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Abstract: Repairing materials are well-known to play an important role in rehabilitating and extend-
ing the service life for hydraulic concrete structures. However, current underwater repairing materials
possess several problems, including insufficient bond tensile strength, inconsistency with the defor-
mation of the old substrate, and insufficient underwater self-sealing ability. In the present paper, an
experimental study was carried out to evaluate the influence of silica nanoparticles (SNs) on the prop-
erties of underwater composite-repairing materials. The underwater deformation, impermeability,
bond tensile strength, and compressive strength of the SN-modified underwater composite-repairing
materials were used as the properties’ evaluation indices. The results show that, within a certain
range, the performance of the repairing material increase with increased SN percent. The deforma-
bility, impermeability grade, underwater bond tensile strength, and compressive strength of the
SN-modified composite underwater repairing materials are 2.2%, 8, 2.91 MPa, and 115.87 MPa, re-
spectively, when the mass ratio of the mortar, the curing agent and the SNs is 8:1:0.002. The proposed
material is employed to repair the dam for a hydropower station in Guizhou province, China. Results
show the seepage discharge is reduced by 8.6% when the dam is repaired. The annual average
generating capacity is increased by 1.104 × 105 kWh. Meanwhile, CO2 and NOx emissions are
reduced by 1.049 × 105 and 220.8 kg annually, respectively.

Keywords: underwater repairing materials; silica nanoparticles; optimum mass ratio; economic
analysis

1. Introduction

Concrete is an indispensable material in water conservancy project construction and
is very important for the safe operation of the whole project. Since the concretes are often
exposed to many different loads—such as temperature change, water flow and sandiness
stream, alternation of wet and dry, and freeze–thaw cycles—its members and structures are
likely to experience serious defects, such as weathering, erosion, and carbonization [1,2].
These damages gradually accumulate over time and affect the safe working and service life
of hydraulic structures [3]. Cracking is one of the most significant causes of deterioration
in the durability of concrete structures [4,5], particularly for concrete in aqueous environ-
ments [6,7], where the working environment is bad. They need to be repaired in time after
defects occur, otherwise they will have a serious impact on the safe use and durability of the
whole structure [8]. According to an existing study [9], it is very time-consuming and sig-
nificantly affects the economic efficiency to repair the cracks by emptying water; therefore,

Energies 2021, 14, 2423. https://doi.org/10.3390/en14092423 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en14092423
https://doi.org/10.3390/en14092423
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14092423
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14092423?type=check_update&version=2


Energies 2021, 14, 2423 2 of 10

a proper material for repairing the underwater cracked concrete without water-emptying
is needed.

Numerous studies have reported that the dispersion of nano-materials can signifi-
cantly improve the mechanical and rheological properties of concretes [10–12]. Among
various kinds of nano-materials, silica nanoparticles (SNs) and their derivatives are re-
garded as attractive candidates for reinforcing cement composites due to their high purity
and specific surface area [13,14]. The SNs is also abundant and easy to produce. Miricioiu
et al. [15,16] reported that the SN can be prepared from coal fly ash. Jamshidi et al. [17]
pointed out that dispersing SNs into cement paste could lead to an increase in cohesion,
plastic viscosity, and yield stress. Potapov et al. [18] demonstrated that dispersing SNs
could reduce the pore connectivity and increase the pore refining in cement mixtures,
which significantly reduces the permeability of cement-based materials. The principle
of enhancement is that dispersing SNs could extend pozzolanic reactivity and form a
substantial amount of calcium–silicate–hydrate (C–S–H) gel [19,20]. Makarova et al. [21]
evaluated the effect of SNs on the mechanical properties of plain concrete. It was reported
that the strength of concrete with SNs was increased by 84, 93, and 35% after 3, 7, and
28 days, respectively. Grzeszczyk et al. [22] reported that dispersing SNs can improve the
washout of concrete and has no significant effect on compressive strength. Khaloo et al. [23]
explored the performance of concrete dispersed with SNs in different specific surface areas.
It was found that SNs with a lower specific surface area performed better than the higher
one in compressive, splitting tensile strengths and electrical resistivity. Raheem et al. [24]
reviewed the effect of the incorporation of SNs in blended cement mortar and concrete. It
was concluded that SNs have been shown to fill the micropores in concrete and improve its
microstructural arrangement, thus producing high-density concrete.

