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Abstract

:

Dry-sprayed ecological slope protection technology is an effective mean to restore the ecological environment of rock slope, which has been continuously studied and improved by scholars since its advent. Based on the existing research, a new type of dry-sprayed ecological substrate with carbon fiber and expanded polystyrene (EPS) particles was proposed to achieve lightweight and conductive heating. The ingredients of the ecological substrate are EPS, cement, carbon fiber, graphite powder, soil, water-retaining agent, and pH adjusting agent, respectively. In order to investigate the ecological performance and the physical properties of the substrate, the growth rule of Zoysiagrass was investigated by pot experiment and orthogonal range analysis, and the density and conductivity of the substrate were tested. The result shows that proper EPS particles in the substrate can improve soil structure and promote plant growth, and they play a similar role as soil conditioner. However, when the content of EPS particles exceeds 4%, the substrate is difficult to solidify by cement, which will lead to disintegration. EPS is the main factor affecting the germination and growth of plants, followed by cement, while carbon fiber and graphite powder content effect less. The optimum proportion for plant growth is EPS particle 4%, cement 2.5%, carbon fiber 1%, graphite powder 10%, pH adjusting agent 2.5%, and water retaining agent 0.1%. EPS particles can effectively reduce the density of the substrate and thus reduce weight. The average conductivity of the substrate specimens is 384 Ω·cm, which has great conductivity.
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1. Introduction


Landslide is a common geological hazard in life, which is mainly caused by water infiltration and accumulation in the slope [1,2,3]. Therefore, landslides will be easily caused in heavy rainfall. According to the United States (U.S.) Geological Survey (USGS), thousands of major landslides each year are triggered by rainfall [4]. In order to control landslide, the researchers put forward two kinds of protective measures: civil engineering measures and vegetation engineering measures. The civil engineering measures that were applied to slope protection have a good effect in the initial stage, which can ensure the stability of the slope. However, with the passage of time, concrete gradually ages and steel corrosion intensifies, resulting in a reduction to the strength of protection components and worsening of the protection effect. On the contrary, slope protection with vegetation is relatively weak, but with the vegetation promotion, the role of reducing slope instability and erosion becomes more and more significant, and the environment can be also improved [5,6,7,8,9]. Thus vegetation engineering measures have been strongly advocated in the past few decades.



In the 1970s and 1980s, an ecological slope protection substrate and construction techniques were developed by Japanese researchers [10]. The substrate can be sprayed onto the slope surface to enable plants to grow with the help of cement mortar and the metal net laid, just like shotcrete. By adding fiber, doras, and emulsified asphalt, the problem that plants are difficult to grow due to the strong alkalinity of portland cement had been solved [10,11,12]. In the past few decades, many countries have proved that ecological substrate can effectively promote the combination of vegetation and soil layer with slope surface [13]. Also, some scholars have made research for slope protection in different directions in recent years [14,15]. Ecological substrates have been widely used, but more importantly, the focus of future research will be on multifunctional substrates developing. Little has been done in functionalization. Plants used for slope protection generally have the characteristics of cold resistance, but could still freeze to death, especially in snow and ice rain. Therefore, the main purpose of this study is to propose a new type of ecological substrate that can heat and protect plants from winterkilling in severe cold. There are two questions to consider: (1) heat material and (2) heat preservation. Carbon fibers play a significant role in the manufacture of lightweight composite structures [16]. Also, carbon fiber has many applications in the field of eco-geotechnical engineering. Adding carbon fibers and graphite powder into the substrate can increase the conductivity [17]. Expanded polystyrene (EPS) is a common lightweight material, which is often used in engineering, and also has the effect of heat preservation, which can effectively reduce heat loss in low-temperature environment [18]. Therefore, EPS and carbon fiber are added into the substrate. This paper studied (1) the effect of substrate ingredients on plant growth and the optimum proportion of suitable growth, through the orthogonal pot experiment and (2) the effect of EPS on the density and the conductivity of the substrate after adding carbon fiber and graphite powder, on the basis of a series of laboratory tests.




2. Materials and Methods


2.1. Study Plan


Through the orthogonal experiment method [19], 16 pots of ecological substrate with different proportions are designed for planting zoysiagrass. Thereafter, germination, growth, and area coverage ratio are monitored. The ecological substrates of different proportion are made into specimens for laboratory tests of density and conductivity.




