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Abstract

:

In the concrete manufacturing industry, a large amount of waste is generated. Such waste can be utilised in the production of more sustainable products with a low carbon footprint. In this study, concrete sludge, a difficult-to-utilise waste that is obtained from residual concrete by washing a concrete truck, was investigated. During washing, aggregates from the concrete mixture are separated, and the remaining insoluble fine particles combine with water to form concrete sludge. Dried and wet concrete sludge were used in the tests. Samples with different compositions were produced with dried and wet concrete sludge, cement, superplasticiser, and tap water. Seven cement pastes with different compositions were made by partially replacing cement with dried concrete sludge (0%, 5%, 10%, 15%, 20%, 25%, and 30%). In compositions with wet concrete sludge, cement was replaced by the same amounts as in the case of dried concrete sludge. The slump, setting time, and their changes with different amounts of concrete sludge were determined for fresh cement pastes. It was found that with different forms of concrete sludge, the technological properties of the mixtures change, and the setting time decreases. The density and compressive and flexural strength results were confirmed by SEM and XRD tests. The research results show that dry concrete sludge causes the deterioration of the mechanical properties of cement stone, while wet concrete sludge improves the mechanical properties of cement stone. However, it was found that replacing 5% cement with dry concrete sludge does not significantly affect the properties of hardened cement stone. In mixes with wet concrete sludge, the recommended amount of replaced cement is 10%, because the technological properties of the mixture are strongly influenced by larger amounts.
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1. Introduction


Ecology, the environment, and sustainability are current topical issues [1]. According to the United Nations Commission on Global Application and Development, sustainability is meeting the needs of the present without compromising the ability of future generations to meet their own needs [2]. All areas of the world must inevitably become sustainable. One such area is the concrete manufacturing industry. Concrete is one of the main construction materials, and its use in the future is inevitable due to its relatively high durability, its cost, and the availability of its raw materials; the concrete industry is developed worldwide [3].



Concrete production volumes increase year by year. According to a published study, 915 million cubic metres of ready-mixed concrete was produced by nearly 30,000 concrete plants in 2018. The same study, carried out by the European Ready-Mixed Concrete Organisation, estimated that ready-mixed concrete producers in the organisation’s member countries used 260 million tonnes of cement [4]. The amount of cement used is enormous, and as a result, our environment is severely damaged, as the cement industry is one of the most polluting and carbon-intensive industries [5]. One tonne of Portland cement produced causes the emission of approx. 1 tonne of carbon dioxide [6,7,8,9,10,11,12,13,14]. Scientists have also calculated that the cement manufacturing industry emits 5% of the 30 gigatons of carbon dioxide emitted worldwide [15].



Currently, there is an active search for alternatives to natural materials used in concrete production. By-products that are obtained in other industrial areas during the production process could be used as alternatives to natural materials. Using such materials provides not only benefits to nature but also economic benefits [16,17,18]. Many researchers are looking for alternatives to cement, and the main ones being tested are fly ash, ground granulated blast furnace slag, silicon dust, and rice husks, and these are materials that are obtained from other industrial areas as by-products [19,20,21,22,23]. By using these materials and their combinations, it is possible to improve the mechanical strength and durability of cement stone [24,25].



Waste is also generated in the concrete manufacturing industry, and it is possible to use these by-products in the production of various more sustainable products with a low carbon footprint [26]. Despite the damage caused by using Portland cement, the amount of waste generated also increases with increasing production volumes. Concrete sludge is one such waste. At the end of the work day, each 9 m3 concrete mixer truck brings back approx. 200 to 400 kg of fresh concrete mix to the plant [27,28]. It has also been estimated that between 1% and 4% of the concrete mix turns into concrete sludge waste [29]. The primary source of concrete sludge is the washout water generated after flushing the chutes of ready-mixed concrete trucks at the end of the day [30]. Another source, which is particularly common in large cities, is the concrete mix returned to the mixing plant because it was not unloaded at the site due to overbooking [31]. These practices lead to the accumulation of large quantities of waste that become very costly to dispose of [32]; therefore, concrete producers need to take additional measures to tackle this problem. Residual concrete recycling systems that can separate cement particles from concrete aggregates are one of the solutions. Washed aggregates can then be used in the production of ready-mixed concrete [33]. Washout water can be passed through press filters to remove silt and obtain dry concrete sludge. Wet concrete sludge is obtained without filtering the washout water.



Most of the research into concrete waste has been performed with recycled aggregates and their use in the production of ready-mixed concrete, whereas particles with sizes below 5 mm have been researched less [34]. Some researchers [35] studied the use of washed sand from residual concrete recycling systems. They observed that washed sand was contaminated with fine cement particles, which affect the particle size distribution and the bulk density of the sand. Such sand can be used in concrete mixes, but higher amounts of superplasticisers must be added.



Other researchers received positive results by using concrete returned to the batch plant as an aggregate [36]. They added non-toxic chemical additives to a not-yet-hardened concrete mixture and turned it into a granulated material, which was later used as concrete aggregate.



Other researchers tried to use concrete sludge in the manufacture of precast concrete blocks. They used dry concrete sludge and washed sand from residual concrete processing systems and hardened the obtained composite cementitious material in a CO2 environment. Tests showed that the wall blocks made from this mix were carbon-neutral and sustainable.



