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Experimental study on one-dimensional consolidation and scanning electron microscope
imaging of expansive soil improved by MICP method has been carried out, by using WG
type consolidator and electron scanning microscope. Theoretical analysis on
microstructure evolution process of improved expansive soil has been carried out
based on fractal theory and damage theory. Through the research, the influence
mechanism of cementation and filling effect of calcium carbonate precipitation on the
microstructure of improved soil samples such as particle size and pore characteristics is
revealed. Based on fractal theory, a porosity calculation model of improved expansive soil
has been established considering microstructure damage of soil. Furthermore, a fractal
calculation theory of consolidation deformation of improved expansive soil has been
proposed. The relevant calculation parameters have also been determined. The rationality
of this calculation theory is verified by comparing the calculated results with the tested
results. With these research results, a theoretical foundation for further research on
microstructure evolution of expansive soil improved by MICP method has been laid. A
new train of thought for quantitative research on the water stability and swell-shrink
characteristics as well as strength characteristics of improved expansive soil has been
provided.

Keywords: microbially induced carbonate precipitation, improved expansive soil, microstructure, fractal theory,
damage variable

1 INTRODUCTION

Expansive soil is a special kind of catastrophic clay contribute to its’ characteristics of swelling with
water absorption and shrinking with water loss. The construction of projects in areas where
expansive soils are distributed often poses a great potential hazard due to their poor engineering
characteristics (Sun et al., 1995). Therefore, in the process of engineering construction, it is usually
necessary to mix lime, cement or other inorganic materials with the expansive soil to improve and
treat it. A large number of engineering practices have shown that these traditional improvement
methods have achieved very good improvement effects (Intharasombat et al., 2007; Liu et al., 2011;
Bian et al, 2013). However, these methods need to consume a lot of resources and are not
economical. Besides they need to prolong the construction period as well as cause serious
environmental pollution, which is not in line with the concept of green ecological construction.
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Therefore, it is very necessary to find a method of expansive soil
improvement to meet the ecological and environmental
protection requirements of China.

With the development of modern microbial technology,
Microbially Induced Carbonate Precipitation (MICP) method
is widely used in other engineering fields. Studies have shown that
the presence of free metal ions in the soil (Bai et al., 2021a; Bai
etal., 2019). MICP is a process whereby certain bacteria in nature
produce urease, a natural enzyme that breaks down urea. The
carbonate ions produced by the decomposition of urea combine
with naturally free calcium metal ions to produce calcium
carbonate colloids. The effect is to improve the engineering
properties of the soil (Zhao, 2014; Shen et al., 2017).

In geotechnical engineering (Yao et al., 2022; Yao D. et al,,
2021), the MICP method is mainly used to improve sandy soils
in the early days and achieves very good results, which also
greatly promotes the development of biogeotechnical
technology (Bai et al, 2017; Bai et al, 2020). A large
number of studies have shown that calcium carbonate
colloid can greatly improve the cohesion between soil
particles (Liu et al., 2018a; Tian Z. F. et al., 2020; Xiao
et al., 2021; Dejong et al., 2006; Feng et al., 2017; Kwon
et al,, 2019; Wu et al., 2020; Jiang and Soga, 2017; Yao Y.
et al., 2021; Han and Cheng, 2016). With the continuous
development of this technology, scholars at home and
abroad have applied the MICP method to the improve the
Engneering properties of soft clay soils. Jiang et al. (2021) have
identified the effect of the number of amendments on the
expansion and contraction characteristics of expansive soils. Li
et al. (2021) investigated the effect of microbial concentration
on the compressive properties of expanded soils modified by
the MICP method. It is found that the process of microbially
induced calcium carbonate can also be accomplished in clayey
soils under appropriate environmental conditions. This
process, moreover, has a significant effect on improving the
water stability and strength properties of soft clay soils (Shen
et al., 2019; Wang et al., 2020; Kannan et al., 2020; Vail et al.,
2019; Bai et al, 2021b). However, at this stage, as a new
technology for improving soft soils, there are still two
aspects of the research on the application of the MICP
method by scholars at home and abroad that need to be
addressed. One is that the current research only focuses on
the improvement of sandy soils, while the research on the
improvement of catastrophic soft clay soils, such as expansive
soils, has not yet been reported in the literature. Secondly, the
existing studies only focus on the study of the macroscopic
properties of the improved soils, but lack the knowledge of the
microscopic mechanism of the engineering properties of soft
soils improved by the MICP method.

