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Abstract

Enzyme-induced carbonate precipitation (EICP), an environmentally friendly geotechnical
reinforcement method, is commonly adopted in water conservancy infrastructure, like
reservoir bank slopes. Currently, limited studies have been performed on the mechanical
and structural properties of EICP-solidified soil (ES) under freeze-thaw (F-T) cycles. In
this study, a series of unconfined compressive strength (UCS) tests were performed to
investigate the strength degradation characteristics and failure modes of ES and untreated
soil (US) under a various number of F-T cycles. The “freeze-thaw structural parameter M,"”
and “initial freeze-thaw structural parameter Mp,” were established to study the structural
evolution laws of ES with strain and number of F-T cycles. Finally, the effect of F-T cycles
on the microscopic pore structure of soil was investigated. The results indicated that the
ES exhibited good strength retention capabilities subjected to F-T cycles. After one F-T
cycle, the strength loss rate of the US was as high as 69.33%, while that of the ES was only
64.69% after 15 F-T cycles. The “freeze-thaw structural parameter M;” and the “initial
freeze-thaw structural parameter M,,” presented the enhancement degree of structural
strength and stabilization of ES under F-T cycles. The M, with strain could be divided into
three stages. The nonlinear fitting results regarding the M}, showed a negative logarithmic
relationship with the number of F-T cycles. With various F-T cycles, the pore area ratio
of ES increased by an average of 0.603%, lower than that of US, 1.19%. After 10 to 15 F-T
cycles, the Feret diameter reduction in ES was only 0.015 um, which was 7% of the US,
verifying the macroscopic test results. In the design of the reservoir slope, Mp and My
can be used to evaluate the deterioration of mechanical and structural properties after
freeze-thaw disturbance, and to predict the stress and deformation response.

Keywords: EICP-solidified soil; freeze-thaw cycles; mechanical property; structural
parameter; microscopic pore structure

1. Introduction

In the seasonal frozen region, the stability of the reservoir bank slope has become
a critical issue in the construction and operation of hydraulic engineering [1,2]. Clay is
widely adopted in various hydraulic engineering constructions, like dams [3,4], and bank
slopes [5,6], because they have excellent engineering characteristics, such as widespread
distribution, low cost, and simple construction [7]. Clay is highly susceptible to plastic
deformation and even instability failure under the influence of external factors such as

Appl. Sci. 2025, 15, 10226

https:/ /doi.org/10.3390/app151810226


https://doi.org/10.3390/app151810226
https://doi.org/10.3390/app151810226
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app151810226
https://www.mdpi.com/article/10.3390/app151810226?type=check_update&version=2

Appl. Sci. 2025, 15, 10226

20f17

water level fluctuations and loads, due to its fine particle size, large specific surface area,
and strong hydrophilicity [8]. Therefore, combined with the characteristics of clay, it is of
great significance to explore solidified measures to enhance the mechanical properties and
engineering applicability of clay [9,10]. Enzyme-Induced Carbonate Precipitation (EICP)
technology, an emerging environmentally friendly method for geotechnical engineering
reinforcement, utilized enzymes to catalyze the hydrolysis of urea to produce carbonate
ions [11,12]. Calcium carbonate precipitates were generated by the reacting of carbonate
ions and calcium ions, which fill the pores and enhance the cementation between soil
particles, thereby improving the strength and stability of the soil.

To further expand the engineering application of EICP-solidified technology, numer-
ous laboratory tests have been performed on EICP-solidified soil to reveal the reinforcement
mechanisms by several authors. Peng [13] performed triaxial tests and unconfined compres-
sion tests to study the mechanical properties of the EICP combined with lignin-solidified
clay at room temperature, and demonstrated that the EICP technology noticeably improved
the strength. Lignin with a content of 0.75% can mitigate the brittle characteristics of EICP-
solidified soil. Wang [14] conducted comparative tests and concluded that the unconfined
compressive strength of the EICP-solidified silt soil was 954 kPa, which was higher than
that of MICP-solidified soil, 675 kPa. Mehmood [15] proposed that the EICP-solidified
expansive soil decreased the expansive force by five times, and the strength increased to
247 kPa after 14 days of curing.

The aforementioned studies primarily focus on the strength characteristics and rein-
forcement mechanisms of EICP-solidified soil at room temperature conditions. In seasonal
frozen soil regions, the calcium carbonate cementation structure formed by EICP can be
damaged through periodic frost heave and thaw settlement, affecting the mechanical prop-
erties of solidified soil [16]. At present, some scholars have studied the strength degradation
characteristics and failure mode of EICP-solidified soil under freeze—thaw cycles. Yuan [17]
studied the freeze-thaw durability and environmental risk assessment of silty sand im-
proved by EICP combined with magnesite tailings powder, and analyzed the unconfined
compressive strength and secant modulus of EICP-solidified soil. Ahenkorah [18] analyzed
the unconfined compressive strength of the EICP-solidified soil under freeze-thaw or
dry-wet conditions. All of them verified the good effect of EICP-solidified soil. However,
uncertainties regarding their structural properties have impeded the wide application and
the economic benefits of EICP-solidified technology in water conservancy infrastructure
such as bank slopes.

