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Abstract: Recycled concrete powder (RCP) is used more and more in cement-based materials, but its influence on the hydration process is still unclear. Therefore, this paper studied the influence of recycled concrete powder (RCP) on the hydration process of cement and provides a theoretical basis for the hydration mechanism of cement composite materials. The hydration heat method was used to systematically analyze the thermal evolution process of cement paste with or without RCP. Hydration products were identified using X-ray diffraction (XRD) and thermal analysis (TG–DSC). The pore structure change of cement pastes was analyzed by mercury intrusion porosimetry (MIP) method. The mechanical properties of mortar were also evaluated. Four recycled concrete powder (RCP) dosages, such as 10%, 20%, 30% and 40% are considered. The results indicate that with the increase of RCP content, the hydration heat release rate and total heat release amount of paste decreased, but the second heat release peak of hydration reaction advanced; the proportion of harmful pores and more harmful pores increases, the total porosity and the most probable pore size also increase; the fluidity and mechanical strength of mortar decrease, but the crystal type of hydration products does not change. When the content of RCP is less than 20%, it has little effect on the mechanical strength of mortar. When fly ash and silica fume are mixed, the fluidity difference of mortar decreases, and when the content of fly ash is the highest, the fluidity of mortar is the highest, which is 15mm higher than that of the control group. When RCP content is 15%, fly ash and silica fume content is 15% (FA:SF = 3:2), the hydration heat of the clean pulp is the highest among all the compounding ratios, and the hydration reaction is the most complete; the proportion of harmless pores increased by 9.672%, the proportion of harmful pores and more harmful pores decreased, and the compactness of material structure increased; the compressive strength and flexural strength of mortar reached 50.6 MPa and 9 MPa respectively, both exceeding those of control mortar.
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1  Introduction

Recent years, with the rapid development of urbanization, a large number of old buildings have been demolished and a lots of construction and demolition wastes (CDW) were generated also. For example, the annual output of CDW in China is about 1.8 billion tons, which has accounted for more than 1/3 of the total amount of national waste, and the 40% of the total amount of CDW is waste concrete [1,2]. The main treatment method of CDW in China is dumping and landfilling, which has caused many environmental and social problems. Therefore, the recycling use of CDW have been a hot point for many scholars and experts. For example, coarse recycled aggregates and fine recycled aggregates, dust powder and waste fibers produced from CDW have been studied and partially applied in building engineering. The rational reuse of CDW not only can reduce the environmental pollution, but also alleviate the practical problem of increasing shortage of natural aggregate faced by concrete industry at present, benefiting society and environment.

Up to now, most of the researches are focused on coarse recycled aggregates (CRA) and fine recycled aggregates (FRA) in concrete. The addition of coarse recycled aggregates in concrete has been accepted, and it is even allowed to completely replace in some countries under particular situations [3]. While research on fine recycled aggregates is still relatively few, since some properties of recycled fine aggregate, such as workability, are more difficult to control due to its high porosity [4]. Then there is a scanty few related researches on the application of recycled concrete powder (RCP).

RCP is a kind of powder with a particle size below 150 µm obtained by a mechanical pre-treatment (crushing, grinding and sieving) from construction and demolition wastes (CDW) [5,6]. CDW has higher reusability, lower cost and legal requirements and it is easy to obtain with high fineness and strong reactivity [7]. Furthermore, some studies have indicated that the proper replacement rate of CDW could not cause significant changes in mechanical properties [8,9]. Hence, the performance of RCP is worth studying. In addition, this kind of recycled powder contains a large number of fine particles, which will diffuse and float in the air if they are not collected and handled properly, causing air pollution and various diseases of the human body, e.g., lung cancer [10]. Now, Cement has been the most widely used building material of modern society due to its low cost and long durability. With the rapid development of economy, cities are expanding continuously, especially in developing countries. The consumption of cement will be increasing with the increase of infrastructure scale [11]. The mass consumption of cement has led to a significant reduction in non-renewable natural resources used as raw materials and a sharp increase in carbon dioxide emissions, which will aggravate environmental pollution [12]. Until now, numerous studies have shown that partially replacing the Ordinary Portland Cement (OPC) with one or more supplementary cementitious materials (SCM) with industrial solid wastes such as fly ash (FA), silica fume (SF), the construction and demolition wastes and so on is one of the most common ways to reduce cement energy consumption as well as protect the environment and achieve sustainable economic development [13,14]. Therefore, using an environmentally friendly method to reuse recycled micro-powder like fly ash as a supplementary cementitious material to produce green construction materials is a topic worthy of study, which contributes greatly to both public health and environmental sustainability.

