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Abstract: In underground engineering, cement-soil reinforcement beneath a peat soil environment is
a significant challenge. To investigate the corrosiveness of fulvic acid on cement-soil and its micro
and fine structure changes under the peat soil environment (PSE), an experiment was conducted to
prepare peat soil by mixing humic acid (HA) into an alluvial clayey soil and then adding cement
to make a cement-soil specimen, which was soaked in a fulvic acid (FA) solution and deionized
water to simulate the different working of the cement-soil. The experiment was carried out by
a scanning electron microscopy (SEM) test, mercury intrusion porosimetry (MIP) test, pore (particle)
and fracture image recognition and analysis (PCAS), and unconfined compressive strength (UCS)
test on cement-soil with soaking time as the variation factor. The results show that: In the deionized
water environment, the structural characteristics of the cement-soil exhibited a gradual enhancement
followed by a slight weakening. Conversely, when placed in a peat soil environment, the strength of
the cement-soil initially increased at a slow rate due to the gelling and filling impact of fulvic acid.
However, in the later stages, the corrosive influence of fulvic acid became dominant. This led to
an enlargement of the pore space within the cement-soil, resulting in a gradual deterioration of its
structure. Consequently, the strength of the cement-soil displayed a pattern of slow initial increase
followed by a rapid decrease.

Keywords: peat soil environment; cement-soil; corrosive action; scanning electron microscope;

mercury intrusion porosimetry test; microstructural changes

1. Introduction

The region surrounding Dianchi Lake and Erhai Lake in Yunnan is an ancient lake and
marsh region. Its geographical location and climate are extremely unique. Consequently,
peat soil is abundant in this region. Due to its high organic matter content, large lacuna
ratio, high compressibility, high water content, and low bearing capacity, peat soil is
classified as poor foundation soil [1-3]. Prior research has used cement to solidify it to
improve the bearing capacity of peat soil, resulting in significant improvements in the
field [4-7]. Nonetheless, the cement-soil created by cement solidification still exists in
the PSE. Many humic groups contribute to the environment’s acidity. This environment
will cause the cement-soil to corrode, disintegrate, and utterly lose its bearing capacity [8].
Therefore, the change in cement-soil’s strength is closely related to the microstructure’s
change after corrosion. In addition, according to previous studies on the existing forms
and solubility differences of humic acids (HA and FA) in peat soil, fulvic acid is soluble

Coatings 2023, 13, 1366. https:/ /doi.org/10.3390/ coatings13081366

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings13081366
https://doi.org/10.3390/coatings13081366
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-4276-5218
https://orcid.org/0000-0002-6264-3234
https://doi.org/10.3390/coatings13081366
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13081366?type=check_update&version=1

Coatings 2023, 13, 1366

20f18

in alkaline solution, water, and acid solution, and it exists in the soil in liquid form;humic
acid is soluble in alkaline solution but insoluble in water and acid solution, and it exists
as solid particles [9]. In order to provide theoretical support for the corrosion resistance
of cement-soil, it is essential to explore the corrosion of fulvic acid on cement-soil and its
microstructural alterations under the PSE.

