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Abstract

:

In this study, the relationship between the pore structure and macroscopic mechanical characteristics of coarse-grained soils from mine dumps is explored under various freeze–thaw cycles. A series of experiments were conducted on the mine dump materials using a standard cube sample of 7 cm × 7 cm × 7 cm, a moisture content of 7.5%, and a density of 2.34 g/cm3. The pore structure test and uniaxial compressive strength test were carried out on the coarse-grained soil samples under different freeze–thaw cycles by using a nuclear magnetic resonance (NMR) instrument and a universal servo material testing machine. The study explores the change law of the strength and pore structure of coarse-grained soil, and establishes the correlation model between the pore structure and mechanical characteristics. The results showed that: (1) With the increase in the number of freeze–thaw cycles, the porosity of the coarse-grained soil gradually increased, and the bonding ability between the internal soil particles weakened, resulting in a decrease in strength. (2) With the increase in freeze–thaw cycles, the proportion of pore volume of the main peak and secondary peak 2 of T-2 spectrum curve increases gradually, and the internal pore structure of coarse-grained soil gradually develops towards medium and large pores. (3) There is an exponential function between the variation of pore volume proportion of each peak of coarse-grained soil and the relative strength value, and there is a good fitting coefficient between the two, indicating that the change of pore structure can well reflect the evolution law of strength.
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1. Introduction


With the gradual increase in the mining scale of mineral resources, the number of mine dumps is increasing, and the mechanical properties of the soil in dumps are also being given more and more attention [1,2,3]. In the seasonal freeze–thaw area, the soil body of the dump site is affected by the changes of water, heat, and force during the freeze–thaw process, and its mechanical properties change, which makes the dump site unstable [4,5]. The dump is mainly composed of waste rock and soil particles stripped during mining, and its mechanical properties are closely related to the stability of the dump, which is the basis for the study of the stability and disaster mechanism of the dump [6,7,8,9]; therefore, understanding the mechanical properties of the soil in the dump under the action of freeze–thaw cycles will be helpful to store the dump materials scientifically, optimize the dump process, and then analyze the stability of the dump slope, as well as the disaster risk prediction to ensure the safety of life and property of the surrounding people [10,11,12,13,14].



In the study of soil mechanics characteristics, Chen Tao et al. [15] showed that under the influence of freeze–thaw cycles, the uniaxial compressive strength of coarse-grained soil decreased exponentially with the increase in the number of freeze– thaw cycles; the uniaxial compressive strength of freezing–thawing clay is about 33–50% of that of undisturbed soil [16]; Hotineanu, A et al. [17] took clay as the research object and found that after freeze–thaw cycles, the cohesion of the soil decreased, while the internal friction angle increased as a whole. It was believed that the effect of freeze–thaw cycles on shear strength was the main one, which was reflected in the cohesion; the difference in the gravel content will also make the shear index of the coarse-grained soil different. Under the same particle size gradation, the internal friction angle of the coarse-grained soil has an increasing relationship with the gravel content in the shear zone of the sample. As the gravel content increases, the internal friction angle may decrease [18]; Baghdadi Z A et al. [19], Yarbasi N et al. [20], and Fard, AR et al. [21] pointed out that under freezing–thawing cycle, the durability of soil gradually decreases, and the mass loss rate of freezing–thawing durability test was strongly correlated with freezing–thawing strength; Ishikawa, T et al. [22] pointed out that the particle breakage rate of soil increases with the increase in the number of freeze–thaw cycles, while the strength and stiffness gradually decrease; with reference to the experimental results of water content and freezing–thawing cycles on the compacted expansive soil, Zhibin Tu [23] constructed a three-dimensional strength prediction model when taking the interaction of freezing–thawing cycle and water content into consideration; Ling, XZ et al. [24] studied the effect of freeze–thaw cycles on the mechanical properties of coarse-grained soil materials, proposed a stress–strain prediction model for residual strength based on a continuous damage mechanics framework, and verified it.



