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Abstract

:

Fine sediments in debris-flow gullies are quaternary sediments with a particle size of less than 2 mm. Since they are easy to suspend in flowing water, their stability plays a key “probe” role in early debris-flow warning. The permeability coefficient is the main internal control factor of fine sediment stability in debris flow. However, there is no quantitative model between the permeability coefficient and its influencing factors, which seriously affects the quantitative evaluation of debris flow sediments. Taking the debris-flow gullies in Laobeichuan County, Sichuan Province, China as the research area, we carried out experiments on the permeability coefficient and its influencing factors. A model between the permeability coefficient and its influencing factors was established by the least-squares multivariate statistical analysis method. The results showed that cohesion was the closest factor to the permeability coefficient, followed by porosity and density. Each factor passed the t-test and significantly correlated with the model in 99.99% probability. With a correlation coefficient of 0.72, the model had a good prediction ability. Therefore, the model not only provides a theoretical basis for analyzing the stability of fine sediments in Laobeichuan County, but also points out the direction for detecting the fine sediment stability in debris-flow gullies.
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1. Introduction


In recent years, affected by tectonic activities and climate changes, the activity of debris flow has increased and led to rising casualties and economic losses. Therefore, it has become one of the most dangerous mountain hazards. Debris flow is a special flood containing a large amount of soils and stones caused by heavy rain, snow (ice) melting, or other natural hazards. With the characteristics of a wide area, a large amount of materials, and strong destructive power, it often leads to the collapse of houses and the destruction of highway facilities, and thus causes serious threat to the life and property of local people [1]. For example, the “8.20” Sichuan debris flow, one of the top 10 geological disasters of China in 2019, affected 446,000 people, with 26 dead and 19 missing. Some infrastructure, such as roads, water conservancies, and power facilities, was seriously damaged, resulting in a direct economic loss of CNY 15.89 billion (USD 2.51 billion) [2]; the serious Zhouqu debris flow on 7 August 2010 caused 1435 people dead and 330 people missing, with a direct economic loss of CNY 400 million (USD 63.28 million) [3]; the Beichuan debris flow on 24 September 2008 buried most of the buildings in Laobeichuan County, resulting in 42 people dead or missing and more than 4000 people trapped [4].



Therefore, rapid and accurate early warning of debris flow plays an important role not only in ensuring the safety of people’s lives and property, but also in social and economic development of mountainous areas.



In this article, fine sediments refer to the Quaternary sediments with particle sizes of less than 2 mm, which mainly include floodplain sediments in rivers and fine residual slope sediments at the foot of mountains. With loose structure and large porosity, their stability is closely related to the initial water volume inducing debris flow and plays a key “probe” role in debris-flow early warning [5,6,7,8,9,10,11,12,13,14].



Therefore, debris-flow early warning needs to quickly and accurately detect the stability of these fine sediments. References show that their stability is mainly affected by internal and external factors. Internal factors mainly include the permeability coefficient, cohesion, and internal friction angle; external factors mainly include water resources (rainfall, runoff, etc.), landform conditions (slope, confluence areas, etc.), surface coverage, etc. [15,16,17].



The permeability coefficient is also called hydraulic conductivity. In the study area, fine sediments on the beach edge along the riverside are sieved by water and loosely deposited; their components and particle sizes change little, so we consider them to be isotropic. As shown in formula (1), the permeability coefficient is defined as the unit flow under the unit hydraulic gradient, which indicates the difficulty of fluid passing through the pore skeleton. The higher the permeability coefficient is, the stronger the soil permeability becomes. As an internal control factor of sediment stability, it mainly reflects the size, number, and connectivity of soil pores [18].


   K T  = 2.3   a L   A t   l g    h 1     h 2     



(1)




where      K T    is the permeability coefficient at temperature T, a is the cross-sectional area of the variable head pipe (cm2), L is the height of the sample (cm), A is the cross-sectional area of the sample (cm2), t is the time (s), h1 is the starting water head (cm), and h2 is the ending water head (cm).



In addition to the application in debris-flow early warning, many disasters, such as piping have occurred in dam engineering because of the failure to fully consider the effect of sand permeability. Therefore, analysis of soil permeability is not only helpful to discover the hazard mechanism, but it can also provide a scientific basis for geological hazards prevention and engineering facilities construction [19,20,21,22,23,24].