Repairs of the underwater concrete structures are complicated construction works
due to the constant dynamic action of water on these structures. It has been reported that
a material used to repair concrete cracks in dry conditions is invalid in the underwater
condition since it often fails to bond to the damaged concrete and adverse effects can
occur with the reaction between the hardener and the water [25,26]. For example, the
curing agent in epoxy mortar reacts with water and carbon dioxide, which leads to a
sharp decrease in bond strength [27]. It was reported that the underwater repairs had
shown slightly inferior ultimate strengths and peak load displacement [28]. Shi et al. [29]
investigated the effect of humidity on the mechanical properties of polymer-modified,
cement-based repair materials. Results showed that the compressive strength decreased
under different humidity-curing conditions. Li et al. [30] prepared a new cementitious anti-
washout grouting material (CIS), which consists of ordinary Portland cement, coagulant
accelerator water glass, and flocculating agent xanthan gum. Liao et al. [25] conducted
a large-scale experimental study on bond behavior between polymer-modified cement
mortar layer and concrete. Assaad et al. [31] conducted a comprehensive research study to
evaluate the effect of styrene-butadiene rubber (SBR) latex admixture on the washout loss
and bond strength of underwater concrete designated for repair applications.

This literature review shows that SNs can effectively seal the cracks and pores within
the structure of repairing materials, which is attributed to the good uniformity of SNs that
make the microstructure of repairing materials more dense. However, previous studies
of SNs on concrete mainly focused on the properties and microstructure; the study of the
application of SNs for the underwater repair of cracked concrete has not been conducted
yet. This study is carried out to address this issue. The effect of SNs on the repair of
the underwater composite material was investigated experimentally. The performance of
the SN-modified underwater composite-repairing material, including the deformability,
impermeability grade, underwater bond tensile strength, and compressive strength, were
measured for four different SNs additive ratios, and an optimum mass ratio of mortar,
curing agent, and SN was achieved. Moreover, a hydropower station was repaired using
the optimum mass ratio of SN-modified underwater composite-repairing material, and the
economic and environmental benefits were analyzed. These results would be beneficial for
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broad underwater concrete repair applications, such as for dams of hydropower stations,
piles in a marine environment, and sea walls.

2. Materials and Methods
2.1. Materials

SN-modified underwater composite-repairing material is a kind of polymer slurry,
which mainly consists of mortar, silica nanoparticles, and a curing agent. The mortar was
made by our study team using the components listed in Table 1, which were provided
by Changsha Shengkang Polymer Material Technology Co., Ltd., Changsha, China. The
Mortar was prepared using: Portland cement CEM I 42.5R with a density of 3100 kg/m3

and a Blaine fineness of 335 m2/kg; river sand with a grain size of up to 1 mm and coarse
aggregates consisting of crushed stones, which had a maximum size of 6 mm; an F type of
fly ash; Bisphenol A-based Epoxy Resins and superplasticizer, provided by Wuxi Huaou
Chemical Technology Co., Ltd., Wuxi, China; and water. The chemical composition of CEM
I 42.5R is listed in Table 2. The Silica nanoparticles were produced by our study team and
had a specific surface area between 60 and 400 m2/g and nanoparticles sizes between 5 nm
and 100 nm. The thermo-setting of this material was initiated by a curing agent (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China).

Table 1. Mixture proportions of mortar (Unit: kg).

Material CEM I 42.5R River Sand Fly Ash Type F Superplasticizer Crushed
Stone

Epoxy
Resins

Polymer
Adhesive

Consumption 429 866 57 7.6 1024 28 24

Table 2. Chemical compositions of CEM I 42.5R.