With the deepening of research, it has been found that the nature of the decrease in mechanical properties of freezing–thawing porous materials is that the freezing–thawing action changes their internal microstructure [25,26,27,28,29,30,31,32,33,34]. Tang, LY [35] used nuclear magnetic resonance (NMR) to analyze the effect of freeze–thaw cycles on the internal pore structure of the soil–rock mixture. It was believed that the pores of the soil–rock mixture had fractal characteristics; Chen Yong [36] used image processing software to analyze scanning electron microscopy (SEM) images of expansive soil under different freezing–thawing cycles, and found that surface porosity of soil samples (the proportion of pores in a certain plane of soil) gradually increased with the increase in freezing–thawing cycles; The freezing–thawing cycle can not only change the porosity of soil, but also the size and shape of soil particles, thus affecting the cementation ability of soil particles [37], which leads to the formation of penetrating cracks in the soil and the gradual decrease in soil strength [38,39]; Ahmadi, S [40] used the Brunauer–Emmett–Teller (BET) and SEM to analyze the microstructural changes and interfacial interactions of fiber–clay particles, and found that the total pore volume and average pore size of the clay samples increased 30 and 42%, respectively, under freeze–thaw cycles; the change of pore structure is manifested as the change of mechanical properties on the macroscopic level, which can be used to reflect the change law of strength to a certain extent [41]; Xu, L [42] pointed out that there was a negative correlation among the porosity, pore orientation and mechanical parameters of expansive soil samples, and the change of the microstructure of expansive soil would directly affect the mechanical properties; Li [43] established the relationship between the ratio change rate of each peak and the mechanical characteristics based on the spectral area ratio of each peak in the NMR T-2 time curve, and studied the effect of different pore sizes on the strength.



In summary, scholars have studied the change characteristics of soil mechanical parameters and microstructure under the action of freeze–thaw cycles through microscopic detection technology, and discussed the relationship between pore structure characteristics and strength, but few scholars have studied the pore structure from the pore structure itself. Based on the above research, the NMR test and uniaxial strength test were carried out on coarse-grained soil under different freezing–thawing cycles, and the strength, porosity, T-2 spectrum curve characteristics, and the evolution characteristics of T-2 peak porosity ratio of coarse-grained soil under different freezing–thawing cycles were analyzed. The correlation model between pore structure and strength was established based on the variation of the proportion of pore volume in each peak (ΔS) of T-2 time curve.




2. Test Scheme


2.1. Main Components and Particle Size Distribution of Coarse-Grained Soil


The test soil is taken from a mine dump in Heilongjiang Province; the dump is arranged by a single step, with a height of about 25 m and a natural repose angle of 34.5–35°. According to the mine geological data, the freezing depth of the dump is about 4m; the sampling depth is about 1 m. Its main components and physical parameters are shown in Table 1. The average bulk density of gravel particles is 2.41 kg/cm3, the loose coefficient is 1.385, and the compressive strength is 40 MPa. The soil is mainly stripped topsoil, the average natural weight is 1.67 kg/cm3, the liquid limit is 35%, the plastic limit is 21%, and the cohesion and internal friction angle are 7.0 KPa and 6.2°, respectively. The particle size distribution of samples is determined according to the slope surface sampling and screening results of the dump. Since the maximum particle size of the dump is close to 100 mm, the particle size needs to be reduced. According to the geotechnical test specification [44], the maximum particle size after reduction is set to 20 mm by using the equal-mass substitution method, and the particle size distribution is shown in Table 2. Figure 1 is the cumulative curve of sample particle size gradation. It can be seen from the figure that the particle size greater than 5 mm accounts for more than 50% of the mass, which is called coarse-grained soil in engineering.




2.2. Sample Preparation


According to the particle size grading after scaling and the geotechnical test specifications, the sample was made into 7 cm × 7 cm × 7 cm cube sample with a moisture content of 7.5% and a density of 2.34 g/cm3 (all measured by field tests, that is, the natural moisture content and density). The specific steps are as follows:




	(1)

	
According to the particle size materials required by the test, a drying box is used for drying. The setting temperature of the drying box is 105 °C, the drying time is 24 h, and the drying is carried out several times.




	(2)

	
After the test mold is cleaned and dried, a layer of lubricating oil is brushed on the inner side of the mold to facilitate demolding in the later stage.




	(3)

	
The dried bulk materials in the drying box are weighed according to the proportion of particle size and poured into the basin; the amount of water required is weighed and stirred together fully. After being stirred evenly, the materials will be evenly filled into the mold in three layers to make it stick together in the natural state.




	(4)

	
The mold is wrapped with plastic wrap and left for 24 h to make the moisture content in the sample evenly distributed. Then, demolding samples are also wrapped with the plastic film to prevent moisture loss.










