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Abstract: In this paper, mercury intrusion porosimetry (MIP) is used to test the pore structure of non-dispersible underwater concrete so as to study the influence of pouring and curing environment, age and slag powder on the pore characteristics of concrete, analyze the pore characteristics, porosity and pore distribution of concrete in different hydration stages, and reveal the relationship between pore structure and permeability of concrete. The results show that the pore-size distribution of concrete in fresh water condition is better than that in sulfate environment and mixed salt environment, and therefore, sulfate as well as mixed salt are not conducive to the development of pore structure of non-dispersible underwater concrete; chlorine salt has little effect on the pore structure of non-dispersible underwater concrete; under the three conditions of sulfate, chlorine and mixed salt, the porosity of concrete mixed with slag powder is lower than that of concrete without slag powder. The results indicate that the addition of slag powder can ameliorate the pore size distribution of non-dispersed underwater concrete, reduce the porosity, and make the concrete structure more compact, which is beneficial to improve the permeability resistance of concrete at the macro level.
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1  Introduction

With the continuous exploitation and utilization of water resources, underwater projects such as sea crossing bridges, wharves and dams have become more and more common [1,2]. There is always the problem of pouring concrete in underwater engineering. The traditional method of underwater pouring concrete is to pour concrete under the condition of water isolation, or to use the conduit with good sealing property to directly inject the concrete into the appropriate position for construction [3]. However, there are multiple defects in these traditional construction methods, like environmental pollution, prolonged construction period, increased project costs, and the higher requirements on technology and construction equipment, etc.

Directly pouring concrete under water can omit the step of isolating water, thereby saving costs and shortening the construction period. However, ordinary concrete cannot be used in engineering because it will be scoured by the currents in the process of concreting, resulting in the separation of cement slurry and aggregate, which severely affects the cementation ability and causes excessive loss of concrete strength [4]. In order to solve some problems in the practical application of underwater concrete, some scholars have studied and designed the underwater materials [5,6].

The biggest difference between non-dispersible underwater concrete and ordinary concrete is that a water-soluble polymer compound is added to the former as the dispersion resistance agent [7]. This kind of anti-dispersion agent has the ability to bond the cement paste more firmly. Even if washed by water, the cement paste can still stick to the aggregate and sink to the bottom without dispersing, which avoids dispersion and segregation of concrete [8], so it has less environmental pollution [9,10] as well as less strength loss [11]. Grzeszczyk [12] investigates the effect of SiO2 nanoparticles on the washout of underwater concrete, which shows an improvement of resistance to washout. Various viscosity modifiers admixtures are used as anti-washout admixtures (AWAs) to fabricate non-dispersible underwater concrete [13], and the results indicate that the gum Arabic, super absorbent polymer, and Xanthan gum are most suitable AWAs for non-dispersible underwater concrete.

Mainly distributing in arid and semi-arid inland regions and some parts of coastal areas, saline soil contains a large number of ions with strong corrosion such as SO42−, Cl− and Mg2+ [14] which are much more than that in seawater [15,16], and seriously corrode buildings [17–21]. For concrete structures, the most harmful ones in saline soil are sulfate and chlorine [22,23]. Because sulfate will invade into the concrete to form crystals and expand, resulting in concrete cracking and concrete structure damage [24]; chlorine in the concrete will slowly permeate to the steel bar, and then destroy the passivation layer of the steel bar after reaching a certain concentration, which will bring about the corrosion of reinforcement and the reduction of its bearing capacity [25–27].

Good impermeability can slow down the diffusion speed of SO42−, Cl− and other ions in concrete, delay the expansion and cracking of concrete and corrosion of steel bars, thereby increasing the service life of concrete structures. Impermeability is an important index to measure the durability of concrete, so it is of great significance to study the impermeability of concrete in saline soil.

The article aims in studying the impermeability of non-dispersible underwater concrete in saline soil area by the means of microscopic analysis of concrete pore structure. In the simulated saline soil environment, concrete is poured and cured under water, and compared with that under fresh water environment. The difference of pore structure of non-dispersible underwater concrete at different ages and the influence of diverse erosion environment on the pore structure of concrete are detected by using MIP test. In addition, the influence of slag powder on the pore structure of non-dispersible underwater concrete is investigated. Through the analysis of the pore structure of non-dispersible underwater concrete, the main factors affecting the development of concrete pores are found out, and the influence on the impermeability of non-dispersible underwater concrete is discussed.

