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The effect of SiO2 methyl modification (CH3-NS) on various properties of the nondispersible underwater concrete (UWC) was
evaluated. The fluidity and antiwashout resistance of the UWC mixture were evaluated by various tests. Concrete specimens were
designed in the two different damage states, i.e., P-type and Z-type. The compressive strength test, contact angle test, Fourier
transform infrared spectroscopy (FTIR), and scanning electron microscopy (SEM) techniques were performed to analyze them.
The experimental results showed that adding CH3-NS increased the fluidity of the UWC. When too much CH3-NS was added, the
antiwashout resistance was reduced The CH3-NS doping should not exceed 3.0%. For P-type specimens, adding uncalcined CH3-
NS improved the strength of the reinforced specimens compared to calcined CH3-NS, the value was 17.9%. And the peak and
ultimate stresses of the specimens were shifted forward by 18.1 and 4.8%, respectively. The polar force component magnitude of the
surface tension of the specimen was the major factor affecting the surface free energy of P-type specimens. Different CH3-NS
statuses and the properties of specimens were the major factors affecting the surface free energy of Z-type specimens. Contact angle
measurements, FTIR, and SEM showed that uncalcined CH3-NS enhanced the hydrophobicity and reduced the surface free energy
while increasing the density of UWC and thus enhancing its compressive strength.

1. Introduction

Recently, with the constant development of China’s policy,
coastal cities are increasing their investments in constructing
hydroelectric buildings with great strategic importance, and
the northwestern areas located inland are also beginning to
build water conservancy projects [1, 2]. Meanwhile, countries
around the world have gradually increased the construction of
a large number of hydraulic structures, such as dams, hydro-
power stations, and reservoirs. Many countries are engaged in
exploring and developing offshore gas and oil. As the perfor-
mance of construction materials continues to improve, con-
struction projects such as the coastal aquaculture, harbors,
and marinas have also grown tremendously [3–5].

Due to long-term seawater scouring and erosive ions,
many hydrotechnical constructions suffered different dam-
age degrees. The existing strengthening methods are costly,
traffic disrupting, and have a long construction time [6–11].

Therefore, several new reinforcement methods [12–14] have
gradually emerged, relying on the performance of the non-
dispersible underwater concrete (UWC).

In the 1970s, UWCwas first successfully placed underwater
in the Federal Republic of Germany. In the following decades,
countries worldwide introduced and improved UWC accord-
ing to their needs. Existing research has discovered that adding
low-surface free energymaterials to UWC allows the water film
to dry spontaneously, reducing the contact surface wettability.
This can significantly lessen the impact of the water film on the
reinforced surface, increasing the reinforcement effect [15]. At
the same time, Courard et al. [16] found that the bond strength
between reinforcement and concrete is directly related to the
roughness of the concrete surface.

Many studies have been conducted on adding various
admixtures to UWC to enhance its performance in recent
years. Using 10 sets of UWC ratios, Wu et al. [17] concluded
that the specimens mixed with silica fume were better at frost

Hindawi
Advances in Civil Engineering
Volume 2023, Article ID 7689445, 15 pages
https://doi.org/10.1155/2023/7689445

https://orcid.org/0000-0003-1695-2252
mailto:zhongweiqiu@xpu.edu.cn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/7689445


resistance than specimens mixed with fly ash, mineral pow-
der, zeolite powder, and water repellent. Sikandar et al. [18]
mentioned that gum Arabic, super absorbent, and Xanthan
gum were the most suitable antiwashout admixtures (AWAs)
for fabricating UWC.Wang et al. [19] reported that nanopar-
ticles could significantly improve the compressive strength of
UWC. As a result of the nanoparticles filling the voids in the
concrete, its density increased. Researchers Liu et al. [20] found
that adding mineral powder improved the pore size distribu-
tion and reduced the porosity of UWC, which improved the
impermeability of concrete at a macrolevel. Jeon et al. [21]
investigated the effect of nano-SiO2 (NS) and MgO on the
hydration characteristics and antiwashout resistance of UWC.
In this study, they demonstrated that NS and MgO reduced
slump flow, increased viscosity, and enhanced the antiwashout
resistance ofUWC. In the compressive strength test,NS increased
the compressive strength of UWC, while MgO decreased the
compressive strength.

