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To evaluate the small strain stiffness properties of undisturbed weathered granite, the circular computer numerical control (CNC) abrasive wire sawing technology was applied to weathered granite sample processing and a series of resonance column tests were carried out to study the effects of weathering degree and effective consolidation pressure on dynamic shear modulus of undisturbed weathered granite. The results show that the degree of weathering and effective consolidation pressure have significant effects on the small strain stiffness properties of weathered granite. The samples with lower weathering degrees have higher dynamic shear modulus under the same effective consolidation pressure. The maximum dynamic shear modulus of samples with higher weathering degrees is more sensitive to effective consolidation pressure. Besides, a comparison between the experimental results with the previous results from other researchers indicates that the dynamic shear modulus ratio of weathered granite in the study area exceeds the parameter range obtained from others. According to the experimental results, a mathematical model of the relation between corrected standard penetration test (SPT) [image: image] value and dynamic shear modulus was established, and besides, the variation range of dynamic shear modulus ratio of weathered granite in the study area was given, which may provide a reference for dynamic stability analysis of engineering in the study area.
Keywords: weathered granite, resonant column test, dynamic shear modulus, abrasive wire sawing technology, small strain stiffness properties
INTRODUCTION
Weathered granite is the product of the physical and chemical weathering of intact granite left in situ (Irfan, 1996), which is widely distributed in the world. Due to its special genesis, the weathered granite is generally characterized by multiple fractures in structure and is easy to break. The weathered granite particles are irregular in shape with large edges and corners. In addition, the weathered granite is usually weak in cementation and easy to collapse in case of water (Liu et al., 2019). Therefore, the weathered granite is a special geomaterial, whose physical and mechanical properties are different from sedimentary soil and sand. To study the particular property of weathered granite, many studies have been carried out since the 1960s (Lee, 1965). The research emphasis developed from the engineering qualitative classification (Irfan and Dearman, 1978), the basic physical properties (Lee, 1965), and the deformation/strength characteristics (Lee and Coop, 1995) to the hydraulic/mechanical properties of unsaturated weathered granite (Xiong et al., 2022), the microstructure distribution of the intact weathered granite (Shang et al., 2015) and the relationship between the microstructure and deformation of weathered granite (Li et al., 2020). In addition, the properties of weathered granites were compared with other geomaterials and any fruitful research results provide important new insights for reference. However, the water and mud inrush disasters (Liu et al., 2019) and ambient rock collapse in the tunnel, slope collapse (Zhang et al., 2021), and other problems (Cui et al., 2016) still frequently occurred in the process of engineering construction in weathered granite strata, which caused a large number of economic losses and serious casualties. It should be said that there is still an inadequate systematic and comprehensive cognition of engineering characteristics of weathered granites.
With the development of rock weathering degree, the fissure of weathered granite evolved progressively and the structure developed from a massive texture to a cataclastic structure (Irfan, 1996). Compared with the integral structure of granite rock and fine-grained texture of granite residual soil, the interlocking structure of weathered granites with large particles is easier to be damaged in the probe drilling process for borehole specimens. As a result, the undisturbed weathered granite sample is very difficult to get. In addition, due to the large size and high strength of the unweathered mineral, such as quartz, feldspar, and hornblende, the weathered samples are extremely easy to break in the traditional sample-making process, such as the cutting method. Due to the low success rate of the undisturbed sample preparation, the existing research on the undisturbed lower degree weathered granite still lacks. For highly weathered granite, existing studies mostly involve remodeled samples instead of undisturbed samples (Niu et al., 2014; Niu et al., 2015). However, due to the structural nature of rock and soil materials, the remodeled sample preparation process will destroy the original structure and change the nature of geomaterials (Burland et al., 1996), resulting in the distortion of obtained parameters and certain limitations in the application of the parameters. In addition, due to the difference in mineral composition and genesis of protolith, climate environment, and topographic and geomorphic conditions, the process and production of granite weathering generally have distinctive regional characteristics. As a result, weathered granite in different areas exhibits different characteristics. Currently, studies on weathered granites are concentrated in South and Southeast China (Liu et al., 2019; Liu P. et al., 2021; Liu X. et al., 2021), and the Shandong Peninsula (Wang et al., 2016) in China. Although the application of the research results to engineering construction in other areas has a certain reference value, undesirable effects may indeed occur during the construction.
