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Abstract: To promote the recycling of industrial waste residues in the reinforcement of foundation
soil, the anti—seawater erosion of cement soil with ferronickel slag powder in the marine environment
was studied. Specifically, this paper employed ferronickel slag powder to partially replace the cement.
Then, the apparent morphology, unconfined compressive strength, and nuclear magnetic resonance
(NMR) tests were performed on specimens of cement soil with ferronickel slag powder soaked in
purified water and seawater. The research results reveal that with the rise in the content of ferronickel
slag powder, the erosive effect of seawater on cement soil weakens, while the compressive strength of
cement soil increases first and then decreases. With an excessive amount of ferronickel slag powder
added to the cement soil, its chemically active effect decreases, leading to a decrease in the strength
of the cement soil. When the admixture of ferronickel slag powder in cement soil is 45%, it achieves
good performance. The addition of ferronickel slag powder improves the plasticity of cement soil.
The higher the content of ferronickel slag powder, the greater the failure strain and residual strength
of the cement soil. Microscopic studies indicate that with the increase in the content of ferronickel slag
powder, the pores in the cement soil become smaller and smaller, the total pore volume decreases,
the continuity of the pore size distribution improves, and the structure becomes more compact, thus
enhancing the erosion resistance of cement soil.
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2023, 13, 100. https://doi.org/ Cement soil is widely used in road engineering, water conservancy, and construction

10,3390/ coatings13010100 projects because of its easy access to materials, good impermeability, great mechanical
strength, and superior durability [1-4]. In recent years, more and more scholars have stud-

Academic Editor: Andrea Nobili ied the mechanical properties of cement soil [5-8]. In order to meet engineering construction

Received: 29 November 2022 needs, the application environment of cement soil is also increasingly complex. Therefore,
Revised: 27 December 2022 the mechanical properties of cement soil under a corrosive environment have gradually
Accepted: 3 January 2023 attracted widespread attention. Xiong et al. [9] and Chen et al. [10] studied the reactions
Published: 5 January 2023 between C1~, Mg?*, SO4%~, and hydration products by conducting the unconfined com-

pressive strength test and scanning electron microscope (SEM) and other microscopic tests.

They found that the ion content degrades the strength of the cement soil, and that the coexis-
= tence of various corrosive ions has a greater impact on cement soil than a single type of ion.
Copyright: © 2023 by the authors.  Xing et al. [11-13] immersed cement soil in erosion solutions with different ions to examine
Licensee MDPI, Basel, Switzerland.  the impact of each ion on the strength of the cement soil. It was found that SO,2~, Mg?*
and C1~ affect the strength of cement soil at different stages. Specifically, SO4?~ mainly par-
ticipates in the early stage of the cement hydration reaction, Mg?* mainly participates in the
later stage of the cement hydration reaction, while C1~ participates in the entire process of
the cement hydration reaction. Mardani et al. [14] explored the influences of sulfate erosion
and freeze—-thawing on the permeability of kaolin reinforced by cement. They speculated
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that sulfate erosion reduces the freeze—thaw resistance of cement—stabilized clay and that
the freeze-thaw resistance of specimens using sulfate—resistant cement is better than that
of ordinary Portland cement. Pham et al. [15] studied the destructive effect of sulfate on
cement soil piles in the marine environment and found that the erosive effect of the marine
environment on the soil-cement weakens the strength and deteriorates the mechanical
properties of soil-cement piles. Li and Mousavi et al. [16,17] used ultrafine silica fume
to partially replace cement and studied the mechanical properties of cement—solidified
soil. They concluded that the unconfined compressive strength of cement—solidified soil
increases with the rise in the content of ultrafine silica fume; Mangat et al. [18] studied the
content of mineral residue and proposed that if the content of mineral residue is above
65%, the cement—based materials’ resistance to sulfate erosion can be improved. If the
mineral residue content is below 65%, their resistance to sulfate erosion depends largely on
the Al,Oj3 content. If the mineral residue content is lower than 50% and the Al,O3 content
exceeds 18%, the mineral residue attenuates the erosion resistance. On the contrary, if
the content of Al,O3 is lower than 11%, the mineral residue improves the erosion resis-
tance. Aukkade Rerkpiboon et al. [19] used bagasse to partially replace ordinary Portland
cement to increase its strength by 50%, while Eloy Asensio de Lucus et al. [20] proposed
and discussed the use of clay—based construction and demolition waste (C&DW) as the
pozzolanic additive. The results indicated that the addition of C&DW could significantly
improve the durability and erosion resistance of cement.