NS is an amorphous material exhibiting high-pozzolanic
activity, crystal nucleation, and microaggregate filling. NS has
been shown to act as a crystal nucleus in cement, improving
the material’s mechanical properties and durability. However,
the NS produced by the common sol–gel method tends to
agglomerate easily. This is because it has more surfactants
and greater surface energy and readily adsorbs water vapor
from the environment. To a certain extent, this affects the
application scope of NS. Through research on modification
experiments, some scholars have demonstrated that methyl-
triethoxysilane (MTES) can be used to prepare SiO2 methyl
modification (CH3-NS). Yang and Chen [22] found that the
silica gel membrane’s surface free energy and surface wetta-
bility decreased significantly with the ratio of MTES to tetra-
ethyl orthosilicate. According to them, hydrogen bonds are
primarily responsible for this effect. Using the sol–gelmethod,
Yang et al. [23] produced Pd-doped CH3-NS thin film mate-
rials. This experiment demonstrated that dimethylformamide
did not significantly affect the chemical structure of Pd-doped
SiO2 thin filmmaterials. Nevertheless, it delayed the oxidation
of metallic palladium to palladium oxide in the air.

Overall, reviewing the literature, the research on UWC has
made some progress, and many scholars are looking for better
admixtures to improve the performance of UWC. Neverthe-
less, this research is still underway. Although the performance
of SiO2 has been studied, there is little work available on
CH3-NS. CH3-NS is a novel material that is attractive. Currently,
it is mostly utilized in engineering to increase the mechanical
properties of concrete, the performance of recycled concrete, and
to produce waterproof coatings. Due to its remarkable qualities,
it can also be used to address the existing hydrotechnical con-
struction issues. Therefore, the prime aim of this work is to
research the advantages of CH3-NS in fabricating UWC and
reinforcement applications. This study prepared CH3-NS as a
mineral admixture for fast-setting UWC. Meanwhile, this study
investigated its effect on the fluidity, antiwashout resistance,
compression strength, and reinforcement properties of UWC.
In addition, this study considered contact angle tests, Fourier
transform infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM) to investigate the mechanism.

2. Materials and Methods

2.1. Materials. About 42.5 grade rapid hardening sulphoalu-
minate cement obtained from a company (China, Shandong)
was used as the primary binding material. Its physical prop-
erties are shown in Table 1. Adding fly ash and mineral
powder can reduce the amount of cement and aggregates
[24–26]. Zhang and Dong [27] discovered that fly ash
improved the concrete fluidity and increased the underwa-
ter/in‑air strength ratio of UWC. Furthermore, it allowed for
even distribution of the material’s pore size. Zhang et al. [28]
incorporated both fly ash and mineral powder into UWC. He
found that when only one material is added, the flow of the
concrete is reduced, but the strength is increased. Class I fly
ash and S95 mineral powder from a company (China,
Henan), were used in this study. Its physical properties are
shown in Tables 2 and 3. Specifically, the diameter of the
coarse aggregate was from 5 to 20mm and had a good gra-
dation; fine aggregates with a fineness modulus of 2.5,

TABLE 1: Properties of rapid hardening sulfoaluminate cement.

Specific surface area (m2/kg) Apparent density (kg/m3) Setting time (hr:min) Compressive strength (MPa)

495 3,020
Initial

setting time
Final

setting time
3d 7d 28d

≥0:25 ≤3:00 ≥ 30.0 ≥ 42.5 ≥ 45.0

TABLE 3: Properties of mineral powders.

Water content (%) Specific surface area (m2/kg) Apparent density (kg/m3) Fineness (μm)

5 450 970 43

TABLE 2: Properties of fly ash.

Water content (%) Specific surface area (m2/kg) Packing density (kg/m3) Density (g/cm2)

5 5,000 1.001 2
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medium sand. This test utilized two admixtures, UWB-Ⅱ
AWA, and a super plasticizer. The UWB-Ⅱ AWA was pro-
vided by an institute in Tianjin, China.

2.2. Preparation of CH3-NS. Yang et al. [29] used TEOS and
MTES as base materials and dilute nitric acid (HNO3) as a
catalyst. In a certain molar ratio, CH3-NS was successfully
prepared.

First, precursors were selected. The TEOS and MTES
used in this experiment were both from the same company
(China, Shanghai). Their parameters are shown in Table 4.

