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Abstract: Plant sand fixation is the most durable and environmentally friendly sand mitigation
measure for windblown sand hazards. For aeolian-sand composite soil, the fines content is the
main factor affecting the pore size distribution characteristics and determines the soil water retention
characteristics. Sandy soil with uniform particle size was used as the material, low-plasticity clay
as a fine particle, and composite soils with different fines content were prepared. The evolution of
the pore size distribution of composite soils was quantitatively determined using low-field nuclear
magnetic resonance technology, and the influence of the fines content on the pore size distribution
was obtained. The results show that as the fines content increases, the pore size first increases and
then decreases. The pore size distribution curve gradually changes from a single-peak structure to
a double-peak structure and becomes a unimodal structure again. The corresponding dominant
pore size of composite soils increases first and then decreases with the increase in the fines content.
A critical fine particle content is identified to control the strong local honeycomb pore structure of
composite soils, which provides a theoretical basis for the material selection and design of plant sand
fixation measures.

Keywords: sand/clay composite soil; fines content; pore size distribution; NMR technique; water
retention characteristics

1. Introduction

With the national strategy of Western Development, multiple roads have been con-
structed in the desert and Gobi areas [1]. China has the longest distribution of railways
in desert areas globally, primarily concentrated in the northwest region. In this area, sand
damage to railways is the most significant threat to railway transportation and is also a key
issue in railway construction [2]. Since the end of the 19th century, the harmful effects of
sandstorms on roads have been recognized, becoming the most important environmental
constraint for existing railways and future projects in arid areas. In the past few decades,
extensive theoretical and practical research has been conducted on sandstorm disasters,
forming a series of comprehensive protection and sand control systems. Among them,
the dominant technology is vegetation sand fixation. This technology not only weakens
ground wind speed to reduce sand movement but also improves the local ecological en-
vironment [3]. The most critical difficulty in vegetation sand fixation is the low survival
rate of plants, mainly due to the poor water retention capacity of sandy soil in arid areas.
Studies have shown that adding a small amount of fine particles, such as clay, to sandy soil
can greatly increase the soil’s water retention capacity.

The water retention characteristics of soil strongly depend on the pore size distribution,
including pore size and pore connectivity [4]. Therefore, within a certain range, the water
retention properties of soil measured macroscopically can also reflect the pore distribution
characteristics at the microscopic scale [5]. In terms of experimental testing, since the
drainage of soil under suction is slow, the testing process of the soil-water characteristic
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curve is extremely time-consuming. Therefore, many scholars have proposed using the
pore size distribution curve to establish the numerical model of the water retention curve
based on the Yang-Laplace equation. Similarly, many models were also proposed to
evaluate the hydraulic properties of soil using certain characteristic pore sizes [6]. As a
representative microstructural characteristic, pore size distribution also determines the
macroscopic engineering mechanical properties of soil. Therefore, pore size distribution is
a key parameter in the design of geotechnical structures. The fine content in the composite
soil significantly changes the pore structure distribution of the soil [7,8], but this issue
receives less attention. Therefore, experimental research on the effect of fines content on
the pore size distribution curve of composite soil is of great significance for the material
selection and design of vegetation sand fixation.

In practice, the change in the pore size distribution of soil with the change in fines
content is very complex. Currently, due to limited detection methods, it is difficult to
quantitatively determine the evolution characteristics of pore size distribution with fines
content. The most commonly used experimental method for testing pore size distribution
curves is mercury intrusion porosimetry, which requires freeze-drying treatment of the
sample and is not suitable for sandy soil. This is mainly because sandy soil will disintegrate
after drying, making it unable to form the required sample for mercury intrusion. In the
petroleum field, low-field nuclear magnetic resonance technology (NMR) has been widely
used to determine the flow characteristics of porous media, such as pore size distribu-
tion, effective porosity, permeability, mobile/bound fluid volume, and other geological
information [9-11]. Moreover, this technology has the advantages of being rapid and
non-destructive, not requiring drying treatment of sandy soil, and therefore, has significant
advantages in quantitatively determining the pore size distribution curve [12]. When the
soil is completely saturated with pore water, the pore size distribution can be determined
by inverting the transverse relaxation time (T,) of nuclear magnetic resonance (NMR) based
on the theoretical relationship between the pore size and T, [13,14].