In this study, composite ferronickel slag powder is used as the mineral admixture
of cement soil. It is mixed into cement soil as a means of replacing cement with equal
quality. The cement soil in a clean water environment is set as the control group, and
the seawater environment is set as the test group. The cement soil surface morphology,
unconfined compressive strength test, and nuclear magnetic resonance test are carried
out. The corrosion resistance of ferronickel slag cement soil in a marine environment is
investigated by combining macro and micro test methods.

2. Test Plan

The soil used in the test was taken from the silt in the foundation pit of a project, with
a moisture content of 58.6% and a plasticity index of 19.8. All water used was purified
water. The cement used was ordinary Portland cement (P.O. 42.5). The formulation of
the ferronickel slag powder was improved based on previous studies on the properties
of ferronickel slag powder [21,22]. A certain amount of electric furnace ore powder was
added to the formulation, thus formulating a new nickel-iron slag powder composite.

Three influencing factors were set up in the tests: the amount of ferronickel slag pow-
der, soaking environment, and curing age. The mix proportions of the composite ferronickel
slag powder in the cement soil were 0%, 10%, 20%, 30%, 45%, 50%, and 60%, respectively.
The cement soil was demolded after being maintained in a standard maintenance box for
48 h. The demolded cement soil was placed in two immersion environments, water and
seawater, for 7d and 28d, respectively. The cement soil with 0%, 10%, 20%, 30%, 45%, 50%,
and 60% of composite ferronickel slag powder soaked in the purified water and seawater
was coded as A—0, A—10, A—20, A—30, A—45, A—50, A—60, and B—0, B—10, B—20, B—30,
B—45, B—50, B—60, respectively, as shown in Table 1. Three specimens were prepared for
each numbered cement soil sample.

To measure the erosion resistance coefficient Kt, the evaluation index for the immersion
erosion resistance of cement in Test Methods for Resistance of Concrete to Sulfate Erosion
(GB/T 749—2008), the lateral limitless compressive strength test was carried out, and a
standard test block of 70.7 mm X 70.7 mm x 70.7 mm was used. The unconfined test
adopted the MTS landmark 370.25 (MTS, INC., Eden Prairie, MN, USA) testing machine
(as shown in Figure 1) with a loading speed of 100 N/s. The test was carried out and the
data processed according to the specific requirements in the Design Regulations for the Mix
Proportion of Cement soil (JGJT233—-2011).
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Table 1. Preparation scheme of cement soil.
Compound
No. Cement (%) Cem‘zlr::elia tio Admixture Environment
Addition (%)

A—0 0
A-10 10
A-20 20
A-30 30 Purified water
A—4 45
A-50 50
A—60 60

B—0 15 0.5 0
B-10 10
B-20 20
B—-30 30 Seawater
B—45 45
B-50 50
B—60 60

|l b 7wl o B
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Figure 1. MTS landmark 370.25 testing machine.

Four ferronickel slag powder blending ratios of 0%, 30%, 45%, and 60% were designed
for the NMR test. The tests were performed with a MesoMR12—060H—I NMR analysis and
imaging system manufactured by Suzhou Newmark Analytical Instruments Co., Ltd. in
Suzhou, China. The NMR instrument mainly consists of the permanent magnet, specimen
tube, RF system, and data acquisition and analysis system. The cement soil specimen is a
cylinder with a diameter of 50 mm and a height of 50 mm, as shown in Figure 2.

Figure 2. NMR test piece.
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The erosion resistance coefficient of cement soil is calculated by Equation (1), and the
strength depreciation rate is calculated by Equation (2) [10].

f u,s
Kr =7 (1)
f u,c
where K7 denotes the erosion resistance coefficient of the cement soil, accurate to 0.001; T
denotes the soaking time in the water; f, s denotes the compressive strength in seawater at
time T; and f,  denotes the compressive strength in clean water at time T.

Ny =1-Kr 2)

where Nt denotes the strength loss rate of the cement soil, accurate to 0.001.
The NMR transverse relaxation time T is calculated based on Equation (3) through
data inversion [23].

1 S 3
T, ~ Py Reg @)

where T, denotes the transverse relaxation time; p2 denotes the transverse relaxation rate;
S/V—denotes the ratio of pore surface area to volume; and R—denotes the pore radius.