With the development of fractal theory, a brand new way
has been proposed to solve complex scientific and technical
problems (Liu and Li, 1997; Fenzhen et al., 2011; Sun et al,,
2017; Liu et al., 2018b; Szelag, 2019; Yu et al., 2019; Duan et al.,
2021). In the past 20 years, scholars at home and abroad have
applied fractal theory to carry out in-depth research on the
mechanisms affecting damage cracks, pore evolution and other
microstructural changes in geotechnical bodies caused by
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external loads. Many results have also been achieved (Peng
et al., 2011; Gao et al., 2013; Xie and Wei, 2013; Xiao et al.,
2014; Ju et al., 2018; Chen et al., 2019; Tian H. et al., 2020; Ge
et al.,, 2021; Liu et al.,, 2021). It has been shown that the
microscopic pore structure of soil has obvious fractal
characteristics, and the microscopic structural damage
evolution process of soil can be quantitatively analysed by
using fractal theory. However, fractal models are currently
mostly used for the analysis of unimproved soils and are rarely
seen for the analysis of improved expansive soils. In addition,
microstructural models for improved expansive soils using the
MICP method have rarely been reported. Therefore, this paper
investigates the influence of different consolidation pressures
on the pore structure of the MICP method for improving
expansive soils based on fractal theory through experimental
studies such as one-dimensional consolidation and scanning
electron microscope imaging. the microscopic mechanism of
MICP on the engineering properties of improved expansive
soils were revealed.

2 TEST MATERIALS AND METHODS
2.1 Test Material

The expansive soil used in the experimental study comes from
the Nanning Ring Road Project in Guangxi. According to the
Standard for Geotechnical Test Methods (Ministry of Water
Resources of the China, 2019) (GB/T 50123-2019, 2019), the
basic physical property indexes of the soil samples obtained by
the test, Natural density is 1.89 g/cm’, Maximum dry density is
1.75 g/em®, G, is 2.7, W is 58.1%, W, is 22.3%, I, is 35.8%,
OMC is 23.3%.

2.2 Preparation of the Cements

The cements are composed of urea, calcium chloride and water.
The concentration of the cementing solution used in this paper is
1 mol/L according to the relevant studies in the literature (Jiang
etal.,,2021; Lietal., 2021). Based on the relative molecular masses,
the content of the various components per 1L of cementing
solution are calculated. The content of urea, calcium and water is
60.06 g, 219.08 g and 891.88 ml respectively.

2.3 Sources and Culture of Microorganisms
The microorganism used in the experimental study is
Sporosarcina pasteurii, No. ATCC11859, acquired by the
Chinese General Microbial Strain Collection Management
Centre (CGMCC). The medium is prepared according to
the cultivation requirements of the microorganism. The
medium consists of 15¢g casein peptone, 5g soya peptone,
20 g urea, 1L distilled water and 5 g sodium chloride, with a
controlled pH of 7.3. The prepared medium is stored in conical
flasks sealed with sealing film.

Before bacterial inoculation, the medium and the nozzle of
the pipette gun were autoclaved. After autoclaving at 120°C for
20 min, the medium, bacterial solution and alcohol lamp are
placed on a sterile bench and the hands, bench and walls of the
cup containing the solution are wiped with alcohol. After
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sterilization, the seal was removed and two tubes of bacterial
solution are pipetted into the medium solution, ensuring that
the tip of the pipette does not touch the wall of the cup. All the
above operations need to be carried out beside the lighted
alcohol lamp, with the lighted alcohol lamps and the sterile
operating table to ensure a good sterile environment. The
culture medium inoculated with bacterial solution is placed
in an intelligent shaker set at 30°C and 150 r/min for 36 h. After
completion of the incubation, a portion of the solution is
extracted and placed in a spectrophotometer and the ODg
value is measured to be stable at around 1.6 before the culture
solution is used to improve the expansive soil.