The examination of the microstructure frequently employs sophisticated instruments
and well-established technical methodologies. One notable development in the field
of material science is the invention of scanning electron microscopy (SEM), which has
significantly enhanced the ability to investigate microstructural characteristics of various
materials. This technique is employed to examine the internal micro-area morphology of
soil and its solidified material, hence offering compelling evidence regarding the alteration
of the sample’s internal structure. In 2018, Howayek et al. [10] used SEM combined with
EDX to analyze the samples, finding a carbonate cladding layer between clay particles
and the carbon bridge connected to the clay particles. In 2019, Yao et al. [11] analyzed
the change in the microstructure of cement-soil by SEM test. SEM shows that adding
nano-MgO can make the cement-soil structure uniform and dense, but when the amount of
nano-MgO is high, the cement-soil will expand and produce cracks. Sulfuric acid erosion
will destroy the structure of cement-soil, and the formation of ettringite will deform the
structure of cement-soil. In 2021, Ruan et al. [12] used polypropylene fiber to improve
the mechanical properties of cement mortar soil and observed the microstructure changes
of cement-soil. SEM shows needle-like, layered, and flocculent hydration products in
cement-soil. It shows that when there is enough free water and room for development
in the cement-soil, flocculated hydration products will appear to fill the pores. In 2021,
Jiang et al. [13] observed the microstructure of cement-soil by SEM, which showed that
hydrated cement formed calcium silicate gel, acicular ettringite, and hexagonal calcium
hydroxide crystal. In 2021, Chen et al. [14] observed the microstructure of cemented mucky
soil samples by SEM. The results show that with the increase in curing time, the cement
hydration products closely connect the soil particles and change the structure of cement-soil,
but the smooth surface formed can easily cause the mutual slip between the cementitious
products. After the curing time reached 90d, the curing effect gradually deteriorated.
In 2022, Chen et al. [15] observed the microstructure of cement-soil mixed with or not
mixed with nano-SiO; in a seawater environment by SEM test. The results show that
the cement-soil not mixed with nano-SiO; becomes very loose under seawater erosion,
with more pores, small cracks, and poor structure. The cement-soil mixed with nano-5iO,
becomes compact, does not have apparent pores, and has a better structure. However,
SEM can only qualitatively or semi-quantitatively analyze pore changes. Therefore, many
researchers used mercury intrusion porosimetry (MIP) to quantitatively analyze the pores
and distribution characteristics of the sample to study the changes in the microstructure
of cement-soil quantitatively. For example, Hu et al. [16] drew the pore size distribution
curve of cement solidified sludge by MIP test in 2016. The results show that when the
curing effect is poor, the silt cement-soil produces shrinkage deformation, and the pore
size distribution of cement-soil changes due to the filling effect of hydration products. In
2017, Qu et al. [17] used the MIP test to study the permeability of silty clay solidified by
cement and other curing agents. The curing agent makes the pores of cement-soil transform
from large pores to small pores; the pore volume gradually decreases, and the permeability
coefficient of cement-soil gradually decreases. In 2018, Bozbey [18] used MIP and SEM
to study the microstructure changes of lime-stabilized clay. The results show that lime
changes the microstructure of clay by reducing pores. Although the pore size and porosity
increase in the short term, the pore size decreases, and the porosity decreases significantly
after one year of curing time. In 2021, Chen et al. [19] studied the development of the pore
structure of cement paste by MIP and nitrogen adsorption. The results of MIP show that
hydration products of cement can fill part of the pore and reduce pore volume. In 2023,
Cao et al. [20] studied cement-soil by SEM test. The results show that HA consumes cement
hydration products, but FA can fill the pores of cement-soil.
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In summary, scholars and engineers frequently employ SEM and MIP to investigate
the alterations in the microstructure of soil and its solidified byproducts, resulting in notable
advancements in this field. However, there is a scarcity of research that integrates SEM and
MIP for the purpose of analysis. Consequently, in this study, the cohesive soil was blended
with HA to produce peat soil, which was subsequently combined with cement to create
cement-soil specimens. The cement-soil was submerged in a solution of FA and deionized
water in order to replicate various operational conditions experienced by cement-soil.
Following the processes of soaking and corrosion, the cement-soil composite underwent
a series of tests, including SEM, MIP, PCAS, and UCS tests. The experiments analyzed the
alteration in the microstructure of cement-soil due to PSE corrosion, examining qualitative
and quantitative features. The findings establish a theoretical foundation for understanding
the corrosion resistance of cement-soil in the context of PSE.

2. Materials and Methods
2.1. Materials

The apparent conditions of the soil samples, cement, humic acid (HA) particles, and
fulvic acid (FA) powder employed in the test are shown in Figure 1.

Cohesive soil particle Cement particle

HA particles FA powder

Figure 1. The materials used in the test.

The basic situations of materials used in the test are as follows:
1. Testsoil

The soil sample used in this study is derived from alluvial clayey soil collected from the
northern slope of the Chenggong Campus dormitories at Kunming University of Science
and Technology, located in Kunming, Yunnan Province. Table 1 displays the primary
physical parameters of the soil samples. The cohesive soil that was acquired is subjected to
grinding following natural air-drying. Subsequently, it is passed through a geotechnical
sieve with a diameter of 2.00 mm. The resulting material is then placed into a storage
container, which is sealed and preserved. The soil’s particle density (specific gravity) is
recorded as 2.84 g-cm 3.

Table 1. Indicators of fundamental physical properties of the soil used in the test.