Kima et al. [15] show that the particle size of RCP is larger than that of OPC, and the RCP mortar has low compressive strength and poor fluidity. The research results of Moon et al. [16,17] show that the mechanical properties of concrete are damaged by adding RCP, and the concrete performance can be improved by adding other admixtures or controlling the quality parameters of RCP. Jaroslav et al. [18–20] show that RCP contains some unhydrated cement particles, and the filling effect of micro-aggregate is remarkable, which can replace cement at low content. Kwon et al. [21] show that when RCP is used instead of cement, the overall performance can reach 80% even more of cement, and the carbon emission can be reduced by 46%. Rangel et al. [22] found that RCP particles have smaller average particle size, larger specific surface area and stronger water absorption, and suggested that RCP is feasible as an auxiliary cementing material. The research by Chen et al. [23] and Sun et al. [24] found that comparing the strength of samples containing recycled concrete powder with those without containing, the pozzolanic activity of RCP reached 70%, which indicates that RCP can be used as a substitute for cement. The research of Duan et al. [1,25] shows that when the content of RCP is less than 30%, it has a positive influence on the mechanical properties of mortar. Liu et al. [26] found that RCP particles significantly reduced the fluidity of mortar and led to larger shrinkage.

Inspired by this, research exploring the application of RCP has attracted increasing interests. However, yet the progress has been made, the hydration mechanism of RCP needs to be further studied. As we all know, microstructure is the key to cement based material performance [27,28]. The hydration process of cement composites containing RCP is mainly divided into two steps. Firstly, cement reacts with water to form CH, C-S-H and AFt. Secondly, CH reacts with RCP and water to form C-S-H and C-A-H [29–31]. From the view of hydration, RCP motivates the hydration of cement through boundary nucleation and growth (BNG) effect. Such a process provides C-S-H and CH with places to precipitate and grow [32]. In addition, a porous structure of RCP accelerates cement mixes hydration, which leads to an initially higher hydration heat compared to cement [33]. This not only positively improves the mechanical properties of cement but also improves the hydration mechanism.

Hence, to respond to the need of systematic study on RCP and promote the application of RCP, this paper comprehensively investigated the hydration process and microstructure development of cement-recycled concrete powder binary system in combination with the mechanical properties of RCP cement-based materials. The curing period is from 3 days to 28 days. Different replacement rates of RCP (10, 20, 30, 40 wt%) are discussed. The heat evolution, hydration products type and morphology, pore structure of cement paste containing RCP were studied. The influence of RCP on cement and mortar strength was also studied then compared with OPC, the optimal dosage of RCP was obtained finally.

2  Experimental Program

2.1 Materials

The studied recycled concrete powders (RCP) were prepared with waste concrete in the laboratory. The waste concrete originated from the waste concrete beam in Xining railway traffic engineering project of Qinghai Province. The beam was made of CEM I 42.5 type Ordinary Portland cement (OPC), and the 28d compressive strength of the concrete beam was 32.4 MPa. The production of recycled concrete powders (RCP) consists of three steps. First, a waste concrete beam member was crushed into bricks by hand (Fig. 1a), then crushed by a jaw crusher and screened to obtain particles under 0.15 mm as recycled fines. Finally, the recycled fines were pulverized in a PM2L planetary ball mill for 30 min and selected as the studied recycled concrete powders (RCP) (Fig. 1b). Other materials used in these mixtures were CEM I 42.5 type Ordinary Portland cement (OPC), Class I grade fly ash (FA) and silica fume (SF).
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Figure 1: Preparation of Recycled Concrete Powder (RCP)