2.4 Test Method

2.4.1 Preparation of Soil Samples

For the modification process, 50 ml of bacterial solution and
125 ml of cementing solution were selected for the test, based
on existing research from our group (Jiang et al., 2021; Li et al.,
2021). The expansive soil was air-dried and sieved in
accordance with the Standard for Geotechnical Test
Methods (Ministry of Water Resources of the China, 2019).
Then the bacteriological solution and the cementing solution
were evenly mixed into the expansive soil. The mixed
expansive soil was sealed with cling film, leaving some of
the pores to ensure the oxygen required for bacterial
metabolism. In addition, the soil samples are placed in a
constant temperature and humidity biochemical incubator
and maintain for 7 days. After completion of maintenance,
the soil samples are air dried to an optimum moisture content
of 23.3% required for maximum compaction. Once air-drying
is complete, the soil samples are placed in a moisture vat and
smothered for 24h to obtain the improved expansive soil
required for the test study. The last step is to prepare the
ring knife sample with 90% compactness.

2.4.2 Test Programme

In order to investigate the effect of the MICP method on the
microstructure of the improved expansive soils during
consolidation, consolidation tests are carried out on the
improved expansive soils using a single-lever consolidation
apparatus of type WG. The consolidation pressures of 0,
50 kPa, 100 kPa, 200 kPa, 400 kPa and 800 kPa are selected
for the one-dimensional consolidation tests on the MICP-
amended and unamended expansive soils in accordance
with the Geotechnical Test Methods Standard (Ministry of
Water Resources of the China, 2019). Prior to the tests, short-
necked specific gravity bottles are used to determine the
specific gravity of the improved expansive soils and to
calculate the initial pore ratio of the ring knife specimens in
accordance with the test standard.

After the consolidation test, the specimens under various
consolidation pressure conditions are taken out of the
consolidation apparatus. Using the small piece sampling method,
a small piece of each of the removed consolidation specimens is
taken out and dried in an oven. A TESCAN MIRA 4 scanning
electron microscope is selected to perform scanning electron
microscope imaging tests on the dried specimens.

Improved Fractal Characteristics and Microstructure of Expansive Soils by MICP

3 TEST RESULTS AND ANALYSIS
HEADINGS

3.1 Compression Curve Variation Pattern
According to the test results, the e-p curves and &-p curves for
the improved expansive soil and the unimproved expansive
soil are obtained respectively, as shown in Figure 1.

From Figure 1, it can be found that the initial pore space of
the improved expansive soil is smaller its soil e-p curve is
gentler than the data of the unimproved expansive soil, which
also means that its compression coefficient is smaller and its
compression modulus is larger. In contrast, the unimproved
expansive soils have larger initial pores and steeper soil e-p
curves, i.e., higher compression coefficients and lower
compression moduli. This indicates that the expansive soils
improved by the MICP method have become coarser due to the
mutual cementation and coalescence of the soil particles as a
result of the calcium carbonate precipitation. At the same time,
the pore ratio of the soil has become smaller due to the partial
filling of the pores by the calcium carbonate precipitation. As a
result, the compressibility of the swelling is reduced after the
modification and the resistance to external deformation is
increased. It can also be found in Figure 1 that when p <
200 kPa, the pore ratio of the improved expanded soil is
smaller than that of the unimproved expanded soil under
the same consolidation pressure conditions; when p >
200 kPa, the pore ratio of the improved expanded soil is
larger than that of the unimproved expanded soil under the
same consolidation pressure conditions. This is because the
initial pore ratio of the improved soil is reduced, the
compressibility of the soil is reduced, and Ae is reduced
under the same Ap action. Therefore, the two phenomena
reflect the same essence. From Figure 1 it can also be found
that the consolidation deformation of the soil samples all
increase with the increase of consolidation pressure.
Moreover, the consolidation deformation of the improved
expansive soil is smaller than the data of the unimproved
expansive soil under all levels of consolidation pressure. This
result again proves that the microstructure of the expansive

®— Unimproved expensive soil (e 4
. —@— Unimproved expensive soil (&)
03 kL ‘. = ®— Improved expensive soil (¢)

= \ @ Improved expensive soil (€)

0.1 |-
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()0 1 1 1 1
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P/kPa

FIGURE 1 | e-p curves and e-p curves of expansive soils.
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RESOLUTION

FIGURE 2 | SEM imaging of unimproved expansive soil.

RESOLUTION

FIGURE 3 | SEM imaging of improved expansive soil.

soil has been significantly improved and its compressibility has
been significantly improved.