2.3. Experimental Test


The dump site is located in the middle temperate zone of the mining area and belongs to the continental monsoon climate zone. The annual average temperature is 3.9 °C, the highest monthly average temperature is 21.9 °C, and the lowest monthly average temperature is −19.1 °C; therefore, the freeze–thaw temperature range is set as −20 °C~20 °C. Considering that the area where the dump is located is below 0 °C for nearly half a year, to ensure that the sample can be fully frozen and thawed, the freezing and thawing time is set to 12 h, forming a cycle. The freezing process of the sample is to put the prepared sample into the refrigerator, and the thawing process is carried out at room temperature. The freezing–thawing cycles of the sample are 0, 5, 10, 15, and 20 times, respectively, as shown in the Figure 2.



Samples that have reached the number of freezing–thawing cycles were taken out from the freezing–thawing box in batches, and the strength test and porosity test were performed, respectively. The number of samples in each group of strength test is 3, and the number of samples is 15. The porosity was tested with the same sample, and the number of samples is 3.



The uniaxial compressive strength test on coarse-grained soil samples was conducted by using universal servo testing machine (SNA420, Shanghai Xinsanyi Measuring Instrument Manufacturing Co., LTD, Shanghai, China). Because the strength of coarse-grained soil is low, the method of force control is used for pressing, the loading speed of the force is selected as 10 N/S, and the pressure is gradually applied until the sample is destroyed.



AiniMR-150 nuclear magnetic resonance imaging analysis system (AiniMR-150, Suzhou Niumag Analytical Instrument Corporation, Suzhou, Jiangsu, China) was used for the porosity test. Its magnetic field intensity range is 0.3 T ± 0.05 T, RF pulse frequency range is 2 MHz~49.9 MHZ, and the accuracy is 0.1 MHZ. Table 3 shows the main Carr-Purcell-Meiboom-Gill (CPMG) sequence parameters of the coarse-grained soil porosity test. The specific test process is shown in Figure 3.




2.4. NMR Pore Radius Transformation


NMR is a nondestructive microscopic detection technology. According to its technical principle, its surface relaxation mechanism can be expressed as follows:


   1   T 2    =  ρ 2  (  S V  )  



(1)







Since the hole radius is proportional to the hole throat radius, Equation (1) can be expressed as:


   1   T 2    =  ρ 2     F S   R   



(2)




where ρ2 is the surface relaxation intensity, and FS is the value of pore shape factor (for spherical pores, FS = 3; For cylindrical holes, FS = 2), R is the hole radius; ρ2 = 3 μm/ms, Fs = 2, then C = ρ2 × Fs = 6 μm/ms [45,46]; therefore, Equation (2) can be expressed as:


  R = 6  T 2   



(3)




According to Equation (3), the pore radius of coarse-grained soil is proportional to T-2 value, so the T-2 spectrum can be converted into the pore size distribution curve of coarse-grained soil. For the convenience of analysis, the pore size of coarse-grained soil can be divided into four types: micro-pore (r < 0.4 μm); fine pores (0.4 μm < r < 2.5 μm); medium pore (2.5 < r < 10 μm); large pores (r > 10 μm) [47].





3. Analysis of Test Results


3.1. Analysis of Strength and Porosity of Coarse-Grained Soil


According to the uniaxial strength test and NMR test results of coarse-grained soil samples under different freezing–thawing cycles, the changes in the bearing strength and porosity of the coarse-grained soil under different freezing–thawing cycles can be obtained. Table 4 shows the test results of the uniaxial compressive strength and porosity of coarse-grained soil samples, and variation rules of sample strength and porosity under different freezing–thawing cycles are shown in Figure 4.



It can be seen from Figure 4 that the uniaxial compressive strength of coarse-grained soil decreases gradually with the increase in the number of freezing–thawing cycles, and the rate of strength reduction also decreases gradually, and the porosity gradually increases with the increase in the number of freeze–thaw cycles. The results show that the freeze–thaw cycle effect increases the number of pores in the coarse-grained soil, destroys the cementation ability between soil particles, and reduces the strength of the coarse-grained soil. After 20 cycles, the change in strength and porosity reached 45% and 28.2%, respectively. When the number of freeze–thaw cycles is from 0 to 10, the strength loss rate and porosity increase rate of coarse-grained soil are 30.5% and 17.9%, respectively. When the number of freeze–thaw cycles is from 10 to 20, they are 20.9% and 8.7%, respectively. It can be seen that the strength and porosity of coarse-grained soil in the first 10 freeze–thaw cycles change more obviously in freeze–thaw cycles.