The chemical composition and performance indicators of these materials are shown in Tabs. 1 and 2. The morphology of all particles are shown in Fig. 2. The particle size distribution curves of all particles are shown in Fig. 3 and Tab. 3. From the results, it can be seen that RCP and FA are much coarser than OPC and SF is much finer than OPC. The mineral compounds of particles are shown in Fig. 4. It can be seen that the main chemical compositions of RCP are similar to that of OPC, including CaO, SiO2, Al2O3, Fe2O3 and CO2, which account for more than 80% of the total components content of RCP. In addition, the total content of CaO, SiO2, Al2O3 and Fe2O3 accounts for more than 60% of all chemical components content of RCP. In RCP, CaO content is less than OPC, while SiO2 content is higher than OPC and FA. This will help RCP play a pozzolanic role in cement hydration process. ISO standard sand was applied for mortar samples.
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Figure 2: SEM images of materials × 5000. (a) OPC, (b) RCP, (c) FA and (d) SF
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Figure 3: Particle size distributions of the component
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Figure 4: Mineral compounds of particles. (a) OPC, (b) RCP, (c) FA and (d) SF
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2.2 Sample Preparation

The mix proportion of specimens is given in Tabs. 4–7. Tabs. 4 and 5 show the mix proportion of pastes. Tabs. 6 and 7 show the mixture ratios of mortars. For all mixes, the type was OPC blended with RCP which were used to replace 0%, 10%, 20%, 30% or 40% of OPC respectively. In Tabs. 4 and 6, the cement was partially replaced by 0%, 10%, 20%, 30% and 40% of RCP by weight, respectively. In Tabs. 5 and 7, for improving the utilization rate of recycled fine powder the dosages of RCP were 30% partially replacement of OPC, FA and SF replaced RCP with a certain ratio as well. Each specimen was marked with a code, e.g., J1 and S1 represented 10% replacement of OPC by RCP. The reference samples are represented as J0 and S0. The paste specimens were stirred in a mixer with a mixing time of two minutes, then were modelled in rectangular moulds (20 mm * 20 mm * 20 mm) in their fresh states. For the mortar specimens, standard sand with particle sizes ranging from 0.5 mm to 1 mm was used as the aggregate. The mortar specimens were manufactured into cubes with a size of 40 * 40 * 160 according to the Chinese National Standard GB/T17671-1999 [26]. All demoulded specimens were kept in a curing room (at 20 ± 2°C, 95% RH) until the certain test age (3, 7 and 28 days). Absolute ethanol was used to stop the hydration reaction.
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2.3 Testing Methods

Paste samples were used for setting time, hydration heat evolution, thermal analysis, hydration product type and pore structure tests. Mortar samples were tested for fluidity, compressive strength and flexural strength.

The setting time of all series of pastes was tested according to the Chinese standard GB/T 1346-2001 [34].The fluidity of all series of mortars were tested according to the Chinese standard GB/T 2419-2005 [35]. An accurate conduction calorimeter (I-Cal 4000HPC, USA), with a working temperature of 20 ± 0.2°C, was used to determine the change of hydration heat flow. Firstly, put the weighed material into the instrument and cover the instrument for preheating. After preheating for 2 h, take out the raw materials and stir them evenly, and put them into the hole inside the instrument again, and cover the instrument. The heat flow was recorded every 24 s until 72 h had passed. The hydration products were quantified and identified by thermogravimetry (TG)- differential scanning calorimetry (DSC) method.

Using the TG–DSC instrument at a controlled temperature, measure the mass change of cement paste as well as the energy difference between input cement paste and reference material. Nitrogen gas was employed as a protective gas to prevent carbonation in the heating process. During the test, samples were heated from room temperature to 1000°C at a heating rate of 10 °C/min. The pore structures of pastes cured for 3, 7, and 28 days were characterized by mercury intrusion porosimetry (MIP). After reaching the required curing ages, the specimens were soaked in ethanol for one week to stop the hydration reaction. After the paste samples were taken out of the absolute alcohol, they were crushed into small particles with a diameter of approximately 2.36 mm and were oven dried in a vacuum at 80°C for 6 h. Experiments were carried out using an automatic mercury porosimetry (Autopore IV 9500), whose testing range of pore diameters was 0.007 to 144 µm. MIP test consists of low pressure test and high pressure test. Firstly, put the weighed sample (about 2 g) into the dilatometer, and coat the upper surface of the glass tube with special glue for sealing. Then put the plastic sleeve on the dilatometer and put it into the low-pressure chamber for low-pressure test. After the low pressure test is completed, put the dilatometer into the high pressure chamber for high pressure test. After the test is completed, the data are exported for analysis. Crystallized phases of hydrated cement pastes were measured using an X-ray diffractometer (D/Max 2500PC, Japan). The acquisition range for each sample was 5–70°(2θ). Compressive and flexural strength tests were performed on samples with a loading rate of 0.3 kN/s after 3, 7 and 28 days of hydration. According to the Chinese standard GB/T 17671-1999 [36], each resultant value of compressive or flexural strength was an average calculated from several tests. When carrying out a strength test, the side perpendicular to the cube forming surface should be selected as the compression surface.

