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,e degraded aeolian sandy soil in China’s Mu Us Sandy Land requires amendment before it can be suitable for maize or other
agricultural production. ,e addition of material from the local “soft” bedrock can create a new compound soil whose particle
composition and structural stability are key issues for sustainable soil development in the region. We used field data from 2010 to
2018 to study the variations in fractal characteristics of compound soil particles at soft rock to sand volume ratios of 1 :1, 1 : 2, and
1 : 5, along with changes in soil organic matter. Over the study period, all three compound soils showed gradual increases in clay
and silt content with corresponding decreasing sand content. ,e fractal dimension (FD) of particles at ratio 1 : 2 increased by
8.8%, higher than those at 1 :1 (8.6%) and 1 : 5 (7.7%). ,e organic matter content (OMC) of particles at ratio 1 : 2 reached a
maximum (6.24± 0.30 g/kg), an increase of 12 times over the original value. ,e FD and OMC of particles at ratios 1 :1 and 1 : 5
were less stable but showed overall increase. ,e 1 : 2 ratio compound soil was most suitable for maize growth as its clear increase
in silt and clay contentmost improved the texture andOMC of the original sandy soil. Such research has important theoretical and
practical significance for understanding the evolutionary mechanism and sustainable use of the compound soil in agriculture
within the Mu Us Sandy Land.

1. Introduction

Soil particle composition is an important indicator used for
monitoring and evaluating desertification in northern China
as it has a vital impact on the biological, physical, and
chemical properties of the soil [1, 2], which directly affect the
abundance and deficiency of soil nutrients, as well as
changes in organic matter content [3]. Soil is a porous
medium composed of multisized particles with irregular
structure, with certain fractal characteristics. Several studies
have shown that the soil mass (volume) FD is an intrinsic
property of soil [4–6] and represents a comprehensive index
of soil particle composition. Fractal theory has been applied
to soil science to investigate and quantify complex problems
associated with soil state and processes [1]. Ai et al. [7] used a

fractal method to characterize soil particle size distribution
and determined the fractal characteristics of synthetic soil
for cut-slope revegetation in the purple soil area of China.
Liao et al. [8] and de Bartolo et al. [9] applied fractal analysis
to detect the spatiotemporal variability of soil moisture
content for different land use activities.

,is study focused on the Mu Us Sandy Land, a
3.98×106 ha [10] region severely affected by wind erosion
and desertification; this is one of the four major sand areas in
China that requires ecological restoration. ,e region
comprises 1.67×106 ha [11] of easily eroded bedrock (“soft
rock” hereafter) that provides the main source of the coarse
sand entering the Yellow River. On the contrary, the region
has extensive solar resources, relatively abundant precipi-
tation, and a shallow groundwater table, as well as other
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environmental conditions suitable for the development of
high-value agriculture. Aeolian sandy soil has almost no
structure, and although it has great water permeability
under dry and wet conditions, its water-retention perfor-
mance is poor. Soft rock contains a large amount of
montmorillonite, which expands rapidly when it en-
counters water, and hence, it has good water-holding
properties. ,erefore, it can be used as a natural water-
retaining agent [10]. Several scholars have ascertained that
the properties of soft rock and sand soil are complementary
to each other; soft rock can be used as a natural material for
rehabilitating sandy land into cultivated land. Based on the
analysis of the physical and chemical properties of the
mixed soil, with different proportions in laboratory test and
the practical difficulty in construction, it is concluded that
the suitable mixing ratio of soft rock and sand volume is
1 : 5–1 : 1 for crop growth, with the characteristic water
retention and air permeability [12, 13].