2.2. Materials


The ingredients of ecological substrate include EPS particles, cement, carbon fiber, graphite powder, soil, water-retaining agent, and pH adjusting agent. Carbon fiber purchased from Toho Chemical Industrial (Shanghai) Co. Ltd., Shanghai, China. Graphite powder purchased from Xieli Graphite Co. Ltd., Dongguan, China. The soil that was used in substrate making has no specific requirement. Here, silt was used. Water-retaining agent was used for storing water for plant growth and pH adjusting agent was used for reducing alkalinity in cement. The mixture that was used to prepare the specimens for the laboratory test does not include additives as they may or may not be in the field [4]. So it is unnecessary to add these two ingredients into substrate when making specimen for laboratory tests of the physical properties. The physical properties and functions of ingredients are listed in Table 1. This experiment is to rapidly explore the planting effect of ecological substrate, and only the single species of zoysiagrass (Zoysia tenuifolia Willd. ex Trin) is chosen as the planting object. Zoysiagrass is a kind of important turfgrass and it has some properties, such as freeze tolerance, salt tolerance, and drought resistance, which are of great importance for ecological slope protection [20,21,22].




2.3. Orthogonal Experimental Design


The orthogonal experiment method was especially developed to examine the relative significances of multi-variables, as listed in Table 2.



Ai, Bi, and Ci (i = 2) represent the possible values of Variable A, Variable B, and Variable C, respectively. A1 represents the first level(value) of Variable A, while A2 represents the second level(value). So do subscripts of Bi and Ci. k1 and k2, as indicated in Table 2, are the sum of the evaluated parameters related to the first and second possible values of a variable. R value (the range value), specifying the maximum variation range of k1 and k2, as indicated in Table 2, can be used to identify the governing factor and optimize the combinations.



As the water-retaining agent that was added in ecological substrate has little influence on plant growth, and the pH adjusting agent has no direct influence on the growth of zoysiagrass [25], the mass fractions of these two ingredients are given as constant values, and their weights are proportional to the weight of soil and cement, respectively. Based on the experience and a few trials, the contents of each gradient were determined [25]. Therefore, four variables are left: EPS particles, carbon fiber, graphite powder, and cement, and each variable has four possible levels(value). Details were listed in Table 3 and Table 4.




2.4. Germination and Growth Test


16 circular planting pots (d = 120 mm, h = 100 mm) were placed to simulate the planting environment in this experiment, as plotted in Figure 1a, which the scale is 1:10. Thereafter, the experiment proceeded with the following steps.



The soil was dried in advance and passed through 5 mm aperture sieve to remove large particle impurities, such as gravel. Loam was buried at the bottom of the planting pot in 50 mm deep as bedding soil, and the ecological substrate needed for a space of 50 mm deep on top to plant zoysiagrass. Ecological substrate needed was calculated and weighed by the electronic scale. Ecological substrate ingredients of each pots were mixed uniformly and filled into the corresponding experimental planting pots with appropriate amount of liquid fertilizer. Zoysiagrass seeds were sowed on the layer, 10 mm from the surface, as shown in Figure 1b. The number of seeds is 200 per pot. The pot was tagged, respectively. The above procedure was applied to every pot.



Germination and growth test begin at 15 July 2018. After sowing, the germination number and seedlings growth height in each pot were continuously monitored and recorded at a certain interval of time. In each measurement, 10 seedlings were randomly selected to measure the height, and then the average value was obtained. The total duration was 55 days, till 8 September 2018. The temperature range in planting progress is 22 °C~36 °C, and 22 days of rain were recorded until the end of the experiment. According to the dry and wet condition of the substrate, water was poured at morning or dusk. Thereafter, water supply to plants was stopped and all pots were placed outdoor at the day 15 after germinating.




2.5. Laboratory Tests


EPS particles, carbon fibers, and graphite powder are added into ecological substrate to make a new functional substrate, so as to protect plants under low temperature and reduce the weight of the substrate. Studying its physical properties is beneficial to investigate the new functionality of the material and provide a basis for the practical application of ecological slope protection. The specimens were made by mold (d = 39.1 mm h = 80 mm) and cured for seven days. The density and resistivity are measured separately. It should be noted that when the content of EPS particles is 4%, the disintegration of the substrate leads to difficulty in the preparation of the specimen, so in order to ensure the strength of the substrate, EPS content is not suggested to exceed 4%.





3. Results and Discussion


3.1. Germination


In order to investigate the differences between germination number of each pot, the germination in different days is plotted in Figure 2.