3  Result and Discussion

3.1 Setting Time Test Results

The setting time of all cement pastes studied is presented in Fig. 5. It indicates that both the initial and final setting time of cement pastes tended to be longer when RCP content increased. When the RCP content increased from 0 to 10%, the initial setting time of the cement paste decreased while the final setting time did not change significantly. The setting time of the cement pastes was prolonged when the RCP content was higher than 10%. When FA and SF were added to RCP pastes, the setting time was significantly reduced. This may be attributed to the fact that the addition of FA and SF can promote the hydration of cement and make it form many flocculent CSH gels, thus losing plasticity and greatly shortening setting time [37].
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Figure 5: Setting time of cement pastes

3.2 Fluidity Test Results

As shown in Fig. 6, the fluidity of the control group S0 is 205 mm. Compared with the S0, the fluidity of samples doped only with RCP decreased significantly with the increase of the content of RCP. The reason for this result is that the recycled micropowder is porous, which leads to strong hygroscopicity [38]. It is obvious to find that RCP has a larger surface area compared to FA (Tab. 2) and the sample S3 with RCP is looser than the control sample S0 (Fig. 7), therefore, increasing the dosage of RCP naturally brings about a decrease in fluidity. However, it is interesting to note that the fluidity difference of samples decrease when mixed with composite RCP. Especially when the dosage of fly ash reaches the highest value (FS22), the fluidity also reaches the highest value (204 mm), which is similar to that of the control group. This may be due to the ball-bearing effect of FA. The fly ash particles act as a “ball bearing” in the mortar, reducing the internal friction between fly ash and other particles, and at the same time reducing the agglomeration and breaking of flocs, releasing locked water [39].
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Figure 6: Flow of cement mortar adding RCP
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Figure 7: SEM images of pastes × 2000. (a) S0-28d and (b) S3-28d

3.3 Mechanical Property

The results of compressive and flexural strength tests are presented in Figs. 8a–8d. The influence of RCP on the compressive strength of mortars is found to be similar to that on flexural strength.
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Figure 8: Compressive strength and flexural strength of mortars with and without RCP. (a) Compressive strength of mortars, (b) Flexural strength of mortars, (c) Compressive strength of mortars and (d) Flexural strength of mortars

Figs. 8a and 8b show that the compressive and flexural strength of mortars dropped noticeably as the RCP dosage increased at every age. When the dosage is 10%, the compressive strength of RCP mortar is similar to that of the reference mortar at 3 days and 7 days, while it is slightly lower at 28 days. When the dosage is 20%, the compressive and flexural strength of RCP mortar has a small decrease, but it still reaches more than 80% of the reference mortars. When the dosage was 30% and 40%, the strength of RCP mortar both decreases significantly compared with the reference mortar. This may attribute to the high content of CaO and SiO2 in RCP, which has more active components. These active oxides reacted to form the C-S-H gel, which leads to more complete hydration and increased the strength of the concrete (see Tab. 1 and the TG–DSC analysis) [40,41]. Secondly, RCP had lots of fine powders (particles with sizes under 10 µm), and these ultrafine powders filled the pores in the cement paste, improving the pore structure and strength of the mortar (see analysis of the MIP test) [42]. However, when the RCP content is higher than 20%, the mortars cannot be bonded together to form a stress structure, resulting in slightly lower strength, due to the excessive content of fine powder in the RCP, or the hydration of the powder itself is very limited.