The shear modulus ([image: image]) at small strains is a very important fundamental input parameter in the numerical analysis of geotechnical engineering dynamics (e.g., prediction of soil deformation behavior under earthquake, blasting, mechanical or traffic loading, and soil-structure interaction, etc.), and the reasonableness and reliability of its value has a significant impact on the reasonableness and credibility of the calculation results of dynamic analysis (e.g., soil deformation and soil-structure stability). Several test techniques have been used to study the small strain stiffness of geotechnical materials, including resonant columns (Macari and Hoyos, 1996), blender elements (Ng and Yung, 2008), and seismic tests (Ng and Wang, 2001). The research relative to the dynamic response of geomaterials has been focused mostly on sedimentary soils and sand. Studies thus far have suggested that the small strain stiffness properties are affected by many parameters (e.g., effective consolidation pressure (Niu et al., 2014), void ratio, plasticity, structure (Kong et al., 2017), degree of saturation (Ng and Yung, 2008), stress history (Li et al., 2021), gradation (Huang et al., 2021), and sample disturbance (Macari and Hoyos, 1996)). Macari and Hoyos (1996) studied the effects of weathering degree and remodeling disturbance on the small strain stiffness properties of granite residual soils at different depths in Hong Kong. The results show that the maximum dynamic shear modulus [image: image] increases with depth for undisturbed samples and the influence of remolding is noticeable for granite residual soils, the remolded samples from deeper zones sometimes show higher shear moduli than the undisturbed samples. Niu et al. (2014) investigated the effect of the effective consolidation pressure on [image: image] and damping properties by resonant column tests for the remodeled highly weathered granite. Liu X. et al. (2021) explored the effect of cementation among soil particles on small-strain stiffness properties for undisturbed and remolded granite residual soil samples. In contrast, the small strain stiffness characteristics of undisturbed weathered granites with a low degree of weathering are less studied, especially for weathered granites with different degrees of weathering in the laboratory. However, it is inevitable that weathered granites with different weathered degrees show different small strain stiffness properties due to their different microstructures and soil state (Ng and Wang, 2001).
The objective of this study is to investigate the small strain stiffness properties of undisturbed weathered granite with low weathering degrees by the resonant column test. As far as the authors are aware, the study of weathered granite on small strain stiffness properties is still in the stage of exploration (Niu et al., 2014), and the present study is the first study of the small strain shear modulus of undisturbed weathered granite with low weathering degrees by the resonant column test. Besides, the results of undisturbed weathered granite are compared with that of remodeled weathered granite, residual soils, and other geotechnical materials in other areas. The nonlinear deformation characteristics of completed and highly weathered granites in the study area under a small strain condition were studied and the recommended values of relevant dynamic parameters were given to provide basic scientific data for engineering construction and seismic fortification analysis in the study area.
MATERIALS AND METHODS
Stratigraphic Lithology of Weathered Granites
The samples in this study were collected from the Lincang area. The Lincang area, a border city of Yunnan Province in Southwest China, is located in the southern extension part of the Nushan Mountain range of the Hengduan Mountain system, where the high mountains crisscross. Lincang is an important port city for Yunnan to open to Southeast Asia. Therefore, in the past decade, Lincang has been vigorously developed in infrastructure construction and a large number of high speed railway and expressway projects are under construction or completed construction. Lincang area is located on the Lincang-Menghai Granite batholith (Li, 1996), which is about 350 km long from north to south and 10–48 km wide, with a total area of nearly 8000 km2. Therefore, the railway and expressway projects in the Lincang area are mostly constructed on weathered granite strata. Due to the special properties of weathered granite, engineering construction in the Lincang area has also encountered a series of engineering problems, such as water inrush and mud gushing disasters (Quan et al., 2021). However, very little is known about a systematical research on the properties of weathered granite in the Lincang area. At the same time, Yunnan Province is located on the eastern edge of the collision zone between the Indian Ocean plate and the Eurasian Plate, which is the most active seismic area in the world and is one of the provinces with the most frequent seismic activities and the most serious earthquake disasters in China. Yunnan Province includes seven seismic belts, and the Lincang area is located on the Lancang-Gengma seismic belt. Earthquakes have occurred frequently in the history of the study area. The largest earthquake recently occurred on 6 November 1988, in the Lancang-Gengma area, which is under the jurisdiction of Lincang, with a magnitude 7.6 earthquake followed by an aftershock of magnitude 7.2 (Yi et al., 2014), causing great economic losses and casualties. Yet, to date, there has been no research specific to the dynamic behavior of weathered granites in the Lincang area. The studied samples were collected from a slope of the M-L Expressway East Interchange project in Linxiang District in Lincang City (latitude 23°915′N, longitude 100°133′E). According to the drilling results, the site stratum map is shown in Figure 1, and the stratum distribution from top to bottom is as follows.
1) Stratum 1 is mainly composed of silty clay. The silty clay is mainly composed of clay and powder, containing a small amount of sand. The thickness of this layer is 1–3 m.
2) Stratum 2 is composed of completely weathered granite (CWG). The main mineral composition is feldspar, quartz, and biotite and most minerals decomposed into soil. The completely weathered granite has a granular structure (as shown in Figure 1), in which the particle size is medium to fine grain. The original rock structure is destroyed, but still could be recognizable. The thickness of the layer is generally greater than 15 m and locally larger than 25 m.
3) Stratum 3 is composed of highly weathered granite (HWG). The main mineral composition is feldspar, quartz, and biotite and some minerals decomposed into soil. The highly weathered granite is also a granular structure (as shown in Figure 1), in which the particle size is medium to fine grain. The original rock structure is violently weathered and basically destroyed but could be recognizable easily. The thickness of the layer is generally 10–20 m.
