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Abstract: Soil structure fundamentally determines the hydrodynamic characteristics of the saturated–unsaturated 
zone, solute transport characteristics, and thermodynamic properties of the soil. Additionally, it regulates the process 
of transfer and conversion of matter and energy in the saturated–unsaturated zone. However, the quantification of 
soil structure is difficult because it depends on a combination of factors including soil particle sizes and types and 
spatial distribution of pores. In this study, the structural characteristics of the vadose zone are examined based on 
self-similarity in the soil and the fractal theory of non-linear science. This approach describes the soil particle sizes 
and spatial distribution of pores in the interior layers of the soil. The study area stretches across 165 km of the pied-
mont–plains of the Taihang Mountains. The particle sizes and volume percentages of particle sizes in 57 soil samples 
were measured using the Mastersizer 2000 laser diffraction particle size analyser (Malvern Instruments, UK). This 
information is then combined with the volume-based fractal dimension (D), calculated using the fractal theory, of 
the various samples. The results obtained indicate that: (i) the fractal theory can be used to effectively identify the 
characteristics of three-dimensional structural changes within the soil profiles. The average soil particle size dec-
reases from the piedmont of the Taihang Mountains towards the plains. Similarly, the volume percentage of particle 
size and the maximum volume percentage of a single particle size decreases. Moreover, the D values show an overall 
declining trend; (ii) the D values of the soils of the piedmont–plains of the Taihang Mountains show significant spatial 
variations in the range of 1.037–1.925. Although there is no correlation between the D value and soil particle size, 
the D value is very sensitive to the soil structure uniformity. The higher the uniformity, the greater is the D value; 
and (iii) D values cannot be used as the sole basis for determining the soil hydraulic properties. The D values and 
soil hydraulic properties are correlated only for a particular range of soil particle sizes.

Keywords: Daqing River basin; fractal features; soil hydraulic properties; soil particle-size distribution; spatial varia-
tion
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Soil structure determines the fundamental nature of 
the vadose zone (Botula et al. 2013), which is jointly 
characterised by soil particle sizes and types and the 
spatial distribution of particle sizes (Gargiulo et al. 
2014). Generally, traditional particle analysis methods 
(such as screening or specific gravity methods) are 
used to determine the soil particle-size distribution 
(PSD). These methods are not only time-consuming 
and laborious, but also they are unable to describe 

the soil structure fully (the spatial distribution of 
different particle sizes cannot be quantified).

Since the soil properties of the North China Plain 
change drastically, it is practically impossible to carry 
out large-scale testing and analyses of soil particles. 
This is especially the case of the piedmont−plains of 
the Taihang Mountains, which have a thick vadose 
zone, thereby resulting in an extremely complicated 
soil structure of shallow aquifers (He et al. 2013). 
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Groundwater recharge in this region is highly non-
linear, which hinders quantitative studies of the 
transport mechanism of moisture and solutes and 
thermal vapours in groundwater. Hence, a more 
scientific method for the quantification of the distri-
bution of soil particle sizes must be developed (Gao 
et al. 2014). This will allow a thorough understand-
ing of the structure of the vadose zone and the laws 
governing the transfer and conversion of matter and 
energy in a thick vadose zone.

The fractal theory is an important component 
of non-linear science that can be used to examine 
strictly or statistically self-similar phenomena at the 
global and local scales. No specific scale is imposed 
on the study subject and either recursive or iterative 
algorithms can be used for calculations. This theory 
has been widely applied to the study of particle size 
characteristics of soil (Yu et al. 2017). The fractal 
dimension of the soil particle size distribution char-
acterises the composition of soil particle sizes and 
reflects soil structural characteristics including the 
degree of uniformity, arrangement of particles, and 
combination of different textures (Chandra et al. 
2011; Hu et al. 2011).