Figs. 8c and 8d show the comparison of compressive strength and flexural strength of the mortars mixed with blended RCP with the reference mortar. It can be noticed that compared with the reference mortar, the strength growth of mortars mixed with blended RCP in 3 days and 7 days is lower, while the strength growth in 28 days is larger, which is just opposite to the reference mortar. This indicates that blended RCP reduces the early strength of mortars, but improves the long-term strength of that. The main reason for this phenomenon is that in the early hydration stage, FA and SF mainly play the role of micro-aggregate filling in cement paste, while in the later hydration stage, the pozzolanic reaction of fly ash increases, which leads to more complete hydration and enhances the compactness of motar microstructure, thus making the long-term strength increase greatly [1,43,44]. At 28 days, the strength of most composite mortars is lower than that of the reference mortar, however, the compressive strength and flexural strength of FS12 both surpassed that of S0, reaching 50.6 MPa and 9 MPa respectively. It means that adding FA and SF particles into RCP mortar in proper proportion is beneficial to improve the flexural strength and enhancing the crack resistance. The research of Li et al. also reached a similar conclusion [45].

3.4 Hydration Heat Test Results

It can be seen from Figs. 9 and 10 that there are three peaks in the hydration process, the first peak is the reaction of aluminate with water and sulfate in the early stage of induction, forming a gel-like material (ettringite) around the cement particles, releasing a lot of heat; the second peak is the formation of fibrous calcium silicate hydrate (C-S-H) gel and crystalline calcium hydroxide (CH) in acceleration period, with obvious thermal evolution; the third peak is that the interaction of C-S-H gel and crystalline CH with the remaining water and undissolved cement particles during the deceleration period slows the C2S reaction, thereby reducing the heat of hydration. The sulfate begins to be consumed, so the remaining aluminate reacts with ettringite to form monosulfate [40].
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Figure 9: Heat evolution curves of samples. (a) The hydration rate in 72 h, (b) The cumulative hydration heat in 72 h, (c) The hydration rate in 72 h and (d) The cumulative hydration heat in 72 h
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Figure 10: Heat evolution curves of samples. (a) The hydration rate in 72 h and (b) The cumulative hydration heat in 72 h

The results of hydration heat of RCP, FA, SF pastes and OPC paste are compared in Figs. 9a and 9b. The dosages of RCP, FA, SF are all considered as 10%. It can be seen from Fig. 7a that the order of hydration heat rates is OPC-100% > RCP-10% > FA-10% > SF-10% at 72 h. Fig. 7b shows that RCP paste has the highest total hydration heat among all pastes from 0 to 72 h. This indicates that the hydration reaction of RCP is more complete compared with FA and SF. RCP, with a high initial heat rate, produces more hydration products, so it is more suitable to be used as supplementary cementitious material.

Figs. 9c and 9d show the comparison of pastes doped with RCP and OPC. It can be seen that the order of heat release rate and total hydration heat both decrease with the increase of RCP dosage, and are both lower than OPC. The highest peak of hydration heat release rate occurs three times at 10% of single-mixed RCP, the first peak can be ignored, because it indicates the beginning of the hydration reaction of aluminate (C3A), the main product is ettringite (AFt). The higher the content of RCP is, the earlier the peak of the secondary hydration reaction will be. This indicates RCP accelerates the cement hydration. This indicates that RCP with fine particles accelerates cement hydration, which is consistent with the research results of Jiang et al. [44]. The reason may be the dilution of cement, or the increase of nucleation sites caused by hydration reaction [46]. Compared with cement, RCP reduces the content of gypsum and improves the reactivity of C3A, so that C3A can renew and accelerate hydration.