There were attempts to use concrete sludge from batching plants as a raw material in cement manufacturing [37]. The tests revealed that it is impossible to use concrete sludge as a raw material in cement manufacturing.



Researchers also tried to use concrete sludge as a microfiller for mortars [38]. They found that dry concrete sludge had a negative effect on the workability of the mortars and required much higher amounts of superplasticisers. A high variation in compressive strength from −30% to +17% among the specimens in comparison to the control specimen was another drawback.



Researchers also tried to use concrete sludge instead of cement to stabilise road foundation layers [39]. Positive results of using concrete sludge to stabilise foundations were reported [40]. The results showed that, in terms of compressive strength, it was possible to achieve 38% of the stabilisation effect compared to the same amount of standard Portland cement.



Researchers [41] tested in detail the concrete sludge obtained from local batching plants. They found that cement particles and a small amount of sand fines prevailed in concrete sludge. The tested concrete sludge contained 49.7% cement particles, 38.7% sand fines, and 11.6% limestone filler.



This paper analyses the effects of wet concrete sludge and dry concrete sludge on the properties of hardened cement paste. The chemical and mineral compositions of the sludge were analysed. The thermal stability of the material and its fraction of volatile components were determined by means of thermogravimetric analysis. The slump flow and the setting time were determined for the cement paste, and the density and compressive and flexural strengths were determined for the hardened cement paste.




2. Materials and Methods


2.1. Raw Materials


Cement CEM I 42.5 R that meets the requirements of LST EN 197-1 [42] and concrete sludge obtained from residual concrete processing systems after the separation of coarse aggregates were used for the tests. Both wet and dry concrete sludge were tested. For dry concrete sludge testing, wet concrete sludge was dried at a 120 ± 5 °C temperature to a constant mass. Table 1 illustrates the chemical composition of dry concrete sludge, and Table 2 illustrates the physical properties of the sludge.



The density and dry solids content of wet concrete sludge were determined. This was carried out according to LST EN 1008-2005 [43].



The density of concrete sludge used for the tests was 1220 kg/m3. The dry solids content of the sludge was 500 kg/m3. The pH of the wet sludge, determined according to LST ISO 4316:1997 [44], was 11.4, and the cement paste pH value was 14 when the w/c ratio in the cement paste was 0.35.



The particle size distribution analysis of dry concrete sludge revealed that particles with an average size of 15.85 µm prevailed in the tested sludge. At 10%, the particles were 3.35 μm; at 50%, they were 10.18 μm; and at 90%, they were 12.88 μm. The size of CEM I 42.5 R particles ranged from 0.1 to 70 μm. The particle diameter was 0.75 μm at 10%, 7.88 μm at 50%, and 39.66 μm at 90%. The mean particle diameter was 14.21 μm. Figure 1 shows the particle distributions of the dried concrete sludge and used cement. From our results, we can see that Portland cement has more fine particles than dried concrete sludge, and the particles are more evenly distributed compared to those of used cement.




2.2. Paste Design and Sample Preparation


The cement pastes were prepared according to the mix design in Table 3. Two different mixes were made. The first mix was prepared to study the effect of dried concrete sludge on fresh and hardened cement pastes. In the first mix, cement was replaced by dried concrete sludge at 0%, 5%, 10%, 15%, 20%, 25%, and 30%. The second mix contained wet concrete sludge, which replaced some of the cement. The amount of added wet concrete sludge was two times higher than that of the dried concrete sludge, because the wet concrete sludge contains 2 times lower dry solids content than dried concrete sludge. Cement was replaced by the same amounts as in the first mix with dried concrete sludge (5%, 10%, 15%, 20%, 25%, and 30%). In both mixes, w/c was kept the same (0.35), as was the chemical admixture (0.40%).



After mixing, the fresh pastes were cast in 160 × 40 × 40 mm steel moulds and compacted on a vibrating table for 20 s. After compacting, all specimens were left for 12 h at an ambient temperature of 20 ± 2 °C and then demoulded and placed under water at a temperature of 20 ± 2 °C. All specimens were cured under water for 28 days.




2.3. Test Methods


The dry method was used to determine the specific surface area and particle size distribution of dry concrete sludge particles using the particle size analyser Cilas 1090 LD in the interval from 0.01 µm to 500 µm using air as a carrier. The particles were dispersed by ultrasound until a 12% distribution of the material in the media was reached. The measurement span was 60 s. A standard operating system (Fraunhöfer) was used.



The XRD analysis was conducted with an X-ray diffractometer (BRUKER AXS D8 ADVANCE, Bruker Corporatio, Rheinstetten, Germany). The following XRD parameters were used: CuKα radiation, Ni filter, detector step of 0.02°, intensity measuring span of 0.5 s, anode voltage Ua = 40 kV, and current I = 40 mA. The accuracy of XRD measurements was 2θ = 0.01°.



X-ray fluorescence spectroscopy was performed with a spectrometer (Bruker X-ray S8 Tiger WD). A Rh target X-ray tube was used with an anode voltage of up to 60 kV and a current (I) of up to 130 mA. The specimens were measured in a helium atmosphere. The SPECTRA Plus QUANT EXPRESS method was used for the measurements. The microstructures of the materials were observed with a scanning electron microscopy (SEM) device (SEM JEOL JSM-7600F, JEOL (Germany) GmbH, Freising, Germany).



