56 YY-89 Quartz 0.79 42.41

YY-28 Clay mineral 0.99 23.61 YY-90 Quartz 0.96 43.75

YY-29 Clay mineral 0.95 23.96 YY-91 Quartz 0.79 45.29

YY-30 Clay mineral 0.82 24.09 YY-92 Quartz 0.61 47.79
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Test point Mineral  
category

Elastic  
modulus, 

GPa

Hardness, 
GPa

Test point Mineral 
 category

Elastic  
modulus,  

GPa

Hardness, 
GPa

YY-31 Clay mineral 0.62 24.20 YY-93 Quartz 1.01 34.32

YY-32 Clay mineral 0.80 24.58 YY-94 Quartz 1.07 34.92

YY-33 Clay mineral 0.71 24.76 YY-95 Quartz 1.03 35.58

YY-34 Clay mineral 0.75 25.29 YY-96 Quartz 0.94 36.05

YY-35 Clay mineral 0.79 25.74 YY-97 Quartz 0.93 36.06

YY-36 Calcite 0.89 26.42 YY-98 Quartz 1.13 36.69

YY-37 Calcite 0.90 27.37 YY-99 Quartz 1.38 37.28

YY-38 Calcite 0.83 27.75 YY-100 Quartz 0.78 37.37

YY-39 Calcite 0.41 28.21 YY-101 Quartz 0.85 37.47

YY-40 Calcite 0.52 28.32 YY-102 Quartz 1.94 37.50

YY-41 Calcite 0.62 28.34 YY-103 Quartz 1.33 38.15

YY-42 Calcite 0.49 28.72 YY-104 Quartz 1.53 38.24

YY-43 Calcite 0.58 29.17 YY-105 Quartz 1.33 38.62

YY-44 Calcite 0.77 29.22 YY-106 Quartz 1.40 38.85

YY-45 Calcite 0.42 29.37 YY-107 Quartz 1.06 39.04

YY-46 Calcite 0.67 29.60 YY-108 Quartz 1.55 39.22

YY-47 Calcite 0.79 25.80 YY-109 Quartz 1.37 39.23

YY-48 Calcite 1.39 26.30 YY-110 Quartz 1.66 40.27

YY-49 Calcite 0.58 26.45 YY-111 Quartz 1.20 40.35

YY-50 Calcite 0.95 26.50 YY-112 Quartz 1.41 40.93

YY-51 Calcite 0.78 27.60 YY-113 Pyrite 6.90 50.74

YY-52 Calcite 0.95 28.36 YY-114 Pyrite 2.95 61.06

YY-53 Calcite 0.81 28.93 YY-115 Pyrite 1.24 52.72

YY-54 Calcite 0.89 29.31 YY-116 Pyrite 1.44 53.54

YY-55 Calcite 0.70 29.36 YY-117 Pyrite 2.04 60.96

YY-56 Calcite 0.84 29.43 YY-118 Pyrite 7.94 62.32

YY-57 Calcite 1.05 29.71 YY-119 Pyrite 6.50 64.09

YY-58 Calcite 1.18 30.02 YY-120 Pyrite 2.01 49.75

YY-59 Calcite 0.76 30.30 YY-121 Pyrite 4.39 41.56

YY-60 Calcite 0.60 30.46 YY-122 Pyrite 4.81 42.90

YY-61 Calcite 0.92 30.85 YY-123 Pyrite 1.81 44.60

YY-62 Calcite 1.02 30.97 YY-124 Pyrite 1.84 44.94

Table 2. (continued)
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The load–displacement (P–h) curves of different minerals observed under 
the microscope show that, under the same load, pyrite exhibits the smallest 
displacement. During the unloading stage, pyrite recovers the greatest amount 
of elastic deformation, and its P–h curve dispersion is the smallest. The curves 
in both the loading and unloading stages are smooth, showing the stable 
mechanical properties of pyrite, and the corresponding mechanical parameter 
values are relatively high, as shown in Figure 10(d) and (e). 

In comparison, quartz and calcite are more plastically deformed. As shown 
in Figure 10(a)–(e), their maximum displacements are significantly larger than 
those of pyrite. The “pop-in” phenomenon – caused by internal defects – leads 
to a sparse curve dispersion, and both the elastic modulus and hardness of these 
minerals are relatively lower [34]. Due to differences in lattice structures among 
mineral components, the spacing of load–displacement curves varies across 

Fig. 10. Selected regions of different mineral components in Lianggaoshan Formation 
shale and the corresponding nanoindentation load–displacement curves.Fig. 10. Selected regions of different mineral components in Lianggaoshan Formation shale and the

corresponding nanoindentation load–displacement curves.
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minerals, and their surface pore–fracture characteristics differ accordingly. 
Even among the same mineral type, some variability in the load–dis  placement 
curves is observed, as shown in Figure 10(a) and (e). In Figure 10(f), 
the clay minerals exhibit the largest maximum displacement, as well as signifi
cant displacement during the holding load stage and residual stage, much 
greater than those of pyrite, quartz, and calcite.

Clay minerals exhibit strong plasticity. As they are mostly used as a filling 
material to fill the spaces between mineral particles, bending deformation of the 
force curve occurs during the plastic deformation stage, causing the end of the 
load–displacement curve to bend inward. The reason is that when the mineral 
particles are subjected to force, the force between the layer and the molecular 
structure changes the pore structure and shows strong heterogeneity [35]. 
Consequently, variations in mineral fabric characteristics [36], surrounding 
clay mineral content, uneven pore–fracture distribution, and surface roughness 
differences [37, 38] lead to variability in the micromechanical experimental 
results of the same mineral type. 