Test Soil

Natural Water Natural Density ~ Grain Specific

Content (%)

Liquid Limit Wy, (%) Plastic Limit Wp (%) (g-cm~3) Gravity Gs

Cohesive soil

18.60

39.20 23.00 1.96 2.84
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X-ray fluorescence (XRF) was employed to ascertain the chemical composition and
mass fraction of each constituent in the soil. Table 2 displays the findings, revealing that
the soil specimen’s primary chemical constituents were SiO,, Fe;O3, and Al,O3. The soil
sample underwent X-ray diffraction analysis to ascertain its phase makeup. The findings
are depicted in Figure 2. The primary constituents of the soil sample are quartz, kaolin-
ite, mica, goethite, and anatase. The soil composition is characterized by its singularity,
exhibiting a low concentration of organic materials. Hence, the utilization of soil as an
experimental material to investigate the alterations in the microstructure of cement-soil
under the corrosion of PSE yields minimal impact on the test outcomes.

Table 2. Chemical composition of the soil used for the test and mass fraction of each composition.

Test Soil

SiO,

The Chemical Composition and Its Mass Fraction (%)
Fe203 A1203 Ti02 Kzo MgO CaO Na20 MnO P205 LOI

Cohesive soil

46.57

21.22 20.80 8.90 0.48 0.48 0.16 0.04 0.14 0.57 0.64

i 1
16,000 ¢ Quartz
- v Kaolinite
14,000 i o Mica
512,000 | Goethite
= I Anatase
5.10,000
S 8,000
E L
6,000
4,000
2,000

10 20 30 40 50 60 70 80 90
20/°

Figure 2. XRD diffraction pattern of alluvial cohesive soil.

2. Cement

The cement chosen for this project is the regular Portland cement manufactured by
Yunnan Huaxin Cement Co., Ltd., the cement company is located in Kunming, China. The
strength rating of the material is 42.5 (label: PO42.5). The specific gravity of the cement

particles was measured to be 3.1 g-cm 3.

3. HA reagent

The Tianjin Guangfu Chemical Reagent Factory manufactured the humic acid reagent
utilized in the experiment, the chemical reagent plant is located in Tianjin, China. The
concentration of HA in the reagent was determined to be 41.68%, while its particle density
(specific gravity) was 1.85 g-cm 3.

4.  FAreagent

The FA reagent utilized in the experiment is a biological FA reagent manufactured
by Pingxiang Red Land Humic Group Co., Ltd., the humic group company is located in
Pingxiang City, China. The concentration of FA in the reagent was determined to be 60%.

5. Test water

The water being tested is deionized water.
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2.2. Experimental Design and Sample Preparation

Based on the findings of previous research [21], it was observed that the peat soil
surrounding Dianchi Lake and Erhai Lake exhibited a variation in the organic matter
content, ranging from 10.73% to 75.09%. Furthermore, the total quantity of humic group
compounds varied from 7.15% to 50.06%, while the concentration of humic acid (HA)
ranged from 2.36% to 28.13%. To fit the engineering practice more effectively, the dosage of
HA utilized in this experiment has been set at 20%, while the cement mixing ratio has been
established at 20%. The cement-soil samples were submerged in a solution of fulvic acid
(FA), with continuous addition of FA to maintain a consistent pH value of the solution, as
well as in deionized water. The immersion duration of cement-soil specimens is established
at intervals of 28 days, 90 days, 180 days, 270 days, and 365 days. In order to adhere to the
sampling requirements and fundamental properties of peat soil, the moisture content (w)
and void ratio (e) of a peat soil sample were assessed and regulated. The moisture content
was determined to be 24%, while the void ratio came out as 1.2. The experimental design is
presented in Table 3.

Table 3. Test scheme.

Testing Item

Cement Mixing Ratio (8)/% HA Content (1)/% Soaking Time/d Soaking Solution

SEM

MIpP

PCAS

ucs

FA solution (pH = 6),

28,90, 180, 270, 365 Deionized water
20 20 90, 270, 365 FA solution (pH = 6)

28,90, 180, 270, 365 FA solution (pH = 6)

28,90, 180, 270, 365 FA solution (pH =6),

Deionized water

The preparation, maintenance, and soaking of the samples were conducted in ac-
cordance with the Standard for Geotechnical Testing Method (GB/T50123-2019) [22] and
previous scholarly works [20]. The process in its entirety is illustrated in Figure 3.