Germination was recorded every three days after sowing. Figure 2 shows that at day 3 after sowing, the seeds in all pots have germinated. At day 6 after sowing, the germination number of each pot nearly reaches the maximum. At the day 9 after sowing, the germination number of all pots remains basically unchanged, only a few seedlings die, and the number at the day 9 can be regarded as the maximum. After nine days of growth, the difference of germination in each pot is very obvious. 14# substrate has the largest germination number, 180 seedlings. In contrast, 4# substrate has the minimum germination number, 55 seedlings. The ratio of maximum germination number to minimum germination number reached 3.3, and the average germination number is 133. Germination ratio of 7#, 8#, 11#, 12#, 13#, 14#, 15#, and 16# are above the average, the others are all below. The germination period of each pot is nearly the same, but the germination number varies greatly. Therefore, the proportion of substrate ingredients has a great correlation with the germination number.



Throughout the whole germination period, when compared with that at day 3, the germination of 1#–4# pots at the day 6 after sowing increased by 100% on average, which was the greatest in the other pots. The germination of 5#–8# pots increased by 50%, which was relatively flat. The germination of 9#–16# substrate increased by only 20–30%, which the increase rate was slow.



In order to investigate the effect of ingredients on germination, the relationship between the ingredients content and germination ratio is plotted in Figure 3. The germination ratio is obtained from dividing the seeds number in every pot by seedling number in day 9.



As plotted in Figure 3a,b, obviously, with the increase of EPS content, the germination ratio is increasing, while, with the increase of cement content, the germination ratio is decreasing. The increase of EPS content promotes germination in general, resulting in an increase of 13 percent (26 seedlings) in the germination ratio for every 1 percent increase in EPS content. Cement hinders the germination, and the relationship between cement content and germination ratio represents a decreasing linear relationship, which the germination ratio decreases 3.5 percent (seven seedlings) for every 1 percent increase in cement content.



As plotted in Figure 3c,d, there is no obvious relationship between fiber content, graphite content and germination ratio, respectively. According to the average germination ratio, it is found that with the increase of fiber content and graphite content, the germination ratio keeps an almost constant value, which shows that the effect of fiber content and graphite content of substrate on the germination ratio is not significant.



In order to investigate the effect of ingredients to germination, range analysis for germination was carried out, as listed in Table 5. The EPS particle was the dominating factor affecting plant germination, followed by cement. Graphite powder and carbon fiber had little effect on the germination of zoysiagrass. From the above data, when the EPS content is 1%, the cement solidification effect is obvious, which results in the stable internal structure of substrate. On the contrary, when the content of EPS is over 1%, the contact surface between EPS particles increases, resulting in the available space for seeds increasing. The cement solidification effect is greatly dispersed, which is similar to soil conditioner to adjust the internal structure of substrate. As for the little effect of carbon fiber and graphite, the possible reason is that carbon fiber and graphite powder are an inert material without chemical reflection, and it is difficult to achieve the effect of EPS in the form of discrete materials. In addition, may the pH adjusting agent does not take full effect at day 3, the alkalinity of the substrate is strong. With time, the internal environment of the substrate becomes more and more stable, and the adaptability of the zoysiagrass seeds gradually increase, which cause the germination rate increase at day 3 after sowing. Therefore, the germination ratio of 9#–16# in first three days is higher than that of 1#–8#, but the germination ratio in next three days is lower than that of 1#–8# because of its large germination base number.




3.2. Growth


3.2.1. Growth Rate


From the beginning of germination, the growth height in each pot was measured at set intervals. Different proportions of substrates lead to different growth states, but to a certain extent, they still show a similar growth rhythm. The whole growth period can be divided into three phases, as plotted in Figure 4.



Germination phase (Phase I): within nine days after sowing, the plants in all pots grow slowly, and the growth height is no more than 5 cm, with an average of 2.7 cm. Among them, growth height of 4# is the lowest, only 1.4 cm, while, 14# is the highest, reaching 4.6 cm.



Growth phase (Phase II): starting from the day 9, Zoysiagrass enter the first rapid growth phase, which lasts about 20 days. The time for different pots to enter the rapid growth stage is different. The average height of Zoysiagrass grows to 14.6 cm, with an average height of 14.7 cm. The 13# and 4# are 205 mm and 76 mm, respectively. The height difference is 13 cm. The growth heights of all pots have obvious changes. The average of pots 1#–4# in day 30 is 9.7 cm, while it was 1.75 cm at day 9, which increases by 450%. Similarly, pots 5#–8#, 9#–12# and 13#–16# increase by 480%, 420% and 380%, respectively. As 1#–8# enter the growth phase a little later, although the growth rate is significantly higher than 9#–16#, the overall growth height is still below the average level. At this phase, the difference in growing height of each substrate is more and more obvious.