The essence of soil mechanical properties is the macroscopic response of its internal
structure. Therefore, structural damage inevitably leads to the degradation of soil mechan-
ical properties. Several scholars have found that the macroscopic mechanical behavior,
compressibility, and strength, were directly affected by cementation characteristics and
the arrangement of soil particles [19,20]. To determine the microstructural and damage
evolution laws of soil during the loading process [21], existing studies primarily focused
on comparing the mechanical properties of undisturbed soil and remolded soil, such as
strength and compressibility. Wu [22] investigated the effects of water content and dry
density on the deformation characteristics and strength variation laws of undisturbed loess
through conventional triaxial shear tests and concluded that water content exhibited the
greatest impact on loess structure using redefined structural parameters. Wu [23] proposed
the structural parameters for undisturbed loess, which was defined based on the shear
strength of undisturbed loess and remolded saturated loess, reflecting the strength charac-
teristics and essential properties of the soil. Structural performance decreased as the ratio
of dry density to porosity increased, and increased as the plastic limit increased. Yao [24]
proposed a new structural parameter, stress ratio sensitivity (S,), based on the mechanical
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sensitivity of undisturbed and remolded loess. The validity of the parameter was verified
by conducting triaxial shear tests on specimens with different water contents. Tremblay [25]
studied the compression characteristics of silt-stabilized soil by introducing the concept of
the inherent compression curve to predict the yield stress of artificially structured soil.

The above authors had conducted quantitative studies on different types of structural
soils. However, structural parameters should be able to describe the special properties of
a soil, such as, the collapsibility for collapsible loess, the expansivity for expansive soil.
Therefore, the structural quantitative indicators for EICP-solidified soil (ES) should be
able to describe the improvement effects of strength and structural properties. Currently,
Shao [21] defined the structural property parameter of loess based on the unconfined
compressive strength of the undisturbed, remolded, and undisturbed saturated soils, and
conducted quantitative research on the structural strength of undisturbed soils under
immersion saturation and loading conditions. However, the structural property parameter
had the following limitations. Firstly, the existing structural property parameter failed
to characterize the structural reinforcement effect of ES. Secondly, the structural property
parameter could not exhibit the evolution process of soil structural property with increasing
strain under loading conditions. Thirdly, the structural parameters could not reflect the
influence of freeze-thaw (F-T) cycles on soil structure. Finally, the parameter could not
reveal the coupled evolution laws on soil strength and structural characteristics during
F-T cycles.

Based on the above analyses, a series of laboratory unconfined compressive strength
tests were conducted on EICP-solidified soil (ES) under freeze-thaw (F-T) cycles to establish
the mechanical properties and structural evolution patterns. The predictive function
between structural parameter and mechanical index was established. The evolution laws
of micro pore parameters of the ES under F-T cycles were analyzed by scanning electron
microscopy (SEM). The experimental results of this study can provide a reference for the
design and application of EICP technology in seasonal frozen soil regions.

2. Materials and Methods
2.1. Test Materials

The soil used in this study was taken from the reservoir bank slope in the Bozhou
area of Anhui Province, China, with a sampling depth of 0.5 m below the slope surface, as
shown in Figure 1a. The main mineral components of the soil were quartz, chlorite, sodium
feldspar, orthoclase, muscovite, and other hydrophilic minerals, through XRD, as shown
in Figure 1b. The fundamental physical indicators of the soil were shown in Table 1. The
test soil was classified as low liquid limit clay according to the Unified Soil Classification
System (USCS) (ASTM D2487-17) [26].

Table 1. Basic physical indicators of soil.

Basic Physical Indicators Value
Natural Moisture Content (%) 14.98
Liquid Limit (%) 35.6
Plasticity Index 20.3
Optimum Moisture Content (%) 18.6
Maximum Dry Density (g/ cm?) 1.63

The EICP solution used in the test was composed of an enzyme solution and a cement-
ing solution mixed in a 1:1 volume ratio. The enzyme was derived from raw soybeans, and
the production process is shown in Figure 2a. The concentration of the enzyme solution
was 100 g/L [27]. The cementing solution consisted of a urea solution and calcium chloride
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solution, both with a concentration of 1.5 mol/L, mixed in a volume ratio of 1:1. The
function of the cementing solution is to provide carbon and calcium sources for the EICP.
According to the conductivity method [28], the enzyme had an average activity level of
about 12 mmol/min. The formula of enzyme activity (EA) is shown in Equation (1).

EA =10 x AU x 11.1 1)

where 10 is the dilution multiple of enzyme solution, AU is the change value of conductivity
within 5 min, 11.1 is the conductivity change of 1 mS/min corresponding to the enzyme
activity of 11.1 U (1.0 U = 1.0 mmol/(L-min)).