The compositions of hardened cement pastes are presented in Table 3. In the test mixtures with wet sludge, the amount of cement and tap water was reduced by replacing it with wet concrete sludge, whereas in the test mixtures with dry concrete sludge, the amount of cement was reduced by replacing it with concrete sludge.



The main properties of concrete were determined according to the following standards: LST EN 12350-5:2019 for the slump flow [45], LST EN 12390-7:2019 for the density of hardened cement paste [46], LST EN 12390-3:2019 for compressive strength [47], and LST EN 12390-5:2019 for flexural strength [48].





3. Results and Discussion


3.1. Parameters of Concrete Sludge


The following materials were identified in the XRD spectra of dry concrete sludge: 36% calcite, 16% portlandite, 14% dolomite, 11% quartz, 7.6% kuzelite, and 3.8% ettringite. Figure 2 illustrates the XRD image of dry concrete sludge.



The microstructure of concrete sludge was observed using the Helios NanoLab 650 SEM instrument. The obtained physical property results of dry concrete sludge are presented in Table 2. The images of the microstructure show that the dry concrete sludge is made of round-shaped crystals, which are in calcite and hexagonal plates. Hexagonal plates are portlandite crystals, which are large in size, reaching 60–100 μm. There is some research [49,50,51] indicating that portlandite crystals can reach up to 100 microns in size if cement pastes have a high water-to-cement ratio. When the water-to-cement ratio is lower than 0.25, portlandite crystals appear in nanometric dimensions and are dispersed in the C-S-H gel. SEM studies confirm that a large amount of water in wet concrete sludge leads to the formation of large-sized portlandite crystals.



Thermogravimetric analysis was carried out for dry concrete sludge. The analysis results revealed an intensive endothermic effect and mass loss of about 13% at a temperature between 100 °C and 200 °C. These results can be attributed to the loss of hydrated water in cement minerals and the decomposition of ettringite and monocarboaluminate. The decomposition of ettringite, with about 9% weight loss, shows an endothermic effect in the temperature range of 100–140 °C. Such results confirm the XRD data in which the presence of ettringite and kuzelite is identified (Figure 3). However, the fact that the dry concrete sludge sample was dried at a 120°C temperature may explain why no ettringite was found in the SEM image (Figure 4). A second small endothermic effect with about 3% weight loss occurs in the temperature range between 158 and 175 °C and is attributed to monocarboaluminate decomposition [52]. In the temperature interval between 450 °C and 550 °C, portlandite decomposition is observed. The third endothermic effect occurs in the temperature range between 690 °C and 790 °C, where the decomposition of calcite occurs. The total mass loss of the sample is 29.5%.




3.2. Properties of Fresh Cement Paste


The slump flow tests of cement paste are presented in Figure 5 and it showed that the slump increases when cement is replaced with dry concrete sludge. The greater the amount of cement replaced with dry concrete sludge, the higher the slump flow. The slump flow of the specimens in which 30% of cement was replaced with dry concrete sludge increased by 56.7% compared to the control specimen. The opposite trend was observed in the specimens with wet concrete sludge. When a larger amount of cement was replaced with wet concrete sludge, the slump flow was lower, because the density of wet sludge is higher than that of water, and the viscosity of the paste increased. When the amount of cement replaced by wet concrete sludge increased to 30%, the slump flow was reduced by 45.3%.



The initial setting time of the specimens with both dry and wet concrete sludge decreased with a higher sludge content in the specimens. It was observed that the change in the initial setting time was very similar irrespective of the form of concrete sludge added to the mixtures. This can be explained by the presence of a significant amount of calcite in the sludge, as calcite is known to decrease the setting time [53]. A decrease in setting time can also be explained by calcium hydroxide and ettringite, which were found in concrete sludge. Results of the initial setting time is presented in the Figure 6.




3.3. Hardened Cement Pastes’ Properties


To determine the difference in the chemical compositions of samples without concrete sludge and with dried and wet concrete sludge, XRD analysis was performed. Specimens with no additive, with 10% dry concrete sludge, and with 10% wet concrete sludge were tested. The tests showed that all the samples consist of portlandite, calcite, dolomite, ettringite, and CSH. Only the amounts of these compounds in the samples differ. The results are shown in Figure 7.



The amount of portlandite in all of the samples, despite different cement contents, is almost the same, but with a tendency to increase in compositions with sludge, and it is around 41–45%. This may mean that portlandite from sludge can additionally contribute to the portlandite amount in a sample. However, bearing in mind that the amount of portlandite, according to the results of X-ray analysis calculations for dry sludge (Figure 3), is 16%, the sludge (dry or wet) intensified cement mineral hydration.



In different samples, similar amounts of calcite were found: 20.3% with dried concrete sludge, 18.1% with wet concrete sludge, and 23.0% in the control sample. These results show that in the sample with wet concrete sludge, more calcium ions participate in the hydration products’ crystallisation process. Different amounts of non-reacted C3S and C2S were detected; in the first sample, without concrete sludge, there was 15.4%; in the second sample, with dried concrete sludge, there was 9.5%; and in the third sample, with wet concrete sludge, there was 5.6%. This decrease in C2S and C3S is obvious, because the amount of cement was decreased in the samples with sludge. However, in the sample with wet concrete sludge, unreacted C2S and C3S is almost 1.7 times lower than in the sample with dry concrete sludge. This result shows that the hydration of cement minerals in the presence of wet sludge takes place much more actively. The amounts of ettringite are also different. The amounts of ettringite for the same time CSH-type mineral amounts in the samples with concrete sludge are different: 2.7% in the sample with dried concrete sludge, 5.9% in the sample with wet concrete sludge, and 3.2% in the control sample. This may mean that wet concrete sludge promotes CSH-type mineral crystallisation. It seems that wet conditions in the wet sludge promote more active cement mineral hydration, which may be due to a specific layer of water covering sludge particles. In the control sample, no quartz is obtained. In the samples with sludge, some amount of quartz is identified. Dolomite is obtained in all three samples, but in the samples with sludge, the dolomite amount is about 3 times higher than in the control sample.



