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Abstract

:

Matric suction induced by evapotranspiration is an important parameter for determining the hydraulic mechanisms of vegetation on slope stability. Despite evapotranspiration closely associated with atmospheric parameters and soil conditions, the influence of soil properties and illumination intensities on matric suction of vegetated soil has so far received the least research attention. In this paper, three kinds of soil, namely, fine sandy loam, sandy silt, and silty clay, were selected as experimental soils, and Indigofera amblyantha was chosen as the test plant. The test conditions were controlled, such as the use of homogeneous soil and uniform plant growth conditions. Each specimen was exposed to identical atmospheric conditions controlled in a laboratory for monitoring matric suction responses over 10 days. The results showed that illumination intensities play an important role in evapotranspiration, and the thermal energy from lighting had a direct impact on plant transpiration, whereas the lighting only affected plant photosynthesis. Plant roots in vegetated soil can effectively improve the air intake value of soil, and matric suction induced by plant transpiration in vegetated soil was 1.5–2.0 times that of un-evapotranspirated soil. There is a correlation between matric suction and the silt and clay contents, and the matric suction of silty clay was sensitive to changes in the soil moisture content. Compared to fine sandy loam, the water retention of sandy silt and silty clay was high, and a high level of matric suction was maintained in the corresponding time. The results for predicting soil water evapotranspiration based on matric suction have theoretical and practical significance for preventing soil erosion and shallow landslides. In addition, these results have great guiding significance for agricultural production, such as irrigation.
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1. Introduction


Matric suction is one independent variable that controls the stress-strain characteristics of unsaturated soil [1,2], variations of which change soil properties, such as permeability and shear strength [3,4,5]. Vegetation, as a natural bioengineering method for preventing soil erosion and shallow landslides, has been used widely throughout the world [6,7]. In particular, for shallow slopes with depths of 1–2 m, vegetation is an effective way to enhance slope stability via roots mechanical reinforcement and hydraulics reinforcement [3,8,9,10,11,12]. The analysis of hydrological and mechanical factors influencing vegetated slope stability based on numerical simulation shows that hydraulic reinforcement is prior to that of mechanical effects [13].



Plant transpiration could dramatically affect the temporal-spatial water content distribution in superficially vegetated soil [14,15,16,17]. During the root-water uptaking process, plant roots also absorb water through photosynthesis and respiration and, as a result, induce soil matric suction [18]. Matric suction induced by plant transpiration (hydraulic reinforcement) in vegetated soil can reduce soil permeability [19,20] and increase soil shear strength [4,19,21]. It has been recognized that plant transpiration induces matric suction and is an important mechanism in the stability analysis of soil slopes and riverbanks covered with vegetation [9,16,17,22,23,24,25]. Additionally, plant roots also can change soil hydraulic properties, arguably by altering the soil structure due to root occupancy of the soil pore-spaces [15,17].



Recent studies have revealed that matric suction induced by plant transpiration can be maintained in vegetated soils during and after rainfall [16,24,26,27], whereas the hysteresis of rainfall infiltration appears to have important implications for slope stability [28,29]. For cohesive slopes, vegetated soil can maintain the matric suction within 5–20 kPa in the root zone under one 10-year return period rainfall [24,30] and the matric suction of more than 9 kPa under one 100-year return period rainfall [24,26]. Thus, it is important to quantify matric suction accurately in vegetated soils.



At present, several researches have been performed to study the factors affecting plant growth and soil matric suction. The influence of visible light on plant physiological processes is noticeable [31] and better plant quality was obtained with luminescence lamps [32]. The differences in heat generated by visible light and those of ambient temperature could affect plant growth, and the variations in air temperature are accompanied by the high relative humidity generated by plants [33].



On the other hand, matric suction in vegetated clay soil increases more rapidly under a given evapotranspiration level compared with vegetated sandy soil [34,35]. Slopes with soil types varying from sandy soil to clay soil present different stability results for the same rainfall of uniform intensity [36], and the rate of evolution of matric suction is lower in clay soils than in sandy soils [34,37]. Ultimately, a numerical model was also established based on soil conditions, as well as evapotranspiration and root characteristics, to predict the matric suction distribution in vegetated soil [26,38,39]. In conclusion, plant transpiration may be affected by atmospheric parameters (e.g., relative humidity, air temperature, and radiant energy), soil conditions (e.g., hydraulic conductivity, moisture gradient, and soil particle composition), and vegetation types.



