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ABSTRACT 

Industrial waste and by-products are being widely used by the cement industry to enhance 

process efficiency and sustainability, in keeping with EU circular economy guidelines. This 

study assessed the properties of newly designed cements bearing fired clay-based C&DW 

(regarded in the authors’ earlier studies to be comparable to natural calcined pozzolans) against 

European standards. The findings showed that the blended cements met all the chemical, 

physical and mechanical requirements presently in place. They were also observed to qualify as 

type II and type IV cements, inasmuch as they contained waste that reacted with the calcium 

hydroxide released during cement hydration to generate the respective products. In addition, the 

inclusion of 10 % or 20 % C&DW yielded cements that could be classified as European 

standard strength classes 42.5 and 52.5. With a 30 % C&DW, the resulting binder was a low 

heat of hydration cement. The present research likewise confirmed the pozzolanic behaviour of 

waste in cement/C&DW systems, attested to by the reduction in both pore size and portlandite 

content. The new hydration products forming as a result of the pozzolanic reaction enhanced the 

flexibility and plasticity of the mortars prepared with the new cements relative to the mortars 

bearing unadditioned cement. 

Patent ES2512065 was awarded on the grounds of the results of this study. 
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1. Introduction 

A linear economy driven by extraction, production, use and disposal is not sustainable. The 

EU, along with other countries and a number of companies around the world, is encouraging the 

implementation of the so-called circular economy. This new concept, based on prevention, 

reduction, reuse and recycling, will minimise environmental impact while placing greater 

emphasis on product reusability, in an attempt to extend their life cycle as far as possible to 

enhance sustainability. Under circular economy tenets and Horizon 2020 guidelines, waste 

acquires secondary raw material status (Andreola et al., 2016; Schreck and Wagner, 2017; 

Korhonen et al., 2018). 

The cement industry has historically (and rightfully) been regarded as scantly respectful of 

the environment, for the CO2 generated during cement manufacture accounts for approximately 

7% of all anthropogenic CO2 emitted worldwide (Deja et al., 2010; C. Y. Zhang et al., 2018). At 

the same time, however, the industry is a vehicle for the reuse and valorisation of waste in all 

stages of production. Waste can be used as an alternative raw material (Schoon et al., 2015), an 

alternative fuel (Bourtsalas et al., 2018) and a cement addition to reduce clinker production 

(Sánchez de Rojas et al., 2006) and consequently greenhouse gas emissions to improve process 

efficiency and sustainability (Schneider et al., 2011). 

The 820 million tonnes of construction and demolition waste (C&DW) generated yearly in 

Europe constitute approximately 42 % of the continent’s total solid waste (Domínguez et al., 

2016; Eurostat, 2017; Gálvez-Martos et al., 2018). Around 37 % of European C&DW is 

recycled (Yılmaz et al., 2018), primarily for use as aggregate to reduce consumption of the 

natural material (Tavira et al., 2018). Such recycled aggregate can be applied to manufacture 

new concretes and mortars, as discussed in the literature. Muñoz-Ruiperez et al. (Muñoz-

Ruiperez et al., 2016) studied the inclusion of recycled concrete and mixed aggregate in 

lightweight mortars. Zhang et al. (J. Zhang et al., 2018) explored the use of C&DW as fines 

(10 mm to 0.07 mm) in the design of controlled low-strength materials (CSLMs). Juan-Valdés 

et al. (Juan-Valdés et al., 2018) found that recycled aggregate with a particle size ranging from 

4 mm to 20 mm used to prepare recycled concrete exhibited physical and mechanical 
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characteristics comparable to those of natural aggregate and compliant with Spanish legislation 

(EHE-08) (Permanent Commission on Concrete, 2008). Jayakody et al. (Jayakody et al., 2018) 

obtained similar results when they replaced up to 60 % of natural aggregate with C&DW-based 

materials. Medina et al. (Medina et al., 2012) showed that at replacement ratios of 15 %, 20 % 

and 25 %, ceramic (fired clay) sanitary ware industry waste altered neither the hydration process 

or product morphology, while yielding a more compact interfacial transition zone (ITZ) than 

natural aggregate.   

In pursuit of new applications for C&DW to raise reuse rates, in an earlier study the present 

authors (Asensio et al., 2016a) characterised 12 samples from 12 recycle plants located in 

different areas of Spain. The findings confirmed the pozzolanicity of that waste and 

consequently its fitness for use as an active cement addition, and they could be regarded as 

equivalent to a natural calcined pozzolan. That prior research also showed the chemical 

composition of the waste to be directly related to its fired clay content and to affect its 

pozzolanicity. Waste containing ceramic material only proved to be more pozzolanic than waste 

with a lower (20 %) ceramic content. The pozzolanicity and chemical composition of the 

former, with a combined SiO2 (reactive SiO2 >25%), Al2O3 and Fe2O3 content of over 70%, 

were comparable to those found for other types of widely used industrial waste and by-products 

(silica fume, metakaolín, rice husk and fly ash) (Gholhaki et al., 2018). In kaolinitic clay rich in 

burnt halloysite, for instance, pozzolanic activity is due to the presence of metakaolín (Tironi et 

al., 2017). Thermally activated coal mining waste has also been shown to exhibit pozzolanicity 

(Liu et al., 2017; Arribas et al., 2018) and recent research has revealed that ceramic industry 

milling and glazing waste (Sánchez de Rojas et al., 2018), granite quarry waste (G. Medina et 

al., 2017) and biomass waste (J. M. Medina et al., 2017) are also alternative pozzolans.  