4) Stratum 4 is composed of moderately weathered granite. The minerals are mainly composed of feldspar, quartz and biotite and other minerals, with few minerals decomposed into soil (as shown in Figure 1). The moderately weathered granite is a massive structure, in which the particles are medium-fine grain. The original rock structure is retained basically and could be recognizable easily. The moderately weathered granite is a typical soft rock in which the joint and fissure are well developed.
[image: Figure 1]FIGURE 1 | Stratigraphic sections of the research site.
The research objects of this paper are CWG and HWG, which were got from stratum 2 and 3.
Sample Collection
It can be seen from Section 2.1 that the weathered granite is loose and easy to be damaged, and its original structure would be easily destroyed during the sampling process of drilling (Xiong et al., 2022). In order to minimize disturbance, a sampling technique via hand-dug open pit (Zhang et al., 2017) was adopted to obtain the original block sample. Firstly, the ground was excavated to the desired depth. The weathered granites were cut into cuboids (side length approximates 300 mm) by the tools such as saws (as shown in Figure 2A), and then a stretch film was used to tie the samples to protect the sample (Figure 2B). The samples were truncated from the ground and the stretch film was used again to tie the samples firmly. Subsequently, multilayer wrap films were used to seal the sample so as to avoid moisture loss (Figure 2C). Finally, the sealed sample was put into the sample box and filled with pearl cotton around the inner wall of the sample box (Figure 2D), in order to fully reduce the disturbance of sample in the process of transportation.
[image: Figure 2]FIGURE 2 | Photos of in-situ sample collection.
The undisturbed samples were collected at a depth of 17–22 m from the original ground, as shown in Figure 3. The details of the samples were summarized in Table 1. In order to judge the weathering degree of the weathered granite, standard penetration tests (SPT) were conducted. The results of the standard penetration tests can reflect the strength and stiffness nature of geomaterial and are often used to judge the weathering degree of weathered granites (Chang and Zhang, 2018). Since the original ground was mountainous and hence the surface was uneven (as shown in Figure 1), SPT was uneasy to carry out. Therefore, the site was leveled, and the standard penetration test was carried out on the excavated ground surface. Figure 3 presents SPT results from the borehole.
[image: Figure 3]FIGURE 3 | SPT results and sample acquisition depth.
TABLE 1 | Parameters for weathered granite samples.
[image: Table 1]The SPT-N value got from the original ground surface is different from the that got from the excavated ground surface. According to the previous studies, different depths of geo-materials can be compared with each other by using the corrected SPT- [image: image] value revised by the drill rod from the SPT- [image: image] value. Therefore, in this paper, the corrected [image: image] value is used to compare the properties of weathered granite. The drill rod length correction coefficients are obtained from the China National Standard for Geotechnical Testing Method GB/T 50123 (2019) and the corrected SPT- [image: image] values were also summarized in Figure 3. As shown in Figure 3, the SPT- [image: image] value of weathered granite in study area is stable when the depth is 13–16 m. When the depth is more than 16 m, the SPT- [image: image] value begins to increase with the depth and undergoes a sharp increase at 20 m. It shows that the weathering degree of weathered granite decreases gradually with the increase of depth, but it does not vary uniformly. According to Code for Investigation of Geotechnical Engineering GB 50021 (2001), the SPT- [image: image] value obtained from the original surface was used to judge the weathering degree of granite. The SPT- [image: image] value of CWG was less than 50 and the SPT- [image: image] value of HWG was greater than 50. In this study, the SPT- [image: image] value of the original ground surface is predicted based on the corrected SPT- [image: image] value by the inverse calculation method for the rod length correction formula. The SPT- [image: image] values are also summarized in Figure 3, which indicates that the boundary between CWG and HWG is a depth of 19 m for the test borehole.
Physical Characteristics
The index properties of weathered granites were studied by laboratory tests according to the China National Standard for Geotechnical Testing Method GB/T 50123 (2019). The grain size distribution analysis tests were conducted by the sieving method (for particle size≥0.075 mm) and the densimeter method (for particle size<0.075 mm), and four grain size distribution analysis test results were shown in Figure 4. It is observed that the maximum particle size of the studied samples is more than 5 mm, most of the particles are sand grains, followed by gravel, while the silt and clay contents occupy the lowest proportion. The coefficient of nonuniformity [image: image] is 6.2–15.7, and the coefficient of curvature [image: image] is 1.15–3.4, so the weathered granites in this study can be regarded as a coarse-grained but well-graded sand. Furthermore, it is apparent that the grain size distribution curve of the samples studied in this paper is close to that studied by Lee and Coop (1995) and Ng and Chiu (2003), but is located significantly below that studied by Yan and Li (2012) and Liu X. et al. (2021). The content of each particle size is summarized in Table 2. As shown in Table 2, the content of particles greater than 0.25 mm is 71.8–89.5%, which also indicates that the samples studied in this paper have a lower degree of weathering. According to Code for Investigation of Geotechnical Engineering GB 50021 (2001), the studied samples were categorized as coarse sand and gravelly sand. Grain size distribution curves of different samples studied in this paper are nearly parallel, and with the weathering degree increasing, the content of grain size less than 0.075 mm increases significantly, indicating that the weathering degree of granite increases with the decrease in depth, but the grain size decreases continuously.
