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In 2015 total world cement manufacture was estimated at 4.6 billion tons and the CO2 emissions from cement plants were equal to approximately 3.7 billion metric tons, representing about 7% of the global anthropogenic emissions. The utilization of innovative cements and/or supplementary cementitious materials (SCMs) represent a powerful tool for both reducing the CO2 footprint and producing more durable environmentally friendly materials.
This paper investigates the possibility of using clayey reservoir sediments (RSs) calcined at 830°C as SCMs in a blended Portland cement; this binder, together with a reference one containing natural pozzolan, was submitted to hydration and mechanical tests for curing times ranging from 2 to 56 days. It has been found that RSs are very interesting SCMs inasmuch as their utilization, allowing a clinker dilution, leads to both CO2 emission decrease and energy saving; furthermore, the hydration behaviour and the mechanical properties of the blended cement were positively affected by the RSs addition.
Introduction
All over the World, after water, concrete is the most utilized material and the most widely used building component (Coppola et al., 2018); by the way, it has been estimated that three tons of concrete per person are used each year. Cement represents the concrete’s key component; it is the inorganic glue which, upon hydration, binds together fine sand and coarse aggregates in concrete (Tregambi et al., 2018).
Ordinary Portland cement (OPC) is the most common binder obtained by mixing Portland clinker (PC) with a few percent of calcium sulfate; PC is obtained by heating a mixture of limestone (~80%) and clay in a rotary kiln at about 1450°C. Cement manufacture represents one of the greatest energy-intensive industrial processes; furthermore, due to both limestone thermal calcination and fuel combustion (mainly fossil coal and pet coke), cement production contributes for about 7% of the global anthropogenic CO2 emissions (Telesca et al., 2017). Therefore, cement industry has been facing many challenges due to environmental concerns and sustainability issues, mainly focused on the reduction of carbon dioxide emissions. For this purpose, both cement producers and scientific community have been suggesting several ways, namely: a) the use of more efficient processes (Xu et al., 2015); b) the utilization of non-traditional fuels (Schneider, 2015); c) the application of the carbon capture and storage technology to cement factories (Perejon et al., 2016); d) the production of low-CO2 cements (LCCs) (Telesca et al., 2016).
LCCs can be obtained by following three different approaches, namely: 1) the use of a non-carbonated CaO source instead of limestone as a constituent of the PC-generating raw mix; 2) the increased production of blended cements, obtained by mixing PC with significant amounts of supplementary cementitious materials (SCMs, e.g. natural pozzolans, coal fly ashes, blast-furnace slags) (Wang, 2014; Juenger and Siddique, 2015) and 3) a larger use of special cements obtained from non-PCs (Marroccoli et al., 2009; Marroccoli et al., 2010a; Marroccoli et al., 2010b; Telesca et al., 2014).
Water reservoirs are used for various purposes such as power source, irrigation and storage of drinking water; they are subject to silting up phenomena leading to the reduction of dam capacity. Dredging operations, carried out in order to restore the original reservoir capacity, generate high quantities of sediments for which suitable applications, alternative to landfilling, need to be researched. Up to now, the use of dredging sediments as raw material has been explored for the production of bricks, lightweight aggregates, stabilized road-bases, Portland clinker, as SCM for blended cements and as geopolymer precursors (Telesca et al., 2019; Messina et al., 2017; Anger et al., 2017; Faure et al. 2017; Snellings et al., 2016; Peirce et al., 2015; Ferone et al., 2015; Molino et al., 2014).
In this paper thermally treated (TT) sediments collected from an artificial reservoir (RSs) were tested as substitutes for natural pozzolan (NP) in blended cements. NP is a silico-aluminous material able to react with Ca(OH)2, generated during cement hydration, to form products similar to those produced upon OPC hydration. At the raw (crystalline) state, RSs do not show any pozzolanic activity; thus, a thermal treatment represents a useful tool allowing the transition of the clayey crystalline fraction to a mainly amorphous state (dehydroxylation). The optimal treatment temperature is the one ensuring a total sample dehydroxylation without recrystallization (Mohammed 2017). RSs were TT at temperatures ranging from 750° to 900°C; the burnt products were investigated by means of X-ray diffraction (XRD) analysis. Furthermore, the technical behaviour and hydration properties of two blended cements, respectively containing the most reactive TTRSs and NP (used as reference term), were evaluated by means of Fratini pozzolanicity test, DT-TG analysis and compressive strength measurements.
Experimental program
An industrial OPC class 42.5 R (CEM I) and a NP were kindly supplied by an Italian cement factory operating in the South of Italy. Six samples of RSs were drawn from different points inside the bottom of the “Camastra” reservoir, located in Basilicata Region (Italy); the samples were dried in an electric oven at 110°C until a constant mass value was reached; afterwards, they were carefully homogenised and finely milled to pass the 90m sieve.
The chemical composition of CEM I, NP and RSs, evaluated by means of X-ray fluorescence analysis (BRUKER Explorer S4 apparatus), is reported in Table 1 together with the loss on ignition (l.o.i.) value measured at 950°C; to complete the characterization, NP and RSs were also submitted to DT-TG and XRD (Figure 1) analyses; in this regard, a Rigaku Miniflex 600 diffractometer (CuKα radiation and 0.02°2θ s−1 scanning rate) and a NetzchTasc TG/SDTA 414/3 apparatus (operating in the temperature range 20°–1000°C, at a heating rate of 10°C/min) were employed. In order to assess the optimal treatment temperature allowing the total dehydroxylation, samples of RSs were heated in an electric furnace at temperatures comprised between 750° and 900°C for 2 hours; TTRSs samples were then finely pestles to pass the 90m sieve.
A blended cement (BC) was obtained by mixing TTRSs, obtained at the best treatment temperature, with 60% by mass of CEM I (C_TTRSs); NP was used for the preparation of a refence BC based on 60% by mass of CEM I (C_NP). BCs, both having a Blaine fineness equal to 380 m2kg−1, were finely homogenized in a laboratory mixer; they were then submitted to pozzolanicity test in order to evaluate the suitability of the pozzolanic addition to be used in mixture with OPC. The pozzolanic activity was evaluated according to the Fratini test, as reported in the EN 196-5 (EN 196-5). Pozzolanicity is assessed by comparing the concentration of Ca ion expressed as CaO present in the aqueous solution (in contact with the hydrated cement for 8/15 days at 40 °C) with the concentration of Ca ion capable of saturating a solution of the same alkalinity. BC is considered to satisfy the test if the concentration of Ca ion in solution is lower than the saturation concentration (Telesca et al., 2017).
Furthermore, BCs were hydrated in order to assess the reactivity of TTRSs, namely their ability to react with Ca(OH)2 (produced during PC hydration) for generating calcium silicate and calcium aluminate hydrates (the typical hydration products for OPC); C_TRSs and C_NP were paste hydrated with a 0.50 water/cement mass ratio and cast into 15 mm- height and 30 mm-diameter cylindrical molds, placed in polyethylene bags inside a thermostatic bath at 40 °C for 8 and 15 days. At the end of each aging period, the specimens were first crushed and then treated with acetone (to stop hydration) and diethyl ether (to remove water); the pulverized samples were stored in a desiccator over silica gel–soda lime (to ensure protection against H2O and CO2) waiting for the simultaneous DT-TG analysis.
For the mechanical tests, BCs mortars were prepared according to the European Standard EN 196-1 and cured, after demolding, under water at 20°±1°C. The compressive strength test on mortars was carried out at 2, 7, 14, 28 and 56 days.