The detailed soil structure hidden within a cha-
otic phenomenon can be clearly observed through 
the application of the fractal theory and identifica-
tion of self-similarity within the interior of the soil 
(Sedaghat et al. 2016). When the fractal theory 
is used for quantitative studies of soil particle-size 
distribution, new approaches to studying the phys-
icochemical properties (Ghanbarian & Daigle 
2015) and hydrodynamic characteristics of regional 
soil can be identified (Ahmadi et al. 2011). Hence, 
this study aims to directly quantify the soil structure 
through calculating a volume-based fractal dimension 
by means of fractal theory. The study area stretches 
across 165 km of the piedmon‒plains of the Taihang 
Mountains. Particle sizes and volume percentages 
of particle sizes in 57 soil samples were measured 
using the Mastersizer 2000 laser diffraction particle 
size analyser (Malvern Instruments, UK).

MATERIAL AND METHODS

Overview of the study area. The study area is 
mainly located in the Daqing River basin (DRB) as 
shown in Figure 1. The Daqing River is formed by 
the confluence of the Baigou and the South Juma 
River in the town of Baigou. Its main tributaries are 
the Pu, Cao, Fu, Tang, and Zhulong Rivers, all of 

which flow into the Baiyang Lake. The DRB has the 
typical climatic conditions and topographic features 
of the North China Plain. The piedmont alluvial 
fan system and the central palaeochannel tributary 
system comprise the piedmont−plains of the DRB. 
The main features of the shallow aquifers in this 
region include thick vadose zones and significant 
spatial variabilities in the soil structure. Five typi-
cal soil profiles in the study area were selected. The 
two piedmont profiles were from Shijiazhuang City 
and Luancheng District, both located at the DRB’s 
southern edge. The three plains profiles were from 
Wangdu County, Laohetou Town, and Baiyang Lake, 
which are typical river confluence zones of the DRB.

Experimental setup and testing methods. The 
soil layers to be sampled were determined based on 
the results of previous studies (He et al. 2013). Sub-
sequently, the sampling points in the piedmont and 
plains were identified based on past analytical data 
of the lithology and soil particles of the respective 
areas (Min et al. 2015). Five typical soil profiles were 
selected in the work. And all the five profiles were 
bare soil. The vadose zones of the Shijiazhuang and 
Luancheng profiles, which are both typical piedmont 
profiles, were thick, with the groundwater table lo-
cated at depths of 28–45 m. In total, 38 samples were 
extracted from the 0.3–24.6 m layer of both these 

Figure 1. Map of the study area
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profiles (Table 1). Wangdu, Laohetou, and Baiyang 
Lake are located at the confluence zones of the DRB. 
These three profiles show significant lithological 
differences and are typical plains profiles, with the 
groundwater table located at depths of 1.2–1.6 m. A 
total of 19 samples were collected from the 0.4–1.6 m 
layer of these three profiles. According to soil tax-
onomy (International soil grading standards), the 
basic soil types of the five typical soil profiles are 
listed in Figure 2. The horizontal distances, from west 
to east, between the Luancheng, Wangdu, Laohetou, 
and Baiyang Lake profiles and the Shijiazhuang profile 
were 15, 60, 133, and 165 km, respectively.

The Mastersizer 2000 laser diffraction particle size 
analyser (Malvern Instruments, U.K.) was used to 
determine the volume percentage of particle sizes in 
57 soil samples. The volume and cumulative volume 
percentages of 130 particle size ranges between 0 and 
2000 μm were measured. The analytical results of 
the measured particle sizes were used to obtain the 
fractal dimension D of these 57 samples.

Calculation of fractal dimension. At the regional 
scale, the calculation of fractal dimension for soil 
particle sizes in the various layers is usually based 
on the fractal dimensional model for the distribution 
of particle sizes. This can be expressed as:

 
	  

(1)

where:
di	 – diameter of soil particles, with i = 1, 2, 3, ..., n
dmax	 – maximum diameter of soil particles
D	 – fractal dimension
δ	 – particle-size variable of soil particles
V(δ < di)	 – volume of soil for which the particle size is 

smaller than di
V0	 – volume of the soil sample (Peng et al. 2015)

The first step for calculating the fractal dimension 
of a sample uses the measured particle sizes and their 
volume data to calculate:

                  and  	

The next step applies a linear least squares fitting 
method with:

                  and    	

as the vertical and horizontal coordinates, re-
spectively. Subsequently, the slope of the fitted line 
is used to calculate fractal dimension D of the cor-
responding sample.