Compared with quartz particles, calcite demonstrates poor thermal 
stability, and its yield platform appears earlier during the experiment.  
The mica-like layered structure shows a significant direction dependence dur
ing nanoindentation, which is closely related to the difference in the activation 
difficulty of the slip system. The load dispersion in clay mineral aggregates 
is significantly higher than that of quartz, which is consistent with the crystal 
strengthening mechanism [39]. Furthermore, under the influence of multi-
scale co-evolutions, such as microcracks, the spacing of load–displacement 
curves varies across different minerals during micro/nanoindentation tests.

4.3. Atomic force mechanical response behavior of different minerals in 
oil shale

The mineral fabric characteristics control the mechanical response of minerals 
to atomic force, resulting in different atomic force mechanical parameters for 
different mineral components or even for varying morphological characteristics 
of the same mineral type [40]. As shown in Figure 11, the mechanical response 
curves of the same mineral are generally similar, with slight differences 
mainly caused by surface adhesion force. This adhesion force is affected by 
many factors such as surface energy, interfacial microstructure, and chemical 
composition. Additionally, the presence of surface pores increases the 
imbalance of force on the mineral surface – more pores correspond to higher 
adhesion force [41]. 

By comparing the force curves of pyrite (Fig. 11a), quartz (Fig. 11b), and 
clay minerals (Fig. 11c), it can be observed that the lowest point of the force 
curve for brittle minerals such as pyrite and quartz is relatively low, indicating 
high surface strength. In contrast, the force curve for clay minerals shows 
a higher minimum point, reflecting lower surface strength [42]. Due to the 
large surface color difference of clay mineral topography, high roughness, and 
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strong heterogeneity, the mechanical response curves display greater variation 
and reflect relatively weak surface mechanical properties [43].

According to Figure 12, the average Young’s modulus values for pyrite, 
quartz, and clay minerals are 29.98, 19.89, and 4.44 GPa, respectively, indicating 
that pyrite and quartz possess relatively higher stiffness. The corresponding 
average deformations are 7.59 nm for pyrite, 13.18 nm for quartz, and 19.15 

Fig. 11. Morphology (1, 2, 3) and atomic force curves of pyrite (a), quartz (b), and 
clay minerals (c) in Lianggaoshan Formation shale.
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nm for clay minerals. Under the same applied pressure, pyrite and quartz 
exhibit lower deformation, while clay minerals show larger deformation. 
 The content and type of minerals on the lamina surface influence shale fracture 
behavior under stress to a certain extent, providing data support for shale oil 
mining technologies. Yang et al. [44] found that the surface morphology and 
mineral distribution in shale seriously affect its failure modes: brittle minerals 
typically show serrated failure or point-like cracking, whereas plastic minerals 
mostly display the failure mode of debris accumulation on both sides.

Studies have shown that due to the small adhesion of minerals, probe 
deformation can be neglected, and the calculation results of Young’s modulus 
of minerals mainly depend on the extent of mineral deformation [45].  
The maximum deformation of the sample comes from the elastic deformation 
and plastic deformation of the sample, and is related to hardness. When the 
deformation is plastic, the contact area and shape of the probe and the surface 
of the sample can be used to calculate the hardness value of the sample.  
In this paper, six groups of average values of deformation and six groups 
of average values of Young’s modulus are selected for fitting, corresponding 
to two sample surfaces, as shown in Figure 13. It is found that the Young’s 
modulus of different minerals in the two shale samples has a good correlation 
with the deformation. The Young’s modulus is negatively correlated with the 
deformation, and the fitting values are 0.67 and 0.99, respectively, which is 
consistent with previous studies and realizes the multi-directional application 
of each parameter [46].

Fig. 12. Youngʼs modulus and deformation of pyrite, quartz, and clay minerals in 
Lianggaoshan Formation shale.
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Fig. 13. Fitting diagram of Young’s modulus and deformation for Lianggaoshan 
Formation shale.

5. Conclusion

In this paper, the mechanical properties and influencing factors of organic-rich 
oil shale in the Lianggaoshan Formation were studied through macroscopic 
and microscopic mechanical experiments. Based on the relationship between 
the proportion of brittle minerals, elastic modulus gradient, and lamina 
thickness affecting fracture propagation, a step-by-step injection scheme can 
be designed. In addition, a visual fracturing model can be developed during 
drilling, and different fracturing systems can be designed for varying mineral 
fabric characteristics. The following conclusions were obtained:
1.	 The organic-rich oil shale of the Lianggaoshan Formation in the study 

area contains a high proportion of brittle minerals. The laminae exhibit 
straight, corrugated, graded, lenticular, porphyritic, and weak forms. 
Numerous microcracks are developed between laminae, and star-shaped 
pyrite is distributed along the dark laminae. When the confining pressure 
is less than 50 MPa, the elastic modulus increases with rising confining 
pressure. 

2.	 The mechanical properties of straight-laminated shale are higher than 
those of corrugated-laminated shale, and its fracturing ability is better. 

3.	 Straight-laminated shale is divided into development grades I, II, and III. 
A greater number of laminae corresponds to lower rock strength and 
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improved fracturing potential. On the contrary, thicker laminae are less 
favorable for shale fracturing. 

4.	 Nanoindentation experiments and mineral atomic force response analysis 
show that the relationship between the elastic modulus and hardness 
of different mineral components in Lianggaoshan Formation shale is 
as follows: clay minerals > calcite > quartz > pyrite. Young’s modulus 
mainly depends on the extent of mineral deformation, and the two are 
negatively correlated.
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