Component SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SiO3

Weight (%) 19.8 6.2 2.6 63.2 1.3 0.8 0.7 2.9

2.2. Specimen Preparation

Four different mass ratios of the above-mentioned materials were investigated, as
listed in Table 3. First, mortar, the curing agent, and SNs with different mass ratios were
stirred for several minutes until the color of the mixture was uniform and there were no
lumps existing in the mixture. Second, in order to remove the air entrained during the
stirring process, the mixtures were set aside for 5 min. Finally, SN-modified underwater
composite-repairing materials with four formulations (F1, F2, F3, F4) were obtained to
evaluate their influences on the repair of the underwater cracked concrete.

Table 3. Formulations of silica nanoparticle (SN)-modified underwater composite-repairing material.

Formulations Mortar: Curing Agent: SN Mass Ratio

F1 8: 1: 0.0020
F2 8: 1: 0.0015
F3 8:1:0.0010
F4 8:1:0

For the deformability test, SN-modified underwater composite-repairing material
specimens, with dimensions of 70.7 × 70.7 × 70.7 mm3, were prepared. Then, these
specimens were cured in water for 15 days. Finally, a cylinder core specimen with a
diameter of 49.0 mm and a height of 50.0 mm was taken out, as shown in Figure 1a.

For the impermeability test, SN-modified underwater composite-repairing materials
were poured into truncated cone barrels (175 × 185 × 150 mm3), as shown in Figure 1b.
After the SN-modified materials had solidified, the specimens were taken out of the barrels
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and cured in water for 7 days. The side face of the clean-wiped, and the truncated cone
impermeability specimen was scribbled by a layer of molten paraffin. Then, the specimen
was pressed into the preheated barrel by a screw presser. After drying, the split between
the model and the barrel was sealed with mortar and butter.

To evaluate the composite behavior and bonding effect between SN-modified materials
and concrete structural members, a pull-out test was conducted. Four concrete blocks
(100 × 100 × 100 mm3) and four slotted concrete blocks (100 × 100 × 100 mm3) with center
openings of 10 mm width and 80 mm depth were prepared. These concrete blocks were
grouted with SN-modified materials in the underwater condition (50 m deep) and the
pouring height was 80 mm. After 15 days of water curing, a cylinder core specimen with a
diameter of 49 mm and a height of 100 mm was taken out, as shown in Figure 1c.

To evaluate the compressive strength of the SN-modified underwater composite-
repairing materials, 40 × 40 × 40 mm3 hexahedron specimens were prepared, as shown in
Figure 1d. Afterward, these specimens were cured in water for 15 days.

Figure 1. Test specimens of the SN-modified underwater composite-repairing material: (a) deforma-
bility; (b) impermeability; (c) bond strength; (d) compressive strength tests.

2.3. Test Method and Instrument

These cylinder core specimens were mounted on a testing machine (MTS Landmark,
MTS Instrument Inc., Eden Prairie, MN, USA) for the deformability test (Figure 2a). The
loading rate of the MTS was 0.15 mm/min, displacement-controlled. Before mounting
the specimen on the impermeability tester, the impermeability tester was started and the
valves under the six test positions were opened until the water seeped out of the six holes
and filled the test pit (Figure 2b, Crew pressurizer, Tianjin experimental instrument factory,
China). These specimens with bond strength tests were mounted on the MTS Landmark
using the resin adhesive (Figure 2c). The loading rate of the UTM was 0.75 kN/min
(0.4 MPa/min), force-controlled. Figure 2d shows the 150tCH-5 pressure testing machine
(Hebei Luyuan Jianyi Test Instrument Co., Ltd., Hebei, China) with a design pressure of
150 MPa.

Figure 2. Overall photo of test setup: (a) deformability; (b) impermeability; (c) bond strength;
(d) compressive strength tests.
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3. Results and Discussion
3.1. Performance Analysis

Experimental results regarding the deformability of SN-modified underwater
composite-repairing materials are summarized in Table 4. It is seen that SN-modified
materials have better deformability when compared to the traditional material. With the
increase in the concentration of the SN component, the deformability of the SN-modified
underwater composite-repairing materials was increased. When compared to the mate-
rial without SNs (F4), the deformability of F1 was increased by 46.7%. This means that
the addition of SNs significantly improves the deformability of traditional underwater
repairing materials.

