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Abstract: In this paper, the durability of cement mortar prepared with a recycled-concrete fine powder (RFP) was examined; including the analysis of a variety of aspects, such as the carbonization, sulfate attack and chloride ion erosion resistance. The results indicate that the influence of RFP on these three aspects is different. The carbonization depth after 30 days and the chloride diffusion coefficient of mortar containing 10% RFP decreased by 13.3% and 28.19%. With a further increase in the RFP content, interconnected pores formed between the RFP particles, leading to an acceleration of the penetration rate of CO2 and Cl−. When the RFP content was less than 50%, the corrosion resistance coefficient of the compressive strength of the mortar was 0.84–1.05 after 90 days of sulfate attack. But the expansion and cracking of the mortar was effectively alleviated due to decrease of the gypsum production. Scanning electron microscope (SEM) analysis has confirmed that 10% RFP contributes to the formation of a dense microstructure in the cement mortar.
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1  Introduction

At present, with the gradual acceleration of urbanization, the demolition of old buildings has produced lots of construction waste and caused serious environmental pollution problems [1]. The recycling of concrete from construction waste helps to solve the problems associated with the disposal of construction waste and reduces the carbon footprint of the cement concrete industry [2,3]. Large amounts of recycled concrete fine powder (RFP) are produced during the demolition of concrete buildings, and accounts for about 15%–20% of the total waste concrete. The particle size of RFP is small (<0.16 mm), which means that it can be used as a kind of filler in various applications [4–6]. In addition, RFP contains some unreacted cement which has potential reactivity [7,8]. Therefore, RFP could be utilized as a kind of supplementary cementitious material (SCM) to prepare cement-based materials. This is a viable option for the mass utilization of RFP.

Compared to other SCMs, RFP is characterized as cheaper, widely available, and with lower activity. Over the past twenty years, several methods have been used to improve the activity of RFP, including reducing particle size, addition of chemical activator, thermal activation, and mixing with multiple cementitious materials [9–14]. Alzeebaree et al. [15] studied the influence of the fineness of RFP on autoclaved aerated concrete (AAC), and the results showed that finer RFP can effectively enhance the strength of AAC products. In addition, there are also reports in the literature on the influence of RFP on the physical and mechanical properties of recycled cement-based materials [16–18]. According to the research results of Horsakulthai, the compressive strength of self-compacting mortar containing RFP decreases as the percentage of RFP increases and the optimum RFP replacement ratio with a negative effect on the compressive strength is up to 20%. This is consistent with what has been reported elsewhere in the literature [19].

Like mechanical properties, durability is also an important property of cement-based materials and determines the service life of concrete buildings [20,21]. However, there are several problems with the durability of recycled cement-based materials. First, reported studies are relatively scarce as most scholars only focus on a few aspects of durability such that their conclusions are incomplete [22–24]. Second, the research conclusions from different scholars are inconsistent. For these reasons, it is difficult to apply RFP in engineering. In the following paragraph, a brief introduction to the research progress on the durability of recycled cement-based materials is provided.

Khitab et al. [25] investigated the synergistic effect of rubber tires and demolished bricks as a partial replacement for sand and cement in concrete and their results showed that hybrid waste-modified green reactive powder concrete attained good resistance to sodium sulfate attack. Sun et al. [26] used recycled concrete powder (RCP) as a partial replacement of cement in cement mortar at compositions of 0%, 30%, and 50%, respectively, and their test results revealed that RCP content has negative effects and positive effects on the chloride penetration behavior and drying shrinkage respectively. Likes et al. [27] employed the substitution of cement with recycled brick powder (RBP) at 20% in concrete and their results showed that RBP positively impacted on durability, resulting in an increased surface resistivity of 24% over the control. This shows that RBP has the potential for lowering the corrosion rate in reinforced concrete. Sharma et al. [28] used RFP as a partial substitute for fly ash at different replacement levels of 10%, 20%, 30%, 40%, and 50% in fly ash-based geopolymer mortar. Their results showed that the 30% replacement level of RFP in the geopolymer mortar mix showed the maximum decrease in dry shrinkage value. The addition of RFP in the geopolymer mortar mix provided additional N-A-S-H/C-A-S-H gel within the geopolymer matrix which resulted in densifying the microstructure of concrete. Bogas et al. [29] produced concrete with recycled cement (RC) obtained from the thermoactivation of concrete waste (RCCW). Findings from their study indicated that for up to 15% RCCW replacement the concrete durability was not significantly affected. Zhao et al. [30] used recycled brick sand (RBS) as a partial replacement for crushed limestone sand at different levels (0%, 5%, 10%, 25%, and 50%). They reported that due to the higher porosity of the mortar, the RBS can increase the carbonation depth of the mortars and impair the behavior of mortars regarding sulfate attack. However, the apparent chloride diffusion coefficients of mortars made with RBS presented lower values, which means that the mortar made with RBS had better resistance to chloride penetration. Li et al. [31] investigated the properties of RCP and RBP as well as the impact of their incorporation on mortar properties. Their results revealed that the incorporation of high-fineness RBP improved the shrinkage resistance of mortar. The addition of RBP resulted in a refined pore structure by reducing the average pore diameter.