The greater pozzolanicity of ceramic than mixed (concrete, mortar, plaster…) waste and 

the longer durability of C&DW than the unadditioned reference cement (Asensio et al., 2016b) 

prompted the authors to explore the compliance of these new ceramic C&DW-bearing binders 

with European standard EN 197-1 (CEN-CENELEC, 2011a). The present study also sought to 
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establish the scientific and technical fundamentals of the newly designed cements, for which a 

patent has been awarded (ES2512065) (Sánchez de Rojas et al., 2014a).      

2. Experimental 

2.1. Materials  

The reference cement (OPC), with a clinker content of at least 95% and less than 5% 

minority components, was classified in EN 197-1 (CEN-CENELEC, 2011a) category CEM I 

42.5R.  

The addition chosen, one of the 12 samples of fired clay-based construction and 

demolition waste characterised in earlier studies (Asensio et al., 2016a), was selected on the 

grounds of its high pozzolanicity. It was supplied by BIERZO RECICLA S.L., a Spanish 

recycle plant working out of the province of León that features a picking line able to sort all the 

waste components. The 200 kg of waste explicitly requested for this study (depicted in Fig. 1a) 

were subsequently quartered in the laboratory to 50 kg and ground to a particle size of under 

63 µm (Fig. 1b) for use as a supplementary cementitious material (SCM). The main constituent 

was SiO2 (59.63%), along with other acidic oxides such as Al2O3 (18.51%) and Fe2O3 (5.92%), 

(Asensio et al., 2016a; Domínguez et al., 2016; Sassoni et al., 2016) which prevail in other 

pozzolanic materials as well (Gholhaki et al., 2018; Medina et al., 2016; Mikhailenko et al., 

2018). The sulfate content was much lower in this C&DW than in OPC. At 4.32 %, alkalis 

accounted for a higher percentage in the waste than in cement (2.05 %). In contrast, the Cl
-
 

content was essentially the same in the two materials. The most prominent mineralogical phases 

(XRD) present included illite, quartz, orthoclase, anorthite, calcite, dolomite and hematite 

(Asensio et al., 2016b), compounds that are in agreement with other C&DW studied by Hua et 

al. (Hua et al., 2016). Further to accelerated chemical testing, (Sánchez de Rojas et al., 2006) 

this waste exhibited pozzolanic activity, fixing 80% of the lime present after 28 d and 90% after 

90 d (Asensio et al., 2016a).  

 The blended cements were prepared by partially replacing OPC with C&DW, mixing 

the two components in a shaker-mixer to ensure full homogenisation and labelled as follows: 
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CDWC10 (90% OPC + 10% C&DW), CDWC20 (80% OPC + 20% C&DW) and CDWC30 

(70% OPC + 30% C&DW).  

Standard EN 196-1-compliant sand with a silica content of over 98% and a particle size of 

under 2 mm (CEN-CENELEC, 2018). 

Table 1 shows the main chemical and physical characteristics of the starting materials. 

Table 1  

Chemical composition and physical characteristics of C&DW and OPC 

 OPC CDW 

SiO2 (%) 20.00 59.63 

Al2O3 (%) 6.03 18.51 

Fe2O3 (%) 2.57 5.92 

MnO (%) 0.03 0.09 

MgO (%) 1.75 3.12 

CaO (%) 59.63 4.78 

Na2O (%) 0.56 0.73 

SO3 (%) 3.90 0.42 

K2O (%) 1.49 3.59 

TiO2 (%) 0.15 0.84 

P2O5 (%) 0.15 0.15 

Cl 
- 
(%) 0.02 0.02 

Loss on ignition (%) 3.26 2.15 

SiO2+Al2O3+Fe2O3 (%) - 84.06 

Reactive SiO2 (%) - 35.1 

C3S 
a) 

(%) 46.47 - 

C2S 
a) 

(%) 22.55 - 

C3A 
a) 

(%) 11.64 - 

C4AF 
a) 

(%) 7.81 - 

Density (g/cm
3
) 3.07 2.54 

Specific surface (cm
2
/g) 3662 5735 

a)
 Percentages calculated with Bogue equations (Spanish Committee for Standardization, 2006) 

 

2.2. Instrumental techniques  

Pressed wafer samples were characterised on a Philips PW1404 (Amsterdam, 

Netherlands) X-ray fluorescence spectrometer fitted with a dual (Sc/Mo) anode X-ray tube.   

Sample mineralogy was determined on a Bruker AXS D8 X-ray powder diffractometer 

(Karlsruhe, Germany) fitted with a 3 kW (Cu Kα1.2) copper anode and a wolfram cathode X-
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ray generator. Scans were recorded between 2θ angles of 5 to 60 at a rate of 2/minute. The 

voltage generator tube operated at standard 40 kV and 30 mA conditions.  

