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Abstract: Carbon fiber is a common waste building material, but its effect on the drying and cracking
properties of clay materials is unknown. In this paper, crack rate and fractal dimension are used to
characterize the influence of waste carbon fiber materials on the development of soil cracking. With
the rise in carbon fiber content to 0.2%, 0.4% and 0.6%, the crack rate of soil cracking decreased by
7.9%, 17.3% and 23.3%, respectively, while the fractal dimension of soil cracking decreased by 2.4%,
8.7% and 21.2%, respectively. Accordingly, the critical moisture content of the soil samples increased
by 33.2%, 110% and 151%, and the time of the soil constant evaporation stage decreased by 5.1%,
13.8% and 34.5%, respectively. When carbon fiber is combined with soil, carbon fiber will increase
the interface bonding strength, friction and interlocking force, effectively inhibiting the cracking of
soil, and it provides a channel for water transport in the soil in the early stage.

Keywords: waste carbon fiber; clay materials; soil; cracking behavior

1. Introduction

As a high-performance, fiber-reinforced material, carbon fiber has been used in
building engineering and other fields [1-3]. Carbon fiber has become a potential new pol-
lutant due to its durability and difficult degradation and may exist in the soil for a long
time after waste, which will lead to changes in soil characteristics and have a negative
impact on the soil ecosystem [4]. Therefore, people have started to pay attention to its
potential impact on the soil environment.

In arid areas, soil water evaporation is a concern because it directly affects soil water
content and crop growth, and then leads to soil degradation and desertification [5]. With
the intensification of global climate change, the problem of soil evaporation in arid areas
is becoming more and more prominent, which causes concern about the soil ecological
environment [6]. Soil evaporation is the process of water transfer from soil to the atmos-
phere. Long-term excessive evaporation of soil will lead to soil degradation and desertifi-
cation. Excessive soil evaporation also leads to nutrient loss and salt accumulation in the
soil, reducing soil water persistence, fertility and productivity [7-9]. At the same time, soil
evaporation will also lead to the occurrence of soil surface crust and wind erosion, accel-
erate soil erosion and loss, and then aggravate soil poverty and desertification.

When the soil is too dry, the dry shrinkage cracking phenomenon will occur [10-13].
The dry shrinkage cracking of soil will not only have a negative impact on the ecological
environment, but also have a negative impact on the geotechnical structure [14-16]. The
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cracks formed by soil water loss and shrinkage will destroy the integrity of soil and de-
grade the physical and mechanical properties of soil, which will lead to various engineer-
ing geological problems. Soil cracking in slope engineering will make water flow into the
soil more easily and reduce the soil strength faster, resulting in slope instability [17-19].
Carbon fiber as a light, high-strength, corrosion-resistant advanced material has a wide
range of applications in various fields [20-22]. Carbon fiber composite material has excel-
lent strength and stability, and by injecting carbon fiber composite material into the soil,
it can strengthen the soil structure and prevent soil erosion and loss [23-25]. Since carbon
fiber usually has a strong tensile strength, it is assumed that it can reduce the problem of
soil cracking. Compared with traditional polypropylene fiber, carbon fiber has a higher
tensile strength and elastic modulus and has excellent durability for soil improvement
and is therefore very suitable. Although polypropylene fiber is cheaper than carbon fiber,
a small amount of carbon fiber can significantly improve soil [24]. In addition, with the
development of science and technology, the price of carbon fiber will gradually decline.
The application prospect of carbon fiber in the field of soil improvement is broad.

Fractal theory is an active branch of nonlinear science, which is developed from frac-
tal geometry [26,27]. The crack propagation mode of soil cracking has certain randomness
and fractal characteristics, so the fractal theory is suitable to study the crack development
process of the soil surface [28-30]. The fractal theory is used to calculate the fractal dimen-
sion of crack variation in the process of soil cracking, which can be transformed into the
fractal dimension.

Dry shrinkage cracks formed by the evaporation of soil water are the main channels
for soil water transport. Different carbon fiber materials can affect soil water evaporation
by changing the dry shrinkage cracks and seepage paths in soil. However, the effects of
carbon fiber-soil composite on evaporation characteristics and cracking mechanisms are
not clear. In this paper, the effects of waste carbon fiber materials on soil evaporation were
studied in a climate simulation laboratory. The cracking characteristics and mechanism of
soil evaporation were investigated using image-processing technology.