Figs. 10a and 10b show the comparison of OPC samples, RCP single-doped samples and composite RCP samples (the RCP replacement rate is 30%). It can be found that the hydration heat release rate is in the order of OPC-100% > RCP-F12 > RCP-F22 > RCP-F11 > RCP- F21 > RCP-30%; the total heat release is in the order of OPC-100% > RCP-30% > RCP-F12 > RCP-F22 > RCP-F11 > RCP- F21. This shows that when the dosage of RCP is 30%, the proportion of other mineral admixtures mixed with 50% release more heat than 30%, and when FA:SF = 3:2 also release more heat than FA:SF = 4:1.This shows that under the same dosage of RCP, for composite RCP samples, the hydration reaction is more complete when the proportion of other mineral admixtures is 50% (FA:SF = 3:2). This indicates that FA increases the hydration reaction rate of cement to a certain extent due to its nucleation effect in the hydration reaction of the paste. Matos et al. found that the higher the pH of pore solution was, the stronger the reaction degree of C3A was [47]. Because FA contains aluminates, which can undergo alkaline activation reaction in the process of cement hydration then promote cement hydration and generate inorganic polymer, thus making the mechanical properties of the material stronger. Tang et al. [48] also show that the cement mixture mixed with RCP and FA is helpful to improve the properties of cement composites.

3.5 X-ray Diffraction Analyses

Figs. 11a and 11b illustrates the XRD pattern of cement pastes with curing time of 28 days. Comparing with OPC paste, there are no new hydration products generated for RCP pastes. The only difference is the diffraction peak intensity of portlandite (CH) and ettringite (Aft). Along with hydration process, the silicon dioxide (SiO2) and belite (C2S) from pastes was consumed and portlandite (CH) and ettringite (AFt) were produced with time. As can be seen from Fig. 11a, when RCP is doped alone, as the dosage increases, the contents of CH and Aft decrease. When the dosage of RCP is 10%, the content of CH and Aft is the highest, which is close to the control group, this shows that the hydration reaction is more complete. When the dosage of RCP is 20%, the content of C2S is the highest leading to incomplete hydration reaction, which maybe because the hydration rate of C2S is slower than that of C3S. The Aft content in J0 is the highest, because the gypsum content in RCP is relatively small, so the formation of Aft phase is less [49].
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Figure 11: XRD pattern of hydration product. (a) Pastes with different RCP content and (b) Pastes with different RCP content

From Fig. 11b, CH in the F12 sample increases slightly, but other crystalline compounds do not make much difference. Compared with J0, the intensity of CH diffraction peaks of other samples highly decreased, but that of C2S and SiO2 are sharply enhanced. The consumption of CH can be attributed to the pozzolanic reaction of SiO2 from RCP composite paste [50–53]. This result means that the FA and SF particles in RCP composite paste can promote the formation of nucleation point, and with the rehydration of cementitious materials, CH crystals decrease, and CaCO3 in the product fills the surface pores [54]. As observed in other studies, this accelerates the improvement of material mechanical properties [55–57].

3.6 TG-DSC Test Results

For further analyzing the influence of RCP on the hydration of cement paste, the hydration products of hydrated cement pastes were used for characterization. Materials released during TG–DSC process was monitored by MS instrument, and test results are concluded in Tab. 8. The TG-DSC curves of cement paste without and with RCP or FA are given in Figs. 12a and 12b. The TG–DSC test was performed in nitrogen atmosphere. The first exothermic peak at 120°C is attributed to the water release behavior of CSH gel and AFt phase; the second peak at 450°C is attributed to the decomposition of calcium hydroxide(CH); and the peak at 700°C is attributed to the decomposition of calcium carbonate (CaCO3). In addition, it can be noticed from the figure that the quality has also changed accordingly. The chemical reaction equations that occur during the hydration of cement are [11,58].


C3A+6H2O=3Aft
(1)


C3S/C2S+H2O=xC−S−H+(3−x)CH
(2)
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Figure 12: TG-DSC curve of cement pastes. (a) Pastes with different RCP content and (b) Pastes with different RCP content
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At 450°C, cement pastes cured for 28 days (Fig. 12a) shows the order of mass loss is J0 (4.70%) > J1 (3.99%) > J2 (3.86%) > J3 (3.37%) > J4 (3.21%).This confirms that compared with the reference group, with the increase of RCP content, the generated CH content gradually decreases, which proves that RCP can promote the hydration of cement, and its nucleation provides sufficient nucleation sites for the formation of hydration products. From Fig. 10b, the order of mass loss is J0 (4.70%) > J3(3.37%) > F12(2.28%) at 450°C. This indicates that with the addition of FA and SF, the content of CH in the mixed paste decreases obviously, which is due to the enhancement of pozzolanic reaction of mixed paste, consuming more CH and producing C-S-H gel [59–61]. It is confirmed again that the pozzolanic effect of sample with composite RCP is stronger than that only with RCP.