In this paper, sand and clay were used as the material, and composite soils with
different fines content were prepared. Based on nuclear magnetic resonance technology,
the influence of fines content on the pore size distribution of composite soils was quantita-
tively studied, the evolution characteristics of dominant pore size with fines content were
obtained, and the critical fines content controlling the pore size distribution of composite
soils was identified. At the microscale, the underlying mechanism of fines content on the
pore structure characteristics of soil was quantitatively determined, and the quantitative
relationship between pore distribution, dominant pore size, and fines content was obtained.
By characterizing the microscopic pore structure, the water retention characteristics of
composite soil considering the influence of fines content can be deduced macroscopically.
The results can provide a detailed theoretical basis and technical reference for the selection
and design of soil in plant sand fixation. In addition, the relationship was correlated with
the macroscopic water retention characteristics of the soil, providing a detailed theoretical
basis and technical reference for the selection and design of soil in plant sand fixation.

2. Materials and Methods
2.1. Materials

The experimental material used in this study was sand with a relatively uniform
particle size (optimal particle size of 0.2 mm), and low-plasticity clay was used as the fine-
grained material. The soil samples used in the experiment were first air-dried, crushed, and
sieved, and then basic physical property tests were carried out. The physical parameters of
the soil were obtained as shown in Table 1, and the particle size distribution curve is shown
in Figure 1. The sand and clay were mixed in different mass fractions to obtain a series of
composite soils with different fines content. The fines content used were 0%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, and 100%, for a total of 11 composite soils. The mixtures
with fines content of 0% and 100% were named sand and clay, respectively, and the other
mixtures were named SC1, SC2, SC3, SC4, SC5, SC6, SC7, SC8, and SC9.
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Table 1. Physical indexes of sand and clay.

Sand Clay

Specific gravity 2.67 Specific gravity 2.74
Maximum void ratio 1.02 Liquid limit/% 36.7
Minimum void ratio 0.62 Plastic limit/% 20.0
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1 0.1 0.01 0.001
Particle size [mm]

Figure 1. Grain size distribution curves of sand and clay.

The composite soils were prepared into soil samples with a dry density of 1.4 g/cm3
and a porosity of about 0.89. First, deionized water was added to the composite soil to
achieve the desired initial water content of 10%, and the samples were prepared using
static compaction. In nuclear magnetic resonance experiments, due to the problem of
magnetic field uniformity, the traditional stainless steel ring cutter was replaced with a
polytetrafluoroethylene ring cutter, which is a special material that does not affect the
magnetic field. The diameter of the soil sample was 45 mm, and the height was 20 mm.
The prepared samples were saturated using a vacuum technique. First, the soil samples
were placed in a saturation chamber, and a vacuum was applied for 4 h. Then, deionized
water was introduced under vacuum conditions, and the samples were soaked for 24 h
under vacuum conditions to ensure full saturation.

2.2. Experimental Method

The principle of nuclear magnetic resonance (NMR) to obtain the pore size distribution
curve is detecting the content and distribution of hydrogen protons in pore water in the soil.
Hydrogen protons in pore water generate small magnetic moments due to their spin, which
can be regarded as micro magnets. When a fully saturated soil sample is placed in a fixed
magnetic field, all hydrogen protons tend to align along the direction of the magnetic field.
At this time, a radiofrequency pulse is applied, causing the hydrogen protons to deviate
under the interference pulse. When the radiofrequency pulse is stopped, the group of
hydrogen protons that deviated will return from a non-equilibrium state to an equilibrium
state, which is called relaxation. In geotechnical engineering, the transverse T, relaxation
(spin—spin relaxation) is usually used, controlling the phase shift of nuclear spins in a
direction perpendicular to the applied static magnetic field. The abscissa of the obtained
T, distribution curve is the transverse relaxation time T, and the ordinate is the nuclear
magnetic signal corresponding to the T, value, which characterizes the content of pore
water at that Tp. The peak area of the entire distribution curve represents the total pore
water content in the soil sample [15,16]. Assuming that the soil meets the condition of fast
diffusion and the soil pores are composed of cylindrical capillaries of different sizes, the T
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value of pore water is directly related to the pore size at which the pore water is located,
ie., [17], ) )

T, PR ¢y
where T, represents the transverse relaxation time of the pore water, which is related to the
physical and chemical characteristics of the soil and is a constant for the same type of soil;
R represents the pore radius; p; is transverse surface relaxivity, pum/ms. From Equation (1),
it can be seen that the T, value of pore water’s transverse relaxation time is proportional to
the pore radius R. This means that the T, value of water in larger pores is greater than that
of water in smaller pores. Therefore, based on the obtained transverse relaxation time T,
distribution curve and Equation (1), the pore size distribution curve of the soil sample can
be derived. Furthermore, the method of obtaining the pore size distribution curve described
above has been extensively tested and validated experimentally and theoretically [12,18,19].