Table 4. Deformability of SN-modified underwater composite-repairing materials.

Formulations Diameter (mm) Height (mm) Peak Load (kN) Tensile Stress
(MPa)

Maximum Tensile
Length (mm)

Deformability
(%)

F1 49.03 53.11 8.23 4.40 1.24 2.2
F2 49.07 53.11 8.23 4.40 1.24 2.0
F3 49.04 53.11 8.23 4.38 1.22 1.8
F4 49.05 53.11 8.23 4.36 1.23 1.5

Table 5 summarizes the test results of impermeability. The determination of the
impermeability grade (P) was written as P = 10H − 1, where H was the water pressure
when three of the six models were seeped. The increased ratio of water pressure was
0.1 MPa, and the test time was eight hours for every water pressure level. It was found that
the impermeability of F1 was the highest, followed by F2, F3, and F4. For the specimen
of F1, the impermeability was 8th grade. This means that the SN-modified underwater
composite-repairing materials can decrease the risk of cracking concrete and improve
service life.

Table 5. Impermeability of SN-modified underwater composite-repairing materials.

Formulations F1 F2 F3 F4

Impermeability Grade 8 8 7 6

Table 6 provides the test results of tensile bond strength. It can be seen that when
compared with repairing materials containing no SN, SN-modified underwater composite-
repairing materials have a higher underwater tensile bond strength. Underwater tensile
bond strength increased as SN percent increased. The tensile bond strength of F1, with and
without cracks, was 2.91 and 3.05 MPa, respectively. The results showed that the retrofitting
of damaged RC structures using the SN-modified material is effective. Figure 3 shows the
debonding failure of the sample of F1 without cracks. It is seen that the debonding failure
occurs in the interface of concrete and fixed support.

Table 6. Tensile bond strength of SN-modified underwater composite-repairing materials.

Formulations F1 a F2 a F3 a F4 a F1 b F2 b F2 b F4 b

Diameter (mm) 49.00 49.03 49.02 49.05 49.08 49.07 49.06 49.03
Bond Tensile

Strength (MPa) 3.05 2.88 2.85 2.21 2.91 2.74 2.52 2.11

a Interfacial bonding; b concrete cracking.

Table 7 gives the test results for compressive strength. It could be seen that the
compressive strength of underwater repairing materials increased as SN percent increased.
The compressive strength of F1 is the highest, at 115.87 MPa, and increased by 17.3%
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compared to F4. The results showed that the retrofitting of damaged RC structures using
the SN-modified material is effective.

Table 7. Compressive strength of the SN-modified underwater composite-repairing materials.

Formulations F1 F2 F3 F4

Pressure (kN) 185.39 180 170.91 158
Compressive Strength (MPa) 115.87 112.50 106.82 98.75

Figure 3. Debonding failures of the sample of F1 without cracks (a) lower end-face; (b) upper
end-face.

By comparing the relationships between the above four parameters, it was found that
among the four materials, the specimen of F1 has the best performance. For the repairing
material without SNs, underwater bond tensile strength, deformability, impermeability
grade, and compressive strength were 2.21 MPa, 1.5%, 6, and 98.75 MPa, respectively.
The SN-modified underwater composite-repairing material showed an underwater bond
tensile strength of 2.91 MPa, deformability of 2.2%, an impermeability grade of 8, and
a compressive strength of 115.87 MPa, respectively, when the mass ratio of mortar, the
curing agent, and SNs was 8:1:0.002. This is because the SNs decreased the pore volume of
the concrete, as shown in Figure 4, which displays typical scanning electron microscopy
(SEM) images of the SN-modified underwater composite-repairing material. It is obvious
that SN-modified underwater composite-repairing materials are uniform spheres with
an average size of 100 nm. It clearly shows that unconsumed spherical agglomerated
SNs (white particles) still exist and that the dispersion of SNs is relatively uniform. The
phenomenon can better achieve the pozzolanic reactivity, nucleation effect, and filling
effect of SNs. It is also seen that the internal structure of the mortar is very compact, which
results in high bonding strength and low permeability of the repairing material.