3.2 Microstructural Analysis

The microstructural features of the unimproved expansive soil
and the improved expansive soil can be clearly seen by scanning
electron microscope imaging tests at a magnification of 5,000.
The SEM images of the unimproved expansive soil and improved
expansive soil are obtained from the test and are shown in
Figure 2, Figure 3, respectively.

As can be seen in Figures 2, 3, the microbially amended
swollen soil has a significant presence of calcium carbonate
crystals and acts as a cementing cohesion for the soil particles.
It can also be found that the particles of the amended soil form
cohesions and that the pores between the cohesions are
significantly filled. This indicates that the crystallization of
calcium carbonate has the effect of cementing for the soil
particles and has the effect of filling on the soil pores. This
process forms denser agglomerates in the amended soils and
improves the stability of the microstructure of the soil particles. In
contrast, in the SEM images of the unamended swollen soil, there
are almost no calcium carbonate crystals present, and the soil
particles have larger pores and many dispersed fine particles
around the soil particles, which are extremely loose in
microstructure. This finding is a strong evidence that
microbially induced calcium carbonate precipitation has
altered the microstructure of the expansive soil and improved
its water stability and resistance to external deformation.

The microstructural changes of the MICP method improved
expansive soils under different consolidation pressures can be
investigated by SEM imaging analysis at a magnification of
x1,600. The SEM images of the improved expansive soils
under different consolidation pressures are shown in Figure 4.

From Figure 4, it can be found that the pore space between the
soil particles decreases with increasing consolidation pressure
and the connection between the particles becomes closer and
closer. Similarly, as the consolidation pressure increases, the form
of connection between the particles tends to be more and more
similar to the face-to-face connection from point-to-point
connection or point-to-surface connection. It can also be seen

in Figure 4 that as the consolidation pressure increases, the
precipitated calcium carbonate evolves from spherical colloids
to flattened crystals interspersed between the particles. It is this
“cementing” and “filling” effect of the calcium carbonate crystals
that significantly increases the cohesion, internal friction angle
and strength of the improved soil, and obviously reduces its
compressive deformation. At the same time, this microstructural
change significantly improves the water stability and expansion
deformation characteristics of the expansive soil.

3.2.1 Quantitative Analysis of the Pore Characteristics
of Microbially Induced Carbonate Precipitation
Improved Expansive Soils

In order to investigate the microstructural changes of the MICP
improved expansive soils under different consolidation pressures,
SEM images of the soil samples with an area of 4,372 um” and a
magnification of x1,600 are quantitatively analysed. Firstly, the
IPP software is applied to binarise the corresponding SEM images
by manually adjusting the threshold values, and then the pore
distribution data are collected. The microscopic pores of the
MICP improved expansive soils are classified into six classes
under different consolidation pressures according to the
requirement of pore size intervals. The observed results of
pore size, pore number and pore area of the various pore
classes of MICP improved expansive soils under different
consolidation pressures are shown in Table 1.

From Table 1, it can be found that with the increase of
consolidation pressure, the area, number and pore size of
different grades of pores do not change with the consolidation
pressure in a clear pattern (Bai et al., 2021c¢). This is because under
the action of consolidation pressure, the pores are not uniformly
stressed resulting in the destruction of large pore size pores into
different grades of small pores with different pore morphology.
However, the total number of pores in the soil sample is
constantly decreasing. This is due to the continuous squeezing
and movement between soil particles under consolidation
pressure, with the smaller pores being filled by the broken fine
soil particles. As a result, the expanded soil improved by the
MICP method becomes more compact as the consolidation
pressure continues to increase. The relationship between the
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FIGURE 4 | SEM imaging of improved expansive soil, 1,600x. (A) p = 0, (B) p = 50 kPa, (C) = 100 kPa, (D) p = 200 kPa, (E) p = 400 kPa, (F) p = 800 kPa.

TABLE 1 | Measured results of pore diameter, pore number and pore area in soil.