In this experiment, a nuclear magnetic resonance analyzer produced by NIUMAG
was used. The permanent magnet of the instrument has a magnetic field strength of 0.52
T. Low-field frequency of 23 MHz could effectively exclude the influence of minerals in
the soil, ensuring that all detected signals come from the pore water. The saturated soil
sample prepared above was taken out from the saturation device, weighed to obtain the
water content, and then placed in a sample tube for nuclear magnetic resonance testing.
The CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence was used in the experiment to
obtain the free decay signal of the pore water during relaxation. The T, time distribution
curve of the pore water of the composite soil with different fines content can be obtained
through Fourier transform.

3. Results and Discussion
3.1. Particle Size Distribution Curves of Composite Soils with Different Fines Content

The particle size distribution curves of the composite soil with different fines content
are shown in Figure 2. The particle size distribution curves of the sand and clay are the
boundary lines in the figure. The particle size distribution curves of the composite soils at
different fines content are distributed uniformly based on mass fraction, and the measured
curves are consistent with those calculated using sand/clay mass fraction. Therefore,
based on the particle size distribution curves of sand and clay, the optimal grading of the
composite soil can be obtained, achieving the optimal water retention characteristics and
mechanical properties.

100
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60 -

401
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Figure 2. Grain size distribution curves of composites with different fines content.
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3.2. Influence of Fines Content on the T, Distribution Curve of Composite Soil

The T, distribution curves of 11 saturated soil samples are shown in Figure 3. It can be
seen from Figure 3 that with the increase in the fines content, the T, distribution curve first
moves to the right and then gradually moves to the left. To clarify the above trend more
clearly, the experimental results in Figure 3 were redrawn at different fine-grained contents
in Figure 4, where Figure 4a shows the T, distribution curve under low fines content (fines
content increases from 0 to 30%), and Figure 4b shows the T, distribution curve under high
fines content (fines content increases from 40 to 100%). From Figure 4a, the T, distribution
curve of pure sand has only one single peak, and the pore size distribution is relatively
narrow. With the increase in fines content, the corresponding signals of smaller T, values
(in the range of 0.1-1 ms) increase, and at the same time, the maximum T, value increases
(gradually from 200 ms of sand), that is, the horizontal range of the T, distribution expands,
the vertical range decreases, and the curve becomes wider and shorter. The curve gradually
changes from a single peak to a double peak and reaches the maximum width when the
fines content increases to 30%. When the fines content exceeds 30% (Figure 4b), the T,
distribution curve moves to the left, the maximum T, value decreases, and the signals
of smaller T, values increase further, making the curve narrower. The T, distribution
gradually changes from a double peak to a single peak. When the fine-grained content
reaches 100% or clay, the T, distribution is the narrowest.

400

300

NMR signal
Y
S
S

100

10"
T, [ms]

Figure 3. T, distribution curves of composite soils with different fines content.
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Figure 4. T, distribution curves of composite soils with different fines content: (a) 0~30%;
(b) 40~100%.
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In the T, distribution curve, there is a peak value, and the T, value corresponding to
the peak value represents the dominant pore size in the composite soil. Figure 5 shows
the T, value corresponding to the peak value of composite soil with different fines content.
It can be seen from the figure that when the fines content is relatively small, the peak T,
value increases with the increase in fines content. When the fines content reaches 30%, the
T, value reaches the maximum value (123 ms) and then decreases rapidly with the further
increase in fines content. When the fines content is relatively large, the change of T, value
with fines content gradually becomes gentle.

108

102_

10"} °

T, value with peak signal [ms]
°
°

100 L L L L
0 20 40 60 80 100

Fines content [%]

Figure 5. Relationship between fines content and T, value of peak signal.

3.3. Effect of Fines Content on the Pore Size Distribution Curve of the Composite Soil

According to the principle of NMR, the pore size of soil can be obtained by the
transverse relaxation time T, distribution curve, and the number of pores corresponding
to that size can be obtained by the nuclear magnetic signal amplitude (dimensionless) on
the vertical axis. To obtain the pore size distribution curve (PSD) of the soil using the
T, distribution data obtained by NMR, a key parameter is required, namely, the surface
relaxation rate. In this paper, a relaxation rate of 14.92 pm/ms reported in the reference [20]
is used, and PSD curves for composite soils with different fines content are obtained as
shown in Figure 6, where the vertical axis f is frequency, representing the ratio of pore
volume with the corresponding size to the total pore volume. Similar to Figure 3, at lower
fines content, the pore size distribution curve first shifts to the right and then moves to the
left as the fines content increases. The detailed trend of changes is shown in Figure 7, where
Figure 7a shows the PSD curve at lower fines content. When the fines content increases, the
number of small pores increases, and the pore size of the large pores increases. The pore
size distribution of sand is relatively single-peaked. When fine particles are added, the
proportion of small pores increases (i.e., in the range of 1-20 um). This is mainly because
the finer the particles, the smaller the pores formed. When the fines content is zero, i.e.,
the maximum pore size of the sand is about 10* um, the addition of fine particles further
increases this maximum pore size. The pore size distribution curve widens, the height
decreases, and the shape gradually changes from a single peak to a bimodal structure, with
small pores dominated by clay and large pores dominated by sand. When the fines content
reaches 30%, this bimodal structure is most evident.