In this paper, carbonization, sulfate erosion, and chloride ion erosion tests on cement mortar containing RFP were carried out to explore the influence of RFP content on the durability of cement mortar. Further, the microstructure of cement mortar containing different RFP contents was evaluated by scanning electron microscopy (SEM) analysis. This work will contribute to the promotion of the application of RFP as a replacement for cement in engineering and increase the added value of RFP.

2  Materials and Experimental Methods

2.1 Materials and Mortar Specimens

Ordinary Portland cement P.O 42.5 with a specific surface area of 354 m2/kg was used in this study. The RFP was obtained by crushing, sieving, and grinding the waste concrete from building demolitions. The chemical compositions of the cement and RFP are presented in Table 1, and the particle size distribution of the cement and RFP are shown in Fig. 1. The average particle sizes of the cement and RFP were 22.7 and 19.3 μm, respectively. The X-ray diffraction (XRD) pattern of RFP is shown in Fig. 2. The microstructures of the cement and RFP are shown in Fig. 3. Compared to ordinary silicate cement, the surface of RFP is rough and angular, and the particle size is smaller. RFP contains a large amount of SiO2 and some CaCO3 with low reactivity. The fine aggregates are standard sand and the mixing water is ordinary tap water.
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Figure 1: Particle size distribution of RFP and cement
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Figure 2: XRD pattern of RFP
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Figure 3: Micro-morphology of cement and RFP

Four RFP contents for the cement mortar were considered, and the detailed mix proportions are presented in Table 2. The process of preparation of the mortar is as follows. Firstly, water and cement were poured into the mixing pot, and the mixture was stirred at low speed for 1 min; then sand was added into mixture. Finally, the mixture was stirred at high speed for 90 s. The fresh mortar was poured into a mold and vibrated to form. After 24 h, the samples were demolded. All concrete specimens were cured for 28 days in a standard environment at a temperature of 20°C and relative humidity of 95%.
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2.2 Experimental Methods

2.2.1 Compressive and Flexural Strength Tests

The compressive and flexural strength tests on the recycled mortar were carried out according to a standard method, GB/T 17671–1999 (Method of testing cements-Determination of strength). The test block used for flexural strength was a cube test block of 40 mm × 40 mm × 160 mm size, and the compressive strength was carried after fracture resulting from the flexural test.

2.2.2 Carbonation Test

The specimens were cured for 28 days and then carbonated in a carbonation chamber at a temperature of 20°C ± 2°C, a relative humidity of 70% ± 5% and a CO2 concentration of 20% ± 3%. The carbonation ages were 15, 30, and 45 days, respectively. At the corresponding carbonation age, phenolphthalein indicator was sprayed on the section of the test block and the area on the section that did not turn red was measured with vernier calipers and averaged over eight points to calculate the depth of carbonation.

2.2.3 Chloride Ion Erosion Test

The chloride ion rapid electromigration method and the electric flux method were used for the tests, respectively. The rapid electromigration of chloride ions was determined using the RCM-NTB chloride ion diffusion coefficient tester and the electric flux method was carried out using the NEL-PEU concrete electric flux tester with a determination time of 6 h.