2. Materials and Methods
2.1. Materials

This study evaluates the effects of different carbon fiber materials on soil evaporation
and cracking. Carbon fiber is a type of high-performance composite material, which is not
only a waste material of construction engineering, but also has the characteristics of a high
specific modulus and chemical-corrosion resistance. The carbon fiber contents used in this
test are 0%, 0.2%, 0.4% and 0.6%. Table 1 shows the basic parameters of carbon fiber. The
surface of carbon fiber is smooth and there are no obvious bumps, burrs or grooves (Figure
1).
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Figure 1. Carbon fiber.

Table 1. Basic parameters of carbon fiber.

Diameter (um) Density (g-cm™) Elongation (%) Tensile Strength (MPa) Tensile Modulus (GPa) Elongation at Break (%)

8

1.78

1.9 5920 298 2.04

The soil samples in this experiment were taken from Hua County, Anyang City, He-
nan Province. The basic properties of the soil samples are shown in Table 2. Hua County
is located in the former route of the Yellow River and belongs to the alluvial plain of the
Yellow River, which is a part of the North China Plain. The terrain is flat and the soil is
soft. The average annual temperature is 13.7 °C, the annual precipitation is 634.3 mm, the
annual evaporation is 1931.4 mm and the frost-free period is 200 days. The geographical
location of the sample is 114°31'01” E, 35°33'14” N, and the altitude is 62.13 m. The sample
belongs to the subclass of tidal loam soil. The sampling depth of the soil sample is 0~20
cm.

Table 2. Basic properties of the soil samples.

Density
(g-em)

Moisture Plasticity Organic  Total Nitrogen Available Phosphorus Available Potassium
Content (%) Index P Matter (%) (%) (ppm) (ppm)

1.86

16.5

242 8.1 0.87 0.057 4 155

2.2. Methods

Before the test, dried soil samples (less than 2 mm) with removed gravel and plant
roots were placed in square glass containers measuring 40 x 40 x 5 cm. The 200 g soil
sample previously sealed was successively added to each glass container with different
contents of carbon fiber to make it into a mud with 100% moisture content. The samples
were thoroughly mixed with a glass rod and then left to ensure that the carbon fiber was
fully mixed with the mud. To study the effect of different carbon fiber content on the evap-
oration and cracking characteristics of the soil samples, four groups of mud with different
carbon fiber content were set up, and each group was set up with control test samples.
The prepared sample was weighed and photographed in real time to observe the evapo-
ration rate and dry shrinkage crack growth of the soil sample. The soil samples were tested
in a climate simulation laboratory environment with a constant temperature of 25 °C and
a relative humidity of 50%.

Based on the change in the weight of the soil sample, the moisture content w and the
average evaporation rate E. of the real-time sample of the soil sample can be calculated as
follows:

£, =" 1)
t
e m, —Am
= 2)
n,

where t is evaporation time (h), Am is the change in sample weight (g), mo is the initial
weight of water in the sample (g), muis the weight of dry soil (g), and w is the water content
(%).

In the process of this experiment, the images obtained from the experiment were an-
alyzed quantitatively after grayscale, binarization and noise reduction. The method of im-
age processing is shown in Figure 2. The crack rate and fractal dimension of the samples
during evaporation are calculated to quantitatively obtain the changes in the crack char-
acteristics. The crack rate of the samples is calculated using
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S
= 3)

S
where p1 is the crack rate of the sample (%), Sc is the total crack area of the surface area of
the sample (cm?) and S is the surface area of the sample (cm?).
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Figure 2. The method of image processing.

Fractal has three elements (shape, chance and dimension) and can be used to solve
problems that cannot be described in traditional geometric methods. Simple formulas are
used to describe very complex things, so fractal theory is often used to describe “irregular”
graphics and segmented graphics [31,32]. The mathematical tool used in fractal theory is
fractal geometry and the two basic features of fractal geometry are self-similarity and scale
invariance [33-35]. Fractal dimension is often expressed as a quantitative parameter of
self-similarity and scale invariance, and is a mathematical measure used to describe the
complexity of fractal sets. Self-similarity refers to the statistical similarity between a part
and a whole in terms of function and shape [36]. Dimensions are integers, but fractal di-
mensions change continuously, and there is a difference between the two. The importance
of fractal dimensions lies in the fact that they can be defined in terms of data and can be
approximated by experimental means. Fractal dimension quantifies the self-similar prop-
erty of fractals and is also the main basis for distinguishing chaos from other motion
forms. Fractal dimension is based on the idea of scale measurement. For the convenience
of expression, the finite set is a compact set of metric space [37]. This assumption is widely
representative, because most of the geometric objects with fractal properties encountered
in practical problems can be used as mathematical models by the compact set of Euclidean
metric spaces.

