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Abstract: CO2 emissions resulting from the production of cement is a major issue, but can be limited 

by the partial substitution of cement by low-carbon-impact additions. The aim of this study was the 

formulation of a ternary binder based on ordinary Portland cement (OPC), ground granulated blast-

furnace slag (GGBS) and flash-calcined sediment (FCS), a dredged waste which was valorized after 

applying a new heat treatment: flash calcination. The used materials were physically, chemically 

and mineralogically characterized. The composition of the formulations was optimized using mix-

ture designs. Five formulations, one reference formulation RM (100% OPC), one binary formulation 

(50% OPC/50% GGBS), and three ternary formulations with a variable FCS rate (10%, 15%, 20%), 

were selected and characterized fresh and hardened. Results showed that the incorporation of FCS 

reduced the workability and increased the density. In addition, a decrease in the initial setting time 

and the heat of hydration peak were observed. In the hardened state, the formulation containing 

10% FCS showed 90-day mechanical strengths superior to that of RM. The use of FCS in ternary 

binders could reduce the environmental impact by reducing greenhouse gas emissions. 

Keywords: sediments; circular economy; cement; ternary eco-binders; flash calcination method; 

mixture design 

 

1. Introduction 

Climate change in recent decades is alarming. Global warming is linked to the in-

crease in greenhouse gas CO2 emissions, and the production of cement contributes to this. 

It is estimated that 5-8% of world CO2 emissions are due to the cement industry [1–4], 

while the production of one tonne of ordinary Portland cement (OPC) results in the emis-

sion of the equivalent of one tonne of CO2 [5]. The process of cement production consists 

of several steps (extraction of the raw material, transport, mechanical grinding, calcina-

tion, etc.), each leading to CO2 emission, especially when raw materials (limestone and 

clay) are heated to high temperature (≈ 1450 °C) to obtain clinker. As the OPC is mainly 

composed of clinker (more than 95% by weight), limiting its negative impact on the envi-

ronment involves reducing the amount of clinker. 

To reach this goal, using mineral additions and particularly those derived from in-

dustrial by-products such as ground granulated blast-furnace slag (GGBS), as partial sub-

stitutes of cement (i.e., supplementary cementitious materials, SCMs) is an interesting al-

ternative. As a matter of fact, in addition to reducing the environmental impact of cement, 

they enhance the mechanical properties and the durability of concretes [6,7]. 

Among the commonly used mineral additions, one can cite GGBS, metakaolin, fly 

ash, silica fume etc., but also other types of co-products considered as waste such as 
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dredged sediments. The latter can be valorized after undergoing adequate treatment, in 

cement matrices the properties of which they enhance. 

Sediments are materials resulting from dredging operations essential to ensure the 

necessary draught for the navigation of ships. These operations generate large amounts 

of materials each year: more than 50 Mm3 in France, about 300 Mm3 in Europe [8], and 

about 300 Mm3 in the USA [9]. In addition, according to the European Directive 

2008/98/EC of 19 November 2008, dredged sediments are considered to be waste when 

they are removed from their natural environment. Managing these materials is a major 

technical, economic and environmental issue, and valorizing them in cementitious mate-

rials represents an interesting alternative [10]. The potential of dredged sediments to be 

used as SCMs is strongly linked to their mineralogical composition (calcite, quartz, kao-

linite etc.), their physical characteristics (granulometry, BET specific surface area etc.), and 

their pollutant content. Heat treatment by calcination is an essential prerequisite for their 

use. Indeed, this step allows the vaporization of free water (at 100 °C), the elimination of 

organic compounds (at 300 °C), the activation of clay minerals by the transformation of 

kaolin into metakaolin (at 530 °C), and the decomposition of calcium carbonates (at 

730 °C). 