,e new compound soil with soft rock and aeolian
sand soil is heterogeneous in nature; the physical and
chemical properties still require some time for stabili-
zation. Furthermore, change in the agricultural planting
structure will affect soil development, changing the
physical, chemical, and biological properties of the soil
[14]. ,erefore, the particle composition and OMC of the
new compound soil are the primary concerns of sus-
tainable agricultural management. Although abundant
research has assessed the nutrient characteristics and crop
yields in such compound soils [13, 15–17], no research has
considered their particle distribution characteristics or
the succession of different proportions over time. In this
study, we analyzed compound soil from the Mu Us Sandy
Land with soft rock to sand volume ratios of 1 : 1, 1 : 2, and
1 : 5, from 2010 to 2018, and calculated the FD of com-
pound soil particles using the method proposed by Wang
et al. [18]. ,e results allowed us to analyze the driving
mechanisms of soil stability and the dynamic change
characteristics of organic matter, providing a theoretical
basis for the sustainable utilization of the new soil in Mu
Us Sandy Land.

2. Materials and Methods

2.1. Research Area. We conducted this study using a long-
term scientific observation test station and test plot at the
sand remediation demonstration project in Da Jihan
Village, Xiao Jihan Township, Yu Yang District, Yu Lin
City (109°28′58″ to 109°30′10″E, 38°27′5″ to 38°28′23″N).
,e geographic, climatic, and hydrological conditions are
representative of the Mu Us Sandy Land, with a typical
midtemperate semiarid continental monsoon climate. ,e
spatiotemporal distribution of precipitation in this region
is uneven, with July to September (especially August)
accounting for 60–75% of the annual precipitation
(250–440mm). ,e interannual variability of precipita-
tion is large (wet years are 2–4 times wetter than the dry
years).

In combination with the region’s ample sunlight, these
characteristics can produce high yields of maize and potatoes

in acceptable soils. ,e study site was mainly composed of
aeolian sandy soil whose loose structure results in poor
water-holding capacity and high evapotranspiration, leading
to frequent water shortages. Sampling showed that these
soils were low in nutrients, with total nitrogen of 0.75 g/kg of
soil mass, total phosphorus of 0.63 g/kg, total potassium of
26.51 g/kg, and organic matter of 0.30 g/kg. ,e local soft,
easily weathered bedrock is poorly cemented with low
structural strength and poor permeability but good water-
retention capacity, such that local groundwater provides
moisture for plant growth. Tests of the local soft rock showed
an OMC of 6.2 g/kg, total nitrogen of 0.125 g/kg, total
phosphorus of 0.379 g/kg, a bulk density of 1.25 g/cm3, and
capillary porosity of 52.7%. ,is rock material was mixed
with the sandy material to form the compound soils for our
tests.

2.2. Experimental Plot Design. In 2010, a soft rock and sand
complex remediation demonstration project established
nine 12m × 5m long-term test plots. ,e top 30 cm of the
original sandy soil was altered to soft rock to sand volume
ratios of 1 : 1, 1 : 2, or 1 : 5 in nine separate plots (three
replicates for each ratio). ,e annual planting season for
spring corn, the main cash crop in the area, is in mid-May,
and harvesting is carried out, once a year, in late September,
approximately 130 days after sowing. ,e corn varieties
planted were Yudan 9 in 2010–2014 and Xianyu 335 in
2015–2018, with seeding depth of approximately 5 cm, row
spacing of 60 cm, and planting density of 65,000 plants ha− 1.
All plots received the same irrigation and fertilization.
Compound fertilizer (90 kgNha− 1, 40 kg P ha− 1, and
75 kgKha− 1) was applied in 20 cm deep furrows and covered
with soil using a fertilizer applicator when seeding. Urea
was applied at 187 kgNha− 1 at the corn jointing stage as
part of the local applied levels of fertilizer management.
During the period of maize growth, water was irrigated
approximately five times, with approximately 55.6mm
water each time. In this experiment, after corn harvesting,
soil samples of 0–30 cm undergoing each treatment were
collected from a total of 15 sample points in the upper,
middle, and lower parts of each plot and mixed evenly using
the “S”-shaped sampling method. ,e samples were then
analyzed to determine the compound soil’s physical and
nutrient contents.