2  Experimental

2.1 Raw Materials

The P·O 42.5R cement produced by Dalian Onoda Cement Co., Ltd., China, was used in this test. The specific performance indexes are shown in Tabs. 1 and 2.

Table 1: Cement performance index
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Table 2: Chemical composition of cement (%)
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The fine aggregate used in this experiment was natural river sand with a fineness modulus of 2.8. The coarse aggregate was continuous graded limestone with size of 5–20 mm and apparent density of 2740 kg/m3. Anti-dispersion agent was UWB-II flocculant produced by Research Institute of China Petroleum Engineering, whose main ingredient was water-soluble carbohydrate polymers. The mineral admixture was ground granulated blast-furnace slag (GGBS, S105 grade) made by Shandong Luxin New Building Materials Co., Ltd., and its specific composition is shown in Tab. 3. The water for mixing concrete in this experiment was the tap water provided by laboratory. The water reducing agent was manufactured by Dalian Bonuo Biochemical Reagent Factory, and its type was polycarboxylic superplasticizer.

Table 3: Chemical composition of GGBS (%)
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2.2 Mixing Ratio of Concrete and Sample Preparation

The mixing ratio of non-dispersible underwater concrete used in the test is illustrated in Tab. 4, where ‘0.45’ in the number indicates the water-binder ratio of the non-dispersible underwater concrete, ‘0’ means concrete without slag powder, and ‘SL’ signifies that the dosage of slag powder in the concrete is 60%.

Table 4: Mixing ratio of underwater non-dispersible concrete
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In accordance with Chinese Standard DL/T 5117-2000 [28], the preparation process of non-dispersible underwater concrete is as follows:

a)    First, the mold was put into the water tank, and fresh water or salt solution was added into it to 150 mm above the top of the mold, and then the concrete mixture was slowly poured from the water surface to ensure the mixture fall freely into the mold in the water. The amount of the mixture to be poured each time was about one tenth of the mold capacity.

b)    The casted mold was taken out from the water and placed at a flat place for 5 min to make the concrete self-leveling, then both sides of the mold were gently knocked by a wooden hammer in order to drain the surplus water out of the mold.

c)    The concrete mixture higher than the mold was lightly scraped with a spatula until the surface was flat and the height was level with the mold. After the mixture sticking to the outside of the mold was cleaned up, the mold was put into fresh water or salt solution again.

d)    48 hours later, the mold was gently dismantled. Finally, the concrete specimens were put back into fresh water or salt solution for continuous soaking and curing, and a certain distance should be kept between the specimens. The optimum curing temperature for specimens was 20°C~25°C.

2.3 Preparation of Erosion Solution

In this experiment, the process of underwater concrete pouring in saline soil environment was simulated, and then the concrete specimens were immersed in salt solution for erosion. The erosion solutions selected in this study were divided into three types: The chlorine solution with Cl− concentration of 50000 mg/L, the sulfate solution with SO42− concentration of 20000 mg/L, as well as the mixed solution of chloride and sulfate in which the concentration of Cl− and SO42− was 50000 mg/L and 20000 mg/L respectively. The salt solution was made of industrial-grade sodium sulfate and sodium chloride, and was replaced every 15 days during the immersion and erosion of the concrete specimens.

2.4 Test Method

In this experiment, the pore characteristics of non-dispersible underwater concrete were measured by mercury intrusion porosimetry (MIP). The instrument used in the test was the automated mercury porosimeter, whose type is Micromeritics’ AutoPore IV9500 Series, manufactured by Micromeritics Instrument Corp., USA.