Table 1. Geographic characteristics of the sampling sites

Sample No. Depth
(m) Location

Geographical coordinates Elevation
 (m)ψ (N) λ (E)

SJZ01-13 4.4–24.6 Shijiazhuang city, Hebei province 114°28'33'' 38°04'59'' 85
LC01-26 0.3–3.5 Luancheng county, Shijiazhuang city 114°40'58'' 37°53'16'' 55

WD01-04 0.9–1.3 Wangdu county, Baoding city 115°09'18'' 38°41'40'' 46

LHT01-06 0.4–1.2 Laohetou town, Anxin county 115°41'55'' 38°49'24'' 13
BYL01-09 0.4–1.6 Baiyang Lake, Anxin county 116°03'10'' 38°51'52''   5

Figure 2. Basic soil types of the five 
typical profiles
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RESULTS

Characteristics of particle-size distribution 
(PSD) in typical vertical profiles. The Luancheng 
vertical profile is a typical piedmont profile with 
a thick vadose zone and the water table was at a 
depth of 28–45 m. Since there are great lithological 
differences within the Luancheng vertical profile, 
26 samples were extracted from the 0.3–3.5 m layer. 
The minimum value of:

	

for the samples from this profile was 0.084, which 
represented the maximum difference between all the 
samples occurring at a depth of 4.4 m. The average 
value of:

	

for all the samples from this profile at various 
depths was 0.294.

The Baiyang Lake profile is a typical plains profile. 
There was a significant decrease in the thickness of 
the vadose zone and the degree of lithological differ-
ences in the central plains. Taking the Baiyang Lake 
profile as a typical example, its water table was at a 
depth of approximately 1.6 m. A total of nine samples 
were extracted from the 0.4–1.6 m layer. The Min 
(di/dmax) for the samples from this profile was 0.010, 
which occurred at a depth of 0.4 m. The Adv (di/dmax) 
for all the samples at various depths was 0.237.

It can be seen from Figure 3 that the Min (di/dmax) 
and Adv (di/dmax) trends of the samples are similar; 
both values decrease with depth. This indicates that 
for shallow soil layers (within a depth of 5 m), vari-
abilities in particle sizes increase with depth. This 
could be related to the impact of human activities 
on the shallow soil layer. Generated from various 
agricultural activities, soil particle sizes tended to be 
uniform in the shallow soil layer (especially within a 
depth of 1 m). At depths of 0.5–1 m, the Min (di/dmax) 
and Adv (di/dmax) of the typical piedmont and plains 
profiles reached the respective maximum values.

Characteristics of particle size distribution in 
the piedmont‒plains. The particle sizes in 38 sam-
ples from the piedmont profile ranged from 0.429 to 
697.168 μm. The minimum particle size was found at 
a depth of 2.7 m in the Luancheng profile, while the 
maximum particle size occurred at a depth of 14.9 m 
in the Shijiazhuang profile. Among all the samples 

from this region, the maximum volume percentage of 
a single particle size was 15.15%, which corresponded 
to the particle size of 215.915 μm and the sample at 
a depth of 14.9 m in the Shijiazhuang profile.

The depths of the five profiles were normalised, mean-
ing that the ratios between the various depths and the 
total profile depth were used as the Y-coordinates for 
the distribution map of the samples. Additionally, the 
horizontal distances between each profile and the Shi-
jiazhuang profile as stated in experimental setup and 
testing methods were normalised; the ratios between 
the various distances and 165 km were used as the 
X-coordinates (the x-coordinates of the Shijiazhuang 
and Baiyang Lake profiles were 0 and 1, respectively). 
Subsequently, the coordinates were used to plot the 
distribution maps of the Min (di/dmax) and Adv (di/dmax) 
(Figures 3 and 4) for samples from the piedmont‒plains.