Yangmiaocun
s 40
. Xuchang . -
Luanchuan 3 Bozhou ~«
e " Nanyang Shierlicun
yan
3 ¢ m
Xiangyang Xiflyang I
¥ Huaizhuangeun ocun Shijuli
A ppi
ng. N L&
= Wuhan Hugecun Lixinloucun
Jingzhou " -~ Yafangcun
- LA e -4 ~
v Manan oy e
SR ‘ a 4 ocun ‘_\@
T G 7
- T
S, Nanc.hm s
> ® Quartz
¢ Clinochlore
* Albite
+ Orthoclase

* Muscovite

34.2%

Intensity(a.u.)

26¢)
(b)

Figure 1. The geographical location and composition of soil used in the experiment: (a) the location
of the soil used in this study; (b) the composition of the soil.
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Figure 2. Flow chart of test process: (a) production process of enzyme solution; (b) specimen
preparation; (c) freeze—thaw cycling tests; (d) unconfined compressive strength and SEM tests.
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2.2. Experimental Program
2.2.1. Specimen Preparation

This study included three types of soil specimens, EICP-solidified soil (ES), untreated
soil (US), and EICP-solidified saturated soil (ES_Sr), for the purpose of investigating the
strength and structural properties of the ES. The specimens of ES were obtained by mixing
prepared EICP solution with dry clay. The specimens of US were obtained by mixing
water with dry clay. The specimens of ES_Sr were obtained by saturating ES through the
vacuum saturation method referred to in the Standard for geotechnical testing method
(GB/T 50123-2019) [29]. All soil specimens were prepared using the optimum moisture
content. The preparation process of soil specimens was shown in Figure 2b. The dimensions
of the soil specimens were 39.1 mm in diameter and 80 mm in height [29]. It should be
noted that the specimens were sealed and placed into a constant temperature and humidity
curing box. The curing conditions were controlled at 25 °C and 95% humidity for curing
14d to ensure that the enzyme-catalyzed hydrolysis of urea proceeded adequately.

2.2.2. Freeze-Thaw (F-T) Cycling Tests

Freeze-thaw (F-T) cycling tests were conducted in low-temperature freezers and
constant-temperature test chambers, as shown in Figure 2c¢, to simulate the freeze-thaw
process of soil. Based on the daily temperature variation range in winter of the Bozhou area
(2020-2025) of Anhui, China, the freezing and thawing temperatures were set as —10 °C
and 20 °C, respectively. According to the research of Yang [30] and Yuan [17,31], F-T cycling
tests were conducted in this temperature range with the number of F-T cycles (N) being
0,1, 3,6,10, 15. Based on the work of Yuan [31] and ASTM D560M-24 [32], the duration
of 12 h were selected for both freezing and thawing to simulate the freeze—thaw process
of soil. To prevent moisture loss during the freeze-thaw cycle, the soil specimens were
wrapped in plastic wrap during the testing process.

2.2.3. Unconfined Compressive Strength Test (UCS Test)

The unconfined compressive strength test, which can obtain the unconfined compres-
sive strength and stress—strain curve of soil, is a commonly used method for testing the
mechanical properties of soil. The tests were conducted on soil specimens subjected to a
various number of F-T cycles using an electronic universal testing machine, as shown in
Figure 2d. The test conditions controlled the compression rate to 1% strain per minute until
the cumulative strain reached 15% referred to in the Standard Test Method for Unconfined
Compressive Strength of Cohesive Soil (ASTM D2166-16) [33]. The EICP-solidified soil and
untreated soil showed the stress “o” -strain “&” curves, peak stress “q,” and failure modes
to characterize their mechanical properties. To ensure the accuracy of the test data, the
unconfined compressive strength of the specimens was determined by taking the average

value of three parallel specimens.

2.2.4. Structural Analysis of EICP-Solidified Soil

Shao [34] established a structural parameter to describe the initial structure of loess
based on the unconfined compressive strength of the undisturbed loess, remolded loess,
and saturated loess. This structural parameter reflected the stability and variability of the
loess structure by releasing the water sensitivity potential and disturbance potential of loess.
In this study, following the idea of comprehensive structural potential, EICP-solidified soil
(ES) was regarded as structural undisturbed soil, EICP-solidified saturated soil (ES_Sr)
as saturated undisturbed soil, and untreated soil (US) as remolded soil to investigate the
structural properties of the ES.
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2.2.5. Scanning Electron Microscopy (SEM)

The specimens of ES and US subjected to 0, 1, 3, 6, 10, and 15 F-T cycles were an-
alyzed using scanning electron microscopy (SEM) to investigate their microscopic pore
structures. Firstly, specimens were selected from natural cross-sections for testing, with
sample dimensions of 5 mm x 5 mm x 5 mm (length x width x height). Secondly, the
specimens were dried in a vacuum freeze dryer to prevent changes in their microstructure.
Subsequently, the dried specimens were affixed to the specimen stage using conductive
adhesive. Finally, the microstructure of the specimens was observed and photographed
using SEM by selecting the appropriate magnification (2000 x).