P/kPa Porosity

0 Pore number/pc
Pore diameter/um
Pore area/pm?

50 Pore number/pc
Pore diameter/um
Pore area/pm?

100 Pore number/pc
Pore diameter/um
Pore area/pm?

200 Pore number/pc
Pore diameter/um
Pore area/um?

400 Pore number/pc
Pore diameter/um
Pore area/pm?

800 Pore number/pc
Pore diameter/um
Pore area/um?

Grades of porosity

1,066
0.4872
0.1833

889
0.489
0.191

877
0.491
0.1903

524
0.47
0.2011

502
0.495
0.191

389
0.498
0.193

88
1.203
1.011

108
1.244
1,095

95
1.203
1.031

65
1.211
1.075

63
1.228
1.087

102
1.22
1.042

3

40
1.72
1.925

47
1.791
2.105

42
1.738
1.94

20
1.703
1.941

22
1.813
2.139

45
1.728
1.86

4

66
2.781
6.01

2.858
6.76

58
2.83
6.37

40
3.012
6.53

46
2.862
6.259

53
2.785
5.283

5 6
3 1
6.583 10.4776
42.815 116.27
8 -
9.75 -
25.62 -
7 1
6.32 10.673
39.82 90.207
8 1
6.871 11.473
44.2 60.73
6 1
6.632 10.032
45.62 70.21
1 -
6.421 -
55.112 -
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FIGURE 5 | Relation between pore number and consolidation pressure. (A) Columnar distribution of pores, (B) Relationship between X and P.

total number of pores (X) and the consolidation pressure, is
shown in Figure 5.

From Figure 5, it can be found that the number of pores
gradually decreases as the consolidation pressure increases.
However, when the consolidation pressure is greater than
400 kPa, the trend of pore number with consolidation pressure
gradually slows down. This law coincides with the variation of
pore volume e with consolidation pressure p in expansive soils
represented in Figure 1, revealing the microscopic mechanism of
the effect of the microbial mineralisation process on the pore
ratio, compactness, water stability, deformation and strength
properties of improved expansive soils.

3.3 Sierpinski Fractal Dimension

The Sierpinski fractal model, used to study the microstructure of
soil pores, is an effective analytical tool. The model is a fractal
pattern similar to that of a hollow carpet, also known as a two-
dimensional fractal model. Based on a regular fractal structure,
the area at the hollow, can be expressed as

A(8) =N;§ =C& " 1)

In Equation 1, the

A (§;) is the area of the hollow small square.

Ni is the number of small squares.

§; is the length of the sides of the small square.

i is the structural grade.

C is a constant.

D is the fractal dimension.

According to fractal theory, hollow small squares can be used
to characterize the pores in the soil, and the number of pores N (r)
at an observed scale L can be expressed as

N(r) = CrP 2)

In Equation 2, the

N (r) is the number of pores.

r is the pore size of the pore.

Therefore, the total area of N (r) pores can be expressed as

A(r) =Cr*™P 3)

In Equation 3, the
A (1) is the total area of the pore space.

—m— D
]
1.94 | /
=
=] /-
-
192w
1.90 L L L L
o 200 400 600 800

P/kPa

FIGURE 6 | Relation between D and P.

It is known from the theory of soil mechanics that the porosity
of a soil is the ratio of the pore volume to the total volume of the
soil. According to Sierpinski’s two-dimensional fractal model, if
there are N (r) pores in the soil, the corresponding porosity can be
expressed as

¢ =A(r)/L* =C'L°(/L)y" (4)

In Equation 4, the

¢ is the porosity of the soil.

C’ is a constant.

L is the side length of the observation range.

Let X = C'L™°. When r = L, the blank small square indicating
the pore space occupies the whole observation range and the
porosity of the soil is 1. Obviously, X = 1. Therefore, Equation 4
can be simplified as

¢ = (r/L)°" (5)

Meanwhile, the total area in the pore space larger than a
certain pore size can be expressed as that

Ai=A(1-¢)=A[1- (/L) "] (6)

In Equation 6, the

Ai is the total pore area in the pore space larger than a certain
pore size.

Taking the logarithm of both sides of Eq. 6 yields that

Frontiers in Materials | www.frontiersin.org

March 2022 | Volume 9 | Article 842887


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Su et al.

TABLE 2 | Area of calcium carbonate in soil cross-section, x1,600.

P/kPa 0 50 100 200 400 800
A (um?) 324 307 245 203 135 130
In[1 - (A;/A)] = (2 - D)In(r/L) ?)

Taking in [1-(Ai/A)] as the vertical coordinate and In (r/L) as
the horizontal coordinate, the relationship curve between the two
can be obtained, and the slope of the curve can be obtained by
linear fitting, that is, 2-D.