‘ Mold and its ass;cmbly ‘

B=20%, 2=20%

Completed standard samples Compression of the sample

Figure 3. Sample preparation process.

2.3. Experimental Procedure

The samples in this study were exposed to several analytical techniques, including
scanning electron microscopy (SEM), mercury intrusion porosimetry (MIP), pore (parti-
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cle) and fracture image identification and analysis (PCAS), and unconfined compressive
strength (UCS) testing. The test procedure may be outlined as follows:

1. SEM test

Based on the observed phenomena in the sample, the cement-soil may be categorized
into three distinct layers: a strong wetting reaction layer (SWRL), a wetting reaction
transition layer (WRTL), and a weak wetting reaction layer (WWRL) [20]. The SWRL,
WWRL of cement-soil specimens soaked in fulvic acid solution (pH = 6), and cement-soil
specimens soaked in deionized water were taken for the study.

A piece with a flat surface is excised during the preparation of the SEM test sample.
Despite the surface seeming flat, there are no discernible cut lines, and it is not feasible to do
any polishing treatment. Once the observation segment has been completed, it should not
be touched and cleaned. Initially, the test block is treated to low-temperature drying within
an oven, followed by vacuum drying. Subsequently, it is affixed onto a metal platform using
conductive glue and coated with a layer of gold to augment its conductivity. Following
the completion of the production process, the SEM test was conducted using the Czech
VEGAS3-TESCAN automated tungsten filament scanning electron microscope.

2. MIP test

The MIP test was conducted on the specimen based on the experimental protocol.
The test was conducted using the Mike AutoPore IV 9500 high-performance automated
mercury porosimeter as the instrument.

3. PCAS test

The PCAS test utilized SEM test pictures to conduct a semi-quantitative analysis of
pores. The procedures for sample preparation and testing in the PCAS test were identical
to those employed in SEM.

4.  UCS test

The cement-soil’s unconfined compressive strength (UCS) was tested using a lime-soil
electromotive instrument tester. The instrument model under consideration is the YSH-2,
which is manufactured by Nanjing Ningxi Soil Instrument Co., Ltd. (Nanjing, China).
During the testing procedure, the rate of axial compression of the instrument is regulated
at a constant value of 1.0 mm per minute. The samples undergo a continuous application
of pressure until they reach the point of failure. The mean strength of the tested samples
was determined as the samples” unconfined compressive strength (UCS).

3. Results and Analysis
3.1. SEM Test Results and Analysis

The concentration of HA in the sample subjected to scanning electron microscopy
(SEM) testing is 20%, whereas the proportion of HA in the cement mixture is also 20%. The
SEM pictures presented in Figure 4a—e depict the samples that were immersed in deionized
water and FA solution (pH = 6) for varying durations.

Upon immersion in deionized water, the cement-soil specimens exhibit favorable
structural integrity, characterized by relatively diminutive pores, with certain locations
occupied by fine fibrous hydrates. As the duration of soaking increases, the hydration
products within the pores of cement-soil undergo a gradual transformation, transitioning
from a fibrous and flocculent state to a needle-like and short rod-like morphology. This
process further strengthens the cement-soil structure, as depicted in Figure 4a—c. When the
soaking duration is extended to 270 days and 365 days, the hydration reaction of cement
becomes less vigorous and more stable. However, it is observed that some fibrous and
flocculent cement hydration products are consumed by HA [23], resulting in the formation
of needle-shaped and block-shaped hydration products with a slightly inferior structure,
as depicted in Figure 4d,e.

When immersed in an FA solution for 90 days, it can be observed that the distribu-
tion of soil particles in the WWRL of the cement-soil mixture is relatively homogeneous.
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Additionally, a limited quantity of rod-shaped hydration products can be detected. The
surface of the cement-soil mixture exhibits adherence with FA, and certain pores within
the cement-soil are filled with FA. Conversely, in the SWRL, the presence of acicular and
short rod-shaped hydration products can be observed, as depicted in Figure 4a,b. The
rationale behind this phenomenon lies in the insufficient duration for complete saturation
of the cement-soil mixture and incomplete hydration of cement within the WWRL due to
a scarcity of available water. The occurrence of cement hydration is accelerated when the
SWRL is saturated with free water. During the period of time ranging from 90 days to
180 days, there is a steady rise in the depth of FA wetting in cement-soil. Additionally,
smooth and gummy attachments can be observed within the pores of SWRL and WWRL
and on the surface of soil particles, as depicted in Figure 4c. As depicted in Figure 5,
the configuration of the attachment closely resembles that of the dissolved FA, indicat-
ing that this substance has undergone dissolution in water and subsequent solidification
within the pores of the sample. The findings demonstrate that the colloidal characteristics
of FA are effectively manifested at present, leading to the filling of some pores in the
cement-soil specimens.