Figure 8 shows the samples’ microstructure images at different magnifications. It is obvious that the concrete sludge (wet or dry) thickens the microstructure of the sample, apparently due to the larger amounts of hydration products.



Density tests on the specimens with dry and wet cement sludge (Figure 9) showed the opposite tendency. The density of the specimens in which cement was replaced with dry concrete sludge gradually decreased, whereas the density of the specimens in which cement was replaced with wet concrete sludge increased. As the bulk density of dry concrete sludge is lower than the density of cement, the density of hardened cement paste may decrease. The density of the specimens in which 30% of cement was replaced with dry concrete sludge decreased by 90 kg/m3 in comparison to the control specimen, whereas the density of the specimens in which 30% of cement was replaced with wet concrete sludge increased by 88 kg/m3. This could have happened due to the wet concrete sludge’s density; because the sludge is denser (1220 kg/m3) than the used water, a lower slump flow also creates denser microstructures of specimens. Additionally, it can be noticed that the amount of ettringite is lower in specimens with wet sludge than in specimens with dry concrete sludge.



As with the density results, the strength results revealed different trends in the moulded specimens containing dry and wet concrete sludge. These trends are visible in Figure 10. The compressive strength at 28 days decreased in parallel with the higher content of dry concrete sludge replacing cement in the specimens.



There was a slight drop in compressive strength when 10% of cement was replaced with dry concrete sludge. In comparison to the control specimen, the compressive strength was reduced by 3.6 MPa. In the specimens in which 30% of cement was replaced with dry concrete sludge, the compressive strength was reduced by 19.5 MPa. On the contrary, in the specimens in which wet concrete sludge replaced different amounts of cement, the compressive strength increased. When 60% of wet concrete sludge (or 30% of dry matter) was added, the compressive strength increased by 19.7 MPa compared to the control specimen.



The same trend was observed for the flexural strength from the test results illustrated in Figure 11. When 30% of cement was replaced with dry concrete sludge, the flexural strength was reduced by 34.3% compared to the control specimen, but when only 10% of cement was replaced, the strength was reduced by 4.4%. The flexural strength increased by 31.8% when 60% of wet concrete sludge (or 30% of dry matter) was used.



Both the compressive strength and the flexural strength of the specimens containing dry concrete sludge decreased significantly, presumably due to the dilution effect [54] and more porous structure, because the density of the sample decreases. Potentially large portlandite crystals create a more porous structure around themselves when cement is replaced with dry concrete sludge. In addition, CSH-type compounds are also produced in small amounts in this specimen. The strength of the specimens with wet concrete sludge increased significantly, presumably due to the denser structure and the increased density of specimens, and due to the specific wet conditions of the sludge, the layer of water covering sludge particles speeds up the hydration of cement minerals and specimens, achieving greater strength. In addition, XRD studies (Figure 7) show that this specimen contains a 2 times higher amount of CSH than the specimen with dry concrete sludge.





4. Conclusions


In this research, the possibility of partial cement replacement by wet and dry concrete sludge was studied. The slump flow, setting time, created structure, and physical–mechanical properties of cement stone have been analysed. The following conclusions were made after conducting the research.



The flowability of the cement paste increased in proportion to the amount of cement replaced with dry concrete sludge. When 30% of cement was replaced with dry concrete sludge, the flow rate increased by 56.7%. In cement paste with wet concrete sludge, on the contrary, the flowability of the cement paste decreased. When 30% of cement was replaced by wet concrete sludge, the flowability of concrete was reduced by 45.3%.



The results of the setting time in the pastes with dry and wet concrete sludge showed that both dry and wet concrete sludge shortened the setting time. The greater the amount of concrete sludge added, the shorter the setting time. Compared to the control specimens, the setting time of the specimens modified with dry concrete sludge was shortened by 56 min, and in the specimens with wet concrete sludge, the setting time was shortened by 46 min.



XRD analysis shows that portlandite from sludge increased the portlandite amount in specimens and participated in hydration processes. In the sample where cement was replaced with wet concrete sludge, unreacted C2S and C3S amounts were 1.7 times lower than in the sample where cement was replaced with dry concrete sludge, but the amounts of CSH-type compounds were 2 times higher. This result shows that wet concrete sludge promotes the hydration of cement and CSH-type mineral crystallisation.



The replacement of cement by dry concrete sludge decreased the density by 4.1% when 30% of cement was replaced in comparison to the control specimen, but the replacement of 30% cement by wet concrete sludge, due to the higher sludge density, increased the specimen density by 4%. In comparison to the control specimen, increasing the replacement of cement by dry concrete sludge decreased the compressive strength of the specimen by up to 32.7%, whereas increasing the replacement of cement by wet concrete sludge increased the compressive strength of the specimen by up to 1.32 times. The strength of the specimens with wet concrete sludge increased due to the denser structure and the promoted hydration of cement. The results of the flexural strength indicate the same trend as was observed for the compressive strength.