2.3. Experimental Method. ,e collected soil samples were
naturally dried after removing grass, roots, and other de-
bris, and then ground and passed through a 2mm sieve.
,e soil particle composition was determined using a laser
particle size analyzer Mastersizer 2000 (Malvern Pan-
alytical, Malvern, UK). After obtaining the average value
for each plot, the soil texture types were determined using
the soil texture automatic classification system (STAC)
[19]. ,e particle size classification was based on the
American classification standard (USDA) in 1951. ,e
OMC was determined using the potassium dichromate
external heating method [3].
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2.4. Particle FD Calculation. We used the calculation
method proposed by Wang et al. [18]. ,e formulas are as
follows:
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where di is the average diameter of a certain particle size,
V

(δ<di)
is the volume of the particle with a particle size

smaller than di, V(T) is the total volume of the particle, and
dmax is the maximum particle size. Linear regression analysis
was performed with lg V

(δ<di)
/V(T)  and lg(di/dmax) as

vertical and horizontal coordinates, respectively, and (3− D)
is the slope of the straight line.

3. Results

3.1. Annual Variations in Compound Soil Particle
Composition. ,e compound soil composition clearly
changed from 2010 to 2016 (Table 1). Over time, the clay
content of the compound soil with ratio 1 : 2 increased
steadily, reaching 2.68 times its initial value (highest of any
test), while that of the 1 :1 and 1 : 5 compound soils were
more variable but showed an overall increase of 2.38 and
2.45 times the initial value, respectively. ,e silt content of
the 1 :1, 1 : 2, and 1 : 5 ratio compound soils increased by 2.4
times, 1.52 times, and 1.64 times, respectively, while the sand
content decreased by 51.4%, 16.1%, and 24.4%, respectively.
Overall, the three compound soils progressed from loamy
sand to sandy loam to silt loam, with finer and improved
texture.

3.2.FractalCharacteristics ofCompoundSoilParticles byYear.
,e FD calculations implied soil textures ranging from
coarse to fine, with FD from low to high (Table 1). Over time,
the FD of the soil particles increased gradually, achieving a
significant difference from the starting condition (P< 0.05).
,e FD values of the 1 : 2 ratio compound soil particles
increased by 8.8% with a significant difference between 2010
and 2013 (P< 0.05), becoming stable after 2014 (P< 0.05).
,e FD of the 1 :1 ratio compound soil increased, decreased,
and then increased, with an overall increase of 8.6%. ,e
initial increase rate of FD of the 1 : 5 ratio compound soil was
rapid and showed no significant difference (P> 0.05) after
2012; the FD increased overall by 7.7%. ,e 1 : 2 ratio
compound soil clearly showed the greatest improvement; the
introduction of more fine particles into the soil improved its
internal structure and created a higher soil volume FD,
indicating the benefits of mixing soft rock into sandy land
soils.

3.3. Relationship between FD and Soil Composition. As the
FD of soil particles is related to the distribution of the soil
particle size, we analyzed the linear correlation between the

FD of the 1 :1, 1 : 2, and 1 : 5 ratio compound soil particles
and the overall sand, silt, and clay contents (Table 2).,e FD
of the three compound soils and sand (0.05–2mm) showed a
very significant negative correlation that was highest for the
ratio 1 : 2, followed by that for ratios 1 :1 and 1 : 5. ,ere was
a significant positive correlation with silt (0.002–0.05mm)
that was highest for the ratio 1 : 2, followed by that for ratios
1 :1 and 1 : 5; this was also true for clay (<0.002mm), which
was highest for the ratio 1 : 5, followed by those for ratios 1 :1
and 1 : 2. ,ese results confirm that higher soil clay and silt
content led to higher FD, finer texture, and tighter soil in
contrast to sand. ,erefore, silt and clay are important
driving factors for the development of improved texture in
the compound soil.

3.4. Relationship between FD and Organic Matter. Soil
particles provide physical protection for organic carbon.,e
OMC of the 1 :1, 1 : 2, and 1 : 5 ratio compound soils showed
an overall upward trend over time, with a clear significant
difference (P< 0.01) from 2010 to 2018. In addition, the soil
OMC between the three compounds generally showed
significant differences (P< 0.05). ,e 1 :1 compound soil
reached its highest OMC (5.17± 0.17 g/kg) after 8 years
(2017); after 9 years, this value increased by 10 times. ,e
1 : 2 ratio compound soil showed a continuous increase in
organic matter over time; after 9 years (2018), the OMC
reached its highest value (6.24± 0.30 g/kg), 12 times higher
than before planting. ,e 1 : 5 ratio compound soil reached
its highest OMC (5.28± 0.15 g/kg) after 4 years (2013) and
then decreased before becoming stable. After 9 years, this
value increased by 11 times, as shown in Figure 1.