Thermogravimetric (TG) and differential thermal analyses (DTA) were performed in an 

N2 atmosphere on a TA Instruments SDTQ600 analyser (New Castle, DE, U.S.A) at 

temperatures of 25 C to 1000 ºC, heating at a rate of 10 C·min
-1

.   

The Hitachi S4800 electron microscope (Tokyo, Japan) used to study the morphology of 

the CDWC was coupled to a Bruker Nano XFlash 5030 silicon drift detector for EDX 

determination of the chemical composition of the samples.  

Material specific surface was determined on an Ibertest Autoblaine Plus (Madrid, Spain) 

permeameter further to the procedure recommended in European standards (CEN-CENELEC, 

2010) (section 2.3).  

Mortar mechanical strength was found on an IBERTEST AUTOTEST 200/10-SW test 

frame (Madrid, Spain).  

An IBERTEST IB32-101E (Madrid, Spain) Langavant calorimeter was used to determine 

mortar heat of hydration. 

Pore size and total porosity of the mortars were quantified on a Micromeritics Autopore 

IV 9500 mercury porosimeter (Norcross, GA, U.S.A). 

2.3. Test methods  

The standardised test methods used in this study are listed in Table 2. 

Table 2  

Standardised test methods used 

Characteristic Test Standard 

Chemical 

Reactive silica UNE 80225 (Spanish Committee for Standardization, 2012) 

Cement pozzolanicity EN 196-5 (CEN-CENELEC, 2011b) 

Chloride content 
EN 196-2 (CEN-CENELEC, 2014) 

Sulfate content 

Physical 

Density UNE 80103 (Spanish Committee for Standardization, 2013) 

Specific surface EN 196-6 (CEN-CENELEC, 2010) 

Water demand 
EN 196-3 (CEN-CENELEC, 2017) 

Setting time 
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Soundness 

Mechanical strength EN 196-1 (CEN-CENELEC, 2018) 

Heat of hydration EN 196-9 (CEN-CENELEC, 2011c) 

 

2.4. Statistical analysis 

Multivariate analysis of variance (MANOVA) was conducted to assess the mechanical 

strength findings recorded for the mortars studied (OPC, CDWC10, CDWC20 and CDWC30), 

simultaneously assessing the macroscopic effect of the factors age and replacement ratio, as 

well as their interactions in the variables compressive and flexural strength.  

Each mortar (OPC and OPC + C&DW) was subsequently studied to determine the differences 

between the mean simultaneous interaction of the factor replacement ratio*age, using the Tukey 

multiple pairwise comparisons procedure. 

As the significance level defined in the statistical study was = 0.05, factors with a lower p-

value were determined to have a significant effect on the results obtained.  

IBM SPSS Statistics 2.0 software, version 22, was used for the statistical analyses. 

3. Results and discussion 

3.1. Chemical requirements 

3.1.1. Chloride and sulfate content 

The chloride and sulfate contents in the newly designed cements are compared to the 

values for OPC and the standard requirements in Table 3.  

Both the sulfate and the chloride contents in all the materials bearing partial replacements of 

cement with C&DW were observed to lie under the ceilings established in European legislation. 

The higher the replacement ratio, the lower was the sulfate content, given the low levels of this 

compound in the initial waste. In contrast, the chloride content was greater with rising C&DW, 

although without exceeding the established limits.  

Table 3  

Sulfate (SO3) and chloride (Cl
-
) content in newly designed cements 

Cement 
Experimental value 

a)
 (%) Standard requirement 

b) 
(%) 

SO3 Cl
-
 SO3 Cl

-
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OPC 3.900 ± 0.010 0.010 ± 0.001 

≤ 4.000 ≤ 0.100 
CDWC10 3.550 ± 0.010 0.011 ± 0.001 

CDWC20 3.200 ± 0.010 0.012 ± 0.001 

CDWC30 2.860 ± 0.010 0.013 ± 0.001 

a) 
Sulfate and chloride determined as described in EN 196-2 (CEN-CENELEC, 2014)  

b) 
EN 197-1 (CEN-CENELEC, 2011a) 

3.1.2. Cement pozzolanicity 

The 8 d and 15 d pozzolanicity test findings for the four cements are plotted in Fig. 2 on 

the graph for the calcium oxide solubility isotherm at 40 C.  

Although cement CDWC10 failed to pass the pozzolanicity test, it would not be required to do 

so, for further to standard EN 197-1 pozzolanicity requirements (CEM IV/A) are only 

applicable to cements bearing ≥ 11% pozzolanic additions. In contrast, the inclusion of 20% and 

30% C&DW yielded cements that met the pozzolanicity criterion (point on the [CaO]/[OH
-
] 

graph below the CaO 40 C solubility isotherm) after 8 d, comfortably within the  15 d 

maximum stipulated by the legislation for a cement to be classified as pozzolanic. The findings 

for cements containing C&DW as a pozzolanic addition were comparable to those reported by 

other authors. Tironi et al.(Tironi et al., 2017) showed that 25% replacement with burnt natural 

halloysite/kaolinite clay passes the Frattini test. Liu et al.(Liu et al., 2017) in turn, obtained 

pozzolanic cements by replacing 20% of the OPC with kaolinite-based coal calcined at 

temperatures of 600 C to 900 C.   