The parameters of pore area ratio and Feret diameter were obtained using image
processing software, and the calculation process is shown in Figure 3. Five positions were
selected for each specimen for photography. To ensure the accuracy of the experimental
data, the mean values of pore parameters at five locations were analyzed under the same
operation method. The Feret diameter is used to describe the diameter of irregularly shaped
pores. The diameter is measured at every 10° from the center of the pore, and the average
of the measured values is taken as the Feret diameter [35,36]. The formula of pore area ratio
“F” is shown in Equation (2).

Pore determination Binarization Pore calculation

Figure 3. The process of calculating pore parameters.

3. Results and Discussion

This section presents a summary of the experimental results and analyses ob-
tained from the unconfined compressive strength test of EICP-solidified soil (ES) under
freeze-thaw (F-T) cycling conditions. Firstly, a comparative study was conducted on the
stress—strain curves, strength degradation patterns, and failure modes of ES and untreated
soil (US) before and after F-T cycles. Then, by constructing the “Freeze-thaw structural
parameter M,” and “Initial freeze-thaw structural parameter M},”, the evolution laws of
the structural properties were studied by the ES with strain and the number of F-T cycles,
respectively. Meanwhile, a strength prediction model for the ES was established. Finally,
the impact of F-T cycles on the microscopic pore structure of the soil was investigated
using SEM.

3.1. Analysis of Mechanical Properties and Failure Modes of EICP-Solidified Soil Under
Freeze=Thaw Cycles

Figure 4 shows the stress (0)-strain (¢) curves of ES and US obtained from the uncon-
fined compressive strength tests under various numbers of F-T cycles. As can be seen from
Figure 4a, the stress—strain curves of the ES remained basically consistent before and after
F-T cycles, and showed a strain softening behavior. From Figure 4b, the stress—strain curve
of the US showed a strain hardening behavior before the F-T cycle, which was similar to
the experimental results of Peng [13]. It should be noted that the stress—strain curves of US
showed a softening behavior after F-T cycles, owing to the fact the US could not support



Appl. Sci. 2025, 15, 10226

7 of 17

greater loads to maintain the process of plastic deformation, resulting in failure at the initial

stage of loading.
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Figure 4. Results of unconfined compression strength tests on ES and US: (a) ES; (b) US; (c) nonlinear
fitting results.

The unconfined compressive strength of the US was 150 kPa before F-T cycles, as
shown in Figure 4c. The unconfined compressive strength of the US decreased to 46 kPa
after one F-T cycle, with a strength loss rate of 69.33%. The strength further decreased to
36 kPa after three F-T cycles, and the strength loss rate reached 76%. After 15 F-T cycles,
the strength was only 16 kPa, and the strength loss rate reached as high as 89.33%. The
results showed that the strength and damage resistance of the US decreased significantly.

The unconfined compressive strength of the ES was 295 kPa before the F-T cycle, which
was 96.67% higher than that of the US, indicating that EICP technology can significantly
improve the strength characteristics of clay. The unconfined compressive strength of the ES
decreased, which was relatively small, with an increase in the number of F-T cycles. After
one F-T cycle, the unconfined compressive strength of the ES decreased to 146 kPa, with a
strength loss rate of 50.51%; after 3 F-T cycles, the strength decreased to 141 kPa, with a
strength loss rate of 52.2%; After 15 F-T cycles, the strength was 104.15 kPa, with a strength
loss rate of 64.69%.

Based on the above analysis, the unconfined compressive strength of the soil decreased
significantly due to the stage characteristics of the evolution process in microscopic pores.
During the initial freezing stage, owing to the rapid crystallization and expansion of free
water and weakly bound water, the soil skeleton was concentratedly destroyed by frost
heave stress, causing irreversible expansion of the original pores, and transforming closed
pores into connected pores. The soil skeleton was damaged after thawing, losing the
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elastic recovery, which cannot shrink back to the initial state, resulting in permanent pore
expansion damage. The connectedness of soil pores was consistently strengthened with an
increase in the number of freeze-thaw cycles. However, the rate of the increasing pore area
slowed down, and the marginal effect significantly weakened. It was indicated that, in the
early F-T cycle, the damage for soil was dominated by the expansion of pore size, while
subsequent stages were dominated by soil particle rearrangement.