,e FD of soil particles and OMC were significantly
positively correlated for all three compounds (Figure 2). ,e
1 : 2 ratio compound soil showed the greatest positive cor-
relation with organic matter (R� 0.936, P< 0.01), followed
by the 1 : 5 (R� 0.625, P< 0.01) and 1 :1 (R� 0.555, P< 0.01)
ratio soils. ,ere was also a significant positive correlation in
the relationship between FD and organic matter content.
,ese results show that higher silt and clay content is vital for
the accumulation of organic matter in compound soils
within the study area’s desertified land.

4. Discussion

,e fractal dimension of particles is a comprehensive index
of soil particle composition. Fractal theory is applied to soil
science to investigate complex problems such as soil state
and processes and quantify these variables to some extent
[1]. Some researchers [20, 21] calculated the fractal di-
mension of the particle size distribution by using the soil
particle mass distribution to characterize soil particle size
and the uniformity of the texture composition. In this study,
the FD of soil particle volume was used to characterize the
size of soil particle diameter and the uniformity of texture
composition, so as to characterize the quality and devel-
opment of the newly created soil-soft rock and sand com-
pound soil. ,e FD of soil volume, an intrinsic property of
soil, is the same as the FD of soil mass. However, calculating
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the FD of soil volume requires fewer assumptions (for ex-
ample, it need not assume that all soil particles have the same
density regardless of size) and was thereforemore reasonable
for use in this study [18, 22]. In addition, with the devel-
opment and application of laser diffraction technology, the
size and number of soil particle volume distributions can be
obtained relatively easily and accurately. More importantly,
this study found that clay content was one of the key driving
factors for soil texture improvement and organic matter
enhancement of the sandy soil in the study area. However,
relevant studies [18] determined that the percentage of soil
clay volume and the FD of soil volume showed basically
consistent change laws. ,erefore, the FD of soil volume can

be used to better characterize the change in clay content and
the uniformity of texture composition of the new soil in Mu
Us Sandy Land, China.

,e significantly higher silt and clay content in the 1 : 2
ratio compound soil may be the result of interactions be-
tween the soft rock and sand mixture, progressive changes
over multiple years, and the growth characteristics of maize.
Crop growth effectively prevents the loss of fine particulate
matter in sandy soils while promoting the deposition of fine
particulate matter [13, 23]. ,e core challenge for agricul-
tural productivity in this region is the loss of clay and
mineral colloids from the soil. ,e initial composition of the
soft rock has a significant effect on the particle composition

Table 2: Relationships between the FD of compound soil particles in different proportions and the content of each grain fraction.

Soft rock : sand D and sand (0.05–2mm) X1 D and silt (0.002–0.05mm) X2 D and clay (<0.002mm) X3

1 :1 D� − 0.003X11 + 2.764 D� 0.003X21 + 2.431 D� 0.029X31 + 2.372
R2 � 0.574 R2 � 0.458 R2 � 0.963

1 : 2 D� − 0.007X12 + 3.019 D� 0.008X22 + 2.318 D� 0.038X32 + 2.326
R2 � 0.894 R2 � 0.851 R2 � 0.952

1 : 5 D� − 0.006X15 + 2.934 D� 0.006X25 + 2.333 D� 0.067X35 + 2.230
R2 � 0.531 R2 � 0.438 R2 � 0.965

2D: FD value; X1i: sand content in different proportions of the compound soil; X2i: silty content in different proportions of the compound soil; and X3i: Clay
content in different proportions of the compound soil.