The pozzolanic reaction between C&DW and Ca(OH)2 was confirmed by the XRD 

(Fig. 3) and DTA/TG (Fig. 4) findings for the hardened cement pastes obtained after the 

pozzolanicity test. 

Fig. 3 shows that the diffraction lines for portlandite (2=18.048º, 34.110º and 50.841º) 

declined in intensity with rising C&DW content in the cements (Tironi et al., 2017, 2015), 

denoting the existence of a pozzolanic reaction during cement hydration, as observed during the 

pozzolanicity test (Fig. 2). Another difference between the diffractograms for OPC and the new 

cements was the formation of calcium aluminate hydrates (C4AH13) (2=11.706 º and 23.536 º), 

favoured by the high water/cement ratio (Sánchez de Rojas et al., 2006). 
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The DTA diagrams, in turn, exhibited three clearly distinguishable endothermal bands 

(Fig. 4). The water loss due to the moisture present in the cement pastes was visible in the 

shoulder-like band at 50 C (a) on the first band (I), ranging from 50 C to 300 C (J. M. 

Medina et al., 2017). A more intense main band (b), located at 100 C, was attributed to the 

dehydroxylation of hydration products C-S-H gel and ettringite (the latter also detected with 

XRD) (G. Medina et al., 2017). A shoulder (c) appearing at higher temperatures (150 C to 

180 C) and growing in intensity with the C&DW content was associated with the formation of 

calcium aluminate hydrates (C4AH13) (identified in this study with XRD) and the uptake of Al 

in C-S-H gels to form C-(A)-S-H gels. Nakanishi et al. (Nakanishi et al., 2016) reported similar 

findings and suggested that the bands appearing in a similar temperature range (150 C to 

200 C) when elephant grass ash was added to cement denoted the formation of C4AH13. Tironi 

et al. (Tironi et al., 2014), after including 30% burnt clay in the binder, related the appearance of 

the shoulder to the formation of both calcium aluminate hydrates (C4AH13) and C-(A)-S-H gels. 

Kapeluszna et al. (Kapeluszna et al., 2017) gave an analogous explanation for the shoulder 

found on the curves of different gels synthesised.    

The second endothermal band (II), at 400 C to 500 C, denoted the presence of portlandite in 

the cement pastes. As a single, isolated peak, it could be used to quantify the portlandite content 

in the pastes based on the mass loss calculated from the curves in that temperature range. The 

findings are given in Table 4.  

The data in Table 4, showing declining portlandite content with rising replacement ratios, 

corroborated the pozzolanic behaviour of the waste. The decline could not be attributed solely to 

dilution, for it was greater in all cases than the percentage of cement replaced with C&DW.   

The third endothermal band (III), located at 600 C to 800 C and associated with calcium 

carbonate decarboxylation (detected with XRD), was essentially the same for all the cements 

studied.  

Table 4  

Portlandite content in cement pastes after the 8 d pozzolanicity test 
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Cement paste Ca(OH)2 content  (%) Differential Ca(OH)2 content (%) 

OPC 21.6 0.0 

CDWC10 15.2 -29.7 

CDWC20 13.0 -39.8 

CDWC30 12.2 -43.7 

 

The typical morphology of the portlandite plates found in representative samples of 

OPC, CDWC1, CDWC20 and CDWC30 pastes (obtained after the pozzolanicity test) is 

depicted in Fig. 5. The figure shows that the size of the portlandite plates (see the dotted lines 

on the micrographs) declined with growing percentages of C&DW in the cement as a result of 

the pozzolanic reaction between the waste and the Ca(OH)2 released during portland cement 

hydration. Relative to the OPC, the portlandite plates were 35 % smaller in CDWC10, 59 % 

smaller in CDWC20 and 66 % smaller in CDWC30.  

By way of example, Fig. 6a shows the morphology of the gels in the unadditioned paste and 

Fig. 6b the paste bearing 30 % C&DW. No microstructural differences could be distinguished 

between the granular OPC and CDWC30 pastes. 

Table 5 gives the EDX compositional analysis for the C-S-H gels observed in Fig. 6 (the values 

are the mean of 10 analyses per paste). The analyses showed that the addition of 30 % C&DW 

induced declines in C-S-H gel Ca/Si ratios. The value of 1.52 found for CDWC30 would be 

indicative of gels with a plombierite-like structure (Bonaccorsi et al., 2005) and of a type I C-S-

H gel (Taylor classification (Taylor, 1997)). It is also consistent with the C/S ratio of 1.5 found 

by Sánchez de Rojas et al. (Sánchez de Rojas et al., 2006) for cements bearing 20 % ground 

fired clay roof tile mixed with excess water at a temperature of 40 C.  