Second, TEOS, MTES, EtOH, H2O, and HNO3 were
weighed according to the mass ratio of 1/0.8/7.6/7.2/0.085
and placed into each cup. At the same time, the first three
precursors were sequentially added to the triplex container.
When they were completely mixed, they were put into the

ice–water mixture. The prepared homogeneous solution was
placed in a magnetic stirrer, and a mixture of water and
dilute nitric acid was added dropwise. Then, under stirring
reflux at 60°C, CH3-NS sol was obtained by cooling. First, the
CH3-NS sol was placed in a Petri dish and then dried in an
oven for 12 hr. After that, it was coarsely ground in a ceramic
container and finely ground in an agate container. Then, the
uncalcined CH3-NS sol was obtained. The calcined CH3-NS
was prepared by calcination in a muffle furnace for 6 hr at
350°C. Finally, this study prepared CH3-NS that could be
incorporated into UWC as an admixture by further coarse
and fine grinding of CH3-NS. The preparation process is
shown in Figure 1.

2.3. Mix Proportions and Fabrication of Specimens. In this
study, UWC was prepared according to the strength grade of

TABLE 4: Physical parameters of the precursors.

Medicine Molecular formula Molecular weight Boiling point

TEOS C8H20O4Si 208.327 165.5°C
MTES C7H18O3Si 178.302 142°C

FIGURE 1: The preparation process of CH3-NS.
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C30. Based on the specification (Q/CNPC 92-2003), a water/
cement ratio of 0.42 was used [30]. CH3-NS was selected for
incorporation into UWC due to its excellent properties.
Despite this, few studies have been conducted regarding
the effect of its dosing on the performance of UWC. As a
result, five groups of doping levels of 1%, 3%, 5%, 7%, and 9%
were chosen to investigate the effect of CH3-NS doping on
UWC performance. The specific proportion of the mixture
design is shown in Table 5.

The UWC specimens were prepared following the DL/T
5117-2021 [31]. The size of specimens is 150× 150× 150mm.
The specific performance requirements are shown in Table 6.
The process is shown in Figure 2.

2.4. Experiment Methods. As specified in DL/T 5117-2021,
the concrete fluidity test consists primarily of the slump test
and the slump flow test. The tests were carried out in accor-
dance with the steps required by the specification, and the
results were recorded.

This study used suspended matter content, pH, and tur-
bidity measurement tests to measure the antiwashout

resistance of the UWC mixes. The test water samples were
made according to the method in the specification. The sus-
pended solids content of the water samples were calculated
using the weighing method. Using a pH meter, its pH was
measured. The instrument used was a PHS-3C pH meter.
The same water sample was used to measure turbidity in the
turbidity machine. The instrument used was the SGZ-2 tur-
bidity meter.

The cube compressive strength test was carried out by
following the relevant provisions of DL/T 5117-2021, and
each reported result was the average value for three test
cubes. The UWC reinforcement test was conducted using
concrete specimens in two different damage states. The first
type of specimen used for running the UWC reinforcement
test was a crushed concrete specimen. The specimen lost its
corresponding load-carrying capacity. This is done to simu-
late severe natural disasters or human damage to the con-
crete. Two types of specimens were prepared, one with
calcined CH3-NS and the other with uncalcined CH3-NS.
They were numbered P-1 and P-2. Meanwhile, the reinforce-
ment state was also divided into underwater and in-air. The
artificially chiseled specimen is the second damaged condi-
tion of the concrete specimen. The depth of the cut is 3–4 cm.
This is to simulate concrete with minor human damage.
They have the same state as the first type. They were num-
bered Z-1 and Z-2. Table 7 and Figure 3 explain the meaning
of the number of damaged specimens.

In this study, the impact of CH3-NS on UWC reinforce-
ment was analyzed by conducting the contact angle tests,
FTIR, and SEM for examining hydration products and the
microscopic morphology of damaged specimens.

3. Results and Discussion

3.1. Fluidity Test. Table 8 shows the material’s fluidity after
adding different doses of CH3-NS. Figure 4(a) and 4(b) show

TABLE 5: Concrete mix design (kg/m3).

Cement Fly ash Mineral powders Fine aggregate Coarse aggregate Water UWB-Ⅱ AWA Super plasticizer CH3-NS(%)

333.4 71.4 71.4 689.5 1034.3 200 11.9 4.8 1
333.4 71.4 71.4 689.5 1034.3 200 11.9 4.8 3
333.4 71.4 71.4 689.5 1034.3 200 11.9 4.8 5
333.4 71.4 71.4 689.5 1034.3 200 11.9 4.8 7
333.4 71.4 71.4 689.5 1034.3 200 11.9 4.8 9

TABLE 6: Performance requirements of UWC.

