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Abstract 
 The feasibility of mixing fly ash to sandy soil to build the artificial plow pan of paddy soil in the Yellow 
River beach was explored. Water infiltration characteristics, saturated hydraulic conductivity, saturated water 
content and water storage capacity of the artificial plow pan were measured by using laboratory column tests. 
The results showed that under the same bulk density, when the amount of fly ash increased, the movement 
rate of the plow pan wetting front, the infiltration rate and the saturated hydraulic conductivity were 
decreased, then the water content and water storage of the soil layer increased. When the application amount 
of the fly ash was the same, and when the compaction weight decreased, the wetting front movement rate and 
saturated hydraulic conductivity increased and the soil water content and water storage capacity decreased. 
Mixing of fly ash with sand at a ratio of 1:3 (by weight) was found to be ideal for making an artificial of plow 
pan having  bulk density of 1.7 g/cm3. 
 
Introduction 
 Innovating land consolidation methods and optimizing agricultural planting structure are 
effective ways to improve land utilization efficiency (Dunea and Dinca 2014, Niels 2015, Tang et 
al. 2017). The development and consolidation of beach land can effectively improve the utilization 
of land resources and achieve a dynamic balance of total cultivated land, thus ensuring regional 
economic and social development (Wang et al. 2001). The severe westward movement of the 
Yellow River channel in the Hancheng City of Shaanxi Province of China continuously causing 
high shore and beach areas to collapse. Collapse of large areas of beach land into the river, and the 
pressure on flood control every year is seriously endangering the lives and property of people 
along the coast. In order to improve the river regime, prevent continuous collapse, river erosion, 
and protect villages along the river and cultivated land, the local government has changed the river 
water potential through control projects, thus forming a large area of beach land.  
 The Yellow River beach is rich in water resources and can be developed to wetland 
agriculture. According to the investigation of local light and heat resource conditions, and 
comprehensive groundwater depth, rice can be grown in this region. However, due to the sandy 
soil type in the beach land, direct planting is likely to result in water and fertilizer leakage. 
Therefore, if it is possible to artificially construct a plow pan which might support retention of 
water to achieve high crop yield.  
 Fly ash is a waste discharged from local coal, having small particle size, high activity and 
strong adsorption capacity (Maebana et al. 2013, An et al. 2016, Gao et al. 2019). There are many 
coal-fired  power  plants  in  this  region, and the output of fly ash is increasing every year. A large 
amount of land is occupied by fly ash, destroying the ecological environment. Use of these fly ash 
to construct the plow pan layer might help to solve the storage problem of huge amount of fly ash, 
as well as help rice cultivation in this region. 
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 Fly ash has the potential to improve soil physical, chemical and biological properties 
(Ukwattage et al. 2013, Medina et al. 2015). At present, there are two aspects of the application of 
fly ash in agriculture. Firstly, fly ash is rich in K, Si, Ca, Mg and a certain amount of trace 
elements and is used as a compound fertilizer additive (Liu and Liao 1997, Qiu and Hlavacek 
2010, Sano et al. 2013); secondly it has been applied as a soil amendment because it can regulate 
the soil physical, chemical and biological properties, while improve the soil moisture conditions, 
thereby providing a good soil environment for crop growth (Gond et al. 2013, Zaady et al. 2017, 
Wu et al. 2018). Pathan et al. (2003) indicated that the hydraulic conductivities in the fly ashes 
were 105- to 248-fold slower than that in the coarse sand, and the water-holding capacities of fly 
ashes at field capacity were three times higher than those in the coarse sand. Yunusa et al. (2006) 
showed that the addition of fly ash to sand can effectively reduce the soil hydraulic conductivity.  
Ghodrati et al. (1995) showed that with 30% fly ash, saturated hydraulic conductivity of sand was 
reduced by 80%, and field capacity was increased by about 1 time. Kalra et al. (2000) indicated 
that the moisture retained at field capacity increased by 295.7% compared to sand when the fly ash 
content was 40%. Therefore, it would be feasible to use the rich fly ash resources to construct an 
artificial plow pan to achieve the purpose of supporting water and fertilizer in paddy soil. 
 In the present study, water characteristics of the artificial plow pan constructed by mixing the 
fly ash to sandy soil were determined to find the best plow pan structure and to suggest its use in 
the land improvement of the Yellow River beach. 
 