3.7 Pore Structure Evolution

The results of the MIP analyses of the paste samples cured for 28 days are shown in Figs. 13a–13d. With reference to Academician Wu Zhongwei’s division of concrete pores, those with a pore diameter of <20 nm are harmless pores (Zone I), 20-50 nm are less harmful pores (Zone II), 50–200 nm are harmful pores (Zone III), and > 200 nm are more harmful pores (Zone IV) [62]. Figs. 13a–13d indicate that with the incorporation of RCP in the pastes, the pore structures of the paste samples exhibited different changes. Fig. 11a shows that the most probable pores of the samples are all in the Zone III, at 28 days, the most probable pore size of each series ranges from small to large as follows: J3(95.389 nm) < J2(95.485 nm) < J1(95.529 nm) < J0(95.559 nm) < J4(120.995 nm).
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Figure 13: Pore size distribution of cement pastes at 28 d. (a) Differential pore size distribution of cement pastes, (b) Cumulative pore size distribution of cement pastes, (c) Differential pore size distribution of cement pastes and (d) Cumulative pore size distribution of cement pastes

Figs. 13b and 14 show that the pore size distribution of samples is mainly distributed in harmful pores and more harmful pores. With the increase of RCP content, the content of harmful pores decreased, the content of harmful pores increased and the total pore volume increased. When the content of RCP is 40%, the more harmful pores become the pores with the highest content in pastes. However, when the content of RCP is 10%, compared with the control group, the content of harmful pores decreased by 4.338%, the content of more harmful pores increased by 4%, but the content of harmless pores increased by 1.653%. This indicates that the fineness of RCP is small, and that proper addition of RCP to pastes can refine the most possible pore size, make the hydration reaction more complete, produce more hydration products and transform harmful pores into harmless pores to form a denser pore structure [63–66]. While excessive RCP will cause the reduction of hydration products and weaken the refining effect of RCP. As a result, harmful pores and more harmful pores gradually increase, and RCP plays a completely opposite role.
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Figure 14: Pore volume distribution of Paste

Fig. 13c shows that the most probable pores of the samples are all in the Zone III, at 28 days, the most probable pore size of each series ranges from small to large as follows: F12(77.180 nm) < J3(95.389 nm) < J0(95.559 nm). Figs. 13d and 14 show that when FA and SF are mixed, compared with J0, J3, F12 greatly increases the ratio of harmless pores and reduces the ratio of harmful pores and more harmful pores. The proportion of harmless pores in F12 increased by 9.672% compared with J0. The total pore volume of each series ranges from small to large as follows: J0 < F12 < J3. This indicates that adding a proper amount of FA and SF can significantly improve the pore structure of the RCP cement pastes at the same content, making the structure more dense and uniform, which should be mainly related to the morphology and filling effect of them [67,68]. This is consistent with the previous discussion results in this paper.

4  Conclusions

In this paper, the influence of single and mixed RCP of different dosages on the performance of cement mortar and mortar is studied by means of hydration heat, TG-DSC and MIP, etc. Based on the above mentioned experimental results, the following conclusions can be drawn:

1.    Compared with cement, RCP is much coarser and the content of SiO2 is higher. With the increase of RCP content, the fluidity of mortar decreased, and the setting time of paste increased. Adding FA and SF improved fluidity and shorten setting time.

2.    With the increase of RCP content, the compressive strength and flexural strength of mortar at different ages decreased. When the dosage of RCP was less than 20%, the 28-day compressive strength and flexural strength of RCP mortar decreased slightly, reaching more than 80% of the control group. After FA and SF were added into RCP mortar, due to the physical filling and chemical action of active powder, the early strength of mortars decreased, but the later strength increased. When the content of RCP is 15%, the replacement rate of other mineral admixtures is 15% (FA:SF = 3:2), the compressive strength and flexural strength of mortar were the highest, reaching 50.6 MPa and 9 MPa respectively, which both exceeding those of the control group.