Experimental projects Specific projects Parameter requirements

Fluidity
Slump (mm) 230Æ 20

Slump flow (mm) 450Æ 20

Antiwashout resistance
Loss of cement (g) <1.5

Suspended matter content (mg/L) <150
pH <12

Underwater/in-air strength ratio (MPa)
7d >35
28d >50

UWC mixture

Water

15
0 

m
m

UWC mixture

FIGURE 2: The UWC production process.
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the material’s slump and slump flow after adding different
doses of CH3-NS.

Figure 4(a) shows the relationship between the slump of
UWC and CH3-NS dosing. The maximum slump value was
obtained at a CH3-NS admixture of 7%. The value was
250mm. The minimum slump value was obtained at a
CH3-NS admixture of 1%. The value was 225mm. This sug-
gests that adding CH3-NS influenced the slump of UWC.

Figure 4(b) shows that the slump flow and slump fol-
lowed approximately the same trend. They both had maxi-
mum values at CH3-NS of 7%. When CH3-NS was 9%, they
decreased sharply.

In conclusion, the addition of CH3-NS improved the
fluidity of the material. This is mainly because CH3-NS is a
spherical particle, which plays a ball effect in the concrete
mixture. Furthermore, the data showed an abnormal
decrease after increasing the CH3-NS to 7%. Therefore, the
CH3-NS doping should not exceed 7.0% in accordance with
Table 6.

3.2. Antiwashout Resistance. Table 9 shows the material’s anti-
washout resistance after adding different doses of CH3-NS.

Figure 5(a) and 5(b) show eachwater sample’s suspendedmatter
content and pH.

With an increase in CH3-NS, the suspendedmatter content
of the water sample increased.When CH3-NS was dosed at 9%,
the highest suspended matter content in the water sample was
achieved, with a value of 195mg/L. Meanwhile, with an
increase in CH3-NS, the pH of the water sample also increased.
When CH3-NS was dosed at 9%, the highest pH of the water
sample was achieved, with a value of 12.35. Figure 5(c) shows
the turbidity value of each water sample. According to this
figure, all the water samples showed similar tendencies regard-
ing the suspended matter content and turbidity values. The
turbidity value of the water sample increased with an increase
in CH3-NS. When CH3-NS was dosed at 9%, the highest tur-
bidity value of the water sample was achieved, with a value of
430.5 NTU.

In summary, some of the data from the three types of
tests seriously exceeded the requirements of Table 6. The
primary cause of this is the precipitation of CH3-NS and
other substances while the UWC mix was in the water.
Therefore, the CH3-NS doping should not exceed 3.0% in
accordance with Table 6.

3.3. Reinforcement Test

3.3.1. Compressive Strength Test for Standard Test Cube.
Table 10 and Figure 6(a)–6(d) show compressive strength
data for various doses of CH3-NS and concrete ages.

A comparative analysis of the above data showed that the
strength of concrete decreased slowly with increasing CH3-
NS admixture at 1%–3%. Comparing each dose level showed
that UWC at 1% had the highest strength. This demonstrates
that a large proportion of CH3-NS did not improve concrete

TABLE 7: Meaning of damaged specimen number.

Damaged specimen number Meaning of number

P-1 Type I specimens mixed with uncalcined CH3-NS
P-2 Type I specimens mixed with calcined CH3-NS
Z-1 Type Ⅱ specimens mixed with uncalcined CH3-NS
Z-2 Type Ⅱ specimens mixed with calcined CH3-NS

ðaÞ ðbÞ
FIGURE 3: Concrete specimens of two different damage states: (a) crushed specimens and (b) chiseled specimens.

TABLE 8: The fluidity of the material after adding different doses of
CH3-NS.

Dosage of CH3-NS (%) Slump (mm) Slump flow (mm)

1 225 440
3 235 458
5 240 472
7 250 475
9 230 465
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strength in the subsequent admixture. Therefore, it is neces-
sary to carry out further research.

In summary, the CH3-NS doping should not
exceed 3.0%.

3.3.2. After Reinforcement. Table 11 and Figure 7(a)–7(d)
show the test results for each group of reinforcement con-
crete specimens.