The unconfined compressive strength of the ES, although with a decrease, remained
higher than that of US subjected to the same number of F-T cycles. After three E-T cycles,
the unconfined compressive strength of the ES increased by 291.67% as compared to US,
indicating that the ES had better strength retention capabilities under F-T cycles and could
effectively resist the negative impacts. The nonlinear fitting plot of the number of F-T
cycles versus the unconfined compressive strength g, are shown in Figure 4c. It can be
seen that the nonlinear fitting results of the specimens showed good agreement with the
experimental data, and the fitting correlation coefficients were all above 0.99. As shown in
Figure 4c, the unconfined compressive strength of the soil under the freeze-thaw cycles
had a certain discreteness. The error bars of EICP-solidified soil were generally short, and
the standard deviations were lower than 6% of the average. The data dispersion was small,
which reflected the good uniformity of EICP-solidified soil. The error bars of the untreated
soil were relatively longer. The standard deviations were less than 8% of the average.
Compared to the EICP-solidified soil, the g, of the untreated soil had a larger discreteness,
which reflected the poorer uniformity and more uneven pore distribution of the untreated
soil. However, the overall data error of soil specimens was relatively small, showing high
reliability and reproducibility [37,38].

Based on the above analysis, the freezing and thawing of water within the soil pore was
an important physical factor on the variations in soil pore structure. When the temperature
dropped, the water in the soil pores was frozen and expanded in volume, generating
frost heave. For the US, owing to frost heaving, the pore area ratio increased, causing the
loose structure. These changes were attributed to the weakening of cementation (organic
cementation and weak water cementation) and the rearrangement of soil particles. As for
the ES, part of the soil pores were filled and cemented by calcium carbonate precipitates
to maintain the relative integration of the soil structure. However, the enhancement effect
of calcium carbonate precipitates in the soil particles was still damaged by frost heave,
leading to the detachment and fracture of calcium carbonate precipitates. Some studies
have mentioned that freeze-thaw and wet—dry cycles can damage the internal structure of
soil and increase the deterioration of the pore structure of biocemented soil [17,39], which
is consistent with the mechanism of freeze-thaw induced increase in soil porosity and
strength degradation in this study.

Figure 5 shows the surface morphology of the ES and US with various numbers of
F-T cycles. From Figure 5, the following experimental phenomena are observed. Before
freezing (N = 0), the surface of the ES showed white calcium carbonate precipitates while
the US had no precipitates. After the first freeze (N = 0), the surface of ES presented a few
ice crystals with few visible cracks. After thawing (N = 1), the surface of the ES presented
no visible cracks after the ice crystals melted. In contrast, the surface of the US, after the
first freeze (N = 0), presented a large amount of ice crystals with scaly damage. After
thawing (N = 1), damaging cracks occurred on the surface of the US. After 15 F-T cycles,
the surface of the ES still exhibited no obvious damaging cracks, maintaining the integrity
of the structure even under forceful extrusion, while the structure of the US appeared loose
and fragmented upon slight extrusion.
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Figure 5. Comparison of the surface morphology of the ES and US under the F-T cycles.

Figure 6 shows the failure mode of the ES and US at the strain of 10%, after various F-T
cycles. Firstly, before freezing (N = 0), the ES showed shear failure, while the US presented
extrusion failure with drum deformation. Subsequently, after one F-T cycle, the ES showed
relatively good structural integrity after compression, with only minor damage to the
surface, while the surface of the US presented extensive damage. Finally, with increasing
F-T cycles, the ES showed block type failure, and the US presented fragmentation type
failure. It was indicated that the strength of the soil was enhanced by EICP-solidified
technology, which enabled the reduction in deformation and the formation of damaging
cracks in soils after the F-T cycles, and significantly decreased the damaged area of soil
after compression. However, the peak strength of the ES decreased, indicating that the
structure of the soil was still damaged after the F-T cycles.

Figure 6. Failure modes of the ES and US at a strain of 10%.

3.2. Analysis of Structural Evolution of EICP-Solidified Soil Under Freeze-Thaw Cycles

Based on the analysis in Section 3.1, the surface of the ES showed no visible damage
after F-T cycles (Figure 5). However, the unconfined compressive strength degraded
significantly (Figure 4c). This suggested that the freeze-thaw-induced damage to the soil
was primarily attributed to the deterioration of the internal structure.



Appl. Sci. 2025, 15, 10226

10 of 17

To further analyze the effect of freeze—thaw on the soil structural properties, the un-
confined compressive strength test results of EICP-solidified saturated soil (ES_Sr) were
introduced. The plot of unconfined compressive strength versus the number of F-T cycles
for ES, US, and ES_Sr is shown in Figure 7. As can be seen in Figure 7, the curve of the
ES showed a similar structural potential to the undisturbed soil with a high strength. The
unconfined compressive strength of the ES_Sr showed a gradually decreasing trend with
increasing F-T cycles, which was similar to that of the US. It was indicated that after satura-
tion, the ability of the ES to resist partial F-T damage was basically lost, which was similar
to the destruction of soil particle cementation and arrangement in the undisturbed soil after
saturation. Therefore, it was valid to apply the theory of comprehensive structural potential
of undisturbed soil to the structural properties study of ES, based on the test results.