[image: Figure 4]FIGURE 4 | Grain-size distribution curve of weathered granites (Data from Lee and Coop (1995); Ng and Chiu (2003); Yan and Li (2012); Ng et al. (2019); Liu X. et al. (2021).
TABLE 2 | The mass fractions of weathered granites in the Lincang area.
[image: Table 2]According to the China National Standards GB/T 50123 (2019), the basic physical properties of weathered granite are measured, including specific gravity tests, Atterberg limit tests, initial void ratio, and hydrometer analysis. The test results together with sample parameters from other locations are shown in Table 3. Compared with the samples from Hong Kong (Ng and Chiu, 2003; Yan and Li, 2012), Seoul (Lee and Coop, 1995), and Shenzhen (Liu P. et al., 2021), the specific gravity of weathered granites in the Lincang area is significantly higher, which is similar to the sample from Xiamen (Liu X. et al., 2021). According to the standard, the plastic index of the particles less than 0.5 mm is 13.4–16.4, which further verifies that the research object in this paper has fewer fine grains and a lower weathering degree compared with others.
TABLE 3 | Basic physical properties and mechanical indices of weathered granites (Date from Lee and Coop (1995); Ng and Chiu (2003); Yan and Li (2012); Liu P. et al. (2021); Liu X. et al. (2021))
[image: Table 3]Specimen Preparation
It can be seen from Figure 1, Figure 2 that the weathered granite in the Lincang area has a large particle size, in which the content of particle size above 0.25 mm is 71.8–89.5%, and has common characteristics of the weathered granite: loose structure, low interparticle cohesion and rapid disintegration in case of water (Liu et al., 2019). Meanwhile, the weathered granites are rich in brittle minerals such as quartz and unweathered feldspar, which results in the weathered granites having two characteristics: rigid particles and loose texture. Therefore, it is extremely difficult to make undisturbed samples of weathered granite by traditional sample preparation methods (Niu et al., 2014) such as cutting by knife. Through investigation and comparison of practice, this paper adopts a circular computer numerical control (CNC) abrasive wire sawing machine to treat weathered granites, as shown in Figure 5A. Li (2016) first applied the reciprocating abrasive wire cutting technology to the treat shale and coal rock samples and achieved satisfactory results. But compared with shale and coal rock, the inhomogeneity and fragility of weathered granites are more outstanding, which are easily broken without constraint outer pressure. The reciprocating abrasive wire cutting technology has two weaknesses in dealing with weathered granite as compared to the circular CNC abrasive wire sawing machine. There is an unavoidable difficulty that the line of reciprocating abrasive wire cutting machine is often broken in the process of cutting weathered granite samples. The explanation for this phenomenon might be that the content of minerals in weathered granites, such as quartz and unweathered feldspar, is higher and these minerals are not evenly distributed. In the meantime, the wire diameter (usually less than 0.35 mm) is small and the line needs to undergo reciprocating motion, so the sand line is easy to break due to the sudden increase of stress caused by quartz particles and feldspar particles in the cutting process. It is easy to damage the sample in the process of changing the monocrystalline wire. In addition, because the monocrystalline wire of the reciprocating abrasive wire cutting machine needs to repeat the reciprocating movement, and its line speed is not fast (less than 20 m/s), the efficiency of cutting weathered granites is lower. Relatively speaking, the circular CNC abrasive wire sawing machine (Figure 5A) adopted in this paper has a higher line speed (more than 40 m/s) due to the characteristics of the annular line without reciprocating movement. More importantly, the line diameter is thicker (diameter =0.65 mm), which is not easy to break in the cutting process, greatly improving the cutting efficiency and success rate of treating weathered granite. The obtained undisturbed sample (diameter d=50 mm; height h=100 mm) is shown in Figure 5B. It can be distinctly seen that the sample is unbroken and has a smooth surface, and the original structure of weathered granite can be seen clearly. The surface evenness of samples is acceptable, which can meet the test requirements.
[image: Figure 5]FIGURE 5 | Weathered granite samples processed by CNC abrasive wire sawing machine: (A) Circular CNC abrasive wire sawing machine; (B) Prepared sample; (C) Packaged sample.
After processed by the circular CNC abrasive wire sawing machine, the samples were directly encapsulated with a rubber membrane, and both ends of the weathered samples were fixed with plexiglass discs (as shown in Figure 5C). Constraint measures were also taken to prevent it from breaking during movement.
Before the resonance column test, the samples were placed in a water tank to be subject to vacuum pressure for 24 h. Then the initially saturated sample was installed on the experimental instrument and the back pressure was applied step by step to the sample in order to increase the saturation of the sample. The Skempton B value was checked until it was greater than 0.96, which can guarantee the saturation of the tested specimen. Then consolidation pressure was carried out. After the sample consolidation was completed, relevant tests were carried out.