3. Test Results and Analysis
3.1. Apparent Erosion

After the cement soil with ferronickel slag powder is cured in purified water and
seawater, the surface of the cement soil will undergo different changes. The 28-days-old
cement soil cured in a purified water environment is shown in Figure 3, and the cement
soil cured in a seawater environment is shown in Figure 4.

The cement soil with ferronickel slag powder (specimen in Group A) cured in purified
water has a smooth surface, good integrity, and stable apparent characteristics (as shown in
Figure 3), while the cement soil with ferronickel slag powder (specimen in Group B) cured
in seawater shows different degrees of erosion.

After soaking in seawater for 28 days, the white substances on the surface of the
specimen in B—0 coagulated into blocks. The cement soil soaked in seawater shows
obvious erosion (as shown in Figure 4). The edges and corners of the specimen in B—30
were more comprehensive than those of the specimen in B—20. The integrity of the surface
of the specimen in B—50 did not change significantly. It can be seen that with the increase
in the content of ferronickel slag powder, the white crystalline substances on the surface of
the cement soil become less and less, and the agglomerated blocks gradually become thin.
This indicates that the addition of ferronickel slag powder into cement soil is beneficial to
resist seawater erosion.

Figure 3. Apparent erosion image of cement soil soaked in purified water for 28 days. (a) A—0;
(b) A—30; (c) A—50.
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Figure 4. Apparent erosion image of cement soil soaked in seawater for 28 days. (a) B—0; (b) B—30;
(c) B=50.

3.2. Influence of the Content of Ferronickel Slag Powder on the Compressive Strength of
Cement Soil

The relationship between the unconfined compressive strength of the cement soil with
ferronickel slag powder soaked for 7 days and 28 days and the content change of ferronickel
slag powder is shown in Figure 5. The specific analysis of the influence of the content of
ferronickel slag powder on the compressive strength of the cement soil is as follows.
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Figure 5. Relationship between the compressive strength of cement soil and the content of ferronickel
slag powder. (a) Purified water environment; (b) seawater environment.

If the curing age is seven days, it can be seen from Figure 5 that the compressive
strength curves of the cement soil soaked in purified water and seawater are basically
the same. They show an inverted V—shaped trend with the increase in the content of
ferronickel slag powder. The reason is that the curing age is short and the chemically
active effect of the ferronickel slag powder is not fully developed. The excessive amount of
ferronickel slag powder may result in the lack of reactants for the hydration reaction. When
the content of ferronickel slag powder exceeds 50%, its compressive strength declines with
the increase in content. According to the Technical Specifications for the Application of
Mineral Residue in Cement Products (JC/T2238—2014), the applicable maximum limit of
the quality of the cement replaced by the ferronickel slag powder is 45%, so the optimum
content of the ferronickel slag powder in the cement soil is 45%. If the curing age is 28 days,
it can be seen from Figure 5 that the compressive strength curves of the cement soil soaked
in purified water and seawater are basically the same as those obtained in seven days. With
the increase in the content of ferronickel slag powder, the compressive strength gradually
increases, and it reaches the peak value when the content is 50%.
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The sequential growth rates of the compressive strength of the cement soil soaked in
purified water and seawater for 28 days are 10.38%, 1.71%, 2.10%, 2.47%, 8.84%, —11.07%,
and 12.15%, 4.43%, 4.72%, 5.41%, 9.83%, —14.40%, respectively. Moreover, the sequential
growth rate of A—10 and B—10 is the largest, indicating that the addition of ferronickel
slag powder significantly improves the compressive strength of cement soil.

3.3. Influence of Marine Environment on Compressive Strength of Cement Soil

The relationship between the compressive strength of the cement soil with ferronickel
slag powder soaked in purified water and seawater and the content change of ferronickel
slag powder is shown in Figure 6. The erosion resistance coefficient Kt value and strength
loss rate Nt of cement soil can be obtained by Equations (1) and (2). The results are shown
in Tables 2 and 3.
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Figure 6. Compressive strength of cement soil with ferronickel slag powder soaked in purified water
and seawater. (a) 7 d; (b) 28 d.

Table 2. Erosion resistance coefficient of cement soil with ferronickel slag powder.