3.2. T-2 Spectrum Analysis of Coarse-Grained Soil


Figure 5 shows the T-2 time distribution curve of coarse-grained soil in the dump site. It can be seen from Figure 5a that the T-2 curve is in the state of three peaks, but the shape of the third peak is not obvious. The main peak of the T-2 spectrum distribution is between 0.05 ms and 10 ms, and the secondary peak is between 10 ms and 100 ms. Under this water content, the area of the main peak interval of the T-2 spectrum of the NMR test accounts for more than half of the total area, and the number of pores accounts for a large proportion and is mainly small-sized pores. With the increase in relaxation time, the three peaks in the T-2 spectrum were defined as the main peak, secondary peak 1, and secondary peak 2, successively, and the signal amplitude of the main peak was significantly higher than that of the secondary peak. Among them, the main peak contains micro-pores, fine pores, medium pores, and some large pores, while the secondary peak 1 and secondary peak 2 correspond to the large pores.



It can be seen from Figure 5b, with the increase in freeze–thaw cycles, the porosity component of the coarse-grained soil increases gradually, the T-2 curve moves to the right, the peak point rises, and the area of the peak is also increasing. The pore structure of coarse-grained soil gradually develops towards medium and large pores, indicating that damage occurs in the freezing–thawing environment, and the amount of damage increases with the increase in the number of freezing–thawing cycles, which also indicates that freezing–thawing damage is a cumulative process. In the freezing environment, the water contained in the pores and fissures of the coarse-grained soil changes from liquid water to solid water, and the volume of water increases, resulting in frost heaving force acting on the inner wall of the pores, and changes in the internal pore structure. The cracks expand to both ends, the ice in the pores turns to water as it melts, and the frost heave in the pores disappears. Some easily soluble minerals and soil particles in the coarse-grained soil are dissolved in water, and the internal pores and fissures increase further, resulting in the loose soil structure. Under the alternation of freeze–thaw cycles, soil pores continue to develop, the number of pores increases, and the strength decreases.




3.3. Evolution Characteristics of Pore Structure of Coarse-Grained Soil


The water in the pores is capable of destroying the original pore characteristics in the coarse-grained soil due to the water–ice phase transformation under freezing and thawing. The most intuitive reflection is the change of porosity, which changes its internal pore structure characteristics from the microscopic point of view. The change of pore structure of coarse-grained soil will lead to the change of the number of pores of different sizes. At present, the NMR T-2 time distribution curve can be used to calculate the pore volume fraction in different pore ranges with high accuracy. In this study, the pore size distribution of coarse-grained soils under different freezing–thawing cycles (as shown in Table 5) and the proportion of three-peak pore volume in the T-2 spectrum of samples under different freezing–thawing cycles (as shown in Table 6) were calculated.



As can be seen from Table 5, with the increase in freeze–thaw cycles, the large, medium, fine, and micro-pores in coarse-grained soil are affected to a certain extent. The ratio of the pore volume of micro-pores, small pores, and medium pores in coarse-grained soil decreases gradually, while that of large pores increases gradually, indicating that the pores in coarse-grained soil are gradually transformed into large pores under freeze–thaw cycles. Among them, the ratio of the pore volume of micro-pores and small pores is relatively small, while the ratio of the pore volume of medium pores and large pores is relatively large, indicating that the medium pores and large pores are mainly in the coarse-grained soil, which is related to the content of coarse particles in the coarse-grained soil. At the same time, the change of medium pore and macro-pore is also the main reason for the strength change of coarse-grained soil.



As can be seen from Table 6 and Figure 6, with the increase in freeze–thaw cycles, the T-2 spectral area also increases, indicating that freezing–thawing cycles lead to an increase in the number of pores in coarse-grained soil. The pore volume ratio of the main peak is always greater than 50%, which is much higher than that of secondary peak 2. The pore volume proportion of the main peak and secondary peak 2 gradually increases with the increase in the number of freeze–thaw cycles, while the pore volume proportion of secondary peak 1 gradually decreases. The proportion of the main peak increases by 6.9%, the secondary peak 1 and the secondary peak 2 decreases and increases by 12.9% and 6.1%, respectively.