As to the study area, the spatial-temporal evolution characteristics of landslides [25], the sensitivity analysis of debris flow on environmental factors [26], and the relationship between debris flow and environmental factors [27] have been studied. However, there is no quantitative model between the permeability coefficient and its influencing factors of the fine sediments in debris-flow gullies. Therefore, enhancing the research on the permeability coefficient of fine sediments in a debris-flow gully, discovering its influencing factors, and establishing a quantitative model between the permeability coefficient and its influencing factors are not only the basic requirements for revealing the soil stability mechanism, but also of great significance for establishing the soil stability detection model of gully sediments.




2. Materials and Methods


2.1. Study Area


With altitudes of 600–1800 m, the study area is mainly located near Laobeichuan County, adjacent to Jiangyou City in the east, Anxian in the south, Maoxian in the west, and Songpan County and Pingwu County in the north. With the geographic coordinates of 104°23′–104°31.7′ E, 31°48.5′–31°53.5′ N, it covers an area of about 140 km2 (Figure 1).



According to the Köppen climate classification standard, the climate of the study area is the humid subtropical climate (Cfa) with four seasons, mild climate, and annual average temperature of 15.6 °C. Its annual average rainfall is 1399.1 mm, with a daily maximum rainfall intensity of 301 mm and an hourly maximum rainfall intensity of 62 mm. The rainfall is concentrated from June to September, accounting for 74% of the annual rainfall [4].



Because the Wenchuan earthquake happened here in 2008, its soil cover is erodible [4], and thus leads to frequent debris flow. On 20 August 2019, 11 July 2018, 28 July 2016, 6 July 2013, 17 August 2011, and 24 September 2008, six serious debris-flow hazards have taken place since the Wenchuan earthquake happened. As a result, nearly 10,000 people had to leave their homes, more than half of the buildings in Laobeichuan County were buried, and a large number of farms in the disaster area were flooded or destroyed.




2.2. Methods


As shown in Figure 2, the flowchart of this research includes “Study area and background data acquisition-Parameter measurement experiments-Model establishment-Results”.



	(1)

	
Study area and background data acquisition







We obtained the geological and meteorological data and the land-use map, as well as Gaofen (GF-2) [28] and other high-resolution remote sensing data. Based on this, the improved depth learning method was used to extract the map of fine sediments in the study area [1]. A database of internal control factors for the stability of sediments was established.



	(2)

	
Parameter measurement experiments







According to the standard for investigation of landslides, landslips, and debris flows (DZ/T 02161-2014) [29], and the technical guide for soil sampling (GB/T 36197-2018) [30], samples were collected in the field.



According to the standard for geotechnical experiments (SL237-1999) [31], parameter measurement experiments were carried out that included the permeability coefficient and its influencing factors in measurement experiments, such as for density, moisture, minerals, elements, particle size, porosity, and shear strength.



	(3)

	
Model establishment







Based on the experimental data of permeability coefficient and its influencing factors, the function between permeability coefficient and each influencing factor was established first. Then, using the function, the mathematical transformation was carried out to ensure that the transformed permeability coefficient and each factor was of a linear relationship. Finally, the model between permeability coefficient and its multi-influencing factors was established by the least-squares multivariate statistical analysis method.



	(4)

	
Results







After establishing the model between permeability coefficient and its multi-influencing factors, whether to improve it or not was determined according to its accuracy. When the accuracy meets the requirements, the model is output. When it does not, it is necessary to analyze the causes and re-establish the model.




2.3. Data Acquisition and Processing


2.3.1. Background Data


According to the rules of the basic geographic information database (GB/T 30319-2013) [32], meteorological and hydrological maps, geological maps, DEM/topographic maps, traffic maps, etc., were collected to establish a database of fine sediment stability.



In addition, GF-2 satellite remote sensing data was also obtained to design the sampling sites.




2.3.2. Samples


From 19–25 March 2021, we carried out a field investigation in Laobeichuna County along the Jianjiang for sampling. The sampling sites were designed according to the standard for investigation of landslides, landslips, and debris flows (DZ/T 0216-2014), and the technical guide for soil sampling (GB/T 36197-2018).