Materials and Methods 
 The sandy soil used in the experiment material was taken from Xiayukou Hancheng City, and 
fly ash was taken from Hancheng Power Plant. Experimental materials were air-dried after 
removing debris, then ground and passed through a 2-mm sieve. The mechanical composition of 
the materials was measured using a MS2000 laser particle size analyzer (Malvern Instruments Ltd., 
Malvern, United Kingdom). pH was measured using a 1:2.5 soil-water ratio extraction method and 
an S220 acidometer (Mettler Toledo Instruments Ltd., Zurich, Switzerland). The basic 
physicochemical properties of the materials are presented in Table 1. 
 The plow pan layer was designed to have three bulk density with two different mixing ratios 
by weight (Table 2). Pure sandy soil was used as a control (CK) under each group of  treatments. 
Each treatment was repeated 3 times.  
 
Table 1. Basic physical and chemical properties of experimental material. 
 

Experimental 
material 

pH Particle-size distribution  
(%) 

Soil texture 

  Clay (0-2 μm) Silt (2-50 μm) Sand (50-2000 μm)  
Sandy soil 8.71 0.89 4.41 94.70 Sand 
Fly ash 9.13 2.53 29.60 67.87 Sandy loam 

 

 A cylindrical one-dimensional water infiltration test was used. The testing device consisted of 
a plexiglass column with a height of 45 cm and an inner diameter of 10 cm and a 50 liters water 
bottle. The bottom of the soil column had small holes of different sizes (diameters varying from 
0.05 to 0.2 cm), the upper layer was covered with gauze, and the gauze was filled with 10 cm of 
each treated soil sample mixed with fly ash and sandy soil as the plow pan. The upper part of the 
plow pan was filled with sandy soil with a bulk density of 1.7 g cm-3 and the total soil height was 
40 cm. Water was supplied to the soil column using a Markov bottle to maintain a 3 cm stable 
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head height. The movement of the wetting front was recorded at the beginning of the test. After 
the infiltration test, the Markov bottle was continuously supplied with water. When the soil 
column was saturated, the hydraulic conductivity was  measured. At the end of the test, soil 
samples were taken every 5 cm to determine the water content of each layer, and to calculate the 
water storage capacity. 
 
Table 2. Experimental treatment. 
 

Treatment Bulk density                
(g/cm-3) 

Fly ash: sandy soil 
(w/w) 

A1 1.65 CK 
A2  1:3 
A3  1:2 
B1 1.7 CK 
B2  1:3 
B3  1:2 
C1 1.8 CK 
C2  1:3 
C3  1:2 

 
Results and Discussion 
 Variation of the movement depth of the wetting front with time showed that the control 
movement rate was very fast (Fig. 1). The advancement time of the wetting fronts of A1, B1 and 
C1 reaching 40 cm profile bottom was only 9, 15 and 20 min and the initial wetting front 
movement rate was reduced from 5.2, 4.8, 3.6  to 2.0, 1.0, 0.7 cm/min, respectively at the bottom. 
Compared to the same bulk density treatments, the initial movement rate was basically the same. 
With the same bulk density, the initial movement rate was in the order of A2 > A3, B2 > B3 and 
C2 > C3. The proportion of fly ash application, the smaller the initial movement rate. The final 
rate at 40 cm showed the same trend. Under the same filling bulk density, the average movement 
rate of each treatment in the plow pan layer were in the order of A2 > A3, B2 > B3 and C2 > C3, 
which also showed that the larger the proportion of fly ash, the smaller the average movement rate. 
In the same bulk density treatment, the wetting front movement time to the 40 cm bottom of A2 
and A3 were 35.6 and 37.8 times than that of control A1; B2 and B3 were 23.3 and 24.0 times 
than that of control B1; C2 and C3 were 18.0 and 20.0 times than that of control C1. 
 Compared to the treatment with same fly ash application and different bulk density, the initial, 
average and final movement rate in the plow pan were in the order A2 > B2 > C2 and A3 > B 3> 
C3, respectively. From 25 cm, the wetting front movement rate showed a significant difference 
(Fig. 1), probably due to the blockage of the artificial plow pan layer formed by the fly ash and 
sand at 30 cm. Each treatment showed that with the fly ash application rate the bulk density 
increased, the movement depth of the wetting front in the plow pan reduced at the same time. The 
results indicated that the addition of the fly ash in this region can effectively reduce the water 
infiltration rate and improve the hydraulic movement characteristics of the sandy soil. 
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a. Different fly ash addition amount with the bulk density of 1.65 g/cm3. 
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c. Different fly ash addition amount with the bulk 