According to the number of dark pixels in the crack region of the sample, the fractal
dimension D of the crack is calculated. The box count size is defined as follows:

When r goes to 0, there is

N(r)ocr™” (4)
If and only if there is a positive number k that makes

. N(r)

lrlil(} ]/-_D - k (5)

Take the logarithm of both sides of the equation and calculate it

1in01(log N(r)+Dlogr)=Ilogk (6)

To wit
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Relative evaporation rate (g/h)

—lim log N(r)
=0 log(1/r)

where N(r) is the number of boxes containing the crack and r is the length of the side of
the box.

@)

3. Results
3.1. Sample Evaporation Characteristics

The direct result of evaporation is to reduce the moisture content of soil, which leads
to the change of physical-mechanical properties of soil and induces various engineering
geological problems and environmental geological problems. Due to the high proportion
of hydrophilic clay minerals, the occurrence state of pore water and its pore structure are
much more complex than that of sandy soil. Moreover, during the evaporation process,
viscous soil will significantly shrink, deform or even crack, which has an important impact
on water migration. As shown in Figure 3, evaporation usually starts from the soil surface,
when the sample is in a saturated state, so it is mainly surface free water evaporation and
the initial evaporation rate is large. As shown in Figure 3a, the evaporation rate of the
sample without adding carbon fiber is divided into three stages (constant evaporation
stage, deceleration evaporation stage and equilibrium stage) [38]. With the rise in carbon
fiber content (Figure 3b-d), the constant evaporation stage time of the sample becomes
shorter. With the increase in carbon fiber content from 0.2% to 0.6%, the constant evapo-
ration stage time of the sample decreases by 5.1%, 13.8% and 34.5% respectively. In this
process, the latent heat transferred to the soil by the external environment is completely
used to supplement the heat consumed by free water evaporation. The soil temperature
and the atmosphere temperature reach a relative balance and the vapor pressure gradient
between the soil and the atmosphere is basically unchanged. As evaporation proceeds, the
cracking of the clay further promotes evaporation. For clay, free water is the first to evap-
orate when drying, and the evaporation rate in the soil gradually transitions from the con-
stant rate stage to the deceleration rate stage. With the rise in carbon fiber content, the
deceleration evaporation time of the sample decreases by 6.25%, 3.75% and 2.25%, respec-
tively.
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Figure 3. Change of the relative evaporation rate of the sample over time.

With the passage of drying time, the water available for evaporation in the soil be-
comes less and less and the connectivity of pore water decreases gradually. At the same
time, the pore gases are increasing and penetrating each other. The sample without carbon
fiber entered the equilibrium evaporation stage at the earliest, when the water absorption
and evaporation rate of the sample reached the equilibrium, and the water content of the
test remained basically unchanged. As shown in Figure 4, with the rise in carbon fiber
content in the sample, the critical moisture content in the equilibrium state of the sample
increased by 33.2%, 110% and 151%.
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Figure 4. Change of the moisture content of the sample over time.

3.2. Sample Cracking Behavior

As a type of porous medium material composed of solid, liquid and gas, the volume
shrinkage of soil mainly depends on the change of water content. The volume shrinkage
of soil in the drying stage is actually a gradual increase in soil compactness. The defor-
mation occurs under the action of internal force and the deformation mechanism is very
different from the soil compaction under the action of external force. For the initially sat-
urated soil, the pores are filled with water. When the relative humidity in the atmosphere
is lower than the relative humidity in the soil, the water molecules in the pores will escape
into the atmosphere through the soil surface, resulting in evaporation. With the continu-
ous evaporation, due to the action of surface tension, the soil particles will move closer to
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each other, and the pore diameter will decrease, which is manifested as the shrinkage de-
formation of the soil volume on the macrolevel. As shown in Figure 5, with the decrease
in soil water content during the test, the degree of soil cracking gradually increased.