Steady phase (Phase III): 30 days to 55 days after sowing, the growth curve of each pot begins to smooth, with growth fluctuations decreasing. There are still some pots of zoysiagrass maintain rapid growth, however, only for a few days. The average growth height is 19.2 cm, which is about 30% higher than the Phase II. The vegetation of ecological slope protection is liable to be eroded and destroyed at the early stage of its growth. However, after 40 days of outdoor planting, there is no obvious water erosion on the surface of the substrate. It is preliminarily judged that the root system of Zoysiagrass has preliminarily possessed a certain ability of soil consolidation, and it can resist the destruction of external environment such as rain erosion.



Because the growth phase is the fastest growing period of Zoysiagrass, the growth height of Zoysiagrass on the 30th day was taken for range analysis to analyze the effects of ingredients on the growth of Zoysiagrass. It can be seen that the order of Table 6 is slightly different from that of Table 4, but EPS and cement contents are still the main factors affecting the growth of Zoysiagrass, and the effect of carbon fiber and graphite powder is enhanced. The relationship between EPS content and growth height is plotted in Figure 5. According to Figure 5, a positive relationship between EPS content and growth height can be determined. However, EPS particles do not have any chemical relationship with plant growth, so the effect of EPS particles on plant growth height would be similar to that of other components. In order to determine the relationship between EPS content and growth height, further experiments are needed.




3.2.2. Area Coverage Ratio


The coverage is calculated by the projection area of the plant stem and leaves to the ground. A high-resolution camera took a photo of a cell area, which was then imported into a photo processing software. For each pot, the projection area of the plant stem and leaves is measured and divided by the projection area of the substrate [26]. The area coverage ratio of each pot is recorded for 55 days, as plotted in Figure 6. The coverage of substrates varies greatly. Pot 13 and 14 have 100% coverage, while the lowest area coverage ratio of 4 is only 25%, and most of the rest are over 50% coverage. Still, in the range analysis for area coverage ratio of Table 7, EPS content is the dominant factor affecting the area coverage ratio. Usually, the higher plants are, the more leaves will be. EPS is the main factor affecting the growth height, which promotes the growth height in Figure 5. Therefore, maybe the effect of EPS on area coverage ratio is a false appearance derived from the effect of EPS on growth height. Because the overlap of plant leaves is not considered in the coverage measurement, the higher the plants are, the more significant the overlap of plant leaves will be. Measurement results of area coverage ratio cannot accurately reflect the effect of ingredients on growth, and this explains why growth height being used to describe the quality of plant growth will be better.





3.3. Integrated Range Analysis


Selecting the maximum germination, the final area coverage ratio and the growth height of the 30 days as three indicators to composite scores, with 40%, 30%, 30% weights, respectively [27]. A range analysis of composite scores is performed, as plotted in Table 8.



According to the range, the factors affecting the growth of Zoysiagrass are EPS, cement, fiber, and graphite, in turn. K4 = 92.5 in different content of EPS is the largest (taking the maximum of k1, k2, k3, k4), therefore, EPS should take the 4th level, that is, the weight ratio of 4%. Similarly, K1 in different content of cement is the largest, the optimal content of 2.5%. K1 in different content of fiber is the largest, the optimal content of 1%, K2 in different content of graphite is the largest, the optimal content of 10%.



In summary, the optimum proportion for the growth of Zoysiagrass is EPS particle 4%, cement 2.5%, carbon fiber 1%, and graphite powder 10%.




3.4. Density Test


The specimen was weighed by an electronic scale with a precision of 0.01 g and the density of the specimen was calculated. The relationship between EPS content and the density of the substrate was plotted under different cement content, as plotted in Figure 7.



According to Figure 7, the density of substrate decreases with the increase of EPS content. Taking the curve of cement content of 5% as an example, the average density of EPS is 1% per increase of 0.3 g/cm3. The content of EPS increases from 1% to 4%, and the overall density decreases by about 50%. The other three curves also have similar trends. It can be seen that the incorporation of EPS has a very significant impact on the overall lightening of the substrate. In the practical application of ecological slope protection, the purpose of lightening can be achieved by adding appropriate EPS. Under the same EPS content, the cement content increases from 2.5% to 10%, and the overall density difference only changes less than 0.3 g/cm3, which increases little and can be indicated that the influence of cement content on density is weak. When the cement content is relatively small, the impact on density is negligible.