Table 1: Particle composition of the compound soil samples with volume mixing ratios of 1 :1, 1 : 2, and 1 : 5 in the 0–30 cm layer of the
experimental field from before planting and 2010–2016.

Soft
rock :
sand

Particle
composition

Before
planting 2010 2011 2012 2013 2014 2015 2016

1 :1

Sand%
(0.05–2mm) 82.59± 0.33 76.30± 0.60 68.46± 0.60 69.20± 0.52 67.34± 1.05 63.49± 0.81 42.83± 0.29 40.73± 1.04

Silty%
(0.002–0.05mm) 14.57± 0.28 18.20± 0.66 24.02± 0.76 27.36± 0.73 29.02± 1.06 30.54± 0.87 50.67± 0.53 49.68± 0.73

Clay%
(<0.002mm) 2.84± 0.12 5.51± 0.32 7.52± 0.38 3.44± 0.31 3.64± 0.27 5.96± 0.32 6.50± 0.29 9.59± 0.50

Texture Loamy sand Loamy
sand Sandy loam Sandy loam Sandy loam Sandy loam Silt loam Silt loam

D 2.44± 0.01a 2.54± 0.01c 2.59± 0.01e 2.47± 0.01b 2.48± 0.01b 2.56± 0.01d 2.58± 0.01e 2.64± 0.01f

1 : 2

Sand%
(0.05–2mm) 85.40± 0.74 84.18± 0.92 82.78± 0.07 74.20± 0.76 72.51± 0.72 67.38± 0.82 63.88± 0.30 61.58± 0.15

Silty%
(0.002–0.05mm) 12.53± 0.45 13.17± 0.94 13.58± 0.05 21.40± 0.36 23.03± 0.62 27.58± 0.93 30.45± 0.26 30.81± 0.13

Clay%
(<0.002mm) 2.07± 0.29 2.65± 0.02 3.64± 0.05 4.40± 0.58 4.46± 0.17 5.04± 0.11 5.66± 0.14 7.61± 0.15

Texture Loamy sand Loamy
sand

Loamy
sand Sandy loam Sandy loam Sandy loam Sandy loam Sandy loam

D 2.38± 0.02a 2.42± 0.00b 2.47± 0.00c 2.51± 0.02d 2.51± 0.01d 2.53± 0.00e 2.55± 0.00e 2.60± 0.00f

1 : 5

Sand%
(0.05–2mm) 88.37± 0.16 84.34± 0.44 82.70± 0.21 70.52± 0.59 77.18± 0.83 76.91± 0.47 68.70± 0.83 68.23± 0.49

Silty%
(0.002–0.05mm) 10.37± 0.41 11.79± 0.57 14.48± 0.17 25.84± 0.57 19.30± 0.82 19.67± 0.47 27.74± 0.53 27.42± 0.59

Clay%
(<0.002mm) 1.26± 0.29 3.87± 0.14 2.82± 0.04 3.64± 0.03 3.52± 0.05 3.42± 0.02 3.55± 0.35 4.35± 0.13

Texture Loamy sand Loamy
sand

Loamy
sand Sandy loam Loamy

sand
Loamy
sand Sandy loam Sandy loam

D 2.30± 0.03a 2.48± 0.00c 2.43± 0.00b 2.48± 0.00c 2.47± 0.00c 2.47± 0.00c 2.48± 0.01c 2.51± 0.01d
1Mean values in the table, and different letters within particle FD (D) rows mean significant difference (at 0.05 level) between different planting years in the
compound soil of the same proportion in different years and with the same letters are not significantly different at P< 0.05 according to a protected LSD test.
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Figure 2: Relationship between FD of compound soil particles and OMC for soft rock to sand ratios of 1 :1 (a), 1 : 2 (b), and 1 : 5
(c), respectively.
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Figure 1: OMC of the compound soil at depths of 0–30 cm over time for soft rock to sand ratios of 1 :1, 1 : 2, and 1 : 5, respectively. Letters
above the bars indicate significant differences (at 0.05 level) between treatments; the small bar shows standard deviation. Columns within
different years but with the same letters are not significantly different at P> 0.05.
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of the compound soil because addition of soft rock material
to the aeolian sandy soil increases the content of key soil
particle sizes (silt and clay). de Bartolo et al. and Han et al.
[9, 15] determined that the secondary clay mineral content
in soft rock reached 16.8–46.4%, and the clay content
reached 10.3–30.3%. However, more than 95% of sandy land
particles are primary minerals of 0.05–1mm diameter, with
clay content as low as 0.8%. ,erefore, mixing soft rock and
sandy soil introduces clay and colloidal material and im-
proves the texture of the aeolian sandy soil.