Heating leads to the dehydroxylation of crystallized and non-reactive kaolinite 

(Al2O3·2SiO2·2H2O) contained in clay, eliminating water, and to the destruction of its struc-

ture, resulting in metakaolinite, an amorphous and reactive aluminosilicate (Al2O3·2SiO2, 

or AS2), according to Equation (1) [11]. Thus, the temperature and the duration of calci-

nation are two prime parameters on which the reactivity of sediments in the cement ma-

trix depends. 

Al2O3(SiO2)2(H2O)2  
                   
→      Al2O3(SiO2)2(H2O)x + (2-x)H2O (1) 

kaolinite  metakaolinite 

 

Pozzolanic activity of calcined sediments was demonstrated in many works in the 

literature [9,12–15]. The study of Dang et al. [16] on composite cements based on Portland 

cement and marine sediment from Brittany, France, showed that the blended cement 

based on sediment calcined at 650 °C involved higher compressive strengths than the one 

based on classical calcareous filler. This result was attributed to the activation of clay min-

erals at 650 °C. The same finding was made in Diouri et al.’s study [17] which showed that 

using 8% of calcined sediment improves the hydration of the cement-sediment blend and 

results in mechanical strengths equivalent to those obtained with a CEM I Portland ce-

ment. Faure et al.’s study [18] confirmed this by observing portlandite consumption when 

calcined sediments were used. Calcined sediments also allow the improvement of the du-

rability of concrete as shown in Safer et al.’s study [19] where part of the cement (10%, 

20% and 30%) was substituted by sediment calcined at 750 °C for 5 hours. As a result, 

sediments led to a lower porosity in concretes because of the formation of supplementary 

C-S-H, and to better durability and especially a better resistance to sulfate attacks. Also, a 

reduction of connected pores was observed by Dang et al. [16]. These observations were 

confirmed in Amar et al.’s study [7] where a formulation composed of 10% calcined sedi-

ment as a partial replacement of cement had a lower water porosity compared to that of 

the control mortar, hence a better resistance to freeze/thaw cycles and to external sulphate 

attacks. 

As well as direct calcination (in a traditional furnace), the flash calcination treatment 

leads to the complete activation of clay minerals in sediments with appearing amorphous 

phases [20]. Calorimetry tests showed that calcined sediments first enhance the hydration 

of the minerals of Portland clinker by the filler effect, and then contribute after 3-7 days to 

the development of strength by the formation of supplementary hydrates during the poz-

zolanic reaction [14,20,21]. Amar et al. [22] showed in a comparative study on one material 

that the sediment treated by flash calcination has a pozzolanic activity superior to that of 

sediments calcined in a traditional kiln. Moreover, the energy consumed for flash calcina-

tion is estimated to be around 2 GJ/t of sediment [23,24] whereas about 8 GJ are needed 
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for a tonne of pure clinker [5,22]. In addition to improving the mechanical properties of 

concrete, using flash calcined sediments allows reducing the carbon footprint by limiting 

the quantity of clinker used. 

2. Materials and Methods 

2.1. Materials 

The ternary binders studied in this work are composed of OPC, GGBS and FCS. 

The used cement was a CEM I 52.5 N cement, compliant with the European standard 

NF EN 197-1, 2012 [25]. This cement is composed of more than 90% clinker and 5% sec-

ondary components. It is characterized by a low gypsum content. The compressive 

strength of a normalized mortar obtained with this type of cement is 52.5 MPa at 28 days 

according to the European standard NF EN 196-1 [26] and the setting time of the cement 

is inferior to 240 min. 

Class A slag (Ecocem) compliant with NF EN 15167-1, 2006 [27] was also used. The 

vitrification rate of this type of slag exceeds 90%. Compared to OPC, this co-product needs 

20% less energy and decreases CO2 emissions by 10% [28]. 

Dredging sediments used as mineral additions in this study were marine sediments 

dredged in the Grand Port Maritime de Dunkerque (GPMD) harbour, located in the North 

of France. After dredging, sediments were transported to the laboratory, homogenized 

and dried in an oven at 60 °C to decrease their water content. 