Understanding the influence of soil properties and illumination intensities on soil matric suction during the evapotranspiration process is important to scientifically quantify the hydraulics mechanism of soil reinforcement and slope protection via vegetation. Based on this, the objectives of this study are to (i) measure and compare the response of matric suction to plant transpiration and soil evaporation in vegetated soil; (ii) explore and quantify matric suction variations upon plant transpiration in relation to illumination intensities; and (iii) investigate the matric suction variability by replicates with different soil properties under identical atmospheric conditions.




2. Materials and Test Methods


2.1. Materials and Apparatus


The tested soils were taken from a cutting slope on the first phase urban expressway in Xiazhou Avenue in Yichang, China. Tested soils were chosen below the slope surface of 0.3 m, and impurities in the soil were eliminated. The soils were air-dried, crushed, and sieved through a 2.0 mm sieve. After that, the soil particle size distribution was measured by using the wet separation method (Figure 1), and several basic physical properties were tested, such as specific gravity, optimum water content, pH value, plastic limit, and liquid limit (Table 1). According to the Unified Soil Classification System [40], the tested soils can be classified as fine sandy loam, sandy silt, and silty clay, respectively.



Experimental soils were placed in a special plexiglass centrifuge tube, and saturated moisture content was measured. CR21G high-speed centrifuge was used to centrifuge the tested soils, and volumetric moisture content was recorded under various matric suctions at equilibrium state. A total of 15 groups of soil matric suction and volumetric water content data of each soil type were measured, and the Van Genuchten model [41] was used to fit the test data, as shown in Figure 2. In addition, Figure 2 shows that, starting from the near saturation state of the experimental soils, the water content is    W  s a t    . During the process of matric suction gradually increasing to the maximum values, the volumetric water content gradually decreases to    W r   , that is, residual volumetric water content was obtained when the soil water characteristic curves towards to level, and the fitting parameters are demonstrated in Table 2.



Indigofera amblyantha, the most common soil–water conservation plant in tropical and subtropical regions, was selected as the test plant [42,43]. Indigofera amblyantha is a perennial deciduous shrub with a growing period of approximately six months, and it possesses excellent ability for drought resistance and barren resistance [42].



A SoilTron automatic weighing lysimeter (produced by Beijing EcoTech Ecological technology Co., Ltd. in China) was used in the test, which consists of the multi-layer profile detector and the data collector. The multi-layer profile detector includes soil temperature probes (with a measurement range of −15 °C–50 °C and the error of ±0.3 °C soil moisture probes (with a measurement range of 0–100% and the error of ±1%) and soil matric suction probes (tensiometers for measuring matric suction up to 100 kPa with an error of 1 kPa), all with a diameter of 3 mm and a length of 11 cm. Moreover, the data collector could regularly and automatically collect and record the data from each probe.



The SY-S06 leaf temperature meter, produced by Campbell Scientific Instrument Co., Ltd. (San Jose) in USA is based on the high-precision thermocouple temperature sensor to realize real-time and accurate measurement of temperature difference between leaf and air, with a measurement range of 0 °C–60 °C and the error of ±0.5 °C.



A root scanner (WinRHIZO) (produced by Beijing Ecotech Ecological Technology Co., Ltd., China) was utilized in this test, which consists of an image-capture system and root analysis system. Some root parameters, such as root length, root diameter, root surface area, root volume, and root tip count could be obtained by the image-capture system, and the root analysis system can analyze the morphology, gradation extension, and the entire structure of the root system.




2.2. Test Design and Methods


2.2.1. Test Design


The size of the cubic wooden box used is 300 mm × 300 mm × 300 mm (the diameter of a standard planting barrel of the SoilTron lysimeter is 300 mm in the laboratory). Test soil was placed in the box, and soil height and compactness were 250 mm and 90%, respectively [17,24]. The plants were cultivated in the cubic wooden boxes.



Sandy silt formed by weathered mudstone widely distributes in the Three Gorges Area, for the sandy silt, four specimens of vegetated soil, and two replicates of bare soil were set. Therein, two specimens of vegetated soil in which Indigofera amblyantha grew only in a circle of 100 mm diameter in the center of the box. For both fine sandy loam and silty clay, three specimens were set, one for bare soil (control) and two for vegetated soil. In the planting experiment, there were a total of 12 specimens, and the seeding density of Indigofera amblyantha was 80–100 plants per square meter [24].