Table 11, Figures 7(a), and 7(b) show that adding CH3-
NS of two different states affected the reinforcement perfor-
mance of the P-type reinforcement concrete specimens; par-
ticularly, P-type reinforcement concrete specimens under the
underwater conservation conditions. Compared to calcined
CH3-NS, uncalcined CH3-NS increased its strength by
17.9%. Furthermore, these specimens exhibited a forward
shift in peak and ultimate strains. The values were 18.1%
and 4.8%, respectively. The state of CH3-NS incorporation
did not have a significant effect on the strength of P-type
reinforcement concrete specimens under the in-air conser-
vation conditions. From results, it is ascertained that the use
of uncalcined CH3-NS in P-type reinforcement concrete spe-
cimens under the underwater conservation may lead to pro-
ducing a large number of tiny particles in the concrete
microstructure, which may lead to densifying the micro-
structure. Therefore, incorporating uncalcined CH3-NS was
effective in enhancing the strength of P-type reinforcement

concrete specimens under the underwater conservation
conditions.

Table 11, Figures 7(c), and 7(d) demonstrate that adding
different states of CH3-NS did not significantly improve the
strength of Z-type reinforcement concrete specimens. In
addition, there was also no forward shift in peak and ultimate
strains. This was due to the reinforcement concrete specimen
itself. Because Z-type specimens were damaged concrete spe-
cimens after manual chiseling, they still possessed some load-
bearing capacity, so the addition of CH3-NS did not have a
significant effect. In the later stages of the compressive
strength test, the concrete on the reinforced side was also
the first to be crushed. This further suggests that the original
concrete provided the majority of the load-bearing capacity
in the latter part of the test.

3.4. Contact Angle Test and Calculation of Surface Free Energy.
In the contact angle test, the experimental samples were taken
from the contact surface of the reinforced part of the speci-
mens. Two polar–nonpolar liquid combinations were selected
for this contact angle test; distilled water–diiodomethane and
glycerin–diiodomethane. This test can determine the speci-
men’s hydrophobicity. In this study, the contact angle sizes of
the various reinforcement specimens weremeasured and used
to calculate their surface free energy. The test images of partial
contact angles are shown in Figure 8. By doing so, this study

TABLE 9: The antiwashout resistance of the material after adding different doses of CH3-NS.

Dosage of CH3-NS (%) Suspended matter content (mg/L) Turbidity (NTU) pH

1 142 336.7 11.65
3 168 377.2 11.89
5 185 410.5 12.08
7 190 425.6 12.2
9 195 430.5 12.35
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FIGURE 4: The fluidity of the material after adding different doses of CH3-NS: (a) slump and (b) slump flow.
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FIGURE 5: The antiwashout resistance of the material after adding different doses of CH3-NS: (a) suspended matter content, (b) pH, and
(c) turbidity.

TABLE 10: Compressive strength data for various doses of CH3-NS and concrete ages (MPa).

Dosage of CH3-NS (%)
1d Compressive

strength
3d Compressive

strength
7d Compressive

strength
28d Compressive

strength

In-air Underwater In-air Underwater In-air Underwater In-air Underwater

1 24.5 17.8 25.6 19.9 45.2 34.5 56.9 45.2
3 15.0 12.0 20.1 15.6 42.0 33.2 49.8 40.2
5 19.4 14.5 21.6 16.5 40.8 32.0 52.6 43.8
7 20.1 16.8 24.2 17.8 41.6 35.0 54.8 45.8
9 23.1 17.6 27.8 20.0 43.9 36.9 57.0 47.6
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FIGURE 6: Compressive strength data for various doses of CH3-NS and concrete ages: (a) 1d compressive strength, (b) 3d compressive
strength, (c) 7d compressive strength, and (d) 28d compressive strength.

TABLE 11: Test data of reinforced specimens.

Category Collapse load (kN) Peak stress (MPa) Peak strain Ultimate strain

P-1(in-air) 766.85 34.08 4.81 5.35
P-1(underwater) 599.72 26.65 4.02 5.57
P-2(in-air) 730.31 32.46 3.92 5.41
P-2(underwater) 508.32 22.60 4.91 5.85
Z-1(in-air) 887.43 39.44 3.37 4.34
Z-1(underwater) 807.12 35.87 3.35 4.28
Z-2(in-air) 893.03 39.69 3.36 4.64
Z-2(underwater) 747.90 33.24 3.03 4.79
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gained a deeper understanding of the influence of CH3-NS
doping on the reinforcement specimen properties.