2.2.4 Sulphate Attack Test

According to the GB/T 50082-2009 “Standard for long-term performance and durability test methods for ordinary concrete”, a 5% sodium sulphate solution was used to soak the sample specimens cured for 28 days for 30, 60, and 90 days. The sulphate attack resistance of the recycled mortar was evaluated by the corrosion resistance coefficient of compressive strength, the corrosion resistance coefficient of flexural strength, and mass change rate of the specimens at different soaking ages. The corrosion resistance coefficient of compressive strength and the corrosion resistance coefficient of flexural strength were calculated according to Eqs. (1) and (2), respectively:


Rc=fcnfc28
(1)


Rf=ffnff28
(2)

where Rc is the corrosion resistance coefficient of compressive strength; fcn is the compressive strength of the specimen at each erosion age; fc28 is the compressive strength of the specimen at 28 days of curing; Rf is the corrosion resistance coefficient of flexural strength; ffn is the flexural strength of the specimen at each erosion age; ff28 is the flexural strength of the specimen at 28 days of curing.

The rate of mass change of specimen was calculated according to Eq. (3):


Wt=G1−G0G0×100%
(3)

where Wt is the rate of mass change of specimen; G0 is the mass of specimen before erosion; G1 is the mass of specimen after erosion.

2.2.5 Microstructure Analysis

A thin slice sample was taken from the broken test block after the compressive strength test was finished. The sample was placed in a centrifuge tube and an appropriate amount of absolute ethyl alcohol was poured into the tube to terminate the sample’s hydration; this process lasted for 12 h. Then the sample was dried in a drying oven for 12 h. The surface of the dried sample was sprayed with gold and the microscopic morphology was observed by SEM. The scanning electron microscope used is the Zeiss Sigma 300, set to the secondary electron mode.

3  Results and Discussion

3.1 The Strength Activity Index of RFP

The strength activity index of the RFP and the compressive strength of the recycled mortar are shown in Figs. 4 and 5, respectively. The activity index of the RFP and compressive strength of the recycled mortar significantly decreased with increasing RFP content. The compressive strength of mortar was reduced by 0.91%, 24.15%, and 53.3%, respectively when RFP content was 10%, 30%, and 50%. This indicates that when the RFP content is less than 10%, the compressive strength of recycled mortar is not noticeably affected by RFP. The filling effect and low reactivity has a positive and a negative effect on the compressive strength of mortar, respectively. When RFP content is less than 10%, the two effects cancel each other out; when RFP content is more than 30%, the generation of hydration products is greatly reduced, which means that the positive effect is much lower than negative effect, thus leading to the compressive strength being significantly decreased.
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Figure 4: Strength activity index of RFP
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Figure 5: Compressive strength of recycled mortar

3.2 Carbonization Resistance of Recycled Mortar

Fig. 6 shows the carbonation depth of the recycled mortar at different carbonation ages. A 10% RFP content reduces the carbonation depth of mortar at an early carbonation age. Compared to RFP0, the carbonation depth of RFP10 decreased by 43.8% and 13.33% at 15 and 30 days, respectively (see Fig. 6c). At 45 days of carbonation, the carbonation depth of the recycled mortar increased with the RFP content, and the RFP50 has been completely carbonized. This indicates that RFP can improve the carbonization resistance of mortar in the early stage of carbonization. However, RFP has a negative effect on the carbonization resistance of mortar in the late stage of carbonization.
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Figure 6: The carbonization depth of recycled mortar at different carbonation ages

The main reason for the increasing carbonation depth of recycled mortar is that CO2 reacts with Ca (OH)2 (CH) and C-S-H gel. Three reactions occur simultaneously in the process of carbonization of recycled mortar. The first is the carbonization of hydration products. The second is the hydration reaction of unreacted cement particles. And the last is the pozzolanic reaction of RFP. In the early stage of carbonization, only a part of the hydration products produced are carbonized. As the carbonization process continues, the hydration products increase and the generated hydration products are gradually carbonized. When a certain age is reached, the potential activity of RFP comes into play, and a part of the CH generated by cement hydration will be used for the pozzolanic reaction, such that the component will be reduced (possibly by carbonization). Appropriate amounts of RFP can fill the voids within the mortar to stop CO2 from permeating. When the RFP content is further increased, the hydration products are reduced, and the compactness of the matrix is decreased. Meanwhile, connected pores are formed between the accumulated RFP particles due to their being loose, thus enhancing diffusion of CO2. Therefore, the carbonization resistance of recycled mortar is greatly reduced.