The planting experiment was conducted in an open field behind a laboratory at China Three Gorges University. Each specimen was exposed to identical natural conditions of rainfall, temperature, and lighting. The planting period was two years, until the plants reached a stable and mature stage, where the mean height and stem diameter of plants were found to be 93.51 cm and 0.62 cm, respectively.



The vegetated specimens were then moved to an atmosphere-controlled laboratory at China Three Gorges University. The laboratory had a temperature 20 °C ± 2 °C, humidity 50%–60%, illumination height 1m, and illumination intensities of 36 W/m2 and 275 W/m2 were set at those which are the most commonly used in greenhouses for plant growing and heating [12,24]. Energy is required for both plant transpiration and soil evaporation [18,22,23], and illumination was the only energy source used for the soil-vegetation-atmosphere system discussed in this study (Figure 3a).



Four holes of 5 mm diameter and 10 cm depth were created from top to bottom at every 50 mm on the front surface of each planting specimen. A small amount of mud was poured into the bottom of the holes, and then four tensiometers of the lysimeter were inserted into the holes. To ensure the tensiometer is intimately contacted with the surrounding soil, the tensiometers were rotated and some fine soil was filled. The tensiometer is a fluid filled plastic tube with a porous ceramic tip on one end and a vacuum gauge on the other end. When the saturated porous ceramic tip comes into contact with unsaturated soil, a water migration occurs until the balance of water potential between them is reached. And, the negative pressure in vacuum gauge is the matric suction of unsaturated soil. Before installation, the tensiometers were immersed in distilled water for 12 h. After their porous ceramic tip soaked completely, the plastic tubes of the tensiometers were filled with water until the water overflowed, and no bubbles were presented. The tensiometers were replenished with water at 7:00 p.m. every day, and the rubber plugs were then tightened. At the bottom of each test box, there were five drainage holes with a diameter of 5 mm each for free drainage throughout the test. The specimens were uniformly watered before conducting tests until water accumulation occurred on the surfaces of the specimens. Subsequently, and the variations in matric suction at the 5 cm, 10 cm, 15 cm, and 20 cm depths were monitored automatically once every 10 m by the lysimeter under the lighting condition set.




2.2.2. Test Methods


In this study, three series of tests were conducted. The objective of the first test series was intended to compare the contributions of plant transpiration and soil evaporation on soil matric suction, which can be utilized for agricultural production, such as irrigation [10,12]. In this series, three sandy silt specimens (two vegetated soils and one bare soil) were subjected to an identical water evapotranspiration process under the illumination condition of 275 W/m2 in the laboratory (Figure 3b,c). In addition, a soil temperature probe and a soil moisture probe of the SoilTron automatic weighing lysimeter were used to measure the surface temperature and moisture of the specimens within 2 mm depth during the test and the monitoring period was 10 days. The second series of test was to explore the influence mechanism of solely illumination intensities on soil matric suction in vegetated soil. Three sandy silt specimens (two vegetated soils and one bare soil) were exposed to different illumination intensities of 36 W/m2 and 275 W/m2 in the laboratory. For both vegetated soil and bare soil, only a diameter of 100 mm in the center of test boxes was subjected to lighting, and the monitoring period was 10 days (Figure 3d,e).



Soil characteristics (e.g., plastic limit, liquid limit, clay, and silt content) have an important impact on the distribution of soil matric suction and soil–water retention [35,36,37]. The third series of tests was the repetition of the first series, but with the different soil properties as shown in Table 1 and Figure 1, namely, fine sandy loam, sandy silt, and silty clay, and the monitoring period was 10 days. After each specimen was dried in the laboratory, the same initial matric suction was controlled in all specimens, and then the rainfall test was implemented. To simulate rainfall with set intensities and durations artificially, a rainfall simulator was developed. The system consists of a four horizontal plastic tubes (each 8 mm in diameter) connected to a water pump at a water tank. In each tube, there are several atomizers for water over the entire surface of each test box. During the rainfall test, there is a continuous supply of water to the water pump, by adjusting and fixing the atomizers, rainfall intensity can be maintained constant throughout the rainfall test. Before using the rainfall simulator for testing, the uniformity of rain drop distribution over the same cross-sectional area of the test box (300 mm × 300 mm) and the same rain drop height (1000 mm) were examined (Figure 4). Rainfall intensity was set at 80 mm/h according to the average rainfall in the Three Gorges Area, and the duration of rainfall was 100 m. During the rainfall process, the tensiometers of the lysimeter were used to monitor the variation in matric suction.