According to Table 12, the contact angle variation for the
P-type specimens was relatively consistent for the polar

liquids tests (distilled water and glycerin). In both, P-1 (in-
air) was greater than P-1 (underwater), with 7.16% and
4.27% declines. Hence, the specimens’ hydrophobic proper-
ties were relatively stable. In the same test, there was no
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FIGURE 7: (a) The stress–strain curve of the P-1 specimens, (b) the stress–strain curve of the P-2 specimens, (c) the stress–strain curve of the
Z-1 specimens, and (d) the stress–strain curve of the Z-2 specimens.

TABLE 12: Data of contact angle tests.

Category
Average value of contact angle (°)

Distilled water Glycerin Diiodomethane

P-1(in-air) 79.6 65.5 56.6
P-2(underwater) 73.9 62.7 53.4
Z-1(in-air) 57.3 51.8 46.5
Z-2(underwater) 57.3 51.2 42.1
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significant change in the contact angle size for Z-type speci-
mens. This indicates that it had a more stable hydrophobic
property. When tested with the nonpolar liquids (diiodo-
methane), both the P-type and Z-type specimens showed
varying decrease degrees in the contact angle size. The reduc-
tion for P specimens was 5.65% and for Z specimens was
9.46%. According to the results, the Z-type specimens had a
larger drop and thus had lower hydrophobic stability than
the P-type specimens. However, it also demonstrated that the
two different states of CH3-NS were beneficial in increasing
the material’s hydrophobicity.

Based on the data from the contact angle test, the results
of the calculation of the surface free energy are shown in
Table 13.

The data analysis revealed that the polar force compo-
nent magnitude (sum of hydrogen bonding forces and dipole
moment forces) of the surface tension of the specimen was
the main factor influencing the surface free energy of the P-
type specimens. If the polar force component is smaller, the

surface of the specimen would be drier. Consequently, the
hydrophobic property of the specimen will be improved, and
the surface free energy will be reduced, resulting in better
reinforcement. At the same time, the surface free energy of
P-type specimens was affected by CH3-NS in different states.
The uncalcined CH3-NS had a stronger dispersion force
component. This could increase the material’s hydrophobic-
ity and decrease the surface free energy. Different states of
CH3-NS and the property of the specimens were the main
factors influencing the surface free energy of the Z-type spe-
cimens. The uncalcined CH3-NS had a stronger dispersion
force component, which improved reinforcement perfor-
mance. Meanwhile, the thinness of the reinforcement surface
affected the polar force component.

3.5. FTIR Analysis. In this paper, FTIR was used to analyze
the effect of different functional groups on each group of
reinforced specimens. The test results are shown in
Figure 9(a)–9(d).

TABLE 13: Surface free energy and components of test water samples (×10−5 N cm−1).

Category
Water–diiodomethane Glycerin–diiodomethane Average surface free energy

γS
d γS

P γS γS
d γS

P γS γS
d γS

P γS γS
P/γS

P-1 (in-air) 25.39 7.53 32.92 26.14 7.29 33.43 25.77 7.41 33.18 0.22
P-2 (underwater) 26.09 10.17 36.26 26.74 8.41 35.15 26.42 9.29 35.71 0.26
Z-1 (in-air) 26.56 20.21 46.77 27.89 15.36 43.25 27.23 17.79 45.01 0.40
Z-2 (underwater) 29.29 18.78 48.07 31.50 11.62 43.12 30.40 15.20 45.60 0.33

Sessile drop method P-1 (In-air)Temperature: 20°C

ðaÞ

Temperature: 20°C P-2
(Underwater)Sessile drop method

ðbÞ

Z-1 (In-air)Sessile drop method Temperature: 20°C

ðcÞ

Temperature: 20°C Z-2
(Underwater)Sessile drop method

ðdÞ
FIGURE 8: Test images of partial contact angles, (a) P-1 (in-air), (b) P-2 (underwater), (c) Z-1 (in-air), and (d) Z-2 (underwater).
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FTIR results demonstrated that under the in-air conser-
vation, the hydrophobicity of P-type reinforcement concrete
specimens was mainly provided by free −CH3. The uncal-
cined CH3-NS had more free −CH3 and therefore exhibited
better hydrophobic properties. For P-type reinforcement
concrete specimens under underwater conservation, the
infrared absorption peaks of free −OH in the material appear
at 3,124 cm−1 and 3,121 cm−1, respectively. The free −OH
group is not evident in this type of specimen as seen from the
peak, thus indicating that the group affecting the basic prop-
erties of the specimen is not the free −OH; The absorption
peak near 871.8 cm−1 represents the stretching vibration of
Si–OH, and the peak performance of this functional group
on the spectrum shows a large change in trend. This is
mainly due to the reaction of CH3-NS with cement and water
molecules, forming the functional group. Therefore, the

main functional group that affects the reinforcement effect
of the P-type reinforcement concrete specimens in the water
environment is Si–OH.