As shown in Figure 1, to reflect the distribution of the soil permeability coefficients in different locations we designed 11 sampling sites along the Jianjiang. A photo of sampling site A in Figure 1 is shown in Figure 3. In each sampling site, we collected 15–20 samples according to its area. Finally, 200 samples were collected using a ring knife. Each sample has a volume of 600 mL and a weight of about 1 kg. With a diameter of 7 cm, and a depth of 5.2 cm, the volume of the ring knife is 200 mL. Using this, the sampling procedure for a soil sample was as follows: first, we cleaned the ring knife using a soft cloth. Then we put it into the sediments vertically. When it was full of soil, we pulled it out and cut off the over-flowing soil with another knife. Thus, a soil sample with a volume of 200 mL was collected. Finally, we immediately put the soil sample into a plastic bag and sealed it. After collecting three soil samples in the same plastic bag according to the above steps, we sealed the plastic bag and considered it as one sample with a volume of 600 mL and put it into a cotton bag. Finally, we recorded the sample number and its geographical location using a global positioning system (GPS) and wrote the sample number on the cloth sample bag with a marker.




2.3.3. Parameter Measurement Experiments


The experiments on permeability coefficient and its influencing factors were carried out to get the permeability coefficient, density, moisture, minerals, elements, particle size, porosity, and shear strength. Based on the above data, the model between the permeability coefficient and its influencing factors was established to indicate the internal control mechanism of the fine sediment stability in the study area.



	(1)

	
Permeability coefficient measurement experiment







In this research, a TST-55 permeameter was used to measure the permeability coefficient of fine sediment according to geotechnical test rules (SL237-1999) (Figure 4).



The permeability coefficient was measured according to the instruction of the TST-55 permeameter. After the soil sample was prepared with its ring knife, we made water flow into the sample, then recorded the initial water head h1 (cm), start timing t (s), the end water head h2 (cm), and the terminal water temperature T (°C). Finally, the permeability coefficient was calculated using formula (1) and the average value of four measurements was used as the final permeability coefficient. According to the above steps, the permeability coefficients of fine sediments are measured and shown in Figure 5.



It can be seen from the figure that the minimum permeability coefficient of fine sediments is 0.47 m/d and the maximum is 2.85 m/d, most of which is concentrated between 1.15–2.17 m/d, belonging to the category of medium permeability, which is stable under the conditions of non-heavy rain. There is some dependence between the sampling locations and permeability coefficient. The average permeability coefficient is 1.4–1.6 m/d on both sides of Figure 1, such as sites A and C, which is less than that in the middle, such as site B, with a value of 2.1–2.3 m/d.



	(2)

	
Measurement experiments on influencing factors of permeability coefficient







Investigations showed that the main influencing factors of the permeability coefficient included density, moisture, minerals, elements, particle size, porosity, and shear strength. Therefore, their measurement experiments were carried out as follows.



	(a)

	
Particle size measurement experiment







Particle size was measured by Microtrac S3500 laser particle size analyzer produced by Microtrac Inc., U.S. The range of the particle size of the analyzer is 0.02–2000 μm and that of the detection angle is 0.02–160°. The analyzer can eliminate the interference of refraction and reflected light between different particles to make the measurement results more accurate.



Since our research objects are fine-grained sediments with particle sizes of less than 2 mm, during the process of measuring we first dry the sample and remove the non-fine sediment, such as little stones, short branches, or grass, using a sieve with a mesh size of 2 mm (10 meshes). Then we disperse the sample in a delivery controller and flow it through the Microtrac S3500 system according to its user’s manual. Finally, the analyzer determines the particle size automatically. In the output results, it will list the measurement channel particle sizes ranging from 0.289 to 2000 um and their corresponding content in each measurement channel for a sample.



To calculate the correlation coefficient between different factors, such as the permeability coefficient, density, particle size, porosity, etc., the particle size of a sample is represented by the average value from different measurement channel particle sizes and their corresponding content. So, the particle size of a sample is determined by the sum of measured channel particle size multiplying the content using the following equation:


  d =   ∑   i = 1  n   d i  *  p i   








where d is the particle size of a sample, i is the ith measurement channel, n is the number of measurement channels,    d i    is the particle size of ith measurement channel, like 13.08 um, 176 um, etc., and    p i    is the content of the corresponding particle size in the ith measurement channel, like 3.5%, 4.51%, etc.



Histogram of fine sediments particle size is shown in Figure 6.



It can be seen from the figure that the minimum particle size of soil samples in the study area is 0.45 um and the maximum is about 90 um, most of which is mainly distributed 10–20 um. According to the standard for the engineering classification of soil (GB/T 50145-2007) [33], they belong to silt loams. As shown in Table 1, the statistical results showed that it had no significant correlation with other factors, such as moisture, porosity, shear strength, the permeability coefficient, etc.