Plant biomass can significantly affect the soil–water retention curve of vegetated soils and the mechanical reinforcement of plant roots [17,35]. After the above tests, the planting box was disassembled and whole plants were collected. The plants were split into roots, stems, and leaves. Several characteristic parameters of the plants were tested by a root scanner (WinRHIZO, Beijing Ecotech Ecological Technology Co., Ltd., Beijing, China), such as root surface area, root volume, and leaf area. Various plant parts were then oven-dried at a temperature of 60 °C until the dry weights were constant to obtain the plant biomass [25].



Leaf area index (LAI) is defined as the ratio of the total leaf area to the projected area of canopy of plants on the soil surface in horizontal plane. Images of plant leaves were captured by a high-resolution camera and then converted to binary images, and leaf area index was determined by image analysis using an open source software called ImageJ. Root area index (RAI) is defined as the ratio of total root surface area for a given depth range to the circular cross-sectional area of soil in the horizontal plane. The diameter of the circular cross-sectional area of soil is defined by the maximum lateral spread of the root system within a given depth range. The root surface area refers to the total external surface area of all roots within a given soil volume that is captured by the root scanner (WinRHIZO). Root volume ratio (RVR) is defined as the volume of plant roots per unit volume of soil, and root volume is measured by the root scanner (WinRHIZO).






3. Results and Discussion


3.1. Comparison of Plant Transpiration and Soil Evaporation


In this test, based on the viewpoint that plant roots occupy soil particle gaps and reduce soil porosity, the void ratio of vegetated soil was deduced via the three-phase diagram of soil [25]. A numerical model regarding soil saturation and matric suction was established, so as to simulate the effect that plant roots reduce soil porosity and increase soil–water retention capacity [44]:


   S r  =    [  1 +    [    s  e   m 4       m 3     ]     m 2     ]    −  m 1    ,  








where    S r    is soil saturation; s is soil matric suction;    m 1   ,    m 2   , and    m 4    are dimensionless parameters;    m 1    and    m 2    control the basic shape of soil–water characteristic curve; and    m 3    and    m 4    are related to the intake value of bare soil.



Computed conclusions showed that the average void ratio (   e 0   ) of bare soil is 0.558, whereas that of vegetated soil (Indigofera amblyantha) is 0.536. A total of 15 groups of mean matric suction and volumetric water content data of vegetated soil were measured, and the Gallipoli model [44] was used to fit the test data as shown in Figure 5, fitting parameters (   R 2  > 0.943  ) were demonstrated in Table 3, therein, the data of bare soil were referred to Figure 2. Figure 5 showed that the water retention capacity of vegetated soil is higher than that of bare soil, which represents that plant roots in vegetated soil can effectively increase the air intake value of soil.



Soil particles arranged in a definite direction and order under gravity stress, and a certain pore structure was formed in plant growth process [16,45,46]. Gas entered initially the pores with a large size and drained the pore water in soil pores in the process of soil drying. This part of pore water accounts for a large proportion of the total pore water. As soil matric suction increase, the water in soil pores decrease gradually, non-pore water is drained slowly and soil presented a high water retention capacity. Plant roots in the vegetated soil can effectively fill the pores among soil particles, and soil porosity is lowered. It is difficult for gas to enter the gaps of soil particles in the process of vegetated soil drying; thus, air intake value of the vegetated soil is higher than that of the bare soil.



Vs1, Vs2, and Bs are three sandy silt specimens (two vegetated soils and one bare soil) based on the condition of identical homogeneous soil and uniform plant growth conditions in Figure 6. The aerial biomass and root biomass of two vegetated soils are different at the stable and mature stage of plants (Table 4), which affect directly the temporal and spatial matric suction distribution in superficial vegetated soil. As shown in Figure 6, the surface temperatures of three specimens presented an increasing trend, and the surface temperatures (22.04 ± 1.46 °C (mean value ± standard error)) of bare soil were higher than those of vegetated soil (20.45 ± 0.83 °C). During the test period, the maximum surface temperatures of the specimens were 3.4 °C higher than the air temperature. Figure 7 shows the changes in surface moisture content of the three specimens. With the progression of water evapotranspiration, the surface moisture contents of the three specimens gradually decreased. The surface moisture content of bare soil decreased by 71.49%, while that of vegetated soil decreased by approximately 55.70%.