For Z-type reinforcement concrete specimens under the
in-air conservation, it can be seen from the Figure 9(c) that
the peak performance of the main functional group Si–O–Si
as a repair material is not obvious. The antisymmetric and
symmetric stretching vibrations occur mainly at 692.4 and
1108.6 cm−1. This indicates that the skeleton material of the
Z-1,2 specimens under the in-air conservation was not sig-
nificantly affected. The characteristic absorption peak of
Si–CH3 is more pronounced. This is mainly related to the
free −CH3 in CH3-NS. The greater the number of free −CH3,
the more functional groups the material will combine in the
overall reaction, which is beneficial to improve the hydro-
phobicity and reinforcement performance of the material.
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–CH3
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Si–O–Si

Si–O–Si

Si–OH

Si–OH
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ðaÞ
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FIGURE 9: (a) FTIR analysis of P-type reinforcement concrete specimens under in-air conservation, (b) FTIR analysis of P-type reinforcement
concrete specimens under underwater conservation, (c) FTIR analysis of Z-type reinforcement concrete specimens under in-air conservation,
and (d) FTIR analysis of Z-type reinforcement concrete specimens under underwater conservation.
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For Z-type reinforcement concrete specimens under under-
water conservation, the peaks around 2,514 and 1,396 cm−1

are the stretching and deformation vibrations of free −CH3

in the specimen. The peak performance of Z-1 is even better,
which is directly related to the fact that CH3-NS has not been
calcined. The peaks around 3,445 cm−1 represent the infra-
red absorption peaks of free −OH in the two materials,
respectively. It’s free −OH is not only provided by the mate-
rial itself but also by the environmental factors. This leads to
the fact that the peak performance of −OH is not obvious
here, which leads to the fact that Si–OH is not considered the
main functional group. The absorption peak near 871 cm−1

represents the stretching vibration of Si–OH. The peak per-
formance of both of them is more consistent, which has some
relation to the performance of free −OH. Compared with the
specimen of the in-air conservation, the peak performance of
Si–O–Si is more obvious. The antisymmetric and symmetric
stretching vibrations occur mainly at 692.4 and 1,108.1 cm−1.
At the reinforcement interface, the presence of Si–O–Si pro-
vides additional assistance to the reinforcement during the
underwater hardening process, resulting in better mechani-
cal properties of the material. In summary, the different
curing conditions and the different states of CH3-NS do
affect the hydrophobicity of the material and the reinforce-
ment effect. Uncalcined CH3-NS can provide more help for
the reinforcement effect of the reinforcement material.

3.6. Microstructure Characteristics. Figures 10–13 illustrate
the microstructure of the various types of specimens.

Based on the microstructure, the internal structure of
P-type reinforcement concrete specimens was denser under

the in-air conservation. The combination of CH3-NS, high
sulfur type ettringite of needle-shaped (AFt), and high-sulfur
type ettringite of hexagonal flake (AFm), reduced the mate-
rial’s porosity. This also improved the later strength of the
cement. Under underwater conservation, the microstructure
of P-type reinforcement concrete specimens showed a differ-
ent state. The porosity reduction of the P-1 specimen relied
mainly on the AFm and AFt. The porosity reduction of the
P-2 specimen relied mainly on the AFm. In addition, it pos-
sessed too little CH3-NS and aluminum hydroxide gel of
pompom shape (AH3). Under the in-air conservation, the
microstructure of Z-type reinforcement concrete specimens
was significantly rougher. The AFt was perpendicular to the
structure’s surface, which reduced the porosity and increased
the friction. C2S produced an expansive AFt after the hydra-
tion reaction for Z-type reinforcement concrete specimens
under the underwater conservation. This filled the voids of
the hydration products and reduced the material’s porosity.

4. Conclusions

This paper investigated the impact of CH3-NS on UWC
performance and assessed its reinforcement performance.
The reinforcement mechanism was investigated by contact
angle test, FTIR, and SEM. The principal results and the
conclusions of this investigation are summarized as follows.