The automated mercury porosimeter used in this test is shown in Fig. 1.
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Figure 1: Automated Mercury Porosimeter

The process of sampling concrete in MIP test is as follows:

a)    After curing to the set age, the specimens of non-dispersible underwater concrete were removed from the curing solution and fragmented, then the concrete fragments were put into the plastic bottle which was poured with anhydrous ethanol until the samples were submerged, in order to stop the hydration process of cement in concrete;

b)    Before the test, the samples were taken out of the plastic bottle, smashed to particles with the diameter of 3~5 mm, the aggregates in the samples were removed, and about 10 g samples were selected for drying;

c)    Then, the selected samples were put into an oven. It is better to use a vacuum oven with the temperature set at 150°C to create a vacuum environment. And then the samples were dried for one hour. Before opening the door of the oven, dry nitrogen was recharged, and then the samples were taken out and put into a sealed bag to avoid contact with air.

3  Results and Discussion

3.1 Analysis of Pore Structure Characteristics of Concrete in Sulfate Environment

3.1.1 Effect of Sulfate Environment on Pore Structure of Non-Dispersible Underwater Concrete

The pore size distribution of concrete under sulfate attack and blank sample in fresh water at 28 d and 180 d is respectively shown in Figs. 2 and 3, where ‘W’ represents fresh water environment and ‘SY’ represents sulfate environment.

It can be seen from Fig. 2 that the pore size distribution trend of concrete in sulfate environment is roughly the same as that of blank sample. With the decrease of pore size, the mercury inflow gradually increases, indicating that the proportion of this pore size increases. The peak value of differential mercury intrusion curve is the most probable aperture, that is, the pore size with the highest probability of occurrence. The most probable aperture of the blank sample and concrete in sulfate environment is 28.29 nm and 27.28 nm respectively. The mercury intrusion amount of them is 0.114 ml/g and 0.106 ml/g respectively, with a difference of 7.5%, which illustrate that there is no significant difference in pore size between concrete in sulfate environment and that in fresh water environment at 28 d. In Fig. 3, when the concrete age reaches 180 d, the most probable aperture of the blank sample is 40.31 nm, and the amount of mercury intrusion is 0.116 ml/g, while the most probable aperture of concrete in sulfate environment is 40.32 nm, and the mercury intrusion amount is 0.160 ml/g. The most probable pore sizes of the two samples are basically identical, but the mercury intrusion amount of concrete in sulfate environment is increased by 37.9% compared with the blank sample, which also indicates the increase of the number of such pores.
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Figure 2: Log differential intrusion of concrete at 28 d
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Figure 3: Log differential intrusion of concrete at 180 d

The cumulative pore area and mercury intrusion trend of concrete under sulfate environment and the blank sample at 28 d are shown in Fig. 4, and the trends of them at 180 d are shown in Fig. 5. The MIP analysis of non-dispersible underwater concrete in both sulfate environment and fresh water environment is shown in Tab. 5.

It can be seen from Fig. 4 that the cumulative pore area of concrete in sulfate environment is basically the same as that in fresh water environment at the age of 28 d. From Fig. 5, at the age of 180 d, the cumulative pore area of concrete in the sulfate environment is higher than that in freshwater environment, and the number of harmful pores with pore size greater than 50 nm is also higher than that of concrete in fresh water. As can be seen from Tab. 5, the porosity of concrete at the age of 180 d is lower than that at the age of 28 d. The porosity of concrete in sulfate environment is 1.03% higher than that of blank sample at 180 d. It can be explained that with the increase of age, the porosity of non-dispersible underwater concrete gradually decreases, and the impermeability of concrete is gradually enhanced; the corrosion of sulfate solution will increase the porosity of concrete and the number of harmful pores, which eventually degrade the impermeability of concrete.
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Figure 4: Cumulative pore area of concrete at 28 d
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Figure 5: Cumulative pore area of concrete at 180 d

Table 5: MIP analysis of non-dispersible underwater concrete
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3.1.2 Effect of Slag Powder on Pore Structure of Non-Dispersible Underwater Concrete

In the environment of sulfate erosion, the pore size distribution of concrete with 60% slag powder and the blank sample at the age of 28 d is shown in Fig. 6, and that at the age of 180 d is shown in Fig. 7. From Fig. 6, it can be seen that the most probable aperture of concrete mixed with slag powder is 6.03 nm, and that of the blank sample is 27.28 nm at the age of 28 d. And Fig. 7 shows that the most probable aperture of the blank sample is 40.32 nm, and that of the concrete mixed with slag powder is 7.24 nm. In both cases, the most probable aperture of the concrete mixed with slag powder is smaller than that of the blank sample, which indicates that the addition of slag powder improves the pore size distribution of the non-dispersible underwater concrete, makes the concrete more compact, and increases the impermeability of concrete.