3.5. Resistivity Test


The resistivity of the specimen was measured by the two-electrode method [28], where a TH2817A Precision LCR Meter (Langpu electronics technology co. LTD, Shenzhen, China) was used. Figure 8 shows the relationship between resistivity and carbon fiber under different EPS content levels. Because EPS particles are insulating materials, excessive addition of EPS particles can dramatically increase the resistance of the substrate, but that of carbon fiber has the opposite effect. Therefore, the resistivity of the substrate increases with the increase of EPS content, and decreases with the increase of carbon fiber content. The minimum resistivity of the sample is less than 100 Ω·cm, and the maximum resistivity is 817 Ω·cm, with an average of 384 Ω·cm, which is equivalent to the resistivity of conductive heating materials that are commonly used in engineering [29]. It can be seen that the substrate in cold and harsh environment using electric energy to protect plants is very promising.





4. Conclusions


	(1)

	
EPS particles can succeed soil conditioner to improve soil structure and promote plant growth, but the content should not exceed 4%.




	(2)

	
According to the all range analysis, the factors affecting the growth of Zoysiagrass are EPS, cement, fiber and graphite in turn.




	(3)

	
The optimum proportion is obtained by range analysis: EPS particle 4%, cement 2.5%, carbon fiber 1%, graphite powder 10%, pH adjusting agent 2.5%, and water retaining agent 0.1%.




	(4)

	
The overall density of the substrate decreases significantly with the addition of EPS, but the influence of cement content on the density is not obvious.




	(5)

	
The addition of carbon fiber and graphite significantly improves the conductivity of the substrate. The average resistivity measured by the substrate is 384 Ω·cm. Conductive heating can be considerable.







In this paper, the substrate has excellent performance in ecological function and physical properties, and it made a breakthrough in lightening and electric heating. The scoring of the comprehensive indexes of the 11 kinds of proportions is above 60, which can be extended to practical application, and the obtained rules can also be applied to the study of the proportioning of similar ecological slope protection substrates.
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Figure 1. (a) Test pots (b) Profile of pots. 
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Figure 2. Germination in different days. 
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Figure 3. (a) Germination vs EPS Content (b) Germination vs Cement Content (c) Germination vs Fiber Content (d) Germination vs Graphite Content. 
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Figure 4. (a) Growth height vs Days of 1#~8# (b) Growth height vs Days of 9#~16#. 






Figure 4. (a) Growth height vs Days of 1#~8# (b) Growth height vs Days of 9#~16#.



[image: Energies 11 03431 g004]







[image: Energies 11 03431 g005 550]





Figure 5. Relationship between growth height and expanded polystyrene (EPS) content. 
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Figure 6. Area coverage ratio of each pot. 
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Figure 7. Relationship between EPS content and the density under different cement content. 
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Figure 8. Relationship between fiber content and the resistivity under different EPS content. 
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Table 1. Ingredients and functions of substrate.
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	Ingredients
	Materials
	Functions





	EPS
	Particles with diameter of 1–3 mm
	Lighten substrate, diminish heat loss



	Cement
	Regular Portland cement
	Provide adhesive and bonding strength



	Carbon fiber
	Straws with a length of 6 mm
	Strengthen the conductivity of soil [23]



	Graphite powder
	30 microns in diameter

99% carbon content
	Assist carbon fiber [24]



	Water retention agent
	Superabsorbent (SAP)
	Maintain the water for plant growth



	pH adjusting agent
	0.2% ferrous sulfate solution
	Lower pH value to facilitate plant growth



	Soil
	Silt
	Vector for plant growth
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Table 2. Examples for range analysis.






Table 2. Examples for range analysis.





	
Test#

	
Variable A

	
Variable B

	
Variable C

	
Evaluated Parameter






	
1

	
A1

	
B1

	
C1

	
Y1




	
2

	
A1

	
B2

	
C2

	
Y2




	
3

	
A2

	
B1

	
C2

	
Y3




	
4

	
A2

	
B2

	
C1

	
Y4




	
k1

	
Y1 + Y2

	
Y1 + Y3

	
Y1 + Y4

	




	
k2

	
Y3 + Y4

	
Y2 + Y4

	
Y2 + Y3

	




	
vi

	
2

	
2

	
2

	




	
k1¯

	
k1/vi

	
k1/vi

	
k1/vi

	




	
k2¯

	
k2/vi

	
k2/vi

	
k2/vi

	




	
Range

	
Max{k1¯, k2¯}−Min{k1¯, k2¯}
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Table 3. Variables and their possible values wt%.






Table 3. Variables and their possible values wt%.





	Level
	EPS
	Fiber
	Cement
	Graphite Powder





	1
	1
	1
	0.25
	5



	2
	2
	2
	0.5
	10



	3
	3
	3
	0.75
	15



	4
	4
	4
	1
	20







Note: values in the table are a percentage by weight of soil.
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