	(b)

	
Density measurement experiment







Density is a measurement of the compaction degree of soil particles under certain mass, which is closely related to soil permeability. In this experiment, an MDJ-300A solid densitometer is used for density measurement.



The histogram of soil density in the study area is shown in Figure 7.



It can be seen from the figure that the minimum density is 1.34 g/mL and the maximum is 1.73 g/mL, most of which is mainly distributed between 1.34–1.54 g/mL, belonging to the range of silt loams.



As shown in Table 1, with a correlation coefficient of 0.80, the density had a positive correlation with the moisture. However, with a correlation coefficient of −0.51, the density had a negative correlation with the logarithm of the permeability coefficient.



	(c)

	
Minerals measurement experiment







Minerals were measured using a D8 Discover high-resolution X-ray diffractometer. According to the rules for geotechnical experiments (SL 237-1999), the minerals were measured and exported into the database through the steps of crushing, screening, sample preparation, loading, scanning, data acquisition, and processing in the laboratory.



The correlation analysis of various parameters is shown in Table 1: the main minerals in the study area are quartz (51%), feldspar (13%), and mica (7%). The secondary minerals are mainly montmorillonite (23%). With the correlation coefficient of 0.37, montmorillonite is correlated with the moisture.



	(d)

	
Element measurement experiment







‘Element’ is a general term for the same kind of atoms with the same number of protons. To discover the correlation between each element and the permeability coefficient in the study area, we carried out an element measurement experiment in which an INNOV C820 element analyzer was used to measure the content of elements. The results show that the main elements in the study area are iron and potassium, whose histograms are shown in Figure 8.



It can be seen from the figure that the minimum iron content is 2.16% and the maximum is 3.76%, most of which is between 2.56–3.16%. The minimum potassium content is 0.032% and the maximum is 0.074%, most of which is between 0.038–0.056%.



The results were exported into the database, and the correlation analysis of various parameters was carried out. As shown in Table 1, with a correlation coefficient of 0.82, iron (Fe) is positively related to potassium (K). However, with correlation coefficients of −0.65 and −0.56, this has negative correlations with the moisture and density, respectively.



	(e)

	
Moisture measurement experiment







Moisture refers to how much water is in 100 g of dried soil. When the porosity in a sample is constant, the soil moisture has a great influence on the residual porosity, and then affects the soil permeability. In this experiment, an electro-thermal constant temperature drying oven is used to measure the soil moisture through the following steps: ① put m0g soils into the aluminum box and put this into the drying oven; ② turn on the switch, and set temperature to 110 °C and when the temperature rises to the set temperature, the drying oven enters the constant temperature mode, and the drying time is not less than 8 h; ③ after fully drying, take out the aluminum box and record the dried sample weight in m1g; and ④ calculate moisture with the following formula: w = (m0/m1 − 1) × 100%.



According to the above steps, the soil moisture in the study area was measured as shown in Figure 9.



It can be seen from the figure that the minimum and maximum moisture in the study area are 4.01% and 30.69%, respectively, most of which is concentrated in 4.01–9.35%, belonging to medium drought level in agriculture and grey entropy in the soil moisture category.



The results were exported into the database, and the correlation analysis of various parameters was carried out. As shown in Table 1, with correlation coefficients of 0.80 and 0.70, the moisture is positively correlated with the density and the porosity, respectively. However, with a correlation coefficient of −0.74, it has a negative correlation with the potassium (K).



	(f)

	
Porosity measurement experiment







Soil porosity is the volume percentage of pores in soil. It is a key factor influencing soil permeability and surface runoff. The main steps of a porosity measurement experiment are as follows: ① the mass of soil sample at 120 mL is calculated using the soil density, and the mass of m1g water under this volume is calculated by using the moisture content of the sample; ② the TST-55 permeameter is used to get the m2g required water when the soil sample is saturated; and ③ since the density of water is 1 g/mL, the calculated porosity of the sample is (m1 + m2)/120 × 100%.



According to the above steps, the soil porosity was measured as shown in Figure 10:



It can be seen from the figure that the minimum porosity is 48.3% and the maximum is 81.6%, most of which is distributed between 52–59.4%.