Table 5  

Chemical composition of the C-S-H gels in Fig. 6 

Compound (wt%) OPC CDWC30 

SiO2 25.88 ± 1.65 28.77 ± 3.09 

Al2O3 7.80 ± 2.09 12.66 ± 3.45 

MgO 1.73 ± 0.96 3.00 ± 2.74 

Fe2O3 3.50 ± 1.03 3.69 ± 0.58 

Na2O 0.94 ± 0.29 0.95 ± 0.52 
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K2O 4.43 ± 0.52 4.84 ± 0.35 

CaO 53.68 ± 6.42 42.77 ± 6.35 

SO3 1.99 ± 1.78 3.17 ± 2.33 

TiO2 - 0.12 ± 0.07 

P2O5 0.06 ± 0.09 0.02 ±0.04 

C/S 2.09 ± 0.36 1.52 ± 0.39 

C/A 7.39 ± 2.60 3.62 ± 1.13 

C/S/A 7.39/7.39/1 3.62/2.35/1 

 

The use of SCMs (silica fume, fly ash, metakaolin...) is known to lower Ca/Si ratios, which may 

drop to under 1 (Richardson, 2008). In a review of C-S-H gel nanostructure, Taylor (Taylor, 

1993) showed that binders bearing pozzolans had lower Ca/Si ratios (1.52, consistent with the 

present findings for CDWC30) than unadditioned cements (2.09). The gels in blended cement 

pastes with type F fly ash have been reported to exhibit C/S ratios of 1.45 to 1.55 and gels with 

microsilica (or other types of reactive silica) ratios of 1.5, sliding to 1.0 after depletion of the 

Ca(OH)2 (Wu and Young, 1984). Like Kolani et al. (Kolani et al., 2012) for slag-bearing 

blended cements, the authors of this study attributed the decline in the C/S ratio to the 

pozzolanic reaction between portlandite and C&DW.  

The increase in Al2O3 in the composition translated into lower Ca/Al ratios, concomitant with 

the uptake of aluminium in gels (C-(A)-S-H gels) (Sánchez de Rojas et al., 2006; Taylor, 1993; 

Tironi et al., 2013), corroborating the results of the DTA study (Fig. 4).  

 

3.2. Physical requirements 

Table 6 lists the physical requirements for cement (normal consistency, initial setting 

time and soundness) laid down in the existing legislation (CEN-CENELEC, 2011a). The data 

showed that the water demand for normal consistency was 8.82 % higher in CDWC30 than in 

unadditioned OPC. That finding is a direct consequence of the clayey nature of the C&DW and 

its greater fineness than OPC, as discussed in section 2.1 (Table 2). Generally speaking, finer 

materials absorb more water, further to both the present findings and those of other authors 

(Felekoğlu et al., 2009; Ferreiro et al., 2013; Ghiasvand et al., 2014; Öner et al., 2003). The 
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water/cement ratios, calculated from the water demand for normal consistency, followed a linear 

pattern (Table 6). The w/c ratio is plotted against the percentage of C&DW in the cements in 

Fig. 7, which also shows the linear regression equation and the (dotted) line to which the data 

points were fitted. 

 

Table 6  

Physical parameters for OPC and newly designed cements 

Cement 
Water demand for 

normal consistency (g) 

Initial setting time (min) Soundness (mm) 

Experimental 

value 

Standard 

requirement 

Experimental 

value 

Standard 

requirement 

OPC 136.0 ± 0.1 160.0 ± 10.0 

≥ 60.0 

0.0  ± 1.0 

≤ 10.0 
CDWC10 141.0 ± 0.1 150.0 ± 10.0 0.0  ± 1.0 

CDWC20 143.0 ± 0.1 145.0 ± 10.0 0.0  ± 1.0 

CDWC30 148.0 ± 0.1 145.0 ± 10.0 0.0  ± 1.0 

 

Ulusu et al. (Ulusu et al., 2016) reported similar behaviour in cements additioned with 10 % to 

40 % pumice, as water demand also increased linearly with rising percentages of that natural 

pozzolan. Similarly, observing that water demand rose as the percentage of silica fume was 

raised from 5 % to 30 %, Rao (Rao, 2003) associated such higher demand with the greater 

fineness in silica fume than in the unadditioned cement. In the present study, the addition of 

C&DW neither posed mixing problems nor required the use of admixtures to improve the 

workability of the new cements.  

No significant changes in initial setting time were observed after the inclusion of 

C&DW as a pozzolanic addition. All the cements designed met European requirements in this 

respect, according to which minimum initial setting time must be greater than or equal to 

60 min. At replacement ratios of 20 % or over, initial setting time was 9.40 % shorter than in 

OPC as a result of the hastened hydration induced by the filler effect of pozzolanic materials 

(Taylor, 1997). 

All the C&DW cements were also standard-compliant in terms of post-setting 

soundness, inasmuch as the Le Chatelier (CEN-CENELEC, 2017) expansion measurements 

yielded values lower than the 10 mm ceiling.  
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Heat of hydration was found to be lower in the blended cements with at least 20 % 

C&DW than in OPC (308.30 J/g): 288.42 J/g for CDWC20 and 263.48 for CDWC30 (Asensio 

et al., 2018).  Given that the ceiling value for classifying a binder as a low heat of hydration 

cement is 270 J/g (CEN-CENELEC, 2011a), CDWC30 could be regarded as such a material. 

Further to the definition of very low heat cements (220 J/g in 41 h) laid down in European 

standard EN 14216, none of the C&DW-bearing materials could be so classified, however.   