It was found that a small amount of cement, up to 5%, can be replaced with dry concrete sludge, whereas the optimal amount of cement replaced by wet sludge is 10%.







Author Contributions


Methodology, I.P.; Software, D.N.; Validation, D.N.; Formal analysis, E.P.; Investigation, E.P. and I.P.; Resources, E.P.; Data curation, D.N.; Writing—original draft, E.P.; Writing—review & editing, D.N. and I.P.; Visualization, I.P.; Supervision, D.N. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hanif, A. Recycled Aggregates Use in Precast Concrete: Properties & Applications 2017; LAMBERT Academic Publishing: Saarbruecken, Germany, 2017; ISBN 978-3-330-07808-6. [Google Scholar]

	



Brundtland, G.H. Our common future: Report of the world commission on environment and development. Med. War 1987, 4, 17–25. [Google Scholar]

	



Hanif, A.; Kim, Y.; Lu, Z.; Park, C. Early-age behaviour of recycled aggregate concrete under steam curing regime. J. Clean. Prod. 2017, 152, 103–114. [Google Scholar] [CrossRef]

	



ERMCO. European Ready Mixed Concrete Organization, Ready-Mixed Concrete Industry Statistics: Year 2018. 2019. Available online: http://ermco.eu/new/wp-content/uploads/2020/08/ERMCO-Statistics-30.08.2019-R4-1.pdf (accessed on 22 January 2021).

	



Imbabi, M.S.; Carrigan, C.; McKenna, S. Trends and developments in green cement and concrete technology. Int. J. Sustain. Built Environ. 2012, 1, 194–216. [Google Scholar] [CrossRef]

	



Djamaluddin, A.; Caronge, M.; Tjaronge, M.W.; Tabran Lando, A. Evaluation of sustainable concrete paving blocks incorporating processed waste tea ash. Case Stud. Constr. Mater. 2020, 12, e00325. [Google Scholar] [CrossRef]

	



Nassar, R.U.D.; Soroushian, P. Field investigation of concrete incorporating milled waste glass. J. Solid Waste Technol. Manag. 2011, 37, 307–319. [Google Scholar] [CrossRef]

	



Aprianti, S.E. A huge number of artificial waste material can be supplementary cementitious material (SCM) for concrete production—A review Part II. J. Clean. Prod. 2017, 142, 4178–4194. [Google Scholar] [CrossRef]

	



Jani, Y.; Hogland, W. Waste glass in the production of cement and concrete—A review. J. Environ. Chem. Eng. 2014, 2, 1767–1775. [Google Scholar] [CrossRef]

	



Wu, M.; Zhang, Y.; Ji, Y.; Liu, G.; Liu, C.; She, W.; Sun, W. Reducing environmental impacts and carbon emissions: Study of effects of superfine cement particles on blended cement containing high volume mineral admixtures. J. Clean. Prod. 2018, 196, 358–369. [Google Scholar] [CrossRef]

	



Guerrero, A.; Goni, S.; Campillo, I.; Moragues, A. Belite cement clinker from coal fly ash of high Ca content. Optimization of synthesis parameters. Environ. Sci. Technol. 2004, 38, 320–3213. [Google Scholar] [CrossRef]

	



Hasanbeigi, A.; Menke, C.; Price, L. The CO2 abatement cost curve for the Thailand cement industry. J. Clean. Prod. 2010, 18, 1509–1518. [Google Scholar] [CrossRef]

	



Maheswaran, S.; Kalaiselvam, S.; Saravana Karthikeyan, S.K.S.; Kokila, C.; Palani, G.S. β-Belite cements (β-Dicalcium silicate) obtained from calcined lime sludge and silica fume. Cem. Concr. Compos. 2016, 66, 57–65. [Google Scholar] [CrossRef]

	



Ludwig, H.M.; Zhang, W. Research review of cement clinker chemistry. Cem. Concr. Res. 2015, 75, 24–37. [Google Scholar] [CrossRef]

	



Naik, T.R.; Moriconi, G. Environmental-friendly durable concrete made with recycled materials for sustainable concrete construction 2005. In Proceedings of the CANMET/ACI International Symposium on Sustainable Development of Cement Concrete, Toronto, ON, Canada, 5–7 October 2005; p. 2. [Google Scholar]

	



Raju, S.; Kumar, P.R. Effect of using glass powder in concrete. Int. J. Innov. Res. Sci. Eng. Technol. 2014, 3, 421–427. [Google Scholar]

	



Hanif, A.; Kim, Y.; Lee, K.; Park, C.; Sim, J. Influence of cement and aggregate type on steam-cured concrete—An experimental study. Mag. Concr. Res. 2017, 69, 694–702. [Google Scholar] [CrossRef]

	



Kumar, R.; Samanta, A.K.; Roy, D.K.S. Characterization and development of ecofriendly concrete using industrial waste—A review. J. Urban Environ. Eng. 2014, 8, 98–108. [Google Scholar] [CrossRef]

	



De Sensale, G.R. Stregth development of concrete with rice-husk ash. Cem. Concr. Compos. 2006, 28, 158–160. [Google Scholar] [CrossRef]

	