Sustainability 2023, 15, 9216 7 of 12

0.06

0.05——sc2

o

o

g
(%2}
O
x

f[100%)]
o
o
w
w
@]
~

o

o

N
(0]
Q
©

0.01+

g
!--:z:!-

0.00 il L Y A,
107" 100 107 102 108 0* 105

R [um]

Figure 6. Pore size distribution curves of composite soils with different fines content.
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Figure 7. Pore size distribution curves of composite soils with different fines content: (a) 0~30%;
(b) 40~100%; (c) schematic diagram for the effect of fines content on the pore size distribution.
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Figure 7b shows the PSD curve of the composite soil with a higher fines content. As
the fines content further increases beyond 30%, the pore size gradually decreases, mainly
because the fine particles fill some of the large pores, gradually changing from a bimodal
to a unimodal structure. The main reason for these different changes is that at lower fines
content, the skeleton is formed by coarse particles, and the addition of fine particles causes
the coarse particles to form a local honeycomb pore structure, resulting in large pores and
shifting the pore size distribution curve to the right (shown in Figure 7c). With the increase
in fines content, this local structure effect becomes stronger. When the fines content reaches
30%, this honeycomb structure is most developed, forming the noticeable structure of the
composite soil. This kind of pore structure is similar to that of loess, and soil collapsibility
is the highest at this time. With the further increase in fines content, fine particles gradually
fill the large pores of the coarse particle skeleton, resulting in a decrease in the pore size
of the large pores and a leftward shift of the pore size distribution curve. The increase
in fine particles greatly increases the proportion of small pores, and the pore distribution
curve gradually changes from a bimodal distribution to a unimodal structure, and the soil
gradually becomes more like cohesive soil.

4. Discussion

To analyze the influence of fines content on the particle size distribution quantitatively,
the optimal pore size in the pore size distribution curve is used for discussion. The dominant
pore size of the composite soil obtained under different fines content is plotted in Figure 8.
From the figure, it can be seen that for lower fines content, the dominant pore size first
increases with the increase in fines content. The maximum value is reached when the fines
content reaches 30%, corresponding to the strongest local honeycomb pore structure. As
the fines content further increases, the number of small pores increases while the number
of large pores decreases, and the dominant pore size rapidly decreases. When the fines
content exceeds 60-70%, the dominant pore size almost no longer changes. At this point,
the soil becomes a cohesive soil, where the coarse particles are wrapped by fine particles,
and the fines content has little effect on the size of the dominant pore size.

4000

3000+

2000} ®

R [pm]

1000+ e °

°
0 ) ) ., ® o o g
0 20 40 60 80 100

Fines content [%]

Figure 8. Relationship between the dominated pore size of the composite soil and the fines content.

According to the variation of the location and shape of the pore size distribution
curve of the composite soil with different fines content, the influence of fines content can
be divided into three stages. (1) When the fines content is 0-30%, the soil skeleton is
dominated by coarse particles. The addition of fines changes the arrangement of coarse
particles and forms a locally large pore structure. Fine particles do not bear the load,
and the soil structure is strong at this stage. (2) When the fines content is 30-70%, the
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fine particles fill the voids between coarse particles, and the pore structure is weakened.
The solid skeleton is composed of both coarse and fine particles, and both bear the load.
(3) When the fines content is 70-100%, the solid skeleton is dominated by fine particles and
the coarse particles are wrapped by fine particles and suspended in the soil. Therefore,
based on the above results, key parameters such as pore size and distribution and dominant
pore size can accurately describe the variation of pore structure of composite soil with
the fines content [21]. By establishing the correlation with water retention characteristics,
a model considering the effect of fines content on the water retention characteristics of
composite soil can be further developed [22,23].