3.3. Mechanical requirements 

Mechanical strength was assessed in the mortars further to the procedures set out in 

European standards (CEN-CENELEC, 2018), which recommend a w/c ratio of 1:2 and a 

cement/sand ratio of 1:3. 

Flexural strength results are shown in Table 7. Two obvious patterns can be 

distinguished: i) the logical rise in strength with age; and ii) a decline in strength with rising 

C&DW replacement ratios.    

Table 7  
Flexural strength in OPC and the newly designed cements 

Curing time (d) 
Flexural Strength (MPa) 

OPC CDWC10 CDWC20 CDWC30 

2 5.91 ± 0.40 6.20 ± 0.12 6.19 ± 0.34 5.44 ± 0.36 

7 8.24 ± 0.33 8.36 ± 0.53 7.59 ± 0.25 6.68 ± 0.19 

28 10.53 ± 0.36 9.83 ± 0.37 9.08 ± 0.37 7.83 ± 0.40 

90 10.40 ± 0.35 10.20 ± 0.27 9.83 ± 0.42 9.20 ± 0.02 

180 10.80 ± 0.50 10.71 ± 0.17 10.08 ± 0.24 9.95 ± 0.57 

360 10.90 ± 1.23 10.88 ± 0.15 10.22 ± 0.49 10.12 ± 0.52 

 

The widest differences in strength were observed for the 28 d materials (-25.71 % in CDWC30), 

after which they narrowed (-11.54 % after 90 d; -7.41 % after 180 d; and -7.34 % after 360 d). 

The hydration products forming as a result of pozzolanic reactions afforded the cementitious 

matrices greater flexibility and plasticity (Soria Santamaría, 1983; Sánchez de Rojas et al., 

2014b, 2018), offsetting the dilution due to the replacement of cement with C&DW.  

Table 8  
Compressive strength in OPC and the newly designed cements 
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Curing time (d) 
Compressive Strength (MPa) 

OPC CDWC10 CDWC20 CDWC30 

2 31.41 ± 0.39 32.18 ± 0.39 27.65 ± 0.31 23.72 ± 0.24 

7 49.49 ± 0.78 49.04 ± 0.39 45.63 ± 1.00 36.31 ± 1.03 

28 59.38 ± 1.78 60.50 ± 1.27 56.31 ± 1.76 50.19 ± 1.00 

90 64.24 ± 6.01 70.29 ± 1.10 67.32 ± 1.07 61.16 ± 0.85 

180 70.51 ± 7.33 75.85 ± 1.16 73.37 ± 1.22 68.08 ± 1.58 

360 72.36 ± 0.33 80.18 ± 3.63 78.02 ± 1.22 75.51 ± 0.96 

 

Compressive strength results are listed in Table 8. Like flexural strength, compressive 

strength rose with curing time. Whilst the materials with 10 % C&DW exhibited compressive 

strength comparable to those of the control mortar, the values for the mortars containing 

CDWC20 and CDWC30 were lower than recorded for OPC. In both cases, the decline in 

compressive strength (up to 90 d in CDWC20 and up to 360 d in CDWC30) was smaller than 

the replacement ratio, an indication that the pozzolanicity of this waste offset the dilution effect. 

Similar behaviour was observed by Sánchez de Rojas and Frías (Sánchez de Rojas and 

Frías, 2013) when they additioned cement with burnt clay waste (brick, roof tiles). They 

reported that compressive strength declined in the 28 d materials, but again by less than the 

percentage of cement replaced (denoting the pozzolanicity of these materials and their 

contribution to mechanical strength). Analogous results were found in a study conducted by 

Toledo et al. (Toledo Filho et al., 2007)  

The mechanical behaviour of mortars prepared with cements containing fired clay-based 

additions was similar to the performance recorded for cements containing sugar cane bagasse 

ash (Bahurudeen et al., 2015). In that study, compressive strength was observed to be higher in 

the additioned than in the unadditioned materials at replacement ratios of from 5% to 20%, but 

lower for ratios of 25%. The decline in strength was partially offset by ash pozzolanicity, 

however, inasmuch as the percentage difference was smaller than the percentage of bagasse 

blended with the cement.  

The pozzolanicity of the additions used is a determining factor in mortar compressive strength. 

Poon et al. (Poon et al., 2001) and Badogiannis et al. (Badogiannis et al., 2004, 2005), studying 
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the effect of replacing 5 % to 20 % of cement with metakaolin (burnt clay) on that parameter, 

reported that mechanical strength rose in all cases due to the pozzolanic activity of the addition.  

 

3.4. Pore structure refinement 

Pore structure was studied in the 28 d mortars. Adding pozzolans to cement induces pore 

structure refinement (Chindaprasirt et al., 2005; Dhandapani and Santhanam, 2017; Yu and Ye, 

2013). The particle size distribution for the cements studied is shown in Fig. 8. At higher 

percentages of C&DW, the distribution curves shifted toward smaller pore sizes, denoting 

refinement in the pore structure due to the presence of the hydration products forming as a result 

of the pozzolanic reaction (Taylor, 1997). Refinement was also reflected in the decline in mean 

pore size (Table 9): 10.68% for CDWC10, 30.62 % for CDWC20 and 38.22 % for CDWC30.  