TESTING EQUIPMENT AND TEST PROCEDURE
Testing Apparatus and Test Procedure
The tests in this study were performed with an automated resonance column testing system, which was manufactured by Global Digital Systems (GDS) Ltd. in the United Kingdom. The resonance column testing device was a Stokoe-type resonance column device, and the bottom end of the sample is fixed and the top end is free. The resonant column test system includes an excitation system, measuring system, and sample container (Figure 6). The resonance column testing apparatus was equipped with two pressure controllers (cell and back pressure), in addition to a LVDT displacement transducer to measure the axial strain. The volume and pressure accuracy of the backpressure control system are 1 mm3 and 1 kPa, respectively. The pressure accuracy of the cell pressure control system and pore water pressure transducer is 1 kPa. The accuracy of the axial displacement transducer is 0.001 mm which meets the accuracy requirement of the experiment. In the consolidated process, the backpressure was applied on the top cap, the pore water pressure was measured from the base of the specimen, and the volume change was measured via the back-pressure controller. The consolidation stage was considered complete when the drainage rate of pore water was less than 1 mm3/min.
[image: Figure 6]FIGURE 6 | Schematic view of the resonant-column apparatus and the experimental setup.
In the test process, the torsional excitation force was applied step by step at the free end of the specimen by controlling the excitation voltage of the excitation system, the specimen was vibrated by the torque at different frequencies and the corresponding shear strain of the sample was measured by the acceleration transducer (the representative shear strain is inferred from the rotation at a conventionally fixed radial distance). The frequency producing the maximum shear strain amplitude was considered as the resonant frequency. As the experiment proceeded, the intensity of the applied torque was increased step by step, which was controlled by the input voltage. The test stopped at the assigned consolidation pressure after loading approximately 20–25 levels of excitation force at each consolidation pressure. Therefore, the stiffness for increasing strain levels at each consolidation pressure could be determined.
The dynamic shear modulus [image: image] of the sample can be calculated by the following formula:
[image: image]
where [image: image] is the shear modulus of the sample, [image: image] is the density of the sample after consolidation, [image: image] is the resonance frequency, [image: image] is the height of the sample after consolidation, and [image: image] is the characteristic value of the frequency equation of torsional vibration, which can be obtained from the reference table.
Test Scheme
Since the strain range investigated in the resonance column test is less than 0.1%, it can be almost considered that there is no destruction to the sample during the resonance column test. Therefore, one sample can be used for the resonance column test at different consolidation pressures. The backpressure was all set for 100 kPa in all tests. To study the effects of effective consolidation pressure ([image: image]), and weathering degree on the small strain stiffness properties of weathered granites, the specimens were investigated under various test conditions. The samples (CWG A, CWG B, HWG A, HWG B) were tested by the resonant column test at effective consolidation pressures of 50 kPa, 100 kPa, 200 kPa, 300 kPa, 400 kPa, 500 kPa, 600 kPa, 700 kPa, 800 kPa, 900 kPa. The specific test schemes are provided in Table 4.
TABLE 4 | Experimental schemes of resonant column tests.
[image: Table 4]RESULTS AND ANALYSIS
Effect of Effective Consolidation Pressure on Dynamic Shear Modulus
Results of the dynamic shear modulus [image: image] of all undisturbed samples at different effective consolidation pressures with shear strain [image: image] are shown in Figure 7. According to the results in Figure 7, the relationship curves of dynamic shear modulus [image: image] and shear strain [image: image] of weathered granite samples with different weathering degrees at different effective stresses are similar in shape and variation tendency. When the shear strain is small ([image: image]), the soil stiffness exhibits almost a fixed value. And when the shear strain exceeds 0.001%, it can be observed that the shear modulus becomes strain-dependent and the attenuation gradient of the dynamic shear modulus increases with the shear strain increasing. For the same sample, the phenomenon is more obvious under higher effective consolidated stresses. It indicates that with the increase in shear strain, the stress-strain relationship of weathered granite changes from linear to nonlinear, which is the characteristic of most geotechnical materials (Seed and Idriss, 1970; Stokoe et al., 1999).
[image: Figure 7]FIGURE 7 | Relationship between shear modulus [image: image] and shear strain [image: image] for specimens in different weathering conditions: (A) CWG A; (B) CWG B; (C) HWG A; (D) HWG B (Data points halved).
In addition, one can see that curves of all samples move up with the increase of effective consolidation stress. In other words, dynamic shear modulus increased with the effective consolidation stress at the same shear strain. A similar phenomenon could be observed in sedimentary soil, sandy soil, and eluvial soil, which is obviously different from strongly structured soils. As the effective consolidation pressure increases, the structure of samples becomes denser. The contact area between particles increases and the propagation velocity of the shear wave is easier to accelerate in the sample. The resonance frequency measured in the test increases with the increase in consolidation pressure, so the maximum shear modulus increases with the increase in consolidation pressure. However, with the increase in consolidation pressure, the volume of the sample decreases, and the increased amplitude of the maximum shear modulus gradually decreases.