Table 4 shows that the surface temperatures of the specimens had a significant negative correlation with surface moisture content (P < −0.936). Compared with bare soil, the surface moisture contents of vegetated soil with an increment of 15%–20%, whereas the maximum difference in surface temperatures between bare soil and vegetated soils was 1.4 °C, which was not significant.



These results may be explained by the intensity of the light applied to the surface of vegetated soil was obstructed by plant leaves (aerial biomass), resulting in the phenomenon that the surface temperature of vegetated soil is lower than that of bare soil and with a high surface moisture content. Therefore, it could be concluded that soil temperature, instead of radiant light energy, has a significant effect on soil evaporation, with the assumption that the other atmospheric and soil conditions are identical.



Table 5 shows that the mean matric suction increment at the 5 cm depth of bare soil was 23.45 kPa, and that at the 10 cm depth was 17.71 kPa during the tests. The mean matric suction increment at the 5 cm depth of vegetated soil was 23.82 ± 0.11 kPa, whereas the mean matric suction increment was 20.77 ± 0.98 kPa at the 10 cm depth. The increment of matric suction induced by evapotranspiration can effectively increase the shear strength of soil and reduce soil infiltration rate, and furthermore, the hydraulic erosion of surface soil is moderated [6,7].



Compared with the water evapotranspiration of bare soil (only soil evaporation), and that of vegetated soil including both soil evaporation and plant transpiration, the amplification of the matric suction in vegetated soil was greater than that of bare soil. For the case of vegetated soil (No. 1), the mean matric suction increment at the 15 cm depth was 14.97 kPa, which was 5.74 kPa greater than that of bare soil. This indicates plant transpiration can improve soil matric suction.



The variations in matric suction were closely related to plant biomass in vegetated soil, and a Pearson coefficient of 0.995 was obtained at the depths of 10 cm and 15 cm (Table 5). The reason is that the aerial biomass and root biomass of two vegetated soils are different at the stable and mature stage of plants, which affect directly the matric suction distribution in superficial vegetated soil. The increase in aerial biomass (mainly leaves) of plants increases the leaf area that exchanges materials with the atmosphere via light radiation, accelerating the photosynthesis and transpiration of the plants [18]. Based on the mechanism of plant transpiration [25], water vaporizes into the atmosphere through the leaf stomas of plant leaves, resulting in a great reduction in water pressure at the plant tops. A large hydraulic gradient is produced between the plant leaves and the plant roots, and the capacity of roots for water uptake is augmented. On the other hand, high root biomass is beneficial for smooth uptake of water by the plant roots from the soil for transport it up through the plant stems, and there is a high level of soil matric suction.



The soil matric suction induced by plant transpiration-like is defined in Figure 8, which is obtained by subtracting the matric suction of bare soil from that induced by water evapotranspiration of vegetated soil.



During the water evapotranspiration process, the matric suction induced by plant transpiration-like was characterized by a rapid increase followed by a low decline over soil depth, and presented negative values at 5 cm depth. The reason may be that soil evaporation has priority over plant transpiration, and soil evaporation has a great impact on the matric suction distribution in shallow soils (<10 cm), while plant transpiration via leaf stoma vaporization and root water uptake can affect the variations in matric suction for relatively deep soils (>10 cm).



However, the matric suction increment was a negative value at the depth of 5 cm, namely, the matric suction of vegetated soil was lower than that of bare soil. This might lead to the conclusion that plants not only induce soil matric suction by absorbing water, but also maintain matric suction in vegetated soil during drying process. Owing to the presence of plants, the surface temperature of vegetated soil is effectively reduced, which reduces vegetated soil evaporation to a certain extent, whereas the results may be presumably influenced by altering the soil structure due to root occupancy of the soil pore-spaces, which impedes the process of water loss from the soil pores.