Figure 4. The SEM image of the SN-modified underwater composite-repairing material.
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3.2. Engineering Application
3.2.1. Engineering Case

The SN-modified underwater composite material was used to repair a hydropower
station. The installed capacity of this hydropower station is 1000 MW, and the annual
average generating capacity is 2.428 × 109 kWh. The hydropower station has a main dam
and an auxiliary dam with an annual average water flow of 240 m3/s. The main dam has
dimensions of 185.5 m height and 423.75 m length, and the auxiliary dam has dimensions
of 92.13 m height and 233.72 m length. The dam is made of concrete and pouring in three
time stages. In 2017, the dam was damaged and infiltration occurred. In order to fully
understand the damage status of the dam, the power plant conducted an underwater video
inspection of the dam in May 2017. It was observed that there was an obvious crack in the
joint area of the main dam in phase I and phase II, and parts of the wall were hollowed out
by high-speed flow, as shown in Figure 5.

Figure 5. Pictures of the damaged condition of (a) joint area; (b) partial enlarged drawing.

The underwater tremie placement technology was used to pour underwater concrete
to repair the side wall. Firstly, the size and damage of the panning hole were measured.
Secondly, the damaged side wall was cleaned, cut, and polished, and other pre-processing
was completed. Thirdly, an anchor bar and weld steel mesh were inserted, which enhances
the bond between the bottom plate and the repair material. Then, steel formwork was
erected, which can maintain the repair material molding and curing. Finally, the side wall
was drilled and then grouted (Figure 6).

Figure 6. The construction process: (a) panel cutting; (b) die fixing; (c) construction panel drilling; (d) grouting.

3.2.2. Economic Analysis

Figure 7 shows the statistical data for the upstream water level and the seepage
discharge. It should be mentioned that the repair work was conducted in May 2017. That
is to say, the dam was not repaired before May. It is seen that the upstream water levels in
March and June 2017 are nearly the same, and the seepage discharge in June (116.51 L/s) is
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obviously lower than that shown for March (127.43 L/s). This indicates that the seepage
discharge was reduced by 8.6%.

Figure 7. Statistical data for the upstream water level (red line) and the seepage discharge (blue line).

Decreasing the average seepage discharge of the dam can increase the generating ca-
pacity of the hydropower station. The increase in generating capacity (C) can be calculated
by the following equation:

C = ∆S × W
Q × t

(1)

where W is the annual average generating capacity (2.428 × 109 kWh), Q is the annual
average water flow (240 m3/s), ∆S is the average seepage discharge difference between
after and before the dam repair (0.0109 m3/s), and t is time (s).

It can be calculated that the annual average generating capacity is increased by
1.104 × 105 kWh when the dam is repaired. The on-grid price is 0.36 RMB/kWh in the
hydropower station. Therefore, the annual revenue from the increase in power generation
is 39,800 RMB.

Hydropower is a clean and renewable energy source and can reduce greenhouse gas
emissions. It was reported that the production of 1 kWh of electricity of thermal power
needs about 0.3 kg of coal [32], which releases about 0.950 kg of CO2 [33,34] and 0.002 kg
of NOx [35,36] into the atmosphere. That is to say, CO2 and NOx emissions are reduced
by 1.049 × 105 and 220.8 kg, respectively, and 3.312 × 104 kg of coal is saved annually
when the dam is repaired using the SN-modified underwater composite material. It can be
concluded that the underwater material proposed can both increase economic benefits and
reduce greenhouse gas emissions.

4. Conclusions

In the present study, the SN was used as an additive during the preparation of under-
water composite-repairing material. It is found that the tensile strength, deformability, and
impermeability of the modified repairing materials dispersed with SNs are significantly
increased, which can meet the repairing requirement of underwater concrete. The influence
of SNs on the properties of the modified underwater composite-repairing material was
evaluated by adding four different mass ratios of SNs. It is found that these above perfor-
mances are enhanced with the increase in the SN mass fraction. Moreover, the proposed
underwater repairing material was used in a hydropower station. Results show that the
seepage discharge is significantly reduced when the dam is repaired, which significantly
increases economic benefits and reduces greenhouse gas emissions.
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