Effect of Weathering Degree on Dynamic Shear Modulus
The variation of dynamic shear modulus [image: image] and shear strain [image: image] of samples with different weathering degrees (corresponding different corrected SPT-N′ value)under the same consolidation pressure are shown in Figure 8. One can see that the dynamic shear modulus curves of samples with different weathering degrees are significantly different at the same effective consolidation pressure. Samples with lower weathering degrees (higher corrected SPT-N′ value) have higher shear modulus at the same shear strain, but the attenuation gradient of shear modulus is larger with the development of strain. This result may be explained by the fact that when granite weathering degree exceeds a threshold, fine particle content increases, the secondary cementation of the particle is becoming ever more obvious, which can delay the stiffness attenuation (Liu X. et al., 2021). The sample with a lower weathering degree has few fine particles, so the secondary cementation is lower than that of the sample with a higher weathering degree, which results in greater stiffness attenuation of the lower weathered sample.
[image: Figure 8]FIGURE 8 | Relationship between shear modulus [image: image] and shear strain [image: image] for specimens at different effective consolidation pressures: (A) 200 kPa; (B) 300kPa; (C) 400kPa; (D) 500 kPa. (Data points halved).
Effect of Weathering Degree on Maximum Dynamic Shear Modulus
When the soil shear strain approximates the minimum, the corresponding dynamic shear modulus is defined as the maximum dynamic shear modulus [image: image], which is an important parameter in the dynamic geotechnical analysis (Stokoe et al., 2005). The curve fitting between shear modulus [image: image] and shear strain [image: image] is usually used to obtain the corresponding dynamic shear modulus. In this paper, the Stokoe formula (Stokoe et al., 1999), which was improved based on the Hardin-Drnevich equation, is used to fit the experimental results. The formula is described as follows:
[image: image]
where [image: image] is the reference shear strain when [image: image]; [image: image] is the fitted curvature parameter. To improve the accuracy of the fitting curve, the method proposed by Yan et al. (2018) is adopted. The experimental data curves were first processed using the linear fitting, and the linear fitting parameters were used as nonlinear fitting input values to fit the experimental data curves again to obtain the final fitting parameters. The fitting curve is exhibited in Figure 8, from which it can be seen that the fitting curve are all highly consistent with the experimental data.
The relationship curves between the maximum dynamic shear modulus [image: image] of different weathered granites at different effective consolidation pressures are displayed in double logarithmic coordinates (Figure 9A). It can be observed that the maximum dynamic shear modulus [image: image] increases with the increase in effective consolidation pressure. The curves of samples with lower weathering degrees are higher than that with higher weathering degrees. As can be seen from Figure 9A. A highly significant linear relationship between the maximum dynamic shear modulus and effective consolidation stress was observed in the logarithmic coordinate for all samples and can be expressed by the common power function as follows.
[image: image]
where [image: image] is the atmospheric pressure ([image: image] in this paper); [image: image] is the effective consolidation pressure; [image: image] is the maximum shear modulus [image: image] when the effective consolidation pressure is 100 kPa; [image: image] is the fitting parameter, which is determined by experimental data. Eq. 3 is similar to the famous Hardin formula, where [image: image] is the soil constant and affected by the type of soil and other factors. Observing the form of Eq. 3, it is easy to know that the maximum shear modulus [image: image] is 0 MPa when the effective consolidation pressure is 0 kPa, which does not fit with the actual situation. When the effective stress is 0 kPa, the maximum shear modulus of the soil is not 0 MPa. Therefore, Eq. 3 is modified as follows.
[image: image]
where [image: image] is the maximum shear modulus [image: image] when the effective consolidation pressure is 0 kPa. The modified equation satisfies the case where the effective stress is 0 kPa, and as the effective stress increases, it is a monotonic function and gradually converges towards Eq. 3.
[image: Figure 9]FIGURE 9 | [image: image] for specimens with different weathered degrees: (A) [image: image]; (B) [image: image].
The fitting parameters of the maximum dynamic shear modulus [image: image] with different weathering degrees are shown in Table 4 and the fitting curves of the test data are shown in (Figure 9B). Table 5 shows that the fitting parameter [image: image] and [image: image] variation with different weathering degrees, for which the minimum [image: image] is 0.989, indicating a good fit. [image: image] shows an increase in value with decreasing weathering degree and [image: image] shows an increase in value with increasing weathering degree. The [image: image] value reflects that the sample with a higher weathering degree is more sensitive to the change of effective consolidation pressure, which has a higher [image: image] value. This phenomenon may be explained by the fact that the sample with a higher weathering degree has smaller dry density and larger porosity, the skeleton of which is easier to be compressed at consolidation pressure.
TABLE 5 | Summary of the [image: image] fitting parameters.