Pore water is a hydrophilic medium and air is a hydrophobic in unsaturated soil, so water can only flow through the space occupied by pore water. When matric suction augmented, soil moisture content is decreased, and furtherly, soil permeability coefficient reduced correspondingly. The increase in soil pore air pressure impeded the paths of water flow, which reduced the permeability of vegetated soil. Vegetated soil can effectively reduce soil infiltration rate, so that soil can maintain a low pore water pressure (high matric suction), which is a great significance to enhance the stability of shallow slope.




3.2. Effects of Illumination Intensities on the Matric Suction of Vegetated Soil


Figure 9 compares the measured vertical distributions of matric suction induced by the vegetated soils and bare soils after 10 days of monitoring. The initial distributions of matric suction in vegetated soil and bare soil were fairly close (<1 kPa). After drying for 10 days, there were marginal increases in matric suction in the conditions of 36 W/m2, and the distribution of matric suction in bare soil was fairly uniform. In contrast, the peak matric suction induced by soil evaporation at 5 cm depth under the illumination intensity of 275 W/m2 was more than three higher than that under 36 W/m2. For the vegetated soils, the distribution of matric suction was distinctively different from that of bare soil, and the peak matric suction occurred at 5 cm depth due to plant transpiration. On the other hand, the matric suction induced by plant transpiration under 275 W/m2 at 10 cm depth was higher than that under a 36 W/m2 by 135.61%.



As shown in Figure 10, the variations of matric suction in bare soil were small under conditions of 36 W/m2. The matric suction increment at the 10 cm depth was 1.34 kPa, and that at the 20 cm depth was 1.01 kPa. The variations in matric suction at the 10 cm depth mainly depending on surface soil with a diameter of 10 cm that directly contacted the atmosphere, and shallow surface soil exchanges heat radiation with the atmosphere, causing small amounts of water evaporation in soil. However, the change in matric suction at the 20 cm depth may be explained by the redistribution of soil moisture within the soil due to gravity, resulting in a redistribution of matric suction in a local extent. Under conditions of 275 W/m2, the matric suction increments of bare soil at the 10 cm and 20 cm depths were 8.13 kPa and 2.33 kPa, respectively. Based on the fact that soil evaporation at the soil-air interface is mainly affected by the lighting temperature, large matric suction values were generated in the surface layer of bare soil.



Figure 11 shows that, under the conditions of 36 W/m2, the matric suction increment at the 10 cm depth of vegetated soil was 2.23 ± 0.25 kPa, and which of the 20 cm depth was 0.95 ± 0.15 kPa. Based on the conditions of 275 W/m2, the matric suction increment at the 10 cm depth of vegetated soil was 10.72  ±  0.31 kPa, and that at the 20 cm depth was 3.77  ±  0.12 kPa. These values are significantly higher than the matric suctions of vegetated soil subjected to illumination intensity of 36 W/m2.



Lighting not only increases the atmospheric temperature around the leaves, but also increases the leaf temperatures. As revealed in Figure 12, leaf temperatures increase to 23.32 °C and 27.52 °C on the conditions of 36 W/m2 and 275 W/m2 in the initial stages of illumination, the temperatures of plant leaves were about 0.32 °C and 7.52 °C higher than the air temperature (20 °C) were maintained throughout the test. The increase in atmospheric temperature accelerates the rate of water evapotranspiration, which increases the vapor pressure difference between the inside and outside of the plant leaves. This increase in vapor pressure difference is beneficial for the escape of water from the leaves, and then the rate of plant transpiration is enhanced [47,48]. The results prove that plant transpiration is mainly controlled by the thermal energy from lighting.



Compared to the matric suction induced by soil evaporation in bare soil (8.13 kPa), the plant transpiration-induced matric suction increments at 10 cm depth were found to be 37.39% and 25.95% higher after 10 days of monitoring, depending on the characteristic parameters of the individual specimens (Table 6). As leaf area index increased from 2.151 to 2.397, the amplification of plant transpiration-induced matric suction increased significantly because of the increased percentage of radiant energy intercepted by the plant leaves. This result is consistent with the conclusion of Pollen-Bankhead [9] that the matric suction induced by plant transpiration in vegetated soil can be twice as high as that of the un-evapotranspirated soils in field tests, whereas the contribution of plant transpiration to the amplification of matric suction is augmented substantially when individual specimens have a higher leaf area index and root area index.