300 F s = EICP-solidified soil (ES)
: ® Untreated soil (US)
250 1 4 EICP-solidified saturated soil (ES_Sr)
""" Nonlinear fitting of ES
b e Nonlinear fitting of US
= 200 - Voo Nonlinear fitting of ES_Sr
g
Z 150 k) Tz
3 R .
100F | o
S0F S
[ o S - :aI;: ,,,,,,, ::
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Number of F-T cycles

Figure 7. Unconfined compressive strength “g,” vs. number of F-T cycles.

Based on the reinforcement mechanism of structural properties in ES, the “structural
enhancement coefficient m;” was defined as the ratio of the stress ogs n of ES after N
freeze—thaw cycles to the stress oyg of US (N = 0) with the same strains. The “structural
enhancement coefficient 11, ” represented the ability of ES to enhance soil strength under
external loads. The greater the m1;, the better the soil structural strength was enhanced,
and vice versa. The “immersion disturbance coefficient m,” was defined as the ratio of
the stress ops s, of EICP-solidified saturated soil (N = 0) to the stress ogs of ES (N =0)
with the same strains. The “immersion disturbance coefficient m,” represented the resist
ability of the ES to degrade soil strength under a saturated state. The smaller the m;,
the greater the soil structural strength was disturbed, and vice versa. The “freeze-thaw
structural parameter M,” was established to investigate the evolution laws of the struc-
tural properties for ES with increasing strain under F-T cycles. The newly established
structural quantitative parameters can reflect the structural characteristics of ES under F-T
conditions, which reflected the structural reinforcement capability and resistance to water
immersion disturbance of the ES through structural reinforcement potential and released
water sensitivity potential. The “freeze-thaw structural parameter M,” was defined as the
product of the “m;”and “m,”. The greater the M, the higher the structural strength and
stabilization of ES presented. The formula of “freeze-thaw structural parameter M,” was
shown in Equation (3).

UES_N UES_Sr 3)
ous UES

My =my-my =

where M, was the freeze-thaw structural parameter, 71; was the structural enhancement
coefficient, m; was the immersion disturbance coefficient; cgs N was the stress of ES after
N freeze-thaw cycles (N =0, 1, 3, 6, 10, 15), cys was the stress of US (N = 0), 0gs s, was the
stress of ES_Sr (N = 0), cgg was the stress of ES (N = 0), kPa.
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The plot of “freeze-thaw structural parameter M," versus the strain with various
F-T cycles was shown in Figure 8. From Figure 8, with the increase in number of F-T
cycles, the plot of “M,” gradually shifted down, indicating that the structural strength
and stabilization of ES degraded. In addition, the curves exhibited a decreased trend with
increasing strain.

I

0.2
0

(a) (b)

Figure 8. The evolution laws of “freeze—-thaw structural parameter M, ”. (a) the plot of M, vs. Strain;
(b) the comparison with M, and ¢ in various stages.

Observing the evolution process of “freeze-thaw structural parameter M,"” of ES
before F-T cycles (N = 0), the process of the curve could be divided into three stages, namely
stage I, stage II, and stage III, as shown in Figure 8a,b. Stage I showed the significant
drop of M. In this stage, the soil structure was gradually compacted with minimal plastic
deformation, and was less susceptible to damage, owing to the cementing and filling
effects of calcium carbonate precipitates between soil particles. Stage II represented the
transition of M, degradation. In this stage, with the increase in strain, the soil structure
strength gradually decreased with larger plastic deformation, due to partial cementation
damage and rearrangement between soil particles. Stage III was the stable process of soil
structure. In this stage, the soil structural arrangement was gradually stabilized owing to
the destruction of the cementation and densification effects in the soil particles, resulting in
the significant decrease in unconfined compressive strength.

The above analyses focused on the structural evolution laws of ES with the strain. In
order to reveal the structural evolution law of ES with increasing the number of F-T cycles,
the “initial freeze-thaw structural parameter M,” was proposed. The “initial structural
enhancement coefficient 71” was defined as the ratio of unconfined compressive strength of
ES after N freeze—-thaw cycles (ggs_n) to unconfined compressive strength of US before F-T
cycles (qus) (N = 0). The greater the 71, the better the soil structural strength was enhanced.
The “initial immersion disturbance coefficient n,” was defined as the ratio of the unconfined
compressive strength of the ES_Sr (ggs_sr) (N = 0) to the unconfined compressive strength
of the ES (gps) (N = 0). The smaller the n5, the greater the soil structural strength was
disturbed. The “initial freeze—thaw structural parameter M;,” was defined as the product
of “n1” and “ny”. The greater the My, the higher the structural strength and stabilization of
the ES presented. The formula of “initial freeze-thaw structural parameter Mp” is shown
in Equation (4).