The effect of fines content on the water retention characteristics of soil samples has
been extensively studied. Zhang et al. (2022) pointed out that as the fines content increases,
the soil water retention characteristic curve (SWRC) moves upwards, indicating that the
water retention capacity of soil samples increases with increasing fines content [24]. Here
the previously obtained pore size distribution curves (Figure 6) are used to derive SWCCs
for composite soils with different fines content, where the hysteresis effect is not considered.
Assuming that the soil pores are composed of a series of cylindrical capillaries with different
diameters, the relationship between matric suction and pore size can be expressed by the
Young-Laplace equation:

2y

se= g )

where s, is the matric suction, - is the air-water surface tension, and R is the pore radius.
At 20 °C, the air-water surface tension is 72.8 J/m?. From the above equation, it can be
seen that the matric suction of the soil sample is inversely proportional to the pore radius.
Therefore, during the drying process, when the matric suction gradually increases, the
larger pores first drain, and then the smaller pores gradually begin to drain. Under a
certain matric suction, there is a pore size corresponding to the matric suction value. Pores
larger than this size are assumed to have already completely drained, while pores smaller
than this size are assumed to be fully saturated. Therefore, for a given matric suction, the
corresponding degree of saturation can be obtained by integrating the pore size distribution
curve from the smallest pore to the pore size corresponding to that suction:

R
5= [ f(R)R ®)
where Rpin is the radius of the smallest pore in the pore size distribution curve.

Using the above method, the soil-water characteristic curves of the composite soils
with various fines content can be obtained, as shown in Figure 9. From the figure, it can be
seen that the SWCC of the sand has a steeper slope due to the more concentrated pore size
distribution. As the fines content increases, the SWCC becomes flatter, accompanied by
a decrease in the air entry value. This is consistent with the pore size distribution charac-
teristics obtained earlier; that is, the maximum pore size increases, and the corresponding
air entry value decreases. When the fines content reaches 30%, the air entry value reaches
the minimum, and the SWCC curve is the flattest for this composite soil. As the fines
content further increases, the air entry value increases and the water retention capacity
of the composite soil begins to increase. Therefore, from the experimental results, it can
be concluded that adding fine particles to the sandy soil does not necessarily increase its
water retention capacity. On the contrary, there is a critical fines content at which the water
retention capacity of the composite soil is poor.

In this paper, the effect of fines content on the pore size distribution of composite soil
is investigated, and the mechanism of how the fines content affects the water retention
characteristics of the composite soil is also clarified. However, the special honeycomb
pore structure also has a significant impact on the strength and deformation of the soil.
Therefore, future work can focus on the effect of fines content on the mechanical behavior
of composite soil [25-27].
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Figure 9. Soil water characteristic curves of the composite soil with different fines content.

5. Conclusions

Based on nuclear magnetic resonance technology, the pore size distribution curves of
sand and clay composite soil with different fines content were measured, and the influence
of fines content on pore distribution and dominant pore size was systematically studied.
This provides experimental evidence from a microscopic perspective for the systematic
study of the water retention characteristics of composite soil. The following conclusions
can be drawn from this experimental study.

(1) When the fines content is relatively small (0-30%), the pore size distribution curve
of the composite soil shifts to the right as the fines content increases. The proportion
of small pores increases, accompanied by an increase in the size of large pores. This
causes the shape of the pore size distribution curve to gradually transition from a
unimodal distribution of pure sand to a bimodal distribution, composed of small
pores dominated by fine particles and large pores dominated by the coarse particle
skeleton. This is mainly because the addition of fine particles will cause the skeletal
structure dominated by coarse particles to form a skeletal structure with locally large
pores. When the fines content reaches 30%, the bimodal structure is the strongest with
the most developed honeycomb pore structure, leading to the largest collapsibility of
the composite soil.

(2) As the fines content continues to increase beyond 30%, the pore size distribution
curve begins to shift to the left; that is, the number of large pores in the composite
soil decreases, and the number of small pores increases. Fine particles begin to fill the
large pores, weakening the honeycomb pore structure. The pore distribution curve
gradually becomes unimodal with more uniform pore size distribution.

(38) As the fines content increases, the dominant pore size of the composite soil first
increases and then decreases. When the fines content reaches 30%, the dominant pore
size increases to its maximum value, and the corresponding local skeletal structure
is the strongest. With the further increase in the fines content, the number of small
pores increases while the number of large pores decreases, and the dominant pore
size rapidly decreases. When the fine particle content is greater than 60-70%, the
dominant pores almost no longer change. At this time, the soil becomes cohesive soil,
the coarse particles are wrapped by fine particles, and the fines content has almost no
influence on the dominant pore size.

(4) The effect of fines content is divided into three stages, and the influence mechanism
of fines content on pore structure is obtained for each stage. By characterizing the
microscopic pore structure, the water retention characteristics of composite soil con-
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sidering the influence of fines content can be deduced macroscopically, providing a
theoretical basis for material selection and design for plant sand fixation.
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