The results were exported into the database, and the correlation analysis of various parameters was carried out. As shown in Table 1, with a correlation coefficient of 0.70, the porosity was highly correlated with moisture in the study area. However, with a correlation coefficient of −0.51, it was negatively correlated with the logarithm of the permeability coefficient.



	(g)

	
Shear strength measurement experiment







Soil shear strength refers to the ultimate strength of soil against shear stress, which mainly includes cohesion and internal friction angles.



Cohesion is the mutual attraction of adjacent objects within the same materials. The internal friction angle includes the surface friction of soil particles, the biting forces caused by the embedding and interlocking interactions between particles.



In this experiment, a ZJ strain-controlled direct shear instrument was used to measure cohesion and the internal friction angle, whose principle is shown in Figure 11.



The steps are as follows: ① correct the lever to be horizontal; ② calculate the weight of the sample according to the volume of the ring knife of the direct shear instrument and the soil density, making a suitable sample for the shear instrument with its ring knife and then placing the shear box in the sliding frame, and pushing the soil sample into the shear box; ③ cover the cutting box, and press the screw on the cover; ④ tighten the force measuring ring and adjust the dial indicator to zero; ⑤ add weight loads or their combinations to the lever to obtain a series of shear normal stress of 50, 100, 200, and 300 kPa; ⑥ push the switch to the “cutting” to start cutting the sample; if the pointer no longer advances or begins to retreat, record the force ring readings immediately; ⑦ push the switch to the “back” direction and then take out the shear box and pour out the sheared soil sample, repeat steps ②–⑥ and do this four times on one sample upon which weight loads of 1.275 kg, 2.55 kg, 5.1 kg, and 7.65 kg are successively placed on the lever, and record the corresponding force ring readings (weight loads of 1.275 kg, 2.55 kg, 5.1 kg, and 7.65 kg represent shear-normal stresses of 50 kPa, 100 kPa, 200 kPa, and 300 kPa, respectively), and the shear strength can be converted by multiplying the force ring coefficient and its reading; and ⑧ display the measured four pairs of data in the coordinate system with σ as the horizontal axis and τ as the vertical axis to calculate its slope and intercept. The intercept of the straight line is cohesion C and the inclination angle of slope is the internal friction angle.



According to above steps, the histograms of cohesion and internal friction angle in the study area are shown in Figure 12.



It can be seen from the figure that the minimum cohesion is 13.95 kpa and the maximum is 39.55 kpa, most of which is between 20.35–26.75 kpa. The minimum internal friction angle is 16.16° and the maximum is 23.68°, most of which is between 18.98–21.8°. They both belong to the silt loams [34].



The results were exported into the database, and the correlation analysis of various parameters was carried out. As shown in Table 1, with correlation coefficients of −0.66 and −0.58, the cohesion is negatively correlated with the internal friction angle and the logarithm of permeability coefficient, respectively. However, it is positively correlated with density with a correlation coefficient of 0.36.




2.3.4. Data Standardization


Due to the different properties of each parameter, it usually has different dimensions and orders of magnitude. When the order of magnitude for each parameter varies greatly, the role of parameters with higher value in comprehensive analysis will be highlighted and that with a relatively lower value will be weakened. Therefore, it is necessary to standardize the original data using the following steps:



(1) Calculate the average of each variable (mathematical expectation)      x i   ¯    and standard deviation si;



(2) Standardize data according to the following formula:


   z ij  = ( x −    x i   ¯  ) /  s i   








where zij is the standardized value, xij is the actual variable value,      x i   ¯    is the average, and si is the standard deviation.





2.4. Model


To establish the model between the permeability coefficient and its influencing factors, first the single factor analysis method was used to discover the most closely related factors. Then, the model between permeability coefficient and its influencing factors was established by the least-squares multivariate statistical analysis method.



	(1)

	
Selection of sensitive factors







To find the factors closely related to the permeability coefficient, we calculated the correlation coefficients between the permeability coefficient (p) and its influencing factors and sorted them from high to low. The results are shown in Table 2.



It can be seen from the table that cohesion, porosity, and density are most closely related to the permeability coefficient, with negative correlation coefficients.



Figure 13 shows the fitting relationships between the permeability coefficient and its influencing factors (cohesion, porosity, and density). The results show that the fitting effect between the logarithmic permeability coefficient and its influencing factors was better. Therefore, before multi-factor regression analysis, it is necessary to make a logarithmic transformation on the permeability coefficient to convert their nonlinear relationship into linear, and then carry out multiple linear regression analysis to improve the accuracy of the regression analysis.