density of 1.8 g/cm3. 
Fig. 1. Variation of the movement depth of the wetting front with time. 

 
 Saturated hydraulic conductivity is an important parameter of soil water movement, which 
can reflect soil leakage and infiltration properties, and has important significance in agricultural 
water and soil engineering (Lin 2010, Jarvis et al. 2013, Vereecken et al. 2015, Xu et al. 2017). In 
the present study, the saturated water conductivity of the control treatment was the highest (Fig. 
2a). When the control sand was compacted, the saturated hydraulic conductivity was reduced, but 
there was no significant difference between the treatments before and after compaction. Compared 
to the saturated hydraulic conductivity of the same amount of fly ash and different compacted bulk 
density treatments (Fig. 2b, c), C2 was 6.1 and 20.7% lower than B2 and A2, and C3 was 14.0 and 
30.2% lower than B3 and A3, respectively. As the compacted bulk density increased, the saturated 
hydraulic conductivity decreased. After the addition of fly ash, the saturated hydraulic 
conductivity of each treatment under the same bulk density was reduced by about 4 orders of 
magnitude compared to the control (Fig. 3). When compared the saturated hydraulic conductivity 
of the two treatments with different  amount of fly ash added and had the same bulk density, A3 
was about 8.6% less than A2, B3 was about 12.2% less than B2, and C3 was about 19.6% less 
than C2. This showed that the addition of fly ash significantly reduced the saturated hydraulic 
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conductivity of each treatment, indicating that the more the amount of fly ash was added, the 
smaller was the saturated hydraulic conductivity. The results indicated that the fly ash can improve 
the hydraulic properties of strong permeable sandy soil and increase crop water supply. 
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a. Sand soil with different bulk density. 
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Fig. 2. Saturated hydraulic conductivity of different bulk density treatment. Different letters at the top of the 

bars indicated a significant difference in saturated hydraulic conductivity among the same fly ash addition 
amount with different bulk density (p < 0.05). 
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Fig. 3. Saturated hydraulic conductivity at different fly ash addition amount treatments. Different letters at the 

top of the bars indicated a significant difference in saturated hydraulic conductivity among the same bulk 
density with different fly ash addition amount (p ＜ 0.05). 
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 The soil water content did not change significantly above 20 cm deep soil layer, and has a 
certain improvement in 20-30 cm deep (Fig. 4). It showed that soil water content increased with 
the addition of fly ash. The increasing trend might be caused by the retardation of soil moisture by 
the addition of fly ash. The addition of fly ash significantly affected the soil water distribution. 
The soil water content of the plow pan (30-40 cm) constructed by fly ash and sand was 
significantly higher than that of the control. Comparing the average water content of plow pan, A2 
and A3 were 1.29 and 1.33 times of A1, B2 and B3 were 1.31 and 1.33 times of B1, and C2 and 
C3 were 1.30 and 1.32 times of C1, respectively.  
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Fig. 4. Soil water content in different soil depths. 