Hanif, A.; Parthasarathy, P.; Ma, H.; Fan, T.; Li, Z. Properties improvement of fly ash cenosphere modified cement pastes using nano-silica. Cem. Concr. Compos. 2017, 81, 35–48. [Google Scholar] [CrossRef]

	



Collepardi, M.; Collepardi, S.; Skarp, U.; Troli, R. Optimization of silica fume, fly ash, and amorphous nano-silica in superplasticized high-performance concrete. ACI Spec. Publ. 2004, 221, 495–505. [Google Scholar]

	



Kwan, A.K.H.; Chen, J.J. Adding fly ash microsphere to improve packing density, flowability and strength of cement paste. Powder Technol. 2013, 234, 19–25. [Google Scholar] [CrossRef]

	



Li, Z.; Ding, Z. Property improvement of Portland cement by incorporating with metakaolin and slag. Cem. Concr. Res. 2003, 33, 578–584. [Google Scholar] [CrossRef]

	



Ghrici, M.; Kenai, S.; Said-Mansour, M. Mechanical properties and durability of mortar and concrete containing natural pozzolana and limestone blended cements. Cem. Concr. Compos. 2007, 29, 542–549. [Google Scholar] [CrossRef]

	



Celik, K.; Meral, C.; Gursel, A.P.; Mehta, P.K.; Horvath, A.; Monteiro, P.J. Mechanical properties, durability, and life-cycle assesment of self-consolidating concrete mixtures made with blended Portland cements containing fly ash and limestone powder. Cem. Concr. Compos. 2015, 56, 59–72. [Google Scholar] [CrossRef]

	



Xuan, D.; Poon, C.S.; Zheng, W. Management and sustainable utilization of processing wastes from ready-mixed concrete plants in construction: A review. Resour. Conserv. Recycl. 2018, 136, 238–247. [Google Scholar] [CrossRef]

	



Borger, J.; Carrasquillo, R.L.; Fowler, D.W. Use of recycled wash water and returned plastic concrete in the production of fresh concrete. Adv. Cem.-Based Mater. 1994, 1, 267–274. [Google Scholar] [CrossRef]

	



Correia, S.L.; Souza, F.L.; Dienstmann, G.; Segadaes, A.M. Assessment of the recycling potential of fresh concrete waste using a factorial design of experiments. Waste Manag. 2009, 29, 2886–2891. [Google Scholar] [CrossRef] [PubMed]

	



Tam, V.W.Y.; Tam, C.M. Economic comparison of recycling over-ordered fresh concrete: A case study approach. Resour. Conserv. Recycl. 2007, 52, 208–218. [Google Scholar] [CrossRef]

	



Rughooputh, R.; Rana, J.O.; Joorawon, K. Possibility of using fresh concrete waste in concrete for non-structural civil engineering works as a waste management strategy. KSCE J. Civ. Eng. 2017, 21, 94–99. [Google Scholar] [CrossRef]

	



Serifou, M.; Sbartaï, Z.M.; Yotte, S.; Boffoue, M.O.; Emeruwa, E.; Bos, F. A study of concrete made with fine and coarse aggregates recycled from fresh concrete waste. J. Constr. Eng. 2013, 13, 317182. [Google Scholar] [CrossRef]

	



De Brito Prado Vieira, L.; de Figueiredo, A.D. Evaluation of concrete recycling system efficiency for ready-mix concrete plants. Waste Manag. 2016, 56, 337–351. [Google Scholar] [CrossRef]

	



Shi, M.; Ling, T.; Gan, B.; Guo, M. Turning concrete waste powder into carbonated artificial aggregates. Constr. Build. Mater. 2019, 199, 178–184. [Google Scholar] [CrossRef]

	



Da Silva, D.O.F. Reuse of Residual Sludge from the Concrete Manufacturing Process 2016; University of Sao Paulo: Sao Paulo, Brazil, 2016; Available online: https://www.teses.usp.br/teses/disponiveis/3/3153/tde-24062016-152439/pt-br.php (accessed on 18 December 2022). (In Portuguese)

	



Ferrari, G.; Miyamoto, M.; Ferrari, A. New sustainable technology for recycling returned concrete. Constr. Build. Mater. 2014, 67, 353–359. [Google Scholar] [CrossRef]

	



Xuan, D.; Zhan, B.; Poon, C.S.; Zheng, W. Carbon dioxide sequestration of concrete slurry waste and its valorisation in construction products. Constr. Build. Mater. 2016, 113, 664–672. [Google Scholar] [CrossRef]

	



Schoon, J.; Buysser, K.D.; Driessche, I.V.; Belie, N.D. Feasibility Study of the use of concrete sludge as alternative raw material for portland clinker production. J. Mater. Civ. Eng. 2015, 27, 04014272. [Google Scholar] [CrossRef]

	



Audo, M.; Mahieux, P.Y.; Turcry, P. Utilization of sludge from ready-mixed concrete plants as a substitute for limestone fillers. Constr. Build. Mater. 2016, 112, 790–799. [Google Scholar] [CrossRef]

	



Zhang, J.X.; Fujiwara, T. Concrete sludge powder for soil stabilization. Transp. Res. Rec. 2007, 2026, 54–59. [Google Scholar] [CrossRef]

	



Reiterman, P.; Mondschein, P.; Doušova, B.; Davidova, V.; Keppert, M. Utilization of concrete slurry waste for soil stabilization. Case Stud. Constr. Mater. 2022, 16, e00900. [Google Scholar] [CrossRef]

	



Audo, M.; Mahieux, P.Y.; Turcry, P.; Chateau, L.; Churlaud, C. Characterization of ready mixed concrete plants dry sludge and incorporation into mortars: Origin of pollutants. Environmental characterization and impacts on mortars characteristics. J. Clean. Prod. 2018, 183, 153–161. [Google Scholar] [CrossRef]

	



LST EN 197-1:2011; Cement—Part 1: Composition, Specifications and Conformity Criteria for Common Cements. European Committee for Standardisation: London, UK, 2011.