3.4 Microbially Induced Carbonate
Precipitation Method for Improving the
Fractal Dimension of Pore Spaces in

Expansive Soils

In this paper, A = 4372 um” and L = 65.82 um. Using Origin
software, the Sierpinski fractal dimension of the MICP improved
expansive soils was obtained from the data in Table 1 and Eq. 7 as
a function of different consolidation pressures. As shown in
Figure 6.

From the fitting results in Figure 6, It can be found that the
fractal dimension of the improved expansive soil is distributed
between 1.9 and 2.0. It is known from fractal theory (Tao et al.,
2010) that the fractal dimension in a two-dimensional model is
between 0 and 2. This indicates that the expanded soils
improved by the MICP method have good physical
significance in the context of fractal theory, and also
indicates that the microscopic pore characteristics of the
expanded soils improved by the MICP method have good
Sierpinski fractal properties. It can also be found in
Figure 6 that the fractal dimension of the MICP-amended
expansive soil increases with the increase of consolidation
pressure. This indicates that as the external pressure
increases, the pore structure in the soil becomes more
complex, but its integrity is improved and the soil becomes
more compact. This conclusion, which is consistent with the
results reflected in Figure 4, also further reveals the
microscopic mechanism of the changes in the e-p curves in
Figure 1.

4 POROSITY MODELLING AND
COMPARISON

4.1 Porosity Model Based on Pore Fractal

Structure

Using fractal theory, analysis of scanning electron microscopy
images of soil samples reveals that the fractal dimension can
well characterise the microscopic porosity of MICP improved
expansive soils. It has been shown that the pore space of the
geotechnical soil can be better calculated by substituting the
fractal dimension into the porosity model (Tao et al., 2010).
Thus, it is obtained that

Improved Fractal Characteristics and Microstructure of Expansive Soils by MICP

1.95 -
1.94 /
/ =
-
A 193k =
//
/ -
1.92
-/
101 L L L L
0.0 0.2 0.4 0.6
R

FIGURE 7 | Relation between R and D.

¢( 2 I') =1- (rmin/rmax)27D (8)

4.2 Improved Porosity Model Based on
Damage Theory

Damage theory suggests that damage within a material
accumulates gradually under external loading. Therefore,
the use of a damage variable can be a good way to
characterise the gradual deterioration of the mechanical
properties of a material based on the change in one of the
internal variables. The damage variable R is calculated by the
equation that

R==2 9)

In Equation 9.

AQ is the area of damage to the calcium carbonate.

A is the area of calcium carbonate in the cross section when the
consolidation pressure is 0.

The SEM imaging of the MICP improved expansive soil with a
magnification of 1,600x is selected for damage analysis. Applying
the IPP software, the area of calcium carbonate in (A)the image
can be extracted as shown in Table 2.

From Table 2 and Figure 4, it can be found that the area of
calcium carbonate precipitation gradually decreases with
increasing consolidation pressure. This indicates that during
consolidation, the calcium carbonate precipitate is extruded
and deformed, and acts as an adsorption of broken soil
particles. Under the adsorption effect of calcium carbonate
precipitation, the soil particles are gradually compacted, the
integrity of the improved expansive soil is improved, and the
fractal dimension is increasing. From Equation 9, Table 2 and
Figure 5, the relationship between the damage variable R and
the fractal dimension D of the MICP improved expansive soil
can be obtained, as shown in Figure 7.

An analysis of Figure 7 shows that the effect of the damage
variable R on the fractal dimension D of the MICP improved
expansive soil can be expressed as

D = 0.02886R + 1.91697 (10)
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FIGURE 8 | Relation between n and p.

As the damage variable increases, the fractal dimension also
increases, further proving that, the calcium carbonate
precipitation within the soil plays a role in resisting the
external load under the external force of the MICP method
improved expansive soil, revealing the mechanism of the
influence of calcium carbonate precipitation on the strength
properties and deformation of the expansive soil.

According to equation 8-10, the relationship between
porosity and pore diameter and damage variables of MICP
improved expansive soil based on damage theory can be
obtained as,

(P( > r) =1=- (rmin/rmax)0.0830370402886R (1 1)

4.3 Comparison of Calculated Results With
Measured Results From Different Porosity
Models

According to Equation 11, Figure 7 and Table 1, the calculation
results of different porosity (n) models for MICP improved
expansive soils under various levels of consolidation pressure
can be obtained. A comparison of the calculated results with the
measured results is shown in Figure 8.