The ranges of both Min (di/dmax) and Adv (di/dmax) 
were larger for the piedmont samples than for the 
plains samples, indicating that the piedmont had 
more significant variabilities in particle sizes. As can 
be seen from Figures 4 and 5, both the Min (di/dmax) 
and Adv (di/dmax) of the samples gradually decreased 
from the piedmont towards the plains. This means 
that the difference between the minimum and the 
maximum particle size gradually diminishes from 
the piedmont towards the plains.

   
 di    (Min

   di    )   dmax           dmax

   
 di    (Adv

   di    )   dmax           dmax

Figure 3. Minimum (Min (di/dmax) and average (Adv (di/dmax) 
scatter plot of the typical piedmont–plains profiles
d - soil particle diameter
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Theoretically, the smaller the Min (di/dmax), the 
more significant will be the difference in particle sizes 
and the larger the Adv (di/dmax), the more uniform 
will be the particle sizes. However, the phenomenon 
of Adv (di/dmax) becoming larger as Min (di/dmax) 
becomes smaller was also common. In the Shiji-
azhuang profile, for example, the Min (di/dmax) was 
only 0.013 but the Adv (di/dmax) was as high as 0.407 
for the sample from a depth of 15 m. This illustrates 
that the degree of soil structure uniformity cannot 
be determined based solely on the minimum and 
average soil particle sizes.

An understanding of particle size distribution 
alone is insufficient to correctly identify the soil 
structure. The volume percentage of the different 
particle sizes must be ascertained and the degree of 
variabilities in particle sizes and the corresponding 
volume percentages must be extensively considered. 
Thus, quantitative studies of soil structure require 
the fractal dimensions of particle sizes.

Identifying soil structure using fractal dimension 
of PSD

Sample LC17, located at a depth of 2.9 m in the 
Luancheng profile, was selected as a representative 
sample for the calculation of fractal dimension as 
described in calculation of fractal dimension. First, 

the soil particles in LC17 were subdivided according 
to the particle size intervals stated in experimental 
setup and testing methods. Based on the volume 
percentages of soil particles smaller than a certain 
size listed in Table 2, LC17 contains 51 different 
particle sizes. This table also shows that the volume 
percentages of soil particles smaller than 3.118 and 
282.981 μm accounted for 1% and 100% of the total 
volume, respectively. This means that all the particles 
in the LC17 soil sample were smaller than 282.981 μm.

Figure 5 shows that the soil particle sizes in LC17 
increased from 3.118 μm, leading to a gradual in-
crease in the corresponding volume percentage. 
After attaining the peak value of 61.104 μm, the 
particle sizes were reduced rapidly. This sample 
from the piedmont region and sample BYL02 from 
the plains region were compared. The distribution of 
soil particle sizes in LC17 was concentrated within 
a smaller range (40–80 μm) and the peak was obvi-
ous. In contrast, the volume percentage of particle 
sizes in BYL02 continued to increase by two orders 
of magnitude after attaining the peak value. This 
difference is clearly shown by the two cumulative 
volume percentage curves in Figure 6.

The second step in the calculation of fractal di-
mension was to calculate:

Figure 4. Distribution map of the Min (di/dmax) in the 
piedmont–plains samples
d - soil particle diameter

Figure 5. Distribution map of the Adv (di/dmax) in the 
piedmont–plains samples
d - soil particle diameter
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                  and        

using the least squares method as described in 
calculation of fractal dimension After plotting the 
correlation diagram for:

                  and                  

the slope and correlation coefficient were deter-
mined to be 1.6899 and 0.8776 (Figure 7), respectively. 
The D value of LC17 was then found to be 1.3101.