3. Results and discussion
From the chemical composition data (Table 1) it is seen that, similarly to NP, SiO2 and Al2O3 represent the main components for RS. Moreover, as also observed by DT-TG analysis, part of the RS weight loss is ascribed to CaCO3 content, being the other related to the loss of water of the argillaceous minerals.

Table 1: Chemical composition of CEM I, RS and NP, mass%
	
	CEM I
	NP
	RS

	CaO
	62.85
	  8.03
	  9.05

	SiO2
	20.62
	59.06
	51.86

	Al2O3
	  5.42
	  9.67
	13.45

	Fe2O3
	  2.51
	  5.22
	  5.16

	K2O
	  0.79
	  1.34
	  1.74

	MgO
	  1.50
	  1.83
	  2.04

	MnO
	  0.05
	–
	  0.15

	Na2O
	  0.21
	  1.66
	  0.81

	P2O5
	  0.13
	–
	  0.15

	SO3
	  3.19
	  0.15
	  0.22

	TiO2
	  0.29
	–
	  0.65

	l.o.i.*
	  2.06
	11.30
	14.50

	Total
	99.62
	98.26
	99.78


	*loss on ignition at 950°C

Figure 1 shows the XRD spectra for both RS (left) and NP (right) samples; calcite, kaolinite, muscovite and quartz, were the main crystalline phases for RS; NP, taking also into account its chemical composition, has a marked silico-aluminous nature due to the presence of analcime, augite and quartz.
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Figure 1: XRD patterns for RS (left) and NP (right). Legend to symbols: A=anorthite (CaAl2Si2O8); C=calcite (CaCO3); G=augite ((Ca,Mg,Fe2+,Fe3+,Al)2(Si,Al)2O6); H=hematite (Fe2O3); K=kaolinite (Al2Si2O5(OH)4); M=muscovite (KAl2(Si3Al)O10(OH,F)2); N=analcime (NaAlSi2O6·H2O); Q=quartz (SiO2)

XRD patterns of RSs samples thermally treated for 2 hours at 750°, 830° and 900°C (Figure 2) show the decomposition of muscovite whose main peaks intensity decrease with the increase of temperature. 