g ¥

e

i
The structure is good, the pores are small, and there are fibrous hydration products
Deionized water m Mag=500 X | m Mag=5.00 KX

!%Rod—like hydration products, and attached with FA
e

7 =N

‘ V wl
The structure is slightly poor, the clay particles are evenly distrik;uted, and some pores are filled with FA # !
WWRL (pH=6) Tam  Mag=500X | Tpm  Mag=5.00 KX

Vg

e

:; The structure ihtly poor, and needle-like and short rod-lic hydration prducts are clearly visible

SWRL(pH=6) 20 pum  Mag=500 X | 2 um Mag=5.00 KX

(a) Soaking time 28d

Figure 4. Cont.
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Deionized water Mag=500 X 100 pm Mag=5.00 KX 10 pm

SWRL(pH=6) Mag=500 X 100 pm Mag=5.00 KX 10 pm

(b) Soaking time 90 d

Figure 4. Cont.
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{ The structure is good, fibrous floceulent and acicular hydrtion products in the

Deionized water 20 um  Mag=500 X

$ £ ‘h . 24 ".‘ A8 ‘”»‘J/ :
The structure is slightly worse, clay particles dispersed, attached to a small amount of FA

WWRL(pH=6) 20um  Mag=500 X

The structure is slightly worse, no fibrous hydration producté, clay particles dispersed, attached to much FA

SWRL(pH=6) 20pm  Mag=500 X | 2pum  Mag=5.00 KX
(c) Soaking time 180d

Figure 4. Cont.
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Deionized water Mag=500 X

oy

s

5y

J
Al
Gy

The structure is worse, no hydration products are observed, the pore connectivity is strong, FA is attached

SWRL(pH=6) 20um  Mag=500 X | 2um  Mag=5.00 KX

(d) Soaking time 270d

Figure 4. Cont.
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2 N

The structure is slightly worse, block hydration products can be observed, pore connec_:t_i_vity is enhanced

Deionized water 20pm  Mag=500 X 2 pm Mag=5.00 KX

]

TR

The pore connectivity is enhanced, and the clay minerals are exposed and stacked in layers

WWRL (pH=6) 50 um  Mag=500 X ’ S5um  Mag=5.00 KX

The pore connectivity is further enhanced, the structure is poor, the clay
minerals are exposed and stacked in layers, no obvious hydration product [}

SWRL (pH=6) 50 um  Mag=500 X | Sum  Mag=5.00 KX

(e) Soaking time 365d

Figure 4. SEM diagram of SWRL and WWRL at each soaking time (500-5000 times magnification).

|:| Magnify 4.0 times

FA 20 um  Mag=500 X Sum  Mag=2.00 KX 2um  Mag=5.00 KX

Figure 5. SEM images of FA (500, 2000, 5000 times).

Nevertheless, it can be observed from Figure 4d,e that there is a steady decrease in
the different kinds of cement hydrates in the SWRL and WWRL as the soaking duration
increases from 180 days to 365 days. One possible explanation for this phenomenon is
that the presence of PSE leads to the consumption of hydration products, resulting in
the exposure of clay particles and further expansion of pores. Consequently, the overall
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structure of the cement-soil composite gradually deteriorates. Hence, with prolonged
utilization of cement-soil in PSE, the structural integrity of the cement-soil undergoes an
initial strengthening phase followed by a gradual weakening process.

3.2. MIP Test Results and Analysis

This study applies the MIP (Mercury Intrusion Porosimetry) test to examine pore
diameter variability and spatial distribution within cement-soil specimens. The soaking
duration was selected as the independent variable and set at 90 days, 270 days, and
365 days. In addition, it also fixed the cement mixing ratio of cement-soil at 20%, the HA
content 20%, and FA solution (pH = 6).