4. Correlation between Mechanical Properties and Pore Structure of Coarse-Grained Soils


4.1. Changes in the Proportion of Pore Volume at Each Peak of T-2 Spectrum Curve


In terms of mechanical characteristics, the change law of pore structure is manifested as the change of soil strength, which can well reflect characteristics of soil strength and deformation. Due to the complex composition of the pore structure, this study intends to characterize the influence of freezing–thawing cycles on pore structure by testing the ratio of the pore volume of each peak, and then characterize the relationship between the strength and microstructure change. Table 7 shows the ratio variation of each peak spectral area in the T-2 spectrum curve of the coarse-grained soil. ΔS is defined as the variation of the ratio of pore volume in each peak after n cycles of freezing and thawing. ΔS is:


  Δ S =  |  S ( n ) − S ( 0 )  |  ×  100 %    (  n ≥ 0 )  



(4)




where S(n) and S(0) are the proportions of peaks of n and 0 cycles of freezing–thawing, respectively.



Figure 7 shows the relationship between the strength loss rate and the ratio of pore volume to each peak and the number of freeze–thaw cycles. It can be seen from Figure (a) that the strength loss rate of coarse-grained soil increases gradually with the increase in the number of freezing–thawing cycles. In Figure (b), the variation of pore volume ratio of the primary peak, secondary peak 1, and secondary peak 2 also increases gradually with the increase in the number of freezing–thawing cycles. Secondary peak 1 has the largest variation of 12.9%, and secondary peak 2 has the smallest variation of 6.1%. With the increase in the number of freezing–thawing cycles, the variation of pore volume ratio of each peak always shows secondary peak 1 > main peak > secondary peak 2.




4.2. Correlation between Mechanical Properties and Pore Structure of Coarse-Grained Soils


It can be seen from the above analysis that the freeze–thaw cycle has a significant effect on the pore structure characteristics and the strength of coarse-grained soils. Under the influence of freezing–thawing cycle, the strength of coarse-grained soil gradually decreases, and the pore structure gradually develops towards medium and large pores. The strength loss rate of coarse-grained soil per unit the change in the area ratio of each peak spectrum is approximately as a constant, and F(0) is the strength when the number of freezing–thawing cycles is 0 times.


    F ( n ) − F ( n + Δ n )   F ( n )   =  k 1  Δ n     (   k 1  > 0 , n ≥ 0 )  



(5)




where k1 is the strength loss rate of coarse-grained soil per unit number of freezing-thawing cycles



Transform to


    F ( n + Δ n ) − F ( n )   Δ n   = −  k 1  F ( n )  



(6)







Which is


    d F ( n )   d ( n )    =  −  k 1  F ( n )    



(7)







By integrating Equation (7), we obtain


    F ( n )    F 0    = exp ( −  k 1  n )  



(8)







The change of the ratio of the porosity to each peak of the T-2 spectrum increases with the increase in freezing–thawing cycles. The change rate of each peak pore volume ratio of coarse-grained soil per unit freeze–thaw cycle number is approximately a constant, and S(0) is the pore volume proportion when the number of freezing–thawing cycles is 0. Then, the change of porosity ratio of the coarse-grained soil from n to (n + ∆n) times of freezing–thawing cycles is:


  S ( n + Δ n ) − S ( n ) =  k 2  Δ n       (  k 2  > 0 , n ≥ 0 )  



(9)




where k2 is the change rate of pore volume proportion of each peak in coarse-grained soil per unit number of freezing–thawing cycles



Transform to


    S ( n + Δ n ) − S ( n )   Δ n   =  k 2   



(10)







Which is


    d S ( n )   d ( n )   =  k 2   



(11)







By integrating Equation (11), we obtain


  S ( n ) − S ( 0 ) =  k 2  n  



(12)







Transform to


  n =   S ( n ) − S ( 0 )    k 2     



(13)







Substitute Equation (13) into Equation (8), and obtain


    F ( n )   F ( 0 )   = exp  {  −   k 1   k 2    [  S ( n ) − S ( 0 )  ]   }   



(14)