Mp=ny-np = JESN  qES Sr @)

qus qES
where M}, is the initial freeze-thaw structural parameter, 1, is the initial structural enhance-
ment coefficient, n; is the initial immersion disturbance coefficient; ggs n is the unconfined
compressive strength of ES after N freeze-thaw cycles (N =0, 1, 3, 6, 10, 15), qus is the un-
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confined compressive strength of US (N = 0), ggs_s; is the unconfined compressive strength
of saturated ES_Sr (N = 0), ggs is the unconfined compressive strength of ES (N = 0), kPa.

The comprehensive structural potential parameter was proposed by Xie [19]. The struc-
ture index reflecting the initial structure of undisturbed loess was proposed by Shao [21,34].
The above two parameters reflect the sensitivity of undisturbed soil after being disturbed.
The stronger the structure of undisturbed soil, the more vulnerable it is to disturbance.
Different from the above two structural parameters, EICP-solidified soil needs to use the
strength advantage of strong structural soil, and to weaken the instability characteristics
of strong structural soil. The structural parameters M, and M, proposed in this study
reflect the stability of the EICP-solidified soil after being disturbed. The greater the M,
and M, the stronger the ability of EICP-solidified soil to enhance structural strength and
maintain structural stability. The M,, defined as the product of m; and m;,, is a parameter
describing the process evolution, which can reflect the ability of EICP-solidified soil to
enhance structural strength and maintain structural stability during loading. The M,
defined as the product of n; and n,, is a parameter reflecting the initial structural strength
enhancement and the ability to maintain the initial structural stability of EICP-solidified
soil after immersion disturbance.

The plot of the nonlinear fitting results regarding the “initial freeze—thaw structural
parameter Mp,” with the number of F-T cycles is shown in Figure 9. From Figure 9, it can
be seen that the nonlinear fitting results had a negative logarithmic relationship, showing
good agreement with the experimental data. Before F-T cycles, the M, was the largest,
at 0.39, indicating the greatest structural strength and stabilization of ES. After the first
F-T cycle, the M, decreased most significantly, by 51%, indicating that the soil structural
strength and stabilization decreased significantly. The reason was that, in the early F-T cycle
stage, the freezing and migration of water molecules caused the irreversible destruction
of the cementation and arrangement of soil particles. The M, decreased by 65% after
15 F-T cycles, which is only a 14% decrease as compared to the first F-T cycle, indicating
that the variability of the soil structure decreased. The reason was that the expansion of
soil pores was gradually weakened with the increasing number of F-T cycles. However,
some of the structural strength and stabilization were preserved due to the cementation
and densification of the EICP-solidified technology.

0401 M,~(=0.018)*InN+0.197
035F (R?=0.99)
030
Foas]
020}

0.15+

0.10

Number of F-T cycles

Figure 9. Nonlinear fitting results of “initial freeze-thaw structural parameter M;".

Based on the above “freeze-thaw initial structural parameter M,”, a freeze-thaw
strength prediction model of the ES was established. The ggs and Mj, exhibited a linear nor-
malization relationship. The linear fitting results are shown in Figure 10 and Equation (5).

qes = 1.65 +29.35M, )
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where ggs is the unconfined compressive strength of ES, M, is the initial freeze-thaw
structural parameter, and the fitting correlation coefficient is 0.99.

3000 gyg=1.65+762.03*M,

(R?=0.998)

qgs(kPa)
o o
S G
S S

—_

W

(]
T

100

0.10 0.15 020 025 030 035 040
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Figure 10. “Initial freeze-thaw structural parameter M” vs. unconfined compressive strength ggs,

By comparing the linear fitting results with the experimental data, the prediction
error was found to be less than 2%. These results indicated that the freeze—thaw strength
prediction for ES exhibited satisfactory fitting and prediction accuracy.

3.3. Analysis of Microscopic Pore Structure Evolution of EICP-Solidified Soil Under
Freeze—Thaw Cycles

Based on the above analyses, the pore structure of soil exerted a significant influence
on soil mechanical characteristics and structural properties. Therefore, typical SEM images
were selected to analyze the evolution laws of the microscopic pore structure of the ES. The
pore area ratio and Feret diameter of the ES and US with a different number of E-T cycles
were obtained through image processing of SEM, as shown in Figure 11a. From Figure 11a,
with an increasing number of F-T cycles, the pore area ratio of ES and US was gradually
increased. Compared to the US, the pore area ratio of the ES increased by an average of
0.603%, which was lower than that of US, 1.19%. The increasing pore area ratio of ES was
less evident as the number of F-T cycles increased. The reason was that the damage of
the pore structure was alleviated by the calcium carbonate cementation and densification.
Meanwhile, the enhancement effect of EICP-solidified technology was demonstrated via
macroscopic mechanical tests.