Adding CH3-NS increased the fluidity of the UWC. The
antiwashout resistance was reduced when too much CH3-NS
was added. The strength of concrete decreased slowly with
increasing CH3-NS admixture at 1%–3%. Comparing each

ðaÞ ðbÞ ðcÞ

ðdÞ ðeÞ ðfÞ
FIGURE 10: SEM images of P-type reinforcement concrete specimens under in-air conservation, (a) P-1 of 1 k times, (b) P-1 of 5 k times, (c) P-
1 of 10 k times, (d) P-2 of 1 k times, (e) P-2 of 5 k times, and (f ) P-2 of 10 k times.

12 Advances in Civil Engineering



ðaÞ ðbÞ ðcÞ

ðdÞ ðeÞ ðfÞ
FIGURE 12: SEM images of Z-type reinforcement concrete specimens under in-air conservation, (a) Z-1 of 1 k times, (b) Z-1 of 5 k times,
(c) Z-1 of 10 k times, (d) Z-2 of 1 k times, (e) Z-2 of 5 k times, and (f ) Z-2 of 10 k times.

ðaÞ ðbÞ ðcÞ

ðdÞ ðeÞ ðfÞ
FIGURE 11: SEM images of P-type reinforcement concrete specimens under underwater conservation, (a) P-1 of 1 k times, (b) P-1 of 5 k times,
(c) P-1 of 10 k times, (d) P-2 of 1 k times, (e) P-2 of 5 k times, and (f ) P-2 of 10 k times.
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dose level revealed that UWC at 1% had the higherest
strength.

Reinforcement tests showed that the addition of uncal-
cined CH3-NS effectively enhanced the strength of P-type
specimens after reinforcement. Meanwhile, it also shifted
forward the peak and ultimate stresses of the specimens.
The Z-type specimens still had the corresponding bearing
capacity, so the addition of CH3-NS in different states did
not significantly help the strength at the early stage of
reinforcement.

The main factor influencing the surface free energy of the
P-type specimens was the polar force component magnitude
of the surface tension of the specimens. The uncalcined
CH3-NS had a stronger dispersion force component. This
could increase the material’s hydrophobicity and decrease
the surface free energy. The main factors influencing the
surface free energy of the Z-type specimens were the differ-
ent states of CH3-NS and the properties of the specimen. In
addition, the thinness of the reinforcement surface affected
the polar force component.

The hydrophobicity of P-type reinforcement concrete spe-
cimens was mainly provided by free −CH3 under in-air con-
servation. Si–OH was the main functional group affecting the
P-type reinforcement concrete specimens under the underwa-
ter conservation. The hydrophobicity and reinforcement prop-
erties of Z-type reinforcement concrete specimens were mainly
enhanced by Si–CH3 under in-air conservation. Under the
underwater conservation, the hydrophobicity and reinforce-
ment properties of Z-type reinforcement concrete specimens

were provided by free −CH3, −OH, and Si–O–Si. Uncalcined
CH3-NS can provide more help for the reinforcement effect of
the reinforcement material.

SEM analysis showed that incorporating uncalcined
CH3-NS resulted in a denser microstructure of the reinforce-
ment material, improving its macro performance. In terms of
microstructure, the reinforcement concrete specimens per-
formed better under the in-air conservation, but the reinforce-
ment concrete specimens also met all of the test requirements
under the underwater conservation. Therefore, it is feasible to
use CH3-NS for underwater reinforcement.

Data Availability

The data used to support the findings of this study are
included within the manuscript.

Conflicts of Interest

The authors declare that there are no conflicts of interest.

Acknowledgments

This research was supported by the National Natural Science
Foundation of China (Grant No. 50708011), the Research
Initiation Project of Xi’an Polytechnic University (Grant
No. 310-107020368), and the State Scholarship Fund of
China (Grant No. 202108610120). We thank Ms. Xi Qiao
and Ms. Jin Yu for their help in the preparation of this
manuscript.

ðaÞ ðbÞ ðcÞ

ðdÞ ðeÞ ðfÞ
FIGURE 13: SEM images of Z-type reinforcement concrete specimens under underwater conservation, (a) Z-1 of 1 k times, (b) Z-1 of 5 k times,
(c) Z-1 of 10 k times, (d) Z-2 of 1 k times, (e) Z-2 of 5 k times, and (f ) Z-2 of 10 k times.
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