 
 The water storage capacity of the plow pan constructed by adding fly ash was analyzed 
according to the vertical distribution characteristics of water content. It showed that under the 
same bulk density, the soil water storage capacity of each treatment was significantly improved 
compared to control (Fig. 5). The results fully confirmed the feasibility of adding fly ash to 
construct plow pan of paddy soil in the Yellow River beach. It can play a significant role in 
supporting water and fertilizer than the original sandy soil.  
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Fig. 5. Soil water storage capacity of artificial plow pan. Different letters at the top of the bars indicated a 

significant difference in soil water storage capacity between the same bulk density with different fly ash 
addition amount (p ＜ 0.05). 

 
 The plow pan of the high-yield paddy soil should have suitable bulk density, certain water 
conductivity, and proper water and fertilizer retention characteristics. The extremely low or high 
bulk density has been found to be the limiting factor for high yield of rice. When the plow pan 
bulk density was 1.7 g cm-3, the soil active reducing substances in the rice growing season 
increased correspondingly, the root activity was significantly enhanced, and the biomass was the 
maximum (Xiao et al. 1996). The plow pan saturated hydraulic conductivity of high-yield paddy 
soil cultivated for many years was between 0.45 × 10-4 - 1.47  × 10-4 cm/s (Zhang et al. 2011). It 
could be concluded that B2 treatment (1.7 g/cm3, fly ash: sand = 1:3) can best meet the bulk 
density and water conductivity requirements of the paddy soil plow pan. 
 Effects of fly ash application on plow pan water characteristics indicated that the addition of 
the fly ash in this region can effectively improve the hydraulic movement characteristics of the 
strong permeable sandy soil and increase crop water supply. Results confirmed the feasibility of 
adding fly ash to construct plow pan of paddy soil in the Yellow River beach. Comparing the 
mechanical composition of fly ash in different regions, most of the fly ash was found to have the 
highest content of silt (67~72%), followed by sand (25~30%) and the smallest clay (Zhao and 
Tang 2009, Hartmann et al. 2010, Li et al. 2011, Zhao et al. 2013a, 2013b, Zaady et al. 2017). 
Therefore, fly ash can effectively improve the sand texture and can effectively change the poor 
water physical properties of sandy soil. Fly ash also has a strong water absorption capacity 
because of its porous honeycomb structure with a large surface area and surface tension (Yoo and 
Jo 2003, Kalinski and Yerra 2006, Kamata and Yukimura 2012, Mishra 2013, Qin et al. 2015, 
Song et al. 2016). At the same time, the fly ash surface has a large number of Si-O-Si bonds, and 
after interaction with water, there will be a large amount of hydroxyl groups on the surface, 
showing significant hydrophilicity and adsorption (Yang et al. 1997, Jia et al. 2018). Yang et al. 
(1997) reported that the maximum moisture absorption of fly ash was about 6.35 g/kg, the 
maximum water absorption was about 727.5 g/kg on average, and the water absorption capacity 
was roughly equivalent to that of soil. Therefore, the use of fly ash to improve sandy soil 
significantly enhanced the sandy soil water holding capacity. By adding fly ash to the sandy soil, 
the plow pan of the paddy soil could be constructed, and the purpose of planting rice in the beach 
land of Yellow River can be achieved.  
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 In the present study, the best artificial plow pan construction in paddy soil was determined by 
measuring the water characteristics of soil. The water characteristics were noticeably influenced 
by fly ash. Due to the admixture of fine texture and hydrophilic fly ash, the artificial plow pan 
featured a distinct decrease in permeability and saturated hydraulic conductivity, and the soil water 
content was noticeably increased. It may be concluded that it would be feasible to use fly ash and 
sandy soil to construct the plow pan of paddy soil in this region. The ideal plow pan configuration 
was that the fly ash and the sand should be  mixed in a mass ratio of 1:3, and the bulk density was 
1.7 g/cm3. Through the present work the most suitable physical configuration of the paddy soil has 
been obtained, but the soil nutrients were relatively inferior. In the subsequent research and 
practical work, continuous improvement of soil fertility is needed to achieve high rice yield. 
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