Let ΔS = S(n) − S(0), λ = k1/k2 is defined as the freezing–thawing strength deterioration factor of the coarse-grained soil, and F(n)/F(0) is the relative strength value of the coarse-grained soil. Since the strength loss rate and the rate of change in the proportion of pore volume of the coarse-grained soil are approximately constant under per unit freezing–thawing cycle number, the above model needs to be fitted and modified by fitting experimental data. Considering that the dispersion difference of coarse-grained soil strength is caused by the inhomogeneity of particle arrangement in coarse-grained soil, the correction coefficient β is introduced in Equation (11) to correct the dispersion. Since there is no parameter n in the model (n is the number of freezing–thawing cycles), the model is also applicable to coarse-grained soils with different gradations. The model that introduces the correction coefficient is as follows:


    F ( n )   F ( 0 )   = β exp  [  − λ ( Δ S )  ]   



(15)








4.3. Model Fitting Validation


To verify the rationality of the model, the model was fitted using the above analysis data. The fitting results are shown in Figure 8. The specific values of the fitting parameters β, λ, and R2 of the correlation model between the mechanical properties of the coarse-grained soil and the pore structure are shown in Table 8.



As can be seen from Figure 8, with the increase in the number of freezing–thawing cycles, The variation of the ratio of pore volume to each peak in coarse-grained soil has a good correlation with the relative strength value. The results show that the model can well reflect the relationship between the pore structure and the strength of the coarse-grained soil, which reflects the correctness and applicability of the correlation model.





5. Conclusions


A series of tests are conducted on soil materials from a mine dump in Heilongjiang Province. The particle size distribution of samples is determined according to the results of slope sampling and screening in the dump site. A standard cube sample was used with dimensions of 7 cm × 7 cm × 7 cm, with a water content of 7.5%, and a density of 2.34 g/cm3. Nuclear magnetic resonance technology and universal servo material testing machine were used to test the pore structure and uniaxial compressive strength of coarse-grained soil samples under different cycles, respectively, and the correlation model between mechanical properties of the coarse-grained soil and the pore structure was established. The experimental conclusions are as follows:




	(1)

	
With the increase in the number of freeze–thaw cycles, the uniaxial compressive strength of the coarse-grained soil gradually decreases, while the porosity gradually increases, and the change rate gradually decreases. Freeze–thaw cycles transform the fine and medium pores of coarse-grained soil into large pores, and the ratio of the pore volume of large pores increases gradually, which destroys the cementation ability between soil particles in coarse-grained soil and reduces the strength of coarse-grained soil.




	(2)

	
The T-2 NMR spectra of coarse-grained soils under different freezing–thawing cycles show three peaks. With the increase in freezing–thawing cycles, the porosity component of the coarse-grained soil gradually increases, and the pore structure of the coarse-grained soil gradually develops towards the trend of medium and large pores, and the damage amount gradually increases.




	(3)

	
With the increase in the number of freezing–thawing cycles, the pore volume proportion of the main peak and secondary peak 2 of the T-2 spectrum curve gradually increases with the increase in the number of freezing–thawing cycles, while the pore volume proportion of secondary peak 1 gradually decreases. The strength loss rate of coarse-grained soil and the ratio of pore volume to each peak increase with the increase in freezing–thawing cycles.




	(4)

	
In the correlation model between mechanical properties of the coarse-grained soil and the pore structure, there is an exponential function between the proportional change of the ratio of pore volume to each peak and the relative strength value, and the fitting results show that there is a good correlation coefficient between the two, indicating that the proportional change of the pore structure of the coarse-grained soil can well reflect the change law of coarse-grained soil strength.
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Figure 1. Cumulative curve of particle size gradation of samples. 
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Figure 2. Flow chart of freeze-thaw cycle. 
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Figure 3. Test flow chart. 
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Figure 4. Variation pattern of strength and porosity of samples: (a) Strength; (b) Porosity. 
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Figure 5. T-2 spectrum distribution curve of coarse-grained soil. (a) Division of peak regions; (b) T-2 time distribution curve. 






Figure 5. T-2 spectrum distribution curve of coarse-grained soil. (a) Division of peak regions; (b) T-2 time distribution curve.