	(2)

	
Multivariate regression analysis







The least-squares method is a mathematical optimization technology. It finds the best matching function of data by minimizing the sum of squared errors. The unknown data can be easily obtained by it, and the sum of squared errors between the obtained and the actual data can be minimized.



Its basic principles is:


  f  x  =  a 1   φ 1   x  +  a 2   φ 2   x  + … +  a m   φ m   x   








where    φ k   x      is a set of linearly independent functions,    a k    is the undetermined coefficient (k = 1, 2…, m), and the fitting criterion is to minimize the sum of the square distance between the measured value yi and the predicted value f(xi), which is also named as the least-square criterion.



Let (x, y) be a pair of observations, and x = [x1, x2…, xn]T ∈Rn, y ∈ R, which satisfies the following functions:


  y = f   x , w    








where w = [w1, w2…, wn]T is an unknown parameter. To find the optimal estimate of the parameter w for a serials of given datasets (xi, yi), the objective function can be solved as:


  L   y , f   x , w     =   ∑   i = 1  n       y i  − f    x i  ,  w i       2   



(2)







Parameters wi (i = 1, 2…, n) can be determined when minimizing the value of objective function.





3. Results


According to the above analysis, the formula between the logarithm of the permeability coefficient and three standardized influencing factors, namely cohesion, porosity, and density, is established by the least-squares method as follows:


Ln(p) = 0.1875 − 0.0387x1 − 0.0455x2 − 0.0619x3



(3)




where p is the permeability coefficient, x1 is the standardized density, x2 is the standardized porosity, and x3 is the standardized cohesion.



The fitting relationship between the measured and the predicted values is shown in Figure 14.



As can be seen from Figure 14, the determination coefficient (R2) of the model is 0.5196. The t-test for each regression coefficient is shown in Table 3, with p values of each regression coefficient less than 0.01, indicating that the influencing factors (cohesion, porosity, and density) have extremely significant correlation with the permeability coefficient in the probability of 99.99%, and the model has a good prediction ability.




4. Discussion


From the model, we can see that cohesion is the closest factor to the permeability coefficient, followed by porosity and density, which are negatively related. The reasons are as follows:



(1) With an exponentially negative correlation, the relationship between cohesion and the permeability coefficient is very close.



Cohesion is the mutual attraction between adjacent objects within the same material. It mainly includes electrostatic attraction, van der Waals forces, cementation chemical bonds between particles, valence bonds of indirect contact of particles, apparent cohesion, etc. Physically, it represents the shear strength of the failure surface without any normal stress. The greater the cohesion is, the stronger the attraction between the particles becomes and the greater the resistance when water flows through the soil, which leads to the small permeability coefficient.



(2) With an exponentially negative correlation, the relationship between porosity and the permeability coefficient is close.



Soil is a kind of geotechnical material with porous media, and its micro pore structure determines its macro permeability [35]. The main clay mineral in the study area is montmorillonite, which is characterized by strong water absorption. In the case of a fixed volume, the larger the porosity is, the easier it is to adsorb water. When most of the pores between clay particles are occupied by bound water, soil moisture increases, while the large to medium sized pores decrease, thus leading to the permeability coefficient reducing [33].



(3) With an exponentially negative correlation, the relationship between density and the permeability coefficient is close.



When the total sediments mass is fixed, the greater the density is and the smaller the volume becomes, indicating that the soil compactness is higher, which compresses the gap between the soil particle skeleton and reduces the infiltration speed of water and thus leads to a smaller permeability coefficient [36,37,38,39].



(4) The relationship between particle size and permeability coefficient is not significant in the study area.



Previous research showed that there was an exponentially negative correlation between the particle size of silt sediments and the permeability coefficient, while there was an exponentially positive correlation between the particle size of sand sediments and the permeability coefficient [40]. This phenomenon shows that the relationship between the permeability coefficient and particle size cannot show a simple function, but is affected by many factors. As in the study area, coarse particles only play the role of skeleton, while fine particles have significant impact on the permeability coefficient: the increase of fine particles will not only reduce the skeleton effect of coarse particles, but also increase their van der Waals forces, thus enhancing the electrostatic water attractions. Furthermore, it weakens the ability of water molecules to engage in free movement, which increases the water molecules adsorbed on the soil particles surface. The increase of fine particles will increase the blocking probability of the seepage channel and affect the permeability coefficient [41]. Because fine sediments in the study area are mainly silt loams, their permeability is not only influenced by particle size, but also by silt content, clay content, etc. As a result, the relationship between the permeability coefficient and particle size is complex and does not show a significant correlation in the study area.