In 2022, Cao et al. [22] used the same test method to conduct MIP tests on cement-soil
containing HA. In this test, the soaking solution utilized in this experiment consisted
of deionized water; the soaking time of the sample was 90 days, with a cement mixing
ratio of 20% and an HA content of 15% (It is worth noting that although there exists
a minor disparity in HA content compared with that of this study, the information provided
remains very instructive). The results are shown in curve (a) in Figure 6, where the pore
diameters of cement-soil containing HA are mainly distributed in the range of 0.01 um
to 0.1 um. In this test, according to the curve characteristics, the pores were divided
into micropores (aperture < 0.01 pm), small pores (aperture 0.01~0.1 um), medium pores
(aperture 0.1~10 um), and large pores (aperture > 10 um). Based on the categorization
approach utilized by Cao et al., it has been shown that the pores observed in the cement-soil
specimens containing HA primarily consist of small pores, ranging in size from 0.01 um to
0.1 pm. To clarify, the cement-soil specimens analyzed in this experiment predominantly
exhibit small pores.

13 ——90d 270d 365d
°\°12 o (a) Reference group(Cao et al.,2022)
Tél It

u
—_—
Nelie]

aperture to total pore vol

O = N WAk WA I

Percentage of pore volume of a certain

001 0.1 1 10 100
Pore diameter /um

Figure 6. The relationship between the percentage of the pore volume of certain pore sizes in
cement-soil and the pore size (A =20%, 3 = 20%, pH = 6). (a) Reference group (Cao et al., 2022) [21].

Based on this, the relationship between the percentage of the pore volume of certain
pore sizes in cement-soil and the pore size obtained from the MIP test is shown in Figure 6.
The relationship curve between cumulative volume greater than a certain pore size and
pore size in cement-soil is shown in Figure 7. When the cement-soil is immersed in FA, its
pore size is spread within the range of 0.003 pm to 400 um, with a higher fraction of pore
volume falling within the range of 1 um to 100 um. Hence, the cement-soil soaked with FA
can be classified as a medium-to-large pore medium. The spectrum of pore size distribution
in the cement-soil is distinct from that observed in the unsoaked FA solution. The observed
phenomenon can be attributed to the fact that upon immersion in FA solution, there is
a noticeable rightward shift in the peak of the curve. This shift indicates an increase in pore
size within the cement-soil composite, particularly in the medium and large range.
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Soaking time
90d
——270d
——365d

0.20

e
—_
N

o
=
%)

0.08

0.04

More than the cumulative volume of
a certain aperture/(cm>-g 1)

0.01 0.1 1 10 100
Pore diameter /um

0.00

Figure 7. Relationship curve between cumulative volume greater than a certain pore size and pore
size in cement-soil (A = 20%, 3 = 20%, pH = 6).

The MIP curves of cement-soil exhibit variations when undergoing three distinct
soaking durations. When the soaking duration is 90 days, the pore diameter of the cement-
soil mixture is found to be spread across the range of 0.3 um to 20 pm. The shown curve
exhibits two distinct peaks, indicating that the pore size of the cement-soil specimens
soaked with FA soaking undergoes significant expansion, resulting in the formation of
medium and large pores when compared to curve (a). However, according to Figure 7, the
cumulative volume of pore size is still smaller than that of 270 days and 365 days. The pore
volume within the range of 0.003 um to 0.1 um is found to be greater when the soaking
duration is 270 days compared to the other two soaking durations. Furthermore, during the
immersion period, a significant fraction of the pore volume in the cement-soil specimens
is attributed to pores within the size range of 10 um to 40 um. The findings indicate
that there is a noticeable corrosion of the cement-soil after being soaked for 270 days, as
seen by the comparison of the MIP curves between the 90-day and 270-day samples. The
phenomenon of corrosion contributes to the subsequent enlargement of the pore size within
the cement-soil specimens, potentially resulting in the transition of closed pores to open
pores. Additionally, there is a notable escalation in the volume proportion of micropores
and small pores. When the soaking duration is 365 days, the pore volume of the cement-soil
mixture with a pore size ranging from 10 um to 100 um exhibits an increase in magnitude.
The findings indicate that an increase in the soaking period from 90 days to 365 days leads
to the cement-soil experiencing a corrosive impact from the PSE. This results in progressive
pore size enlargement, with the corrosion effect becoming more evident as the soaking time
prolongs. The main reason is that FA contains many acidic functional groups, specifically
carboxyl groups [24]. Upon being dissolved in water, a substantial quantity of hydrogen
ions undergo ionization and subsequently engage in reactions with the hydration products
of cement. The resulting products are soluble salts [25]. Therefore, the amount of hydration
products reduced, and some of the hydration products dissolved, which diminished the
filling action and increased the pore size.