[image: images]

Figure 6: Log differential intrusion of concrete at 28 d
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Figure 7: Log differential intrusion of concrete at 180 d

Fig. 8 shows the cumulative pore area and mercury intrusion trend of concrete mixed with 60% slag powder and the blank sample in sulfate environment at 28 d, and Fig. 9 represents that of trend at 180 d. MIP parameters of the blank sample and concrete with slag powder are shown in Tab. 6. It is clear from Fig. 8 that, at the age of 28 d, the cumulative pore area of concrete with slag powder is 24.507 m2/g, which is higher than 17.913 m2/g of the blank sample; in addition, the number of harmful pores in concrete mixed with slag powder is lower than that of the blank sample. According to Fig. 9, when the pore size is smaller than 50 nm, the cumulative pore area of concrete mixed with slag powder is lower than that of the blank sample within certain range, verifying that the mixing of slag powder can reduce the number of harmful pores in concrete and improve the pore size distribution of concrete. As can be seen in Tab. 6, at the age of 180 d, the porosity of concrete mixed with slag powder is 12.82% lower than that of blank sample, which demonstrates that the addition of slag powder can reduce the porosity of non-dispersible underwater concrete, and enable the concrete structure more compact and impermeable.
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Figure 8: Cumulative pore area of concrete at 28 d
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Figure 9: Cumulative pore area of concrete at 180 d

Table 6: MIP analysis of non-dispersible underwater concrete
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3.2 Analysis of Pore Structure Characteristics of Concrete in Chloride Environment

3.2.1 Effect of Chloride Environment on Pore Structure of Non-Dispersible Underwater Concrete

Fig. 10 shows the pore size distribution of concrete in chloride environment and the blank sample in fresh water environment at 28 d, and Fig. 11 shows the distribution at the age of 180 d, where ‘W’ represents fresh water environment and ‘LY’ represents chloride environment.

It can be seen from Figs. 10 and 11 that the pore size distribution trends of the two samples are essentially the same. In addition, the most probable aperture of concrete in the two environments is very similar, which indicates that chloride has no obvious effect on the pore structure of non-dispersible underwater concrete.
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Figure 10: Log differential intrusion of concrete at 28 d
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Figure 11: Log differential intrusion of concrete at 180 d

At the age of 28 d, the cumulative pore area and mercury intrusion trends of concrete in chloride environment and the blank sample in fresh water environment are presented in Fig. 12, which at 180 d are shown in Fig. 13, and the MIP analysis of concrete in chloride environment and fresh water environment is given in Tab. 7.

The curves in Fig. 12 clearly show that the cumulative pore area of concrete in fresh water environment is similar to that in chloride environment at the age of 28 d, which is 16.61 m2/g and 17.16 m2/g respectively, and the difference is only 3.3%. As seen in Fig. 13, the cumulative pore area of concrete in chloride environment is higher than that of the blank sample, and the content of harmful pores above 50 nm is less in both of them. Besides, the pore size distribution of concrete in chloride environment is slightly better than that of the blank sample. The data of Tab. 7 suggests that with the increase of age, the porosity of concrete gradually decreases, and the compactness of concrete increases gradually, which can enhance its impermeability on the macro level; the porosity of concrete in chloride environment is similar to that of blank sample. On the whole, the chloride environment has little effect on the pore structure of concrete, and thus does not have obvious influence on the impermeability of concrete.
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Figure 12: Cumulative pore area of concrete at 28 d
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Figure 13: Cumulative pore area of concrete at 180 d

Table 7: MIP analysis of non-dispersible underwater concrete
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3.2.2 Effect of Slag Powder on Pore Structure of Non-Dispersible Underwater Concrete

In chloride environment, the pore size distribution of concrete with 60% slag powder and the blank sample at 28 d is shown in Fig. 14, which at 180 d is shown in Fig. 15.