5. Summary and Conclusions


To summarize the permeability characteristics of fine sediments in debris-flow gullies of Laobeichuan County and analyze the influencing factors to establish the quantitative model between them, we carried out soil measurement experiments. The measured parameters mainly included the permeability coefficient and its influencing factors, such as density, moisture, minerals, elements, particle size, porosity, and shear strength. Based on the above data, the main influencing factors controlling the permeability coefficient were discovered, and the model between them was established. The main conclusions are as follows:



(1) The characteristics of fine sediments in debris-flow gullies of Laobeichuan County are summarized.



The fine sediments of debris-flow gullies in Laobeichuan County are mainly silt loams, and their permeability coefficients are concentrated in 1.15–2.17 m/d, belonging to the category of medium permeability. They are stable under the conditions of non-heavy rain. The particle size is mainly in the range of 10–20 μm, which has no significant relationship with the permeability coefficient. The density is mainly in the range of 1.34–1.54 g/mL, which is significantly related to the permeability coefficient. The moisture is mainly in the range of 4.01–12.02%, which is closely related to density, porosity, montmorillonite, and the permeability coefficient. The porosity is mainly in the range of 52–59.4%, which is closely related to moisture and the permeability coefficient. The cohesion is mainly in the range of 20.35–26.75 kPa, and the internal friction angle is in the range of 18.98–21.8°, which are closely related to the permeability coefficient and density.



(2) The influencing factors of the fine sediment permeability coefficient were discovered in the study area.



Results show that the cohesion was the closest parameter to the permeability coefficient in Laobeichuan County, followed by porosity and density. This is mainly because ① the greater the cohesion is, the bigger the mutual attraction between soil particles becomes, and the greater the resistance to be overcome when water passes through soil, thus resulting in the reduction of permeability coefficient; ② a soil pore is a place of water movement and storage; it is the key factor affecting soil permeability and determining surface runoff time and there was a positive correlation between soil porosity and moisture (with a correlation coefficient of 0.70) and a negative correlation with the logarithm of permeability coefficient (with a correlation coefficient of −0.51), mainly because the main clay mineral in the study area is montmorillonite and, as we know, montmorillonite has the characteristics of strong water absorption and easy expansion after water absorption. In the case of a fixed volume, the greater the porosity becomes, the easier it is to adsorb water, which results in the higher moisture. Because the combined water occupies a large number of pores, the effective channel of seepage greatly reduces, which results in the deterioration of the permeability coefficient [36]; in addition, the pore size between clays is very small and a large number of capillaries are formed. The siphon effect of capillaries will increase the resistance to the decline of water flow and thus reduce the permeability coefficient. ③ The soil density has a positive correlation with moisture (with a correlation coefficient of 0.80) and a negative correlation with the logarithm of the permeability coefficient (with a correlation coefficient of −0.51). This is mainly because, in the case of a fixed volume, the higher the moisture is, the heavier the weight of the sample becomes, which results in a greater soil density. When the total porosity is fixed, the higher the moisture is, the smaller the residual soil porosity becomes, which results in a low soil permeability coefficient.



(3) A model between the permeability coefficient and its influencing factors of fine sediments was established in the study area.