2.2. Sediment treatment: grinding and flash calcination 

The treatment of sediments is a necessary step to optimize their use as SCMs in a 

cementitious matrix. The grinding allows obtaining fine sediment particles, to enhance 

their specific surface area and thus their reactivity [13,23]. The pozzolanic potential of sed-

iments also depends on the calcination conditions (temperature and duration) as the min-

eral phases in sediments and especially clayey phases are activated during this step [29–

31]. The choice of the optimal calcination temperature is crucial. Indeed, the reactivity of 

the calcined sediment is strongly linked to the temperature of exposure. During clay cal-

cination, the degradation of clay minerals begins with the loss of intra-layer water and 

adsorbed water between 100 °C and 250 °C. Dehydroxylation of kaolinite begins between 

300 °C and 400 °C and speeds up from 500 °C to 600 °C to form metakaolin. 

In this study, a flash calcination treatment was chosen. This new calcination tech-

nique was initially developed for clays (kaolin) [24,32,33] and was adapted to sediments 

[8,20,21,23]. It consists in an instant exposure of the material (about 1/10 s) at very high 

temperatures (from 700 °C to 1000 °C) in a rotary kiln, and then the rapid cooling of the 

material. Thanks to the partial destruction of the matter, this quick exposure enables the 

formation of new amorphous phases with a potential activation of the sediment. This 

method has several advantages compared to the conventional calcination method, namely 

the quickness of the calcination process, the temperature control, a decreased energy con-

sumption, and an increased activation potential [34]. 

The sediments used in this study were ground and sieved at 120 µm and then flash-

calcined at 820 °C. These conditions were fixed after works by Amar et al. [28] on a binary 

matrix composed of OPC and the same sediments from GPMD. These works showed that 

the mechanical strengths of mortars containing treated sediments could be, under certain 

conditions, better than those of the control. 

2.3. Materials characterization methods 

All the used materials were characterized using physical and chemical methods. The 

particle size distribution and especially the D50 were determined thanks to a laser diffrac-

tion particle size analyser (LS 13320, Beckman Coulter). The absolute density was meas-

ured according to NF EN 1097-7, 2008 [35] with a helium pycnometer (AccuPyc 1330, Mi-

cromeritics). The measurement of the specific surface area allows the assessment of the 
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fineness of the additions and thus indicates the pozzolanic reactivity. Here, it was assessed 

by the measurement of nitrogen adsorption by the BET method (Brunauer-Emmett-Teller) 

according to the NF EN ISO 18757 standard [36]. The water demand test was performed 

following NF EN 196-3, 2009 [37] with a Vicat apparatus Vicatronic I06 091 equipped with 

a 10-mm diameter needle. This test consists in introducing different amounts of water into 

the additions and mixing them to form a paste. The water demand of the pastes corre-

sponds to the amount of water added to get a penetration depth equal to 6 mm of the 

Vicat probe. 

The mineralogical characterization was carried out by X-ray diffraction (D2 

Phaserdiffractometer, Brucker Co) using CuKα radiation (Kα = 1.78 Å) in the 2Θ acquisi-

tion range 1-60° and set at 40 kV and 40 mA. This identification allows qualifying and 

quantifying the phases present in each addition. 

2.4. Materials properties 

The physicochemical characteristics of the powder are summarized in Table 1. The 

particle size distribution (Figure 1) of GGBS was shown to be highly similar to that of ce-

ment, with very close values of D10 and D50 (Table 1). However, FCS shows a finer granu-

lometry with D50 = 5.75 µm, which is about two times less than OPC. This modification of 

fineness can be explained by the densification of the grains of the sediment during the 

heat treatment process [13]. In addition, a change into a more rounded shape of the sedi-

ments’ particles is likely to occur due to the cyclonic air movement in the flash calcination 

unit [30][38]. These physical modifications concerning the fineness and the shape contrib-

ute to the improvement of the compactness of the formulations containing FCS and thus 

to the enhancement of the mechanical properties. The BET specific surface area of FCS is 

more significant than those of OPC and GGBS while the density of FCS is inferior to those 

of OPC and GGBS. The fineness and the BET specific surface area of FCS promote the 

reaction when they are used as SCMs [39][40]. Moreover, the water demand of FCS is 

superior to those of OPC and GGBS. It is indeed commonly admitted that the increase in 

the fineness and in the BET specific surface area lead to increased water demand, as the 

contact surface where water molecules can adhere increases [41][42]. In the fresh state, 

important water demand can be detrimental to workability. 