Fig. 14 represents that at the age of 28 d, the most probable aperture of concrete with slag powder and the blank sample is 12.24 nm and 21.09 nm respectively, and the content of mercury intrusion is 0.134 ml/g and 0.126 ml/g separately. The most probable aperture of concrete with slag powder is smaller than that of the blank sample. It can be seen from Fig. 15 that the most probable aperture of the blank sample is 40.32 nm at the age of 180 d, which is much larger than that of concrete with slag powder. The results prove that the pore size of non-dispersible underwater concrete mixed with slag powder is smaller, and the number of such pores is more, so the addition of slag powder can improve the pore size distribution of concrete to make concrete more compact, and enhance the impermeability of concrete on the macro level.

[image: images]

Figure 14: Log differential intrusion of concrete at 28 d
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Figure 15: Log differential intrusion of concrete at 180 d

Fig. 16 presents the cumulative pore area and mercury intrusion trend of concrete with 60% slag powder and the blank sample in chloride environment at 28 d, and Fig. 17 displays the trend of cumulative pore area and mercury intrusion at 180 d age. The MIP analysis of the two samples is given in Tab. 8. According to Fig. 16, at the age of 28 d, the cumulative pore area of concrete mixed with slag powder differs little from that of blank sample-one is 18.074 m2/g and the other is 17.164 m2/g; the cumulative pore area curve of concrete mixed with slag powder is below the curve of blank sample, and the number of harmful pores of the former is also lower than that of the latter. From Fig. 17, the number of pores with pore size over 50 nm in concrete mixed with slag powder is also less than that in blank sample, suggesting that the mixing of slag powder can reduce the number of harmful pores and improve the pore size distribution of concrete. Tab. 8 can represent that the porosity of concrete mixed with slag powder is 3.54% lower than that of blank sample at 180 d, which indicates that the porosity of non-dispersible underwater concrete can be reduced by adding slag powder.
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Figure 16: Cumulative pore area of concrete at 28 d
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Figure 17: Cumulative pore area of concrete at 180 d

Table 8: MIP analysis of underwater non-dispersive concrete
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3.3 Analysis of Pore Structure Characteristics of Concrete in Mixed Salt Environment

3.3.1 Effect of Mixed Salt Environment on Pore Structure of Non-Dispersible Underwater Concrete

The pore size distribution of concrete in mixed salt environment and the blank sample in freshwater environment at the age of 28 d and 180 d is shown in Figs. 18 and 19, respectively, where ‘W’ represents fresh water environment and ‘FY’ represents mixed salt environment.

According to Fig. 18, the pore size distribution trend of concrete in the mixed salt solution is roughly the same as that of the blank sample; with the decrease of pore size, the mercury intrusion content gradually increases, indicating that the proportion of this pore size increases. The most probable aperture of the blank sample and the concrete in mixed salt environments is 28.29 nm and 21.08 nm respectively, and the mercury intrusion content of the two is 0.114 ml/g and 0.122 ml/g separately, which shows that there is no obvious difference in pore size between the two samples at 28 d age, and the most probable aperture of concrete in mixed salt environment is slightly smaller than that of blank sample. It can be seen from Fig. 19 that when the age increases to 180 d, for the blank sample, the most probable aperture is 40.31 nm, and the content of mercury intrusion is 0.116 ml/g, while for the concrete in mixed salt environment, the most probable pore aperture is 26.27 nm, and the content of mercury intrusion is 0.106 ml/g. The mercury intrusion content of the two is similar, and the pore size distribution of the latter is slightly better than that of the former.