Table 2. Summary of the volume percentages of soil particle sizes (sample LC17)

Particle-size 
(μm)

Volume percentage 
(%)

Particle-size 
(μm)

Volume percentage 
(%)

Particle-size 
(μm)

Volume percentage 
(%)

3.118 0.01 14.439 0.59 66.869 8.36
3.412 0.01 15.801 0.69 73.179 7.37
3.734 0.04 17.292 0.79 80.084 6.14
4.086 0.06 18.924 0.89 87.640 4.83
4.472 0.10 20.710 0.97 95.909 3.59
4.894 0.16 22.664 1.06 104.959 2.54
5.356 0.20 24.802 1.19 114.862 1.70
5.861 0.24 27.142 1.42 125.700 1.09
6.414 0.27 29.703 1.81 137.560 0.69
7.019 0.30 32.506 2.43 150.539 0.42
7.681 0.32 35.573 3.32 164.744 0.26
8.406 0.34 38.93 4.47 180.288 0.16
9.199 0.36 42.603 5.78 197.299 0.10
10.067 0.39 46.622 7.10 215.915 0.05
11.017 0.41 51.022 8.20 236.288 0.04
12.057 0.46 55.836 8.84 258.582 0.01
13.194 0.52 61.104 8.89 282.981 0.02

Figure 6. Volume and cumulative volume distributions of the representative soil particle sizes in the piedmont–plains:  
sample LC17 (a) and BYL02 (b)
blue – volume distribution; red – cumulative volume distribution
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In the last step, the D values of all 57 samples from 
the piedmont−plains were calculated according to the 
aforementioned method. Prior to plotting the distri-
bution map of the D values for the piedmont‒plains 
(Figure 8), the vertical and horizontal directions of 
the five piedmont‒plains profiles were normalised 
according to the methods explained in characteristics 
of particle size distribution in the piedmont‒plains.

The fractal dimensions of soil volumes and particle 
sizes in the piedmont−plains of the Taihang Moun-
tains were mainly in the range of 1–2 (Figure 7). 
The minimum and maximum values were 1.039 and 
1.925, respectively. The minimum value occurred at 
a depth of 15 m in the Shijiazhuang profile, while 
the maximum value occurred at a depth of 1.2 m in 
the Luancheng profile. 

According to Figure 8, spatial variability in D val-
ues was significant along the X direction from the 
piedmont towards the plains, exhibiting an overall 
increasing trend. The D value was smaller in the 
0–0.1 interval along the X direction, with 1.2 being 
the average; this value was larger in the 0.2–0.35 and 
0.92–1.0 intervals, with the average being 1.8. How-
ever, the D value decreased in the 0.7–0.8 interval 
along the X direction, which was not consistent with 
the general trend. This might be related to the shal-
lower sampling depth (only 1.2 m) for the Laohetou 
profile. Therefore, samples for further testing must 
be extracted from soil layers with greater densities 
and at greater depths. The D values along the X di-
rection of all the profiles were larger in the 0.3–1.0 
interval. And the D values of the profiles decreased 
at a slow rate with depth. This phenomenon became 
more apparent with increasing proximity to the 

plains, representing the typical characteristics of 
the plains profiles. 

Similarly, spatial variability in D values along the 
Y direction (from the ground surface downward) was 
also significant and presented an overall decreasing 
trend. The D value was larger in the 0–0.4 interval 
but declined rapidly in the 0.4–1.0 interval. The 
average D values for the two intervals were 1.65 and 
1.35, respectively. The D value along the Y direction 
changed significantly in the 0–0.8 interval for the 
Shijiazhuang profile (0 on the X-coordinate in Fig-
ure 7). The samples from this profile had the smallest 
D value among all the samples tested in this study, 
and it represents the typical characteristics of the 
piedmont profiles. 

DISCUSSION

Relationship between particle size and D value. 
Previous studies have accepted that the fractal di-
mension of soil pores is generally smaller than that 
of their volume and the fractal dimensions are dis-
tributed over a wide range. The fractal dimensions 
of soil volumes measured by various researchers 
ranged from 1.22 to 1.85 (Ozhovan et al. 1993; 
Peyton et al. 1994; Anderson et al. 1996; Gimenez 
et al. 1997). The fractal dimensions of soil volumes 
measured by Peyton et al. (1994) for particle sizes 
in the range of 1000–10 000 μm were the smallest at 

Figure 8. Distribution map of the fractal dimension values 
for the piedmont–plains samples
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1.22–1.44 and those measured by Anderson et al. 
(1996) for particle sizes in the range of 50–250 μm 
were the largest at 1.85. 