Figure 5 shows the overall dynamic process of soil surface cracking. The initial cracks
are not connected to each other and appear uneven. With the rise in the test time, the water
loss rate of the clay increased, and the cracks became longer, wider and deeper, and inter-
sected into a network (Figure 5a). During the test, all the cracks in Figure 5a were fully
developed after 138 h of evaporation. There were 56 cracks of different shapes on the sur-
face of the sample, among which 12 large cracks were affected by the boundary effect, and
the cracks were square after stable growth. This is usually formed due to the location of
the primary crack and develops almost perpendicular to the direction of the primary
crack. After drying, the primary and secondary cracks combine to form a final crack net-
work on the test surface. At the same time, the observation shows that the direction of
development of almost all new cracks tends to intersect with the original crack at right
angles, which can be explained by the crack growth criterion. At present, the scientific
community believes that the soil cracking is caused by the tensile stress caused by the
matrix suction exceeding the shear strength of the soil, and the suction and tensile strength
are two important factors limiting the soil cracking [39,40]. Soil cracks usually first appear
where the tensile stress is concentrated on the surface. When cracks appear, the environ-
mental tensile stress is released, and the direction of the maximum tensile stress is parallel
to the existing crack, and the crack always tends to develop along the direction of the
normal maximum principal stress. Therefore, the new crack will be perpendicular to the
existing crack. As shown in Figure 5a, the soil mass on both sides of the crack has obvious
displacement along the edge of the soil block. The length of the crack is much longer than
that of other sections, indicating that its density is much higher than that of other sections,
and its displacement trend is toward the middle of the block region. In other areas far
from the edge of the crack, there is little or no displacement of the clod. Due to the inde-
pendent development of each block, most of the soil also moves in the block to which it
belongs. With continuous drying, cracks gradually increase, and the number of blocks
formed by the soil gradually decreases. The displacement direction of the soil particles
also changes with the division of the original area of the block, but the displacement vector
of the soil particles in each area of the block always points to the central area of the block.
Figure 6 shows that the crack development trend of the soil samples with different carbon
fiber content is similar. With the gradual evaporation of water, the crack rate of soil grad-
ually increases. The crack rate of soil decreases with the increase in carbon fiber content.
With the increase in carbon fiber content, the final crack rate of the sample was reduced
by 7.9%, 17.3% and 23.3%, respectively.
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(d)

Decreased moisture content
=108 h t=126 h t=138 h

Figure 5. Cracking process of the sample: (a) carbon fiber mass content =0%; (b) carbon fiber mass
content =0.2%; (c) carbon fiber mass content =0.4%; (d) carbon fiber mass content =0.6%.
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Figure 6. Crack rate characteristics of the sample over time.

With the decrease in moisture content of the sample, the size and number of cracks
increase. Soil cracks have strong nonlinear characteristics. Previous studies have shown
that soil surface cracks conform to the “self-similarity” required by fractal theory, so the
cracks of samples of different scales have similar fractal distribution rules [38]. As shown
in Figure 7, the fractal dimension of the image during the specimen cracking process was
calculated. With the decrease in the water content of the sample, the fractal dimension of
the sample increases gradually. The sample without carbon fiber was the first to crack,
and the fractal dimension of the initial crack was small, only 1.025. However, with the
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decrease in the water content of the sample, the fractal dimension of the sample increased
at the highest rate, and the cracking of the sample continued for more than 92 h. With the
rise in carbon fiber content, the cracking duration of the samples decreased by 15.2%,
31.5% and 54.3%, respectively. Carbon fiber has the effect of reinforcing bars in the sample,
which increases the surface tension of the sample. With the rise in carbon fiber content,
the fractal dimension of the final cracking of the sample decreases by 2.4%, 8.7% and
21.2%, respectively.

Fractal dimension

—&— Carbon fiber mass content=0
—®— Carbon fiber mass content=0.2%
—A— Carbon fiber mass content=0.4%
—w— Carbon fiber mass content=0.6%

0.9 T T T T T T T T T T 1
60 70 80 90 100 110 120 130 140 150 160

Time (h)

Figure 7. Fractal characteristics of sample cracking over time.