[image: Table 5]According to the relationship between the fitted parameters and the SPT- [image: image] values in Table 5, the parameters [image: image], [image: image], and SPT- [image: image] values have a good linear relationship, as shown in Figure 10. Substituting the fitted equations for the parameters [image: image] and [image: image] in Figure 10 into Eq. 4, the characterization of the maximum dynamic shear modulus considering the degree of weathering is obtained. Eq. 4 can be rewritten in
[image: image]
where [image: image] and [image: image] are the fitting parameters for [image: image], [image: image] and [image: image] are the fitting parameters for [image: image], and [image: image] is the atmospheric pressure ([image: image] in this paper).
[image: Figure 10]FIGURE 10 | [image: image] and [image: image] for specimens with different SPT- [image: image] value (different weathered degrees).
Based on regression analysis using the least square method shown in Figure 10, the following expression was derived for the model parameter of weathered granites in the Lincang area:
[image: image]
Figure 11 gives the test results and Fitting surface in terms of a three-dimensional plot. The data analysis in Figure 11 showed a strong correlation between the maximum shear modulus ([image: image]) of the tests and the maximum shear modulus ([image: image]) calculated by the effective consolidation pressure ([image: image]) and the corrected SPT [image: image] value ( [image: image] ) ([image: image] equal to 0.989). Formula (6) can be directly used to calculate the maximum dynamic shear modulus of the weathered granites in the Lincang area under the condition of isotropic consolidation by the [image: image] value obtained from the in-situ test.
[image: Figure 11]FIGURE 11 | Relationship of [image: image], [image: image] and [image: image] for weathered granite in the Lincang area.
Attenuation Characteristics of the Dynamic Shear Modulus
The dynamic shear modulus ratio, which reflects attenuation characteristics of the dynamic shear modulus with the development of dynamic strain, is the key input parameter in the process of soil dynamic analysis. For the convenience of analysis, the test data are normalized with the maximum dynamic shear modulus. Changing the form of Eq. 2 gives the following relationship, which can be used to fit the corresponding data.
[image: image]
Figure 12 shows the results of the dynamic shear modulus ratio. Some fitting parameters are shown in Table 6. It can be seen that the reference shear strains [image: image] and the fitted curvature parameter [image: image] of all samples increases with the increase in consolidation pressure, indicating that the stiffness attenuation gradient of all samples decreases with the increase in consolidation pressure. This phenomenon can be explained that with the increase in consolidation pressure, the pore ratio of samples decreases and the particles in the sample contact more closely and the intergranular force is larger, and the resistance to deformation is strengthened. Therefore, the samples are more resistant to deformation, the dynamic shear modulus of which can be maintained at a larger shear strain amplitude.
[image: Figure 12]FIGURE 12 | Normalized stiffness [image: image] attenuation curves for specimens with different weathering degrees: (A) CWG A;(B) CWG B;(C) HWG A; (D) HWG B (Data points halved).
TABLE 6 | Fitting parameters of test data of samples with varying weathering degrees.
[image: Table 6]DISCUSSION
The Variations of Small Strain Stiffness Properties in the View of the Microstructure
To observe the effect of consolidation pressure on the micro-morphological changes of weathered granite, the weathered granite was treated with a heating and drying method in advance. Experimental analysis of the treated HWG B using scanning electron microscopy (SEM) and SEM images are shown in Figure 13. As shown in Figure 13A, the structure of the undisturbed HWG is an interlocking structure. The mineral particles are uneven in size, with some small particles filling in between the larger ones, and the particles have an angular and irregular shape. The distribution of fractures between the particles is obvious, and the width of fractures is large. The pore type is mainly intergranular pores, the primary fissures and their development direction is irregular, and most of the fissures penetrate each other, and the minerals cannot be observed in some fissures, indicating that the fissure depth is large and the gap between the particles is large and that the weathered granite structure is loose. There is almost no cementing material between the particles, but the shapes of adjacent particles match each other, indicating that the interparticle fissures should be attributed to the loss of weathered minerals. It is noteworthy that there are flakes of highly weathered protolithic minerals between some of the quartz grains, and the flake structure is layered in face-to-face contact with obvious relaxation of the lamellar structure and large internal spacing. As can be seen from Figure 13B, the structure of the undisturbed HWG after consolidation becomes denser, the fissures between the particles are closed, and the fissures of the original laminated structure inside some particles are tightly closed due to the consolidation pressure. In summary, the undisturbed HWG after consolidation are more compaction in structure, which makes the shear wave propagate faster in the sample, and therefore the shear modulus of the sample increases.
[image: Figure 13]FIGURE 13 | SEM micrographs of HWG B in a vertical plane of specimen under 200x magnification: (A) the natural state; (B) at an effective consolidation pressure of 900 kPa.
The soil structure of unconsolidated weathered granites with different weathering degrees was investigated using SEM, and the SEM images are shown in Figure 14. SEM photographs show that the structural fragmentation of the weathered granite increases with the increase of weathering degree. As the degree of particle fragmentation increases, the number of fine particles increases, the fine particles attached to large particles also increase, and the angles of some particles gradually tend to be round with the increase in weathering degree. The fracture spacing between large particles increases and some of the fractures in the samples with a higher weathering degree are filled with small particles. Tiny fractures increase in some of the particles themselves. To summarize, with the increase in weathering degree, the fine particles increase, the fissures are more developed and the shear wave propagation is more difficult, which is the reason for the decrease of shear modulus.