Furthermore, the larger plant biomass (aerial biomass and root biomass) of vegetated soil, causes greater matric suction to be induced in soil, thus generating a large additional shear strength, which is important for controlling surface soil erosion and shallow soil stability.




3.3. Effects of Soil Properties on the Matric Suction of Vegetated Soil


Figure 13 shows the variation of matric suction profiles with time in three test soils. The measured initial matric suction at four depths for both vegetated soils and bare soil were about 3 kPa. After 10 days of drying, matric suctions in measured depths of all test soils increase, as expected. Matric suction measured in vegetated soil was notably higher than that in bare soil, except for fine sandy loam. And the peak matric suctions were observed at 10 cm depth in sandy silt and silty clay (vegetated soil), rather than 5 cm depth in fine sandy loam. The matric suction profile is consistent with the observations of the previous studies (Section 3.2), this suggests that, as compared to evaporation, it was likely that plant transpiration was a more dominant process in the relatively deep soil (>5 cm), as the responses of matric suction are found to be more dependent upon the root morphology.



Figure 14 shows that, for bare soil, the matric suction at the 10 cm depth of fine sandy loam gradually increased, and the increment was 12.73 kPa, while the rate of variation in matric suction was relatively stable (slope k = 1.466). The matric suction of the sandy silt and silty clay increased logarithmically (R2 > 0.972). Therein, matric suction induced by water evapotranspiration in silty clay (18.71 kPa) was greater than that of fine sandy loam (12.73 kPa) and was lower than that of sandy silt (20.84 kPa). For vegetated soil, the mean matric suction increment in fine sandy loam was 13.80 kPa and the change rate (slope k = 1.535) was slightly higher than that of the bare soil. The variation trend of the mean matric suction in sandy silt was similar to that of bare soil, and the increment was 27.60 kPa. The mean matric suction in silty clay increases rapidly by 26.18 kPa (Table 7).



Based on the above results, it is straightforward to conclude that the variation trend of matric suction is related to the content of silt and clay in the soil, and also related to the pore size of soil particles. For fine sandy loam and sandy silt, the clay content is lower and the gaps between soil particles are relatively large [49,50]. Due to the action of the evaporation pressure difference, the water in the superficial soil is easily diffused into the atmosphere through the gaps between the soil particles; thus, soil evaporation is the principal part for the change in vegetated soil matric suction. Silty clay has high water retention ability [34,35], which means a high resistance to water loss during soil evaporation, so the impact of plant transpiration is prominent in relatively deep silty clay.



Matric suction in the sandy silt was higher than that of the silty clay, and this result may be explained by the pore structure between silt particles being more conducive to the capillarity of unsaturated soil, while the interaction of clay particles and water produces bound water with a strong viscosity [49,51]. Meanwhile, the small granularity of silty clay limits water transport in the capillary channels of the soil, and the capillarity is relatively weak [34,37]. In addition, the matric suction of silty clay increased rapidly in the initial stages of the test evidenced that when the content of clay particles and fine particles is high, the soil matric suction is sensitive to the change in soil moisture content, which mainly depend on the difficulty of draining or uptaking water from the soil [19,37,52].



Figure 15 shows that during the wetting process, the matric suction of each specimen gradually decreased over time. For bare soil, the matric suction of fine sandy loam rapidly decreased, while the sandy silt and silty clay responded slowly to rainfall. The water retention capacities of silty clay and sandy silt are high, resulting in a low permeability coefficient of these soils [26,52].



Compared with bare soil, the water retention of vegetated soil significantly improved. Plant roots can alter soil structure due to root occupancy of the soil pore spaces, and the reduction in soil porosity and capillary radius enhances the soil–water retention [2,16]. This phenomenon is particularly evident in silty clay. For a given decrement of matric suction, the response time of vegetated soil was high; in other words, the matric suction can be maintained during the corresponding period, which is a great significance to enhance the stability of shallow slope. The hysteresis of water retention in vegetated soil appears to affect the stress-strain behavior of soil during the transient process of rainfall infiltration [28,29,53].



The infiltration rate of bare soil was greater than that of vegetated soil at the initial stages of rainfall, whereas the subtle infiltration rate resulted in a slower variation in matric suction in vegetated soil. With the advance of rainfall tests, the matric suction of vegetated soil gradually decreased until a matric suction value consistent with that of bare soil was reached. However, for silty clay, the difference in the ultimate matric suction between vegetated soil and bare soil was large.