Fig. 7 shows the compressive strength and flexural strength of recycled mortar at different carbonization ages. The strength of recycled mortar gradually increased with carbonation age. After 45 days of carbonization, the compressive strength of RFP0, RFP10, RFP30, and RFP50 increased by 17.8%, 15.4%, 36.3%, and 50.2%, respectively, and the flexural strength increased by 31.4%, 44.6%, 32.8%, and 46.3%, respectively. The strength of recycled mortar gradually decreased with the increase of RFP. After 45 days of carbonization, the compressive strength of RFP10, RFP30, and RFP50 was reduced by 2.9%, 12.2%, and 40.4%, while the flexural strength was reduced by 5.3%, 21.2%, and 30.1% compared with RFP0.
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Figure 7: Mechanical properties of recycled mortar at different carbonization ages

There are two reasons for the improvement in strength of recycled mortar after carbonization. On the one hand, the hydration reaction of cement continues in the carbonization process and hydration products are increasing; on the other hand, the carbonization product CaCO3 improves the internal compactness of recycled mortar. The change rule of compressive strength of RFP0 and RFP10 is similar, which is related to the similar cement hydration product Ca(OH)2 content of these two groups. For RFP30 and RFP50, the amount of cement was greatly reduced so the hydration products decreased. As a result, the compactness of the matrix decreased. With the development of carbonation age, CaCO3 gradually filled the pores and contributed to strength and hardness for the matrix. Therefore, the compressive strength of RFP30 and RFP50 increased steadily.

3.3 Sulfate Attack Resistance of Recycled Mortar

The mechanical properties of the recycled mortar at different ages of sulfate attack are shown in Fig. 8. As shown in Figs. 8a and 8c, both the compressive and flexural strengths of the recycled mortar first increased and then decreased with age. The compressive strength of the recycled mortar reached a maximum at 60 days, with RFP0, RFP30, and RFP50 increasing by 24.6%, 38%, and 33.6%, respectively. The flexural strength of the recycled mortar reached a maximum at 30 days, with RFP0, RFP10, RFP30, and RFP50 increasing by 12.8%, 32.4%, 29.9%, and 35.2%, respectively. Compared with the unaged sample (0 day), the compressive strength of RFP10 increased by 6.89% at 30 days of erosion, and decreased by 11.5% and 15.6% at 60 and 90 days of erosion, respectively. According to the rule of compressive strength of the other three groups, it can be deduced that the compressive strength will decrease after 90 days. Similar conclusions were made in the study by Cheng et al. [32]. The decline of compressive strength in RFP10 happened earlier compared with the other groups. As shown in Figs. 8b and 8d, the Rc and Rf of the recycled mortar showed little change compared with RFP0 at 90 days, for which the Rc and Rf ranged from 0.84 to 1.05 and 0.78 to 1.35. This indicates that RFP has little effect on the sulfate attack resistance of cement mortar.
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Figure 8: The mechanical properties of recycled mortar at different corrosion ages

Fig. 9 shows the rate of mass change of the recycled mortar at different sulfate attack ages. The mass of specimen first increased and then decreased with the erosion age. The mass of RFP0, RFP10, RFP30, and RFP50 increased by 0.33%, 0.35%, 0.19%, and 0.13%, respectively. The mass of RFP30 and RFP50 decreased by 0.04% at 30 days. In addition, at different sulfate attack ages, the influence rule of RFP on the mass of the recycled mortar was significantly different. At 60 days of age, the rate of mass change of the recycled mortar decreased with the increase of RFP content. At 90 days of age, the rate of mass change of the recycled mortar gradually increased with RFP content.
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Figure 9: Rate of mass change of recycled mortar at different corrosion ages

In the sulfate immersion environment, the change of strength and mass of recycled mortar is mainly related to the transformation of AFt, the formation of gypsum, and the expansion and cracking of the matrix. In the early age of sulfate immersion, the mass and strength of specimen is improved due to the void of matrix possibly being filled by AFt and gypsum. With increasing erosion age, the cement hydration reaction continued, the amount of Ca2+, AFt, and gypsum gradually increased, and the strength and rate of mass change increased accordingly. In the late age of sulfate immersion, the cement matrix expands and cracks due to excessive AFt and gypsum formation. Therefore, the strength and mass of specimen began to decrease. In this process, RFP delayed the cement hydration process and reduced the gypsum content. Moreover, with increasing RFP content, there is an obvious trend of decreasing strength and mass.