3.    The analysis of hydration heat showed that with the addition of RCP shortened the induction period and reduced the heat release rate and the cumulative heat at 72 h, and was lower than that of the control group. When FA and SF were mixed in RCP pastes, the pozzolanic effect increased, and the heat release rate increased in 72 h. When the paste ratio is F12 (The RCP dosage is 15%, the substitution rate of other mineral admixtures is 15%, FA:SF = 3:2), the cumulative heat was the highest among the RCP samples mixed with FA and SF.

4.    XRD and TG analysis showed that the addition of RCP did not change the crystal type of hydration products. With the increase of RCP dosage, the content of CH in the product decreased, and the hydration reaction degree decreased. When FA and SF were added to RCP paste, FA and SF underwent the rehydration in the later stage of cement hydration, which enhanced the pozzolanic effect, thus more CH is consumed.

5.    When the content of RCP is not higher than 10%, there is no adverse effect on the pore structure of cement paste. However, when the content of RCP continues to increase, the proportion of harmful pores and more harmful pores of pastes increases, so does the total porosity and most probable pore size. When the paste ratio is F12 (The RCP dosage is 15%, the substitution rate of other mineral admixtures is 15%, FA:SF = 3:2), compared with the control group J0, the proportion of harmless pores increases by 9.672%, the proportion of harmful pores and harmful pores decreases, the pore structure of pastes improves, and the compactness of material structure enhances.
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Table 3: Particle size distributions of silica tume (SF) particles

Particle size distributions (um) <20 <50 Average grain diameter (pm)

SF(%) 100 100 0.82
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Table 8: Relationship between temperature and release materials

Temperature/°C Water CO,
120 X (Water released from CSH or Aft)
450 X (Decomposition of CH)

700 X (Decomposition of CaCOs)
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Table 4: Mix proportion of pastes

No. Replacement rate (%) W/C OPC (g) RCP (g) FA (g) SF (g) Water (ml)
JO 0 0.45 455 0 0 0 205
J1 10 0.45 410 46 0 0 205
12 20 0.45 364 91 0 0 205
I3 30 0.45 319 137 0 0 205
J4 40 0.45 273 182 0 0 205
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Table 7: Mix ratios of mortars

No. Replacement rate W/ RCP FA+SF FA: OPC RCP FA SF  Water
(%) C_ %) (%) SF (g (2 (g (g (m)
FS11 30 0.45 21 9 32 315 945 243 162 225
FS12 30 0.45 15 15 32 315 67.5 405 27 225
FS21 30 0.45 21 9 4:1 315 945 324 81 225
FS22 30 0.45 15 15 4:1 315 67.5 54 13.5 225
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Table 1: Chemical composition of materials (%)

Materials CaO Si0, Al,O4 Fe,04 SO, MgO K,0 Na,O TiO, CO,
OPC 40.4 19.8 7.67 2.66 2.31 2.06 0.97 0.54 0.37 12.7
RCP 29.1 27.8 6.70 2.73 1.11 4.49 1.09 0.56 0.34 25.7
FA 1.27 21.5 15.20 1.36 024  0.40 0.68 0.4 0.41 58.3
SF 0.44 97.3 0.40 0.07 0.23 0.44 074 — — —
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Table 6: Mix ratios of mortars

No. Replacement rate (%) W/C OPC (g) RCP (g) Sand (g) Water (ml)
SO 0 0.5 450 0 1350 225
S1 10 0.5 405 45 1350 225
S2 20 0.5 360 90 1350 225
S3 30 0.5 315 135 1350 225
S4 40 05 270 180 1350 275
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Table 2: Physical properties of materials

Materials Bulk density (Kg/m®) Apparent density (Kg/m?) Specific surface area (m*/Kg)

OPC 1056 2978 493
RCP 856 2355 467
FA 1245 1919 438

SF 1560 2610 226
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Table 5: Mix proportion of pastes

No. Replacement W/C RCP (%) FA+SF (%) FA:SF OPC (g) RCP (g) FA (g) SF (g) Water (ml)

rate (%)
FI1 30 0.45 21 9 3:2 3185 9555 2457 16.38 205
F12 30 0.45 15 15 3:2 3185 6825 4095 273 205
F21 30 0.45 21 9 4:1 3185 9555 32.76 8.19 205

F22 30 045 15 15 4:1 3185 6825 546 13.65 205
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