A model between the permeability coefficient and its influencing factors (cohesion, porosity and density) of debris-flow gullies in Laobeichuan County was established by the least-squares multivariate statistical analysis method. The results show that cohesion is the closest parameter to the permeability coefficient, followed by porosity and density, which are exponentially negatively correlated. The results show that the determination coefficient of the model is 0.5196, which indicates that the corresponding correlation coefficient is 0.72. Each influencing factor passed the t-test and was significantly correlated with the permeability coefficient with a probability of 99.99%. Therefore, the model has a good prediction ability. It not only provides a theoretical basis for analyzing the stability of the fine sediments of debris-flow gullies in Laobeichuan County, but also points out the direction for detecting the stability of fine sediments in debris-flow gullies.
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Figure 1. Location map of study area (map on the left shows the location of study area in China). 
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Figure 2. Technical flowchart. 
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Figure 3. Photo of sampling site A in Figure 1. 
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Figure 4. Permeability coefficient measurement experiment. 
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Figure 5. Histogram of fine sediment permeability coefficient. 
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Figure 6. Histogram of fine sediment particle size. 
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Figure 7. Histogram of fine sediment density. 
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Figure 8. Iron (a) and potassium (b) histograms of fine sediments. 
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Figure 9. Histogram of fine sediment moisture. 
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Figure 10. Histogram of fine sediment porosity. 
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Figure 11. Principle of the ZJ strain-controlled direct shear instrument. 
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Figure 12. Histograms of fine sediment cohesion (a) and internal friction angle (b). 
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Figure 13. Fitting relationships between the permeability coefficient and cohesion (a), porosity (b), and density (c) in which the black lines and equations are of linear relationships, while brown lines and equations are of exponential relationships. 
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Figure 14. The fitting relationship between the measured and the predicted values of lnp (p: permeability coefficient) using the model. Spatial distribution and the determination coefficient (R2) show a good data-fitting effect. 
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Table 1. Table of correlation coefficients.
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	Particle Size
	Montmorillonite
	K
	Fe
	Moisture
	Density
	Porosity
	Permeability Coefficient (p)
	ln(p)
	Internal Friction Angle
	Cohesion





	Particle size
	1.00
	−0.12
	−0.05
	−0.03
	0.07
	0.13
	−0.04
	0.00
	0.00
	−0.05
	0.08



	Montmorillonite
	−0.12
	1.00
	−0.25
	−0.32
	0.37
	0.31
	0.18
	0.00
	−0.02
	−0.04
	−0.03



	K
	−0.05
	−0.25
	1.00
	0.82
	−0.74
	−0.58
	−0.42
	0.16
	0.20
	−0.09
	−0.04



	Fe
	−0.03
	−0.32
	0.82
	1.00
	−0.65
	−0.56
	−0.33
	0.11
	0.16
	−0.15
	−0.06



	Moisture
	0.07
	0.37
	−0.74
	−0.65
	1.00
	0.80
	0.70
	−0.43
	−0.48
	−0.13
	0.32



	Density
	0.13
	0.31
	−0.58
	−0.56
	0.80
	1.00
	0.38
	−0.46
	−0.51
	−0.08
	0.36



	Porosity
	−0.04
	0.18
	−0.42
	−0.33
	0.70
	0.38
	1.00
	−0.46
	−0.51
	−0.10
	0.29



	Permeability coefficient (p)
	0.00
	0.00
	0.16
	0.11
	−0.43
	−0.46
	−0.46
	1.00
	0.97
	0.32
	−0.56



	ln(p)
	0.00
	−0.02
	0.20
	0.16
	−0.48
	−0.51
	−0.51
	0.97
	1.00
	0.31
	−0.58



	Internal friction angle
	−0.05
	−0.04
	−0.09
	−0.15
	−0.13
	−0.08
	−0.10
	0.32
	0.31
	1.00
	−0.66



	Cohesion
	0.08
	−0.03
	−0.04
	−0.06
	0.32
	0.36
	0.29
	−0.56
	−0.58
	−0.66
	1.00
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Table 2. Table of correlation coefficients between permeability coefficient and its influencing factors.
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	No.
	Influencing Factors
	Permeability Coefficient (p, m/d)
	ln(p) (m/d)





	1
	Cohesion (kPa)
	−0.55681
	−0.5834



	2
	Porosity (%)
	−0.46196
	−0.51413



	3
	Density (g/mL)
	−0.45947
	−0.51207



	4
	Moisture (%)
	−0.42836
	−0.4769



	5
	Internal friction angle (°)
	0.323295
	0.308409



	6
	K (%)
	0.16128
	0.195123



	7
	Fe (%)
	0.113593
	0.155239



	8
	Montmorillonite (%)
	0.003181
	−0.01579



	9
	Particle size (um)
	0.002364
	0.0011
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Table 3. T-test table for regression coefficients.
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	Coefficient
	p Value
	Lower Limit 95%
	Upper Limit 95%





	Intercept
	0.1875
	6.53 × 10−38
	0.16814
	0.20687



	Density
	−0.0387
	0.00063
	−0.0605
	−0.01688



	Porosity
	−0.0455
	4.77 × 10−5
	−0.06679
	−0.02415



	Cohesion
	−0.0619
	5.44 × 10−8
	−0.08295
	−0.04079
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