[image: images]

Figure 18: Log differential intrusion of concrete at 28 d
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Figure 19: Log differential intrusion of concrete at 180 d

At 28 d, the cumulative pore area and mercury intrusion trend of concrete under mixed salt environment and the blank sample is shown in Fig. 20, which at 180 d is shown in Fig. 21. The MIP analysis of the two samples is given in Tab. 9. It can be seen from Fig. 20 that at the age of 28 d, the cumulative pore area of concrete in freshwater environment and in mixed salt environment is not significantly different, which is 16.61 m2/g and 18.76 m2/g respectively. And from Fig. 21, at the age of 180 d, the cumulative pore area of concrete in the mixed salt environment is higher than that of the blank sample, which is 18.58 m2/g and 14.45 m2/g respectively, and the difference is 28.58% compared with the blank sample. In addition, the number of harmful holes of concrete in the mixed salt environment is higher than that in the blank sample. According to Tab. 9, with the increase of age, the porosity of concrete gradually decreases, and the compactness of concrete increases at the same time, which can enhance the impermeability of concrete from macroscopic view. Besides, the porosity of concrete in mixed salt environment is 1.30% lower than that of blank sample at 28 d, and 3.74% higher than that of blank sample at 180 d. Therefore, the mixed salt environment will increase the porosity of concrete on the whole, which cause the growth in the number of harmful holes, and reduce the impermeability of concrete macroscopically.
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Figure 20: Cumulative pore area of concrete at 28 d
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Figure 21: Cumulative pore area of concrete at 180 d

Table 9: MIP analysis of underwater non-dispersive concrete
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3.3.2 Effect of Slag Powder on Pore Structure of Non-Dispersible Underwater Concrete

Under mixed salt environment, the pore size distribution of concrete with 60% slag powder and the blank sample at 28 d is shown in Fig. 22, and that of the two at 180 d is given in Fig. 23. As can be seen from Fig. 22, at the age of 28 days, the most probable aperture of the former is smaller than that of the latter-one is 6.03 nm and the other is 21.08 nm; the mercury intrusion content of the two is 0.119 ml/g and 0.122 ml/g respectively. From Fig. 23, when the age of concrete increases to 180 d, the most probable aperture of concrete mixed with slag powder is also smaller than that of the blank sample, which is 7.24 nm and 26.27 nm respectively, and the mercury intrusion of them is 0.128 ml/g and 0.106 ml/g separately. The results demonstrate that the pore size of non-dispersible underwater concrete with slag powder is smaller than that of the blank sample on the whole. That is to say, by adding slag powder, the pore size distribution of concrete can be improved, and the concrete can be more dense, and the impermeability of concrete can be improved macroscopically.

[image: images]

Figure 22: Log differential intrusion of concrete at 28 d
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Figure 23: Log differential intrusion of concrete at 180 d

Fig. 24 shows the cumulative pore area and mercury intrusion trend of concrete mixed with slag powder and the blank sample at 28 d under mixed salt environment and Tab. 10 displays the MIP analysis of them. It can be seen from Fig. 24 that at the age of 28 d, the cumulative pore area of concrete mixed with slag powder is slightly higher than that of blank sample, while the number of pores with pore size over 20 nm in the former is less than that in the latter. According to Tab. 10, the porosity of concrete mixed with slag powder is 8.20% lower than that of blank sample at the age of 180 d, which signifies that the porosity of non-dispersible underwater concrete can be reduced by adding slag powder.

[image: images]

Figure 24: Cumulative pore area of concrete at 28 d

Table 10: MIP analysis of underwater non-dispersive concrete
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4  Conclusions

In this paper, the pore structure characteristics of non-dispersible underwater concrete were investigated, and the pore size distribution, porosity and pore structure characteristics of concrete were compared and analyzed. The conclusions are as follows:

1.    In the environment of fresh water and salt solution, the porosity of non-dispersible underwater concrete decreases with the increase of age. This is because the hydration reaction of cement in concrete continues, which not only improves the compactness of concrete, but also enhances its impermeability.

2.    The pore size distribution of concrete in fresh water environment is better than that in both sulfate environment and mixed salt environment. This means that sulfate and mixed salt are not conducive to the development of pore structure of non-dispersible underwater concrete, which may lead to the decrease of concrete impermeability on the macro level. Furthermore, chloride salt has little effect on the pore structure of non-dispersible underwater concrete.

3.    The addition of slag powder improves the pore size distribution of non-dispersible underwater concrete, cause the reduction of the porosity, and makes the concrete structure more compact, which improves the impermeability of concrete macroscopically.
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