For the fine sandy loam, the matric suction of vegetated soil and bare soil should eventually drop to zero [50], but the mean matric suction in the tests did not drop below 2.5 kPa. It may be caused by the fact that the planting box was incompletely sealed, resulting in incomplete infiltration of the rainfall into the soil.





4. Conclusions


In this paper, the effects of illumination intensities and soil properties on the matric suction of vegetated soil were investigated by drying and rainfall tests. The main results showed that:



(1) The water retention capacity of vegetated soil is higher than that of bare soil, and plant roots can effectively increase the air intake value of vegetated soil. Illumination intensities affect plant transpiration by changing leaf temperature and atmospheric temperature around the leaves. Thermal energy from lighting has a significant effect on plant transpiration. The matric suction induced by plant transpiration in vegetated soil is 1.5–2.0 times that of un-evapotranspirated soil.



(2) A correlation is observed between soil matric suction and the clay and silt content, and the matric suction of silty clay is sensitive to changes in the soil moisture content. During the rainfall process, high matric suction is maintained in vegetated soil and thereby to great soil shear strength in the response period, which is a great significance to enhance the stability of shallow slope.



(3) The matric suction of plant transpiration obtained by subtracting the matric suction induced by soil evaporation from that of water evapotranspiration has not been exactly expressed. Thus, due to the interactions of plant transpiration and soil evaporation (such as matric suction induced by soil evaporation, resulting in an increase in the difficulty of plant root water uptake and thereby reducing the rate of plant transpiration), the coupling relationship between these effects needs to be studied further.



This study of the properties of unsaturated vegetated soil based on matric suction can help to further the development of the hydraulic mechanism of slope protection via vegetation and will have important theoretical and practical significance for controlling soil erosion and shallow landslides. In addition, these results have great guiding significance for agricultural production, such as irrigation.
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Figure 1. Particles grading curves of experimental soils. 
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Figure 2. Soil water characteristic curves of experimental soils. 
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Figure 3. (a) Overview of water evapotranspiration tests; (b,c) surface conditions and instrumentation setup for the first and third test series; and (d,e) surface conditions for the second test series. 
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Figure 4. Schematic diagram showing test setup and rainfall simulator for simulating constant rainfall intensity during rainfall testing. 
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Figure 5. Soil water characteristic curves of bare and vegetated Sandy silt. 
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Figure 6. Surface temperatures of specimens. 
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Figure 7. Surface moisture contents of specimens. 






Figure 7. Surface moisture contents of specimens.



[image: Sustainability 11 06475 g007]







[image: Sustainability 11 06475 g008 550] 





Figure 8. Variations of matric suction induced by plant transpiration-like. 
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Figure 9. Variations of matric suction with depth on conditions of 36 W/m2 and 275 W/m2. 
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Figure 10. Variations of matric suction in bare soil on conditions of 36 W/m2 and 275 W/m2. 
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Figure 11. Variations of matric suction in vegetated soils on conditions of 36 W/m2 and 275 W/m2. 
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Figure 12. Variations of leaf temperature on conditions of 36 W/m2 and 275 W/m2. 
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Figure 13. Variations of matric suction with depth in different soils. 
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Figure 14. Variations of matric suction at 10 cm depth with time for different soils during water evapotranspiration test. 
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Figure 15. Variations of matric suction at 10 cm depth with time for different soils during rainfall test. 
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Table 1. The basic physical properties of experimental soils.
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	Soil Types
	Specific Gravity
	Optimum Moisture Content/%
	Maximum Dry Density/%
	pH Value
	Liquid Limit/%
	Plastic Limit/%
	Saturated Permeability Coefficient/m·s−1





	Fine sandy loam
	2.58
	14.3
	1.38
	6.2
	-
	-
	3.23 × 10−5



	Sandy silt
	2.69
	18.6
	1.61
	6.5
	27.5
	22.5
	5.75 × 10−6



	Silty clay
	2.73
	19.2
	1.70
	6.7
	30.1
	18.7
	2.67 × 10−7
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Table 2. List of soil water characteristic curve fitting parameters.
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	Soil Types
	     W r       
	     W  s a t        
	a
	n
	m
	     R 2     





	Fine sandy loam
	0.032
	0.352
	5.47
	1.469
	0.319
	0.935



	Sandy silt
	0.06