Figure 7 illustrates the presence of two inflection points in the cumulative volume of
cement-soil pores at three distinct soaking time intervals. Furthermore, it has been shown
that when the duration of soaking reaches 270 days and 365 days, there is a reversal in
the cumulative pore volume of cement-soil at a pore size of around 0.05 pm. The changes
mentioned above have been implemented due to the fact that the corrosion of FA leads
to the opening of closed micro and small holes, resulting in a significant increase in their
volume. The duration of soaking period exhibits an increase from 28 days to 365 days,
which has been observed to enhance the unconfined compressive strength (UCS) of cement-
soil due to the colloidal properties of FA [9,26,27]. Additionally, it exhibits high acidity and
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demonstrates evident corrosive properties towards cement-soils during extended periods
of exposure, resulting in the dissolution of hydration products and leaching of associated
ions. Both factors play a crucial part in the reciprocal alteration of pores in cement-soil,
encompassing macropores, medium pores, small pores, and micropores.

Furthermore, the MIP test was conducted to assess the physical properties, specifically
permeability and conductivity coefficient, of cement-soil specimens subjected to varying
soaking durations. The corresponding findings are presented in Table 4. As the duration
of soaking rises, the cement-soil’s permeability significantly increases, accompanied by
a progressive increase in its conductivity coefficient (calculated value). The augmentation
of pore connectivity is directly proportional to the enhancement of permeability in cement-
soil. Consequently, the permeability of conductive liquid within cement-soil experiences
a similar elevation, leading to increased conductivity. The initial assessment indicates that
the corrosion impact of PSE leads to an improvement in the connection of internal pores
in cement-soil. Furthermore, the extent of corrosion becomes more pronounced as the
duration of soaking increases.

Table 4. Permeability and conductivity coefficient of cement-soil under MIP (A = 20%, 3 = 20%,
pH=06).

Physical Properties of Cement-Soil Soaking Time/d
Measured by MIP 90 270 365
Permeability /md 39.0371 308.4046 597.4950
Conductivity coefficient (calculated value) 0.0820 0.0960 0.1310

3.3. PCAS Analysis of Test Results

The identification and quantitative (or semi-quantitative) characterization of pore
and fracture features in cement-soil are performed using the PCAS test. The PCAS test
involves a set of cement-soil specimens with a cement mixing ratio of 20%, an HA content
of 20%, and an FA soaking solution with a pH of 6. The soaking period serves as the
variable component. The system automatically identifies the pores and cracks in cement-
soil composites to study their morphology and geometric parameters. The results of PCAS
analysis of pores in cement-soil are shown in Figure 8a—e, and the comparison between
PCAS test results and mercury intrusion test results is shown in Figure 9.

When the duration of soaking is 28 days, the cement-soil specimens exhibit a division
of the pores on its surface into a multitude of smaller pores, facilitated by the presence
of fibrous hydration products, as depicted in Figure 8a. When the soaking duration was
extended to 90 days, the pores of the cement-soil mixture were increasingly filled with
hydration products. Additionally, at specific locations, the hydration products began to
experience corrosion due to the action of FA. The cement-soil specimens has a limited
quantity of pores dispersed across its surface. However, it is important to note that these
holes are interconnected and possess a thin structure, as depicted in Figure 8b. When
the duration of soaking is extended to 180 days, there is a slight improvement in the
smoothness of the inner wall of pores on the surface of cement-soil specimens. The initial
factor contributing to this phenomena is the dissolution of FA, which subsequently results
in an amplified presence of caustic voids in cement-soil, as depicted in Figure 8c. When the
soaking duration reaches 270 days, the cement-soil specimens undergo dissolution due to
the corrosion caused by fulvic acid. As a result, the connectivity of the pores becomes more
pronounced, and the number of macropores in the observed region increases further, as
depicted in Figure 8d. When the soaking duration is 365 days, the pores on the surface of
the cement-soil specimens undergo erosion caused by FA. As a result, the connection of the
holes becomes more evident, leading to their expansion, as depicted in Figure 8e.
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(e) Soaking time 365d

Figure 8. Analysis results of pores in cement-soil by PCAS (A = 20%, 3 = 20%, pH = 6).
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Figure 9. Comparison of PCAS test results and MIP test results.