4. Discussion

With the gradual evaporation of water, a liquid-bending surface appears between
surface soil particles and, correspondingly, the distance between soil particles decreases,
resulting in soil shrinkage [41]. Soil containing more clay minerals has stronger shrinkage;
that is, the greater the degree of cracking. With the continuous evaporation of water, the
tensile stress in the soil gradually accumulates, and when the tensile stress exceeds the
tensile strength of the soil, dry shrinkage cracks begin to form [42,43]. In the process of
evaporation, soil generally forms dry cracks first in the part with high water content in the
nearby region [44]. Since the bonds within aggregates are stronger than the bonds between
aggregates, soil cracks are generally located at the boundaries of different aggregates in
the soil [45]. This experiment shows that the evolution of soil cracks is generally divided
into three stages as follows: the cracks increase slowly at first, then rapidly and finally the
cracks are stable.

As shown in Figure 8, the addition of carbon fiber can raise the critical moisture con-
tent of the soil sample and reduce the crack rate and fractal dimension of the sample. The
experimental results show that the soil with a higher carbon fiber content usually has bet-
ter water-retention performance. Although carbon fiber itself does not have water absorp-
tion, it can be used to store water in the soil by increasing the pores and channels of the
soil; therefore, carbon fiber can effectively slow the evaporation rate of soil water. This
means that in arid regions, carbon fiber can help the soil hold water for longer, providing
a continuous water source for plants, thereby reducing evaporation pressure on the soil.
When the carbon fiber binds to the soil, the path of the water in the soil changes and the
water migrates along the carbon fiber in the soil section (Figure 9). This is why the dura-
tion of the constant evaporation stage of the soil decreases with the rise in the carbon fiber
content.
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Figure 8. Change characteristics of critical values of the different carbon fiber samples.

Preferential flow along carbon fiber soil interface

Soil

Figure 9. Schematic diagram of soil and carbon fiber evaporation.

In addition, when carbon fiber is combined with soil, it can also improve the stability
of soil [23,46], reduce the cracking phenomenon of soil and reduce the fractal dimension
of the samples. At the same time, the application of carbon fiber can reduce the degree of
soil cracking to a certain extent, thereby further increasing the water retention of the soil.
When the carbon fiber is combined with the soil mass, the carbon fiber will interact with
the soil mass to form more carbon fiber crossing points and raise the interface bonding
strength, friction and interlocking force between the soil mass and carbon fiber (Figure
10). Such a close combination can inhibit the cracking of the soil mass [47]. At the same
time, carbon fiber itself has excellent tensile strength [47], which can effectively prevent
soil cracking caused by shrinkage. With the same mass of carbon fiber, the low density of
carbon fiber ensures that more carbon fiber is present at a fixed content. The increase in
the amount of carbon fiber helps to further strengthen the mechanical action between the
carbon fiber and soil, restrain the cracking of soil and increase the water retention of soil.
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5. Conclusions

Carbon fiber has many excellent properties and has developed broad application pro-
spects in recent years. In this study, the evaporation cracking process of carbon fiber—
modified soil was studied, and it was found that waste carbon fiber can increase the water
retention capacity and crack resistance of soil. With the increase in carbon fiber content to
0.2%, 0.4% and 0.6%, the critical moisture content of the soil samples increased by 33.2%,
110% and 151%. Due to the change of water path in soil when carbon fiber is combined
with soil, the duration of the soil constant evaporation stage is reduced by 5.1%, 13.8%
and 34.5%, respectively. With the rise in carbon fiber content to 0.2%, 0.4% and 0.6%, the
crack rate of soil cracking decreased by 7.9%, 17.3%, and 23.3%, respectively. With the rise
in carbon fiber content, the fractal dimension of cracks decreased gradually. When the
carbon fiber content is 0.2%, 0.4% and 0.6%, the fractal dimension of cracking is reduced
by 2.4%, 8.7% and 21.2%, respectively. When carbon fiber is combined with soil, carbon
fiber will interact with soil to form more carbon fiber interleaving points to raise the inter-
face bonding strength, friction and interlocking force between the carbon fiber and soil.
This close combination can inhibit the cracking of soil and further increase the water re-
tention of soil. The application of carbon fiber in the field of soil cracking resistance
and water retention is a new idea.
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