Despite the refinement in the pore network, larger pores were identified in CDWC30 mortar 

than in any of the others (Fig. 8).  

Table 9  

Mean pore size and total porosity in OPC, CDWC10, CDWC20 and CDWC30 mortars 

 
Total porosity (%) Mean pore size (µm) 

OPC 12.43 0.0908 

CDWC10 12.55 0.0811 

CDWC20 13.79 0.0630 

CDWC30 14.94 0.0561 

 

Sánchez de Rojas et al. (Sánchez de Rojas et al., 2014b) reported findings analogous to the data 

in Table 9: total porosity rose in cement pastes, induced by the inclusion of burnt clay as a 

pozzolanic material. The rise in total porosity with the addition of C&DW to the cements 

(Table 9), in conjunction with the higher percentage of macropores in the blended cement 

mortars than in the control (Fig. 8), may have implications for mechanical strength (Table 8). 

Chindaprasirt et al. (Chindaprasirt et al., 2005) also observed higher total porosity in cements 

bearing from 20 % to 40 % fly ash than in the unadditioned material resulting lower mechanical 

strength. Kuzielová et al. (Kuzielová et al., 2017), studying quaternary cements (OPC, slag, 

silica fume and metakaolin), reported that the lowest compressive strength values were found 
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for those with the highest total porosity. In this study (incorporation of C&DW to cement), the 

largest pores were observed to have the heaviest impact on mortar mechanical strength.  

3.5. Composition and designation 

In future, C&DW might be regarded as comparable to natural calcined pozzolans in light 

of their chemical and mineralogical composition (section 2.1) and lime fixation efficacy 

(Asensio et al., 2016a). The theoretical designation of C&DW-bearing cements, further to the 

criteria set out in European standards (CEN-CENELEC, 2011a), is given in Table 10.  

Table 10  

Theoretical designation of newly designed cements further to EN 197-1 criteria 

Cement 
Clinker 

(%) 

C&DW 

(%) 

Minority components 

(%) 
Designation Strength class 

CDWC10 85 - 90 10 0 - 5 CEM II/A-Q 

42.5 N 

42.5  R 

52.5 N 

52.5 R 

CDWC20 75 - 80 20 0 - 5 
CEM II/A-Q 

CEM IV/A 

42.5 N 

42.5  R 

52.5 N 

CDWC30 65 - 70 30 0 - 5 
CEM II/B-Q-LH 

CEM IV/A-LH 

42.5 N 

42.5  R 

 

3.6. Statistical analysis of mechanical strength 

The results of the multivariate analysis of variance (MANOVA) run to determine the 

effect of the factors curing age and replacement ratio on paste compressive and flexural strength 

are listed in Table 11. The proportion of variability explained by the analysis was 98.5 % for 

compressive strength and 97.6 % for flexural strength. The two most prominent implications of 

the statistical analysis were: i) irrespective of the variable analysed, variability was primarily        

(> 86 %) explained by age, followed by replacement ratio and the interaction between the two; 

and ii) replacement ratio explained 3.5 % of compressive and 8.1 % of flexural strength 

variability. The latter finding attests to the effect on flexural strength of the intrinsic properties 

of the hydration products forming in the pozzolanic waste - Ca(OH)2 reaction (see section 3.3). 

The Table 11 also shows that the factors replacement ratio and age and their interactions had a 
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significant effect (p <0.05) on the macroscopic mechanical performance of the new cements, as 

noted in the findings discussed in section 3.3.   

 

 

 

 

 

 

 

 

 

 

Table 11 

 Multivariate analysis of variance (MANOVA) data 

Source of variation 
Dependent 

variable 

Type III sum 

of squares 

Degrees of 

freedom 

Mean 

square 
F p-value 

Corrected model 
CS 34079.38 

a)
 23 1481.71 280.50 0.00 

FS 364.95 
b)

 23 15.87 167.80 0.00 

Age 
CS 32397.78 5 6479.56 1226.65 0.00 

FS 324.63 5 64.93 686.58 0.00 

Replacement ratio 
CS 1206.71 3 402.24 76.15 0.00 

FS 30.11 3 10.04 106.14 0.00 

Interaction between 

replacement ratio and age 

CS 474.89 15 31.66 5.99 0.00 

FS 10.21 15 0.68 7.20 0.00 

Error 
CS 507.10 96 5.28 

  
FS 9.08 96 0.10 

  

Total 
CS 430593.94 120 

   
FS 10020.73 120 

   

Corrected total 
CS 34586.49 119 

   
FS 374.03 119 

   
a) R squared = 0.985 (adjusted R squared = 0.982) 

b) R squared = 0.976 (adjusted R squared = 0.970) 

Note. - CS: compressive strength; FS: flexural strength 

 

The p-values found with the post hoc HSD Tukey test listed in Table 12 for the mortars studied 

show the pairwise (age*replacement ratio) differences in the means. The data showed 

significant differences (HSD Tukey p-value <0.05) between the 360 d mean compressive 

strengths and all the other ages except 180 d in the OPC and CDWC10 mortars. At replacement 

ratios of 20 % or greater, however, significant differences were observed in the means between 

360 d and all the other ages, a finding that attests to the pozzolanicity of this type of waste (see 
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section 3.3) (Asensio et al., 2016a). Mean 360 d OPC flexural strength did not differ 

significantly from any of the ages greater than or equal to 28 d (HSD Tukey p-value >0.05), 

whereas non-significance was recorded for the cements bearing 10 wt% to 20 wt% waste from 

the age of 90 d onward. At 30 % replacement (CDWC30), the differences in inter-age means 

were significant up to 180 d. These findings further corroborated waste pozzolanicity. 