	[image: ]


Figure 2: XRD patterns for RS treated at 750°, 830° and 900°C. Legend to symbols: A=anorthite (CaAl2Si2O8); Aa=alumoakermanite ((Ca,Na)2(Al,Mg,Fe++)(Si2O7)); C=calcite (CaCO3); M=muscovite (KAl2(Si3Al)O10(OH,F)2); Q=quartz (SiO2)
On the contrary, the main peak related to alumoakermanite is identified for the first time in the sample heated at 830°; at 900°C its intensity was higher. Therefore, the best compromise between the undesired formation of a new crystalline phase and the increase of the amorphous phase is obtained at 830°C.
Figure 3 shows the saturation curve together with the indication of the pozzolanicity test results for C_NP and C_TTRSs hydrated for 8 days at 40 °C (according to EN 196-5). It indicates that TTRS showed a reactivity similar to that of NP; as a matter of fact, both C_ TTRS and C_NP satisfied the pozzolanicity test as indicated by the representative points of the related cements (circle and square, respectively), located below the saturation curve (zone “1” in Figure 3). An analogous result was obtained by pozzolanicity test carried out on the same sample hydrated for 15 days at 40 °C.
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Figure 3: Saturation curve at 40 °C together with the indication of the pozzolanicity test results for C_ TTRS (circle) and C_NP (square). Zone “1” represents the domain in which the test “passes”, zone “2” where it “fails”

Figure 4 illustrates the DT–TG thermograms for C_ TTRS (up) and C_NP (down) cements cured at 8 and 15 days at 40°C. With the increase of DT–TG temperature, five endothermal effects were observed and attributed, in the order, to (I) calcium silicate hydrate (CSH), (II) ettringite (E), (III) monosulfate (M), (IV) calcium hydroxide, (CH) and (V) calcium carbonate (C), through the following dehydration endothermal peaks (Taylor, 1997): 113°±3°C, 143°±2°C, 198°±1°C, 498°±1°C, 725°±2°C, respectively.
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Figure 4: DT (left)–TG (right) thermograms for C_ TTRS (up) and C_NP (down) at 40°C for 8 and 15 days Legend to symbols: CSH=calcium silicate hydrate; E=ettringite; M=monosulfate; CH=calcium hydroxide; C=calcium carbonate

It is withdrawn here that: i) CSHs are the main hydration products of the calcium silicates present in CEM I, a process giving, as secondary product, CH which can react with silica to give more CSHs; ii) E (3CaO·Al2O3·3CaSO4·32H2O) can be formed through the hydration of calcium hydroxide-alumina-calcium sulfate systems; iii) M (3CaO·Al2O3·CaSO4·12H2O) can be regarded as the decomposition product of E, in presence of calcium aluminate hydrates and in lack of both sulfates and C. CSHs are considered the main desired hydration products in the cement hydration process.
When compared to the reference cement, the thermograms of C_TTRS pastes displayed qualitative similarities, thus highlighting the TTRS feature of acting as a reactive cementitious material.
Table 2 reports the compressive strength values for C_NP and C_TTRS at different curing times.
Table 2: Compressive strength measurements for C_NP and C_TTRS, MPa
	Days
	C_NP
	C_TTRS

	  2
	22.70.3
	19.80.5

	  7
	31.90.2
	28.00.5

	14
	32.60.1
	31.80.8

	28
	35.00.5
	34.70.7

	56
	39.80.7
	37.80.8



It can be easily observed that there are no significant differences in terms of compressive strength values between the two cements at all the investigated curing periods; moreover, they both fulfill the requirements of cement strength class 32.5 R, according to EN 197-1.
0. Conclusions
This paper evaluates the possibility of using clayey reservoir sediments (RSs) as alternative supplementary cementitious materials (SCMs) in ordinary Portland (OP)-blended cements. RSs were thermally treated (TT) at temperatures ranging from 750° to 900°C with the aim of dehydroxylating the silico-aluminate crystalline phases in benefit of an amorphous state; TTRSs are very interesting since their utilization as SCMs, in addition to the saving of raw materials and waste landfilling, allows a OP clinker dilution, thus implying a decreased emission of CO2 as well as an energy saving per unit mass of cement.
It has been found that, thanks to high silica-alumina content, RSs heated at 830°C satisfied the pozzolanicity test. Furthermore, the hydration behaviour of TTRS blended cement was similar to that of the reference one containing natural pozzolan, characterized by the development of the same hydration products, namely calcium silicate hydrates, ettringite, monosulphate and calcium hydroxide. Due to the strong dependence of the cement technical performance on its hydration features, it can be argued that the similarity in the hydraulic behavior among the investigated cements most likely results in analogous engineering properties as confirmed by the mechanical compressive strength results which fulfill the requirements of strength class 32.5 R according to EN 197-1.
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