[image: Figure 14]FIGURE 14 | SEM micrographs of the weathered granites at the natural state in a vertical plane for specimens in different weathering conditions under 200x magnification: (A) CWG A; (B) CWG B; (C) HWG A; (D) HWG B.
Recommended Range of Small Strain Stiffness Parameters for Weathered Granite in the Lincang Area
In order to provide parameter suggestions for the dynamic analysis of weathered granite stratum engineering construction in the Lincang area, this paper sorted out the experimental results and presented the variation range of stiffness parameters of weathered granite in the Lincang area, as shown in Figure 15. In order to facilitate comparative analyses, the results of other geomaterials were also put in the figure. It can be seen from Figure 15 that for weathered granite with different weathering degrees, the decay curve of dynamic shear modulus shows the same change trend, but there are some differences in the attenuation rate. The previous results have indicated that the sample with a higher weathering degree is more sensitive to the effective stress, but the samples with a lower weathering degree are more susceptible to the shear strain, and hence the attenuation rate is faster. The small strain (10–6–10–3) test of the resonant column shows that the weathered granites have basically identical dynamic response and regularity to the usual sand samples (Zhu and Xu, 1993; Yuan et al., 2000). The attenuation rate of the dynamic shear modulus ratio of the weathered granites in the Lincang area with increasing dynamic shear strain is basically lower than the upper boundary attenuation rate of the general sand curve, which was suggested by Seed and Idriss (1970). According to the modulus ratio data points, when the shear strain is 10–6–10–4, all weathered granites data points are distributed above the lower boundary of the remolded HWG curve reported by Niu et al. (2014), and some data points are outside the upper boundary of the reconstituted high weathered curve suggested by (Niu et al., 2014). Furthermore, all data points of the weathered granites in the Lincang area are distributed under the upper boundary of the sand curve suggested by Yuan et al. (2000). As can be seen from Figure 15, the lower limit of sand soil range given by Yuan et al. (2000) almost coincides with the upper limit of reconstituted HWG range given by Niu et al. (2014), the results range of Lincang granite is the area where the two ranges merge. In addition, the experimental results range of granite residual soil studied by Liu X. et al. (2021) are consistent with that of reconstituted HWG provided by Niu et al. (2014). As the strain increases (>10−4), the range of weathered granites data in the Lincang area gradually changes to almost cover the range of sand given by Zhu and Xu (1993) and Yuan et al. (2000), and has little overlap with the range given by Niu et al. (2014), indicating that the attenuation curves of dynamic shear modulus ratio of weathered granite in different areas have obvious differences. Although the decay trend of the dynamic shear modulus ratio of weathered granite in different regions is the same, the attenuation rate does differ significantly. There will be an obvious deviation in the dynamic analysis of the Lincang area if the experimental results of other areas are forcibly applied. In summary, compared to the data provided by Niu et al. (2014) and Liu X. et al. (2021), the weathered granites in the Lincang area exhibit the shear modulus ratio that decreases at a smaller rate with the development of dynamic shear strain and a broader variation range. Thus, the weathered granites in Lincang area are more resistant to deformation than that in other areas and suitable for serving as a construction material.
[image: Figure 15]FIGURE 15 | Results of normalized dynamic shear modulus. Data source: Seed and Idriss (1970); Zhu and Xu (1993); Yuan et al. (2000); Niu et al. (2014); Liu X. et al. (2021).
CONCLUSION
In this paper, a series of resonance column tests were carried out on undisturbed completely and highly weathered granite in the Lincang area to study its dynamic shear modulus characteristics, and the results were compared with those of others. The main conclusions and results obtained are as follows:
1) The via hand-dug open pit method was used to obtain undisturbed block weathered granite samples with minimal disturbance. A circular CNC abrasive wire sawing machine has a good processing effect on weathered granites which have rigid particles and loose texture and may be extended to the treatment of other undisturbed rock and soil materials.
2) The Stokoe formula provides a good fit to the curve of [image: image] for weathered granite in the Lincang area. At the same strain level, the maximum dynamic shear modulus of weathered granite increases with the increase in effective consolidation pressure but decreases with the increase in weathering degree. The maximum dynamic shear modulus of weathered granite with a higher weathering degree is more sensitive to the effective consolidation pressure. The fitting curve for the maximum dynamic shear modulus was given, and the fitting parameters [image: image] and [image: image] have a good linear relationship with SPT- [image: image] values.
3) The fitting formula and related parameters of the dynamic shear modulus of Lincang weathered granite were proposed, and the variation range of dynamic parameters was given. The attenuation rate of dynamic shear modulus ratio of weathered granite in the Lincang area with shear strain is significantly lower than that in other areas, indicating that dynamic parameters of weathered granite samples in different areas vary in different ranges. The parameters suggested in this paper can provide a basis for dynamic stability analysis of weathered granite stratum engineering construction.
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