P ti
- roportion 0% 10% 20% 30% 45% 50% 60%
Coefficient
K5 0.875 0.892 0.905 0.911 0.943 0.966 0.934
Kyg 0.852 0.868 0.891 0.914 0.940 0.948 0.913
Table 3. Strength loss rate of cement soil with ferronickel slag powder.
P ti
roportion 0% 10% 20% 30% 45% 50% 60%
Loss Rate
N> 12.8% 10.8% 9.5% 8.9% 5.7% 3.4% 6.6%
Nyg 14.6% 13.2% 10.9% 8.6% 6.0% 5.2% 8.2%

As can be seen from Figure 6, the change trends of the strength curves of the cement soil
soaked in purified water and seawater with a curing age of 7 days and 28 days are basically
the same. With the increase in the content of ferronickel slag powder, the descending range
of compressive strength of the cement soil soaked in seawater shows a decreasing trend.
However, if the content of ferronickel slag powder exceeds 50%, the descending range
becomes large.

As can be seen from Table 3, the N; and N,g values under different contents of
ferronickel slag powder are 12.8%, 10.8%, 9.5%, 8.9%, 5.7%, 3.4%, 6.6%, and 14.6%, 13.2%,
10.9%, 8.6%, 6.0%, 5.2%, 8.2%, respectively. The strength loss rates Ny and Njs show
an inverted V—shaped trend with the increase in the content of ferronickel slag powder.
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The N7 and Njg values of the cement soil without ferronickel slag powder are 12.8% and
14.6%, respectively, obviously higher than those of other groups with the same curing age.
However, the N7 and Ng values of the cement soil with 50% of ferronickel slag powder are
12.8% and 14.6%, respectively, significantly lower than those of other groups with the same
curing age. This reveals that the marine environment has an adverse effect on the strength
of cement soil. The addition of ferronickel slag powder to cement soil not only improves
the strength of the cement soil, but also helps resist seawater erosion. This is due to the fact
that nickel-iron slag powder has a certain chemical activity, which is activated by 28 d of
curing to produce hydration reaction products. These products fill the pores between the
soil particles, making the cement soil more compact and preventing seawater from entering
the cement soil, thus reducing the erosive effect of the seawater. However, excessive cement
replacement by ferronickel slag powder is not conducive to resisting seawater erosion. In
this case, it cannot activate ferronickel slag powder in the middle and late stages, causing
an increase in hard —setting time and even the inability to shape the cement soil.

As can be seen from Table 2, the erosion coefficients K»>g and K7 under the same content
of ferronickel slag powder are 0.852, 0.868, 0.891, 0.914, 0.940, 0.948, 0.913, and 0.875, 0.892,
0.905, 0.911, 0.943, 0.966, 0.934, respectively. Kyg is lower than K7, except when the content
is 30%. The seawater erosion enhances with the increase in the curing age. The influence of
the marine environment on the strength of the cement soil with ferronickel slag powder
is low under a curing age of 7 days. Under the same content of ferronickel slag powder,
Kys is lower than K. The erosive ions in seawater react with hydration products to form
dilatants with low strength. These dilatants accumulate with the curing time, resulting in
swelling stress and damage to the internal structure of the cement soil. Consequently, it
reduces the strength and deteriorates the mechanical properties of the cement soil.

Figure 7 shows that the change trends of the stress—strain curves of the cement soil
with different contents of ferronickel slag powder soaked in purified water and seawater
are basically the same. The cement soil with ferronickel slag powder shows obvious brittle
failure.
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Figure 7. Stress—strain curve of cement soil with ferronickel slag powder. (a) Purified water environ-
ment; (b) seawater environment.

It can be seen from Figure 7 that under the same curing conditions, the failure strain
of the cement soil increases continuously with the increase in the content of ferronickel
slag powder. The failure strains of A—0, A—30, and A—45 in purified water are 1.32%,
1.55%, and 1.98%, respectively. The failure strains of B—0, B—30, and B—45 in seawater
are 1.25%, 1.46%, and 1.81%, respectively. This indicates that the addition of ferronickel
slag powder to cement soil can improve the plasticity of cement soil with ferronickel slag
powder. After curing for 28 days, the ferronickel slag powder fills the pores in the cement
soil as microaggregates, and undergoes a hydration reaction. The products are beneficial
for improving the mechanical properties of cement soil. It also reveals that the residual
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strength of stress—strain curves obtained under purified water and seawater environment
increases with the rise in the content of ferronickel slag powder.