In this study, the range of particle sizes considered 
for the soil samples from the typical profiles of the 
piedmont−plains of the Taihang Mountains was 
0.02–2 000 μm. The particle sizes of the samples 
were mostly in the range of 0.429–697.168 μm. To 
calculate the fractal dimensions of soil volumes, this 
range of particle sizes was converted to D values in 
the range of 1.037–1.925. Overall, the findings of 
this study were similar to those of previous stud-
ies, although the range of D values was wider. This 
might have resulted from the wide sampling range 
adopted, stretching 165 km from the piedmont of 
the Taihang Mountains to the plains. Consequently, 
there were high spatial variabilities in the D values, 
with the difference in values amounting to 0.888.

Among the 57 samples, the highest volume per-
centage of a single particle size was 15.15% (the 
corresponding particle size was 215.915 μm). Ad-
ditionally, the D value of this particular sample was 
the smallest. However, it should be noted that a 
small D value does not imply that the particle size 
is large. A small D value implies that there was less 
uniformity in the distribution of particle sizes. This 
phenomenon is more likely to occur in coarse-grained 
soil samples, thus creating the false impression that 
“large particle sizes lead to small D values”.

Relationship between D value and soil permeabil-
ity. Particles in the piedmont soil were coarser and had 
poorer uniformity, leading to good permeability but 
poor water accumulation ability (He et al. 2013). The 
D values were generally smaller than 1.5, although the 
D values of some sampling points were 1.8 or higher 
(for example, the D value of LC428 was 1.812).

Further analyses of the samples revealed that sam-
ples with coarse particles had a silty texture and good 
permeability. However, the distribution of particle 
sizes was more uniform, thereby leading to larger 
D values. Variabilities in the D values of the plains 
profiles were more substantial than those of the 
piedmont profiles, with the values being generally 
greater than 1.5. However, some exceptions were 
observed; the D values of BYD90 and BYD788 were 
only 1.311 and 1.375, respectively. In these cases, the 
particles were fine and the texture was clayey and 
non-uniform. The pores in the soil were filled with 
particles of various sizes, leading to poor permeability.

The aforementioned cases illustrate that a large 
D value does not necessarily indicate poor perme-

ability; poor permeability can also be observed in soils 
with small D values. In soils where the particle size is 
large and uniformly distributed, the pores between 
the particles are relatively large. As such, permeability 
remains good even if the D value is large. Therefore, 
the relationship between the D value of an atypical 
soil and its hydraulic properties must be examined for 
different ranges of particle sizes. The task is to identify 
the range of particle sizes for which the corresponding 
D values can be used as indicators of soil permeability.

CONCLUSION

(i) The fractal theory was used to identify the soil 
structure of the piedmont–plains of the Taihang 
Mountains. A clear, accurate, and effective illustra-
tion of the characteristics of the three-dimensional 
structural changes in the soil profiles was obtained. 
The average particle sizes, volume percentages of 
particle sizes, and the maximum volume of a single 
particle size were reduced from the piedmont towards 
the plains. Additionally, the D values exhibited an 
overall diminishing trend.

(ii) There was no correlation between the D values 
and soil particle sizes. However, the D value is very 
sensitive to uniformity in the soil structure; the more 
uniform the soil, the larger is the D value. As such, 
soils with coarse particles but high uniformity can 
still have large D values.

(iii) The D value cannot be used as the sole basis 
for determining the hydraulic properties of soils. Soil 
particle sizes must also be considered simultaneously. 
The relationship between the D values and the soil 
hydraulic properties should be determined using a 
specific range of particle sizes. Further study is re-
quired to establish this specific range of particle sizes.
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