From Figure 8, it can be found that the agreement between the
calculated results and the measured results is high under the
action of 0-800kPa consolidation pressure. Therefore, it is
verified that the porosity calculation model of the MICP
method improved expansive soil based on the fractal theory is
reliable and provides a new idea for the analysis of the pore
characteristics of the improved expansive soil. The revised
porosity calculation model based on damage theory can not
only truly reflect the close relationship between calcium
carbonate precipitation generated by microbial mineralization
and soil deformation, but also take into account the influence of
different consolidation pressures on soil microstructure damage
degradation. It can also be found in Figure 8 that both the
measured and calculated curves show that the porosity of the soil
sample decreases rapidly as the consolidation pressure increases,
but the rate of porosity reduction also becomes gradually smaller.
This indicates that the pore volume in the soil is gradually
reduced and the compactness of the soil is gradually increased.

Improved Fractal Characteristics and Microstructure of Expansive Soils by MICP

This results in a gradual increase in the strength of the soil and a
gradual decrease in the compressive deformation of the soil. The
analysis of the model calculation results reveals the microscopic
mechanism of the effect of the MICP method on the strength and
compression characteristics of the improved expansive soil.

5 ANALYSIS OF CONSOLIDATION
DEFORMATION

According to the theory of soil mechanics, it is known that the
pore ratio of soil is e = n/(1-n) and its compression deformation
is As=(e;—e;) h/(1 + ej). According to Equation 11, the
relationship between the compression deformation of soil
based on damage theory and the pore diameter and damage
variables can be obtained as that

0.08303-0.02886R | 0.08303-0.02886R;
1 ,( Timin 1 ,( Yimin
"Imax _ Fimax
0.08303-0.02886R | 0.08303-0.02886K;
() (ms)
_ Imax Timax
As = 0.08303-0.02886R | X h (12)
1 (nma
TIma
1+ N

0.08303-0.02886R |
(rlmm )

TImax

In Equation 12, the

r; is the diameter of the pore under initial conditions.

r; is the damage variable under initial conditions.

r; is the diameter of the bore under the ith level of loading.

R; is the damage variable under load level i.

h is the height of the soil sample.

By substituting the data in Table 1 and Table 2 into Equation
12, the compression deformation of MICP improved expansive
soil under different consolidation pressure can be calculated. The
comparison between the measured and calculated compressive
deformation of the improved expansive soil is shown in Figure 9.

From Figure 9, it can be found that under the action of
consolidation pressure from 0 to 800 kPa, the calculated results of
compression deformation are closer to the measured results, and
the predicted curve has the same development trend as the
measured curve. As the consolidation pressure increases, the
total compressive deformation of the soil sample increases, but
the rate of growth of the compressive deformation gradually
becomes smaller. This conclusion indicates that the macroscopic

3.5 —m—As
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=
E -
=zo0f e
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FIGURE 9 | Relation between As (As’) and P.
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deformation of the soil sample is closely related to the changes in
its microstructure. Therefore, the compression deformation
calculation method based on fractal theory and damage theory
can be used for the settlement analysis of MICP improved
expansive soils.

6 CONCLUSION

An experimental study has carried out on Nanning expansive
soils improved by the MICP method through compression
consolidation and scanning electron microscope imaging. A
theoretical analysis of the microstructure of the improved
expansive soils has carried out based on fractal theory and
damage theory. Through the study, the following conclusions
are obtained.

1) Through experimental studies such as one-dimensional
consolidation and scanning electron microscope imaging, it
is found that the MICP method improved the expansive soil
and significantly reduces the consolidation deformation of the
soil. The calcium carbonate precipitation produced by
microbial induction effectively fills the gaps between soil
particles and cemented the soil particles. The
microstructures of the soil sample were changed, which
ultimately led to significant improvement in the water
stability, expansion and contraction characteristics and
strength properties of the expansive soil.

2) Based on the fractal theory, the theoretical analysis of the SEM
imaging test results has carried out. Considering the
microstructural damage of the soil, a model for calculating
the porosity of the expanded soil improved by the MICP
method was established and the model parameters were
determined.
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