4. NMR Analysis of the Four—Pore Structure

The NMR images show the distribution of the number and size of the pores in the
cement soil with ferronickel slag powder. As shown in Figures 8 and 9, with the increase
in the content of ferronickel slag powder, the number of pixel points decreases, the color
becomes lighter, and the distribution becomes uniform, indicating that the interior of the
cement soil is dominated by small pores, with a homogeneous and dense state. However, if
the content is 60%, the number of pixel points increases, with dense agglomeration and
poor uniformity, indicating that the number of big pores increases and the porosity inside
the cement soil increases. Compared to the cement soil with the same content of ferronickel
slag powder in a purified water environment, the cement soil with ferronickel slag powder
in a seawater environment has more pixel points, more obvious dense agglomeration, and
worse uniformity. In Table 4, the porosity of B—0, B—30, B—45, and B—60 is 48.60%, 46.52%,
43.48%, and 45.56%, respectively, which is increased by 3.18%, 1.8%, 1.33%, and 0.81% com-
pared to those under a purified water environment. The difference in the porosity between
the two gradually decreases, and the seawater erosion gradually decreases, indicating that
the addition of ferronickel slag powder into the cement soil weakens the erosive effect of
seawater and enhances the compactness of the cement soil.

(o) (d)

Figure 8. NMR pseudo—color image of cement soil with ferronickel slag powder under purified
water environment. (a) A—0; (b) A—30; (c) A—45; (d) A—60.
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Figure 9. NMR pseudo—-color image of cement soil with ferronickel slag powder under seawater
environment. (a) B—0; (b) B—30; (c) B—45; (d) B—60.

Table 4. Porosity of of cement soil with ferronickel slag powder.

No. A-0 A-30 A—45 A—-60 B-0 B—-30 B—45 B—-60
Porosity /% 45.42 44.72 42.15 46.02 48.60 46.52 43.48 46.83

It can be seen from Table 4 and Figure 10a that with the increase in the content of
ferronickel slag powder, the integrated peak area gradually decreases, indicating that
the number of pores and the total pore volume decreases. When the initial value of T,
gradually moves to the left, the terminal value of T, does not change significantly, and the
peak signal amplitude gradually decreases, indicating the transformation of large pores
into small ones, with the increase of small pores and the decrease of large ones. As shown
in Figure 10b, the T, distribution curves of B—0 and B—30 show a bimodal pattern. The
peak amplitude and integrated peak area of the P, of B—30 are smaller than those of the
P> of B—0. B—45 and B—60 show unimodal distribution. As can be seen from Table 4, the
peak T2 values of B—0, B—30, and B—45 are 1.32 ms, 1.15 ms, and 0.96 ms, respectively,
and the changing trend is consistent with that under a purified water environment. With
the same content of ferronickel slag powder, the T, values increase by 0.12 ms, 0.07 ms, and
0.11 ms, respectively, compared with those under a purified water environment. Moreover,
with the same content of ferronickel slag powder, the integrated peak areas of B—0, B—30,
and B—45 are 45071, 44907, and 44114, respectively, and the T, values increased by 395,
1152, and 1203, respectively, compared with those under a purified water environment.
This indicates that seawater erosion increases the number of pores, enlarges the pore size
and the total pore volume, and decreases the compactness and integrity of the cement soil,
resulting in the lower strength of the cement soil.
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Figure 10. T, distribution curve of cement soil with ferronickel slag powder. (a) Purified water
environment; (b) seawater environment.

5. Conclusions

(1) It can be seen from the apparent erosion characteristics that the surface of the cement
soil cured in seawater suffers from erosion, and the edges and corners are passivated and
fall off. The increase in the content of ferronickel slag powder makes the surface of the
cement soil more complete and weakens erosion.

(2) The compressive strength of the cement soil can be improved by incorporating
nickel-iron slag powder, and its compressive strength increases and then decreases with
the amount of incorporation, and the maximum compressive strength is achieved at 50%
of incorporation. The marine environment can deteriorate the strength of the cement soil;
however, the incorporation of nickel-iron slag powder into the cement soil can resist the
erosion effect of seawater, and the best effect is achieved at 45%.

(3) The ferronickel slag powder cement soil in the clear water environment and
seawater environment shows brittle damage. The mixing of cement soil with nickel-iron
slag powder enhances the plasticity of the cement soil, and the damage strain and residual
strength increase with the increase in the mixing amount.

(4) The NMR test revealed that ferronickel slag powder can exert microaggregate
effects in the cement soil. With the increase in the nickel-iron slag powder admixture, the
large pores inside the cement soil decrease, the small pores increase, and the continuity of
the pore size distribution becomes better and better. The total volume of the pores decreases
and the structure is more dense.
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