 

Table 12  

Post-hoc HSD Tukey p-values 

Property Group - Age 
Group - Replacement ratio 

0 10 20 30 

Compressive strength 360 

2 0.00 0.00 0.00 0.00 

7 0.00 0.00 0.00 0.00 

28 0.00 0.00 0.00 0.00 

90 0.00 0.00 0.00 0.00 

180 1.00 0.06 0.03 0.00 

Flexural strength 360 

2 0.00 0.00 0.00 0.00 

7 0.00 0.00 0.00 0.00 

28 0.84 0.00 0.00 0.00 

90 0.17 0.06 0.70 0.00 

180 1.00 1.00 1.00 1.00 

Note.- 0: OPC; 10: CDWC10; 20: CDWC20; 30: CDWC3; grey shading: p-value >0.05 

 

4. Conclusions 

 

The conclusions that may be drawn from the present findings are set out below. 

1. The inclusion of C&DW in cements did not raise SO3 or Cl
-
 contents to values above 

the ceilings set out in the legislation. Although due to their greater fineness the new 

cements had higher water demand than the unadditioned control, no admixtures were 

required to correct workability in any of the materials studied. They were also standard-

compliant with respect to setting times (greater than 60 min) and soundness (expansion 

under 10 mm). 
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2. Blended cements bearing 20 % or 30 % C&DW were pozzolanic (passed the 

standardised pozzolanicity test) and the materials with a 30 % replacement ratio 

qualified as low heat of hydration cements (263.48 J/g).  

3. XRD, DTA/TG and SEM/EDX studies confirmed declines in the portlandite content in 

cement pastes with rising C&DW content, as well as the Al uptake in C-S-H gels (with 

the formation of C-(A)-S-H gels). 

4. Blended cements containing 10 % C&DW exhibited the same early age strength as 

OPC and higher values after 28 d, whereas the inclusion of larger percentages of waste 

induced a decline in early age mortar mechanical strength relative to the reference. The 

difference was in no case greater than the amount of cement replaced, however, 

attesting to the pozzolanicity of the waste.  

5. Whilst C&DW raised total porosity in the mortars, it also induced pore structure 

refinement, with a smaller mean pore size.  

6. The higher total porosity and macropore content in the mortars, the lower was 

mechanical strength. 

7. The inclusion of C&DW in the design of the new cements had a statistically significant 

effect on their mechanical performance. The replacement ratio explained 8.1 % of the 

variability observed in flexural and 3.5 % of the variability in compressive strength. 

8. The difference in mean mechanical performance between age groups was more 

significant at higher C&DW percentages.  

 

Pozzolanic cements can be produced with an unadditioned commercial cement by blending 

C&DW with OPC. The present findings confirm that the newly designed binders would qualify 

for classification as CEM IV cements, not only on the grounds of their composition, but also of 

their capacity to form hydration products by fixing the calcium hydroxide released during 

cement hydration.  
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Figure Captions: 

 

Fig. 1. Recycle plant C&DW: (a) before and (b) after pre-conditioning 

 

Fig. 2. 8 d and 15 d pozzolanicity test findings for the cements analysed 

 

Fig. 3. 8 d XRD patterns for OPC, CDWC10, CDWC20 and CDWC30 cement pastes 

E: ettringite (COD 9011576); A: calcium aluminate hydrates (COD 1000459); P: portlandite (COD 

1001768); Q: quartz (COD 1011097); C: calcite (COD 9000095); C2S: belite (COD 9012789) 

 

Fig. 4. DTA curves for the 8 d pozzolanicity test in the four cements 

 

Fig. 5. Portlandite plates in cement pastes: (a) OPC; (b) CDWC10; (c) CDWC20; (d) CDWC30 

 

Fig. 6. C-S-H gels in (a) OPC pastes and (b) CDWC30 pastes 

 

Fig. 7. w/c ratio versus percentage of C&DW in the newly designed cements 

 

Fig. 8. Pore size distribution in OPC, CDWC10, CDWC20 and CDWC30 mortars 
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HIGHLIGHTS 

 

 The possibility of incorporation of C&DW as pozzolanic addition  

 Confirmation of pozzolanic behavior of waste in cement/C&DW systems attested to by 

the reduction in both pore size and portlandite content  

 New cements designed with fired clay-based C&DW complies with the European 

standards form the chemical, physical and mechanical point of view  

 The new hydration products forming as a result of the pozzolanic reaction enhanced the 

flexibility and plasticity of mortars based on the incorporation of C&DW 

Highlights (for review)
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