23 m—EICP solidified so . L4 s EICP solidifed soil
I Untreated soil ? o 12 | W Untreated soil :rfn_c;e-az&?f;gjﬂe-n-m-ﬂc;n-,
200 \4 0 ) - |__intra soil aggregate _ |
,:;\ ¢ ) i Increasmglpore area : ] L)X'( 'i Lok - »Ej()l :
S ,‘q,‘;ag, { between soil ageregates | e “X) w L) ,
g 157 208t 53 vt
8 g pes
<
210} / 506
5 5
s 204
& 5L
0.2
0.0
0 1 3 6 10 15 0 1 3 6 10 15
Number of F-T cycles Number of F-T cycles
(a) (b)

Figure 11. The evolution patterns of pore area ratio and Feret diameter under F-T cycles. (a) Pore
area ratio; (b) Feret diameter.
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The plot of the Feret diameter with the number of F-T cycles is shown in Figure 11b.
From Figure 11b, the trend of the Feret diameter in the ES and US with the increase in the
number of F-T cycles was first increased and then decreased. The evolution pattern showed
that the numerous soil aggregates were separated by the freezing-induced expansion of
pore water in the early F-T cycles, causing the increase in Feret diameter. However, in the
later F-T cycles, changes in pore structure shifted from separation between soil aggregates
to fragmentation intra soil aggregate, resulting in a decrease in Feret diameter [36].

After 10 to 15 F-T cycles, the Feret diameter reduction in ES was only 0.015 pm, while
the US was 0.213 um, which was 14.2 times larger than ES, due to the availability of more
cemented compounds to cement the soil particles together, and densification. It should
be noted that the diameter of the US increased significantly between 610 cycles, owing
to the separation of large soil aggregates. After 10 F-T cycles, the large diameter pores
increase gradually slowed down, while the number of micro-pores inside soil aggregates
increased significantly. Hence, a significant decrease in diameter was observed on the US
due to fragmentation within soil aggregates, while there was a slight decrease on the ES.
It can also be verified from Figure 5 that, after 15 F-T cycles, the structure of the ES still
maintained a block state under forceful extrusion, whereas the US was broken down into
smaller fragments under slight extrusion.

Based on the above research, the following ideas are summarized so that the research
may contribute to sustainability. On the one hand, from the perspective of micro-scale
mechanisms, EICP-solidified technology enhances cementation and optimizes the struc-
tural arrangement of soil particles, thereby effectively increasing mechanical strength and
improving structural stabilization. On the other hand, from the perspective of macro-scale
reinforcement approaches, recommendations include increasing the concentration of the
cementation solution and employing the surface spraying of the EICP-solidified solution to
reduce moisture content in the pore structure, thus enhancing the F-T durability of the ES
on reservoir bank slopes.

4. Conclusions

(1) The unconfined compressive strength of the EICP-solidified soil (ES) and untreated
soil (US) showed strength degradation with the increase in number of freeze—thaw
(B-T) cycles, especially significantly after one F-T cycle. The reason was that the
microscopic pore damage of soil showed stage characteristics with the increase in the
number of F-T cycles. In the early stage, irreversible expansion damage of pores was
observed, and the damage slowed down due to the buffering of residual pores in the
later stage.

(2) The strength degradation of soil subjected to F-T cycles was improved effectively by
EICP-solidified technology. After 15 F-T cycles, the strength loss rate of ES was only
64.69% with no visible damage cracks, exhibiting block type failure. Compared to the
ES, the US was as high as 69.33% after one F-T cycle, and after 15 cycles, was increased
to 89.33%, presenting fragmentation type failure.

(38) The “freeze—thaw structural parameter M,” exhibited the evolution law of the ES
structural strength and stabilization with increasing strain under F-T cycles. The
evolution laws of the curves, first increased and then decreased, could be divided
into three stages, namely the significant drop of M,, the transition period of Mo
degradation, and the stable process of M.

(4) The “initial freeze-thaw structural parameter M;,” showed the evolution law of the
ES structural strength and stabilization with increasing the number of F-T cycles. The
fitting results had a negative logarithmic relationship with the number of F-T cycles.
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Moreover, the ggs (unconfined compressive strength of ES) and M}, exhibited a linear
normalization relationship.

(5) The pore area ratio of ES and US increased with the increase in the number of F-T
cycles. The pore area ratio of the ES was smaller than the US, indicating that the
increase in pore area was alleviated by the effect of calcium carbonate precipitates’
cementation and densification. The evolution laws of the Feret diameter showed
a trend of first of increase and then decrease, indicating that the failure process
shifted from between soil aggregates to intra aggregate with increasing the number of
F-T cycles.

In the design of the reservoir slope, M}, and M can be used to evaluate the deteri-
oration of the mechanical and structural properties after freeze-thaw disturbance, and
to predict the stress and deformation response. Meanwhile, the ammonium by-products
produced by EICP technology may cause potential hazards such as water eutrophication
and soil acidification [40]. In the follow-up work, the use of bionic hydrogels [41,42], en-
vironmentally friendly urea sources, and extraction of ammonia by-products near water
bodies [43] can be further considered to alleviate the above hazards.
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