	



LST EN 1008:2005; Mixing Water for Concrete—Specification for Sampling, Testing and Assessing the Suitability of Water, Including Water Recovered from Processes in the Concrete Industry, as Mixing Water for Concrete. European Committee for Standardisation: London, UK, 2005.

	



LST ISO 4316:1997; Surface Active Agents. Determination of pH of Aqueous Solutions. Potentiometric Method. European Committee for Standardisation: London, UK, 1997.

	



LST EN 12350-5:2019; Testing Fresh Concrete—Part 5: Flow Table Test. European Committee for Standardisation: London, UK, 2019.

	



LST EN 12390-7:2019; Testing Hardened Concrete—Part 7: Density of Hardened Concrete. European Committee for Standardisation: London, UK, 2019.

	



LST EN 12390-3:2019; Testing Hardened Concrete—Part 3: Compressive Strength of Test Specimens. European Committee for Standardisation: London, UK, 2019.

	



LST EN 12390-5:2019; Testing Hardened Concrete—Part 5: Flexural Strength of Test Specimens. European Committee for Standardisation: London, UK, 2019.

	



Hernanzdez, N.; Lizarazo-Marriaga, J.; Rivas, M.A. Petrographic characterization of Portlandite crystal sizes in cement pastes affected by different hydration environments. Constr. Build. Mater. 2018, 182, 541–549. [Google Scholar] [CrossRef]

	



French, W.J. Concrete petrography: Review. Q. J. Eng. Geol. Hydrogeol. 1991, 24, 17–48. [Google Scholar] [CrossRef]

	



Slamečka, T.; Škvara, F. The effect of water ratio on microstructure and composition of the hydration products of portland cement pastes. Ceram.—Silikáty 2002, 46, 152–158. [Google Scholar]

	



Vaičiukynienė, D.; Balevičius, G.; Vaičiukynas, V.; Kantautas, A.; Jakevičius, L. Synergic effect between two pozzolans: Clinoptilolite and silica gel by-product in a ternary blend of a Portland cement system. Constr. Build. Mater. 2022, 344, 128155. [Google Scholar] [CrossRef]

	



Lothenbach, B.; Le Saout, G.; Gallucciand, E.; Scrivener, K. Influence of limestone on the hydration of Portland cements. Cem. Concr. Res. 2008, 38, 848–860. [Google Scholar] [CrossRef]

	



Camiletti, J.; Soliman, A.M.; Nehdi, M.L. Effect of nano-calcium carbonate on early-age properties of ultra-high-performance concrete. Mag. Concr. Res. 2013, 65, 297–307. [Google Scholar] [CrossRef]








[image: Materials 16 02531 g001 550] 





Figure 1. Particle distributions of (a) dried concrete sludge and (b) cement. 
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Figure 2. XRD image of dry concrete sludge: C—calcite; P—portlandite; D—dolomite; Q—quartz; E—ettringite; K—kuzelite. 
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Figure 3. Microstructure of dry concrete sludge: (A) ×1000 magnification and (B) ×2500 magnification. 
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Figure 4. TGA graph of dry concrete sludge. 
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Figure 5. Slump flow of cement paste with different amounts of cement replaced with wet and dry concrete sludge. 
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Figure 6. Initial setting time of cement paste with different amounts of cement replaced with wet and dry concrete sludge. 
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Figure 7. XRD image of hardened cement paste: (a) without sludge, (b) with 10% cement replaced with dry concrete sludge, (c) with 10% cement replaced with wet concrete sludge; C—calcite; P—portlandite; D—dolomite; E—ettringite; C3S—tricalcium silicate; C2S—dicalcium silicate; CHS—calcium silicate hydrate; Q—quartz. 
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Figure 8. SEM images of cement stone: (a) with no concrete sludge, (b) with 10% cement replaced with dry concrete sludge, (c) with 10% cement replaced with wet concrete sludge. 
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Figure 9. Density of concrete with different amounts of cement replaced with wet and dry concrete sludge. 
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Figure 10. Compressive strength of concrete with different amounts of cement replaced with wet and dry concrete sludge after 28 days. 
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Figure 11. Flexural strength of concrete with different amounts of cement replacement with wet and dry concrete sludge after 28 days. 
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Table 1. Chemical composition of dry concrete sludge.
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Chemical Composition of Concrete Sludge, %






	
CaO

	
SiO2

	
Al2O3

	
SO3

	
Fe2O3

	
MgO

	
K2O

	
P2O5

	
TiO2

	
SrO

	
MnO

	
Cl




	
40.9

	
14.9

	
3.14

	
2.40

	
2.37

	
2.26

	
0.89

	
0.38

	
0.21

	
0.06

	
0.04

	
0.03
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Table 2. Properties of dry concrete sludge.
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	Properties
	Dry Concrete Sludge