Over time, the soft rock grains gradually weathered,
decreasing the coarse sand fraction and increasing the clay
and silt content. ,e increasing FD of all three compound
soils corresponding to the fine texture was consistent with
similar results from Miao et al. [24] and Behzad and Hugh
[25]. In contrast, Wang et al. [18] concluded that the FD of
soil volume decreased with the number of plantings in the
loess soil of vegetable fields; inconsistency may be attributed
to the soil parent material. ,e soil texture of the vegetable
field is mainly loamy and sticky clay; the degree of soil
development for land used to grow vegetables and sandy
land is also quite different. Li and Zhang [26] found that soil
developed on a parent material with high degrees of dif-
ferentiation and weathering showed fine texture and a
corresponding large fractal composition.,e compound soft
rock and sand soil represent a new approach to sand
treatment that remains in the primary development stage.

Our finding that the FD of the three compound soil
particles was mainly determined by the clay and silt content
was similar to that from several other studies [4, 24, 25]. ,e
increase in FD over time, along with a higher fine particulate
matter and organic matter content, was due to the differing
ability of various soil particle sizes to retain nutrients. ,e
higher the FD, the richer the clay content in the soil and the
larger its specific surface area; the strong cohesion and
adhesion of clay have a stronger effect on the absorption and
fixation of nutrients. Liu et al. [27], Deng et al. [28], and Hua
et al. [22] all showed that the FD of soil particles increased
with increasing organic matter content, which is consistent
with our results. ,erefore, in practice, the content of
suitable soft rock material in a soil mixture can be increased
to enhance the clay and silt content, improving the poor
texture of aeolian sand soil to achieve better soil particle
gradation and texture, ensuring better soil suitability for
crop growth.

5. Conclusions

Changes in FD can represent the development of new
compound soil created through the mixture of sandy soil
and soft rock in the study area. Over time, the clay and silt
content in all three studied proportions increased along with
the soil fine particulate matter, i.e., as the texture became
finer, the FD increased continuously. Over the study period,
the FD and OMC of the 1 : 2 ratio compound soil contin-
uously rose with significant differences between each year,
with greater rate of increase than the 1 :1 and 1 : 5 ratio soils;
the 1 :1 and 1 : 5 ratio compound soils varied greatly but
showed overall increase. ,e 1 : 2 ratio compound soil was

determined to be most suitable for maize cultivation as it
best developed a composite state of inorganic and organic
colloids that improved the soil stability and subsequent
agricultural suitability. Moreover, there was a significant
positive correlation between the FD of soil particles and the
silt, clay, and organic matter content. Silt and clay are the
most critical driving factors for soil texture and organic
matter improvement in the desertified study area. ,is
engineering method can be applied to the distribution range
of soft rock. ,e technical achievements have been popu-
larized and applied in Mu Us Sandy Land, covering a total
area of 2769.74 ha. ,e project achievements have also
played an important role in the construction of forest and
grassland, urban green space, and an expressway protection
zone.

,e FD characterizes the complexity of the soil as a self-
organizing system. In this study, we only considered the
fractal characteristics of the compound soil particles and
their relationship with the grain size distribution and or-
ganic matter. However, the formation and development of
soil is a long-term process influenced by factors such as
parent rock, climate, and vegetation. Future work will
further explore the fractal characteristics of compound soil
development under different vegetation and environmental
conditions at a larger scale. ,is work has important the-
oretical and practical significance for understanding the
evolutionary mechanism and sustainable use of compound
soil and management for agriculture in Mu Us Sandy Land.
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