The magnitude of the effect on the unconfined compressive strength (UCS) of cement-
soil is directly proportional to the size of its pores. PCAS calculated the ratio of the
cross-section area of pores with a diameter larger than 10 um to the total cross-section area
of all pores in cement-soil, and the results are shown in Figure 9. As the duration of soaking
rises, there is a progressive increase in the proportion of pores in cement-soil with a pore
size greater than 10 um. The rationale behind this phenomenon is that upon immersion
of the cement-soil in the FA solution, the FA solution consistently infiltrates the sample
and initiates corrosion, leading to a notable augmentation in the macropore fraction. The
dissolving effect becomes increasingly evident with prolonged periods of immersion.

3.4. UCS Test Results and Analysis

The relationship curve between the UCS of cement-soil soaked in FA solution (pH = 6)
and deionized water and soaking time are shown in Figure 10, with a cement mixing ratio
of 20% and an HA content of 20%. The unconfined compressive strength (UCS) of cement-
soil in the two soaking solutions exhibited an initial increase followed by a progressive
reduction with the prolonged soaking duration. The maximum UCS was observed after
180 days of soaking. When the duration of soaking falls between 28 to 90 days, the UCS of
cement-soil specimens soaked in a solution of FA exhibits greater values compared with
those soaked in deionized water. In the period spanning from 90 to 180 days, the UCS of
cement-soil specimens subjected to immersion in an FA solution exhibits a lower value
than those soaked in deionized water. However, it is essential to note that the UCS still
shows an upward trend during this period. After being immersed for a duration exceeding
180 days, the UCS of cement-soil specimens soaked in FA solution is lower than those
soaked in deionized water. Furthermore, the UCS experiences a rapid drop over time.

The UCS of cement-soil exhibits a strong correlation with its microstructural char-
acteristics. Consequently, a complete analysis is conducted on the results of UCS, SEM,
MIP, and PCAS. The findings from the SEM test indicate that certain cement hydration
products undergo consumption while the connection of pores is strengthened following the
erosion of cement-soil in PSE over 180 days. Hence, the interconnection among the particles
underwent a slow transformation, transitioning from surface-to-surface interactions to
even point-to-point interactions, resulting in a progressive deterioration of the cement-soil
structure. The results of the MIP test indicate a notable increase in the proportion of macro-
pores, permeability, and conductivity coefficient in cement-soil eroded by PSE. The PCAS
analysis further supports this finding. Therefore, the peat soil environment’s corrosive
impact results in the progressive enlargement of the pores within the cement-soil specimens,
heightened connectivity, and even the formation of aerial structures. As a consequence,
the strength of the cement-soil mixture exhibits a pattern of gradual increase followed by
a rapid decrease as the immersion time progresses.
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Figure 10. Relationship curve between UCS and soaking time of cement-soil specimens (3 = 20%,
A =20%).

4. Conclusions

Experiment variables included immersion conditions (deionized water and FA solu-
tion) and immersion time (28d, 90d, 180d, 270d, 365d) to explore the corrosion mechanism
of FA in the peat soil environment and dynamic process of cement-soil corrosion. The study
resulted in the following conclusions:

(1) The structural characteristics and strength of cement-soil were shown to change over
time when exposed to deionized water and peat soil environments. In the presence
of deionized water, the structural characteristics of cement-soil exhibited a gradual
enhancement followed by a slight weakening. Conversely, when exposed to peat soil,
the strength of cement-soil experienced a slow initial increase due to the gelling and
filling effects of fulvic acid. However, as time progressed, the corrosive impact of
fulvic acid resulted in the deterioration of the cement-soil structure. Consequently,
the strength exhibited a pattern of gradual increase followed by a rapid decrease.

(2) To enhance the durability of cement-solidified soil in peat soil environments, it is
essential to adhere to the principles of cost-effectiveness, environmental consciousness,
and sustainability. This entails selecting cost-efficient and pragmatic additives that
can fortify the structure of cement-soil, decelerate the penetration rate of corrosive
substances such as fulvic acid, and enhance its impermeability to withstand corrosion
in peat soil environments.
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