[image: Minerals 12 00314 g005]







[image: Minerals 12 00314 g006 550] 





Figure 6. The variation curve of the proportion of pore volume in each peak with the number of freeze–thaw cycles. 
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Figure 7. Relationship between intensity loss rate and variation of spectral area ratio of each peak and number of freezing–thawing cycles: (a) strength loss rate; (b) changes in spectral area ratio of each peak. 
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Figure 8. Fitting results of correlation model between mechanical properties of coarse-grained soil and pore structure. (a) main peak; (b)secondary peak 1 (c) secondary peak 2. 
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Table 1. Main components of soil particles.
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Soil Grain

	
Composition

	
SiO2

	
CaO

	
K2O

	
Al2O3

	
Fe2O3

	
MgO

	
/




	
Content

	
39.6%

	
18.2%

	
2.0%

	
5.0%

	
3.3%

	
7.0%

	
/
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Table 2. Particle size gradation and physical indexes of samples.
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Particle Size Mass Ratio

	
Dry

Density

(g·cm−3)

	
Density (g·cm−3)

	
Natural Moisture Content (%)




	
10–20

mm

	
5–10

mm

	
2.5–5

mm

	
1.25–2.5

mm

	
0.63–1.25

mm

	
0.315–0.625

mm

	
<0.315

mm






	
32.3%

	
23.1%

	
15.6%

	
10.5%

	
9.0%

	
6.0%

	
3.5%

	
2.18

	
2.34

	
7.5
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Table 3. CPMG sequence parameters of coarse-grained soil porosity test.
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CPMG Sequence Parameters of NMR




	
TD

	
PRG

	
TW

	
SW

	
RG1

	
RFD

	
DRG1

	
SF

	
O1






	
87,538

	
15

	
1000 ms

	
250 KHz

	
20 db

	
0.08 ms

	
3

	
12 MHz

	
530,928.73 Hz








TD, PRG, TW, SW, RG1, RFD, DRG1, SF, O1 represent time data, pre-amp regulate gain, time wait, sampling bandwidth, regulate analog gain 1, regulate first data, regulate digital gain1, spectrometer frequency, offset 1, respectively.
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Table 4. Test results of coarse-grained soil strength and porosity.
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	Cycles (Times)
	Uniaxial Strength (KPa)
	Porosity (%)





	0
	155.1
	11.7



	5
	122.7
	12.7



	10
	107.8
	13.8



	15
	95.9
	14.3



	20
	85.3
	15.0
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Table 5. Pore size distribution of coarse-grained soil.
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	Cycles

(Times)
	Micro-Pore

(%)
	Fine Pore

(%)
	Medium Pore

(%)
	Large Pore

(%)





	0
	0.0029
	1.54
	19.58
	78.87



	5
	0.0022
	1.41
	18.97
	79.62



	10
	0.0017
	1.23
	18.88
	79.89



	15
	0.0015
	1.23
	18.82
	79.95



	20
	0.0012
	1.17
	18.17
	80.66
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Table 6. Variations in the ratio of pore volume to each peak in coarse-grained soil T-2 curve.
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	Cycles (Times)
	T-2 Spectrum

Area
	Ratio of Main Peak Pore Volume (%)
	Ratio of Secondary Peak 1 Pore

Volume (%)
	Ratio of Secondary Peak 2 Pore

Volume (%)





	0
	43,503
	50.2
	36.5
	13.3



	5
	49,940
	53.6
	30.8
	15.6



	10
	61,257
	54.6
	29.4
	16.0



	15
	62,726
	55.0
	28.0
	17.0



	20
	67,689
	56.9
	23.6
	19.4
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Table 7. Changes in the ratio of pore volume to each peak in coarse-grained soil T-2 curve.
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Cycles (Times)

	
Strength Loss Rate (%)

	
The Variation of the Proportion of Pore Volume in Each Peak (%)




	
Main Peak

	
Secondary Peak 1

	
Secondary Peak 2






	
5

	
20.9

	
3.4

	
5.7

	
2.3




	
10

	
30.5

	
4.4

	
7.1

	
2.7




	
15

	
38.2

	
4.8

	
8.5

	
3.7




	
20

	
45.0

	
6.7

	
12.9

	
6.1
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Table 8. Parameter values of correlation model fitting between mechanical properties of coarse-grained soil and pore structure.






Table 8. Parameter values of correlation model fitting between mechanical properties of coarse-grained soil and pore structure.





	
Pore Structure

	
Fitting Parameters




	
β

	
λ

	
R2






	
Main peak

	
1.01

	
0.09

	
0.968




	
Secondary peak 1

	
1.00

	
0.05

	
0.973




	
Secondary peak 2

	
0.99

	
0.11

	
0.953
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