3.4 Chloride Ion Erosion Resistance of Recycled Mortar

Fig. 10 shows the electric flux and chloride diffusion coefficient of recycled mortar. Both the electric flux and chloride diffusion coefficient of RFP10 were lower than RFP0, which indicates that 10% RFP can improve the chloride ion erosion resistance of recycled mortar. However, when the RFP content exceeds 10%, RFP has a negative effect on the chloride ion resistance of recycled mortar. Appropriate amounts of RFP can enhance its filling effect and pozzolanic effect to improve the pore structure of recycled mortar. In addition, due to RFP having much amorphous Al2O3, Si2+ is replaced by Al3+ in the C-S-H gel and makes the silico-oxygen tetrahedron charge unbalanced and negatively charged. Cations form an adsorption layer on the surface of the silico-oxygen tetrahedron, and a diffusion layer formed by anions such as Cl− and OH− is formed outside the adsorption layer, which together constitute a double electric layer. Thus, the curing ability of mortar for Cl− is improved [14]. Therefore, the chloride ion erosion resistance of recycled mortar has been improved due to these three aspects. When the RFP content is excessive, hydration products are significantly reduced, while the connected pores which are formed among the RFP particles will accelerate the diffusion of chloride ions.
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Figure 10: Electric flux and chloride diffusion coefficient of recycled mortar

3.5 SEM Analysis

Fig. 11 shows the influence of RFP on the microstructure of cement mortar. There were more fibrous C-S-H gel and an appropriate amount of flake CH in the mortar without RFP (see Fig. 11a). When 10% RFP was added, the C-S-H gel further increased and CH significantly decreased, which indicates that the RFP consumed a part of CH and generated C-S-H gel, with the microstructure becoming denser at the same time (see Fig. 11b). As the RFP content gradually increased, C-S-H gel was difficult to increase and there remained a small amount of unreacted RFP particles on the surfaces of the hydration products. This indicates that a large amount of CH generated by cement hydration has been consumed, and the remaining RFP particles were not involved in secondary hydration but only acted as inert fillers (see Fig. 11c). When the RFP content was 50%, the CH production decreased significantly and was completely consumed by RFP. A large number of unreacted RFP particles were distributed around the hydration products, meanwhile, the microstructure was loose and porous and the degree of compactness was decreased (see Fig. 11d).
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Figure 11: SEM images of recycled mortar

4  Conclusions

Based on the findings of the study, the following conclusions are drawn:

(1)   At 45 days of carbonization, the carbonization resistance of cement mortar decreases with the increase of RFP. Compared with RFP0, the carbonization depth of RFP10 and RFP30 is increased by 0.8 and 2.2 times, respectively and RFP50 is fully carbonized. Due to the characteristics of the porous surface of RFP particles, more interconnected pores will be formed when a large amount of RFP particles are accumulated. Furthermore, the number of interconnected pores increase with the RFP content, thus the rate of penetration of CO2 is accelerated.

(2)   After 90 days of sulfate attack, the Rc and Rf of mortar are 0.84–1.05 and 0.78–1.35, respectively. Essentially, RFP content less than 50% has little effect on the sulfate attack resistance of cement mortar. The deterioration of mortar performance is caused by the increase of gypsum in the sulfate environment. Although the microstructure of mortar become loose when a large amount of RFP is added, the CH production decreases and part of the CH is consumed by RFP, which leads to a decrease in gypsum production. As a result, the expansion and cracking of mortar is effectively alleviated.

(3)   The chloride ion erosion resistance of cement mortar is improved by 10% RFP and the electric flux and chloride diffusion coefficient reduced by 0.77% and 28.19% respectively. A 10% RFP content can contribute to forming a dense microstructure in cement mortar and reducing the penetration of chloride ion.
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Table 1: Chemical composition of raw materials

SlOz A1203 CaO F6203 MgO NazO SO3

Cement 20.6 5.1 63.3 3.4 2.0 0.6 2.06
RFP 60.3 10.4 17.4 3 3.4 2.1 0.7
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Table 2: Mix proportions of mortar samples

Specimen RFP content (%) RFP content (g) Cement (g) Sand (g) Water (g)

RFPO 0 0 450 1350 225
RFP10 10 45 405 1350 225
RFP30 30 135 315 1350 225

RFP50 50 225 225 1350 225
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