	Specific surface area, cm2/g
	316



	Particle density, kg/m3
	2774



	Bulk density, kg/m3
	826
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Table 3. Mixing proportion of hardened cement paste.
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With Dried Concrete Sludge




	
Batches

	
0

	
I

	
II

	
III

	
IV

	
V

	
VI




	
Cement, %

	
100

	
95

	
90

	
85

	
80

	
75

	
70




	
Water, %

	
100




	
Chemical admixture, %

	
0.40




	
Dry concrete sludge, %

	
0

	
5

	
10

	
15

	
20

	
25

	
30




	
w/c

	
0.35




	
With Wet Concrete Sludge




	
Cement, %

	
100

	
95

	
90

	
85

	
80

	
75

	
70




	
Water, %

	
100

	
95

	
90

	
85

	
80

	
75

	
70




	
Chemical admixture, %

	
0.40




	
Wet concrete sludge, %

	
0

	
10

	
20

	
30

430

	
40

	
50

	
60




	
w/c

	

	

	

	
0.35

	

	

	

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
o)

[r——

2. set)

©

[rm——

2 o)

[rem——

o0
nwo

10000

) ) = 5 7
2. det)






media/file4.png
Intensity, cps

70,000
60,000
50,000
40,000
30,000
20,000
10,000

30
2-theta, deg





media/file18.png
6l
~d
=

1

Dens

2300

2250

2239

2257

2200

2200

2150
2100
2030
2000

1950

m Density with dry concrete sludge

m Density with wet concrete sludge






media/file21.jpg
Flexural strength, MPa

3 654

0 1 bid m ™ v VI
Batches
——Flexural strength with dry concrete sudge ater 28 days, MPa

——Flexural strength with wet concrete sudge after 28 days, MPe






media/file3.jpg
Intensity, cps

70,000
60,000
50,000
40,000
30,000
20,000
10,000

60





media/file22.png
Flexural strength, MPa
O = 2 W s WOy ) o

6.23 6.84

<12 “t S
' ' 3. Tﬁ\l 3.41

0 I II II IV V VI
Batches
e | lexural strength wath dry concrete sudge after 28 days, MPa

s lexural strength wath wet concrete sudge after 28 days, MPa






media/file19.jpg
Compressive strength, MPa
588838388

r I

(o

= BIE 56 ye!
3 H ‘9v |

a0
0 1 hig m v v Vi
Batches
 Compressive strength with dry concrete shudge after 28 days, MPa

= Compressive strength with wet concrete sludge after 28 days, MPa






media/file7.jpg
DTA (V)

5772785
1810925

e w9%

smsecassx

mazc mon






media/file10.png
Slump flow, mm

293 e
o 219 1’ ®
742 260 W
‘.{ TS
54
239
118 142
\‘-l\_=,_._l_ 155
T 1 \T 139
0 I II I11 IV Vv VI
Batches

—&— Slump flow with dry concrete sludge —®— Slump flow with wet concrete sludge






media/file14.png
(a)

Instensity, (cps)

12,000
10,000
3000

6000
4000

2000

15

45 55 65 75
2-theta (deg)

(b)

Instensity, (cps)

16,000
14,000
12,000
10,000
3000
6000
4000
2000

15

45 33 65 75
2-theta (deg)

Instensity, (cps)

14,000
12,000
10,000
3000
6000
4000
2000

45 55
2-theta (deg)






media/file11.jpg
~
v ——

0 1 I m Vi v VI

Batches
—8—Setting time with dry concrete shudge  —&—Setting time with wet concrete sludge






media/file6.png
(A) x1000





media/file15.jpg





nav.xhtml


  materials-16-02531


  
    		
      materials-16-02531
    


  




  





media/file16.png





media/file2.png
% / (' sanjeA aaneinwNg ) €0

[002x] weiBoisiH

%/ ( senfeA anleINWNY ) €O

[002x] weiboisiH






media/file20.png
388

L o LY B S
o OO O

Compressive strength. MPa
O

Batches
m Compressive strength with dry concrete sludge after 28 days, MPa

» Compressive strength with wet concrete sludge after 28 days, MPa






media/file5.jpg
(A) x1000 (B) <2500





media/file1.jpg
]






media/file12.png
Setting time, min

190183

118

64

170 Fr73 =
160 Tt
150 146
iy \rg.;\ 137
140 134

130 \FL\ 192
120 \FI

0 I I1 I1I VI V VI

Batches
—@— Setting time with dry concrete sludge  —®— Setting time with wet concrete sludge






media/file9.jpg
330
310
20 =
270242
250
20 ps %

Stump flow, mm

170
150
130

0 1 I m v v VI
Batches
—&—Slump flow with dry concrete sludge  —®— Slump flow with wet concrete shidge






media/file0.png





media/file8.png
DTA (uV)

—
—
J

p—

© = N W H 0NN OO N ® v O

155.7 °C, -12.78 %
198.4 °C, -14.92 %

741.4°C

300.2 °C

1293°%C
765.5°C

483.0°C

453.4°C,-19.37%

169.9 °C

500.5 °C, -21.58 %

\ 786.3 °C, -29.49 %

105.3°C 121 7°C

100 200 300 400 500 600 700 800 900
Temperature (°C)

DTG (%)





media/file17.jpg
1950

1 2 3 4
Batches

o

= Density with dry concrete sludge = Density with wet concrete shudge