Table 1. Physicochemical characteristics of OPC, GGBS and FCS. 

 Characteristics OPC GGBS FCS 

Physical 

properties 

Density (g/cm3) 3.21 2.91 2.64 

Surface area BET (cm2/g) 9 194 16 102 59 930 

Water demand (%) 32 33 53 

D10 (µm) 1.01 1.04 0.95 

D50 (µm) 10.7 9.82 5.75 

Major oxides 

(wt %) 

Al2O3 5.10 10.8 8.00 

CaO 60.9 40.7 21.6 

Fe2O3 4.00 0.53 9.00 

K2O 0.72 0.46 1.88 

MgO 1.16 6.23 2.00 

MnO - 0.20 0.15 

Na2O 0.67 0.33 2.00 

P2O5 0.46 - 0.41 

SO3 4.49 4.69 0.20 

SiO2 16.3 31.7 52.8 
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TiO2 0.33 0.66 0.45 

ZnO 0.25 - 0.12 

 

 

Figure 1. Particle size distribution of OPC, GGBS and FCS. 

According to the results of the X-ray fluorescence analysis, the major elements com-

posing these materials are silica, alumina and calcium. The silicon dioxide concentration 

is superior in FCS than in OPC and GGBS, with 52.8% in FCS vs. 16.3% in OPC and 31.7% 

in GGBS. During the pozzolanic reaction, silica reacts with portlandite CH to form addi-

tional C-S-H, which takes part in the densification of the cementitious matrix. In addition, 

the presence of SO3 in low concentrations in FCS reduces the risks of delayed ettringites 

formation and enhances durability. According to ASTM C618A on the assessment of the 

degree of pozzolanic reactivity of mineral additions; the sum of silica (SiO2), alumina 

(Al2O3) and hematite (Fe2O3) must exceed 70% for the material to be considered for partic-

ipation in pozzolanic reactions. FCS used in this study thus participates in pozzolanic re-

actions. 

The result of the XRD mineralogical analysis is shown in Figure 2. FCS is composed 

of two major phases, quartz (SiO2) and calcite (CaCO3), and minor phases such as hematite 

(FeO3), anhydrite (CaSO4) and lime (CaO). An investigation by Benzerzour et al. demon-

strated the same results [9]. Phases such as anhydrite are initiated by the calcination pro-

cess and may enhance the reaction of the cement hydration. Indeed, it is demonstrated 

that the presence of CaCO3, either as a chemical reagent or as a limestone constituent ac-

celerates the hydration of C3S, and consequently leads to the rapid formation of C-S-H. 
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Figure 2. XRD analysis on FCS. 

3. Mix design approach 

3.1. Experimental design and mixture model 

Design of experiments includes a set of methods based on statistics, which allow the 

mathematical modelling of the behaviour of a system. This is made possible after having 

carried out a limited number of tests chosen so as to maximize the amount of information 

obtained. Briefly, the influence of input variables called factors (and their possible inter-

action) on the system is quantified by the assessment of output variables or responses. 

In this study, we chose to use the mixture design method which is particularly suited 

to formulation optimization issues and already used in the literature [43–47] to a mix con-

taining OPC, GGBS and FCS. 

Mixture designs are applied to mixes for which the amount of each constituent de-

pends on that of the others. In our study concerning ternary mixes, the three factors (X1, 

X2, X3) are the volume proportions of OPC, GGBS and FCS respectively. In that way, the 

sum of the proportions of each constituent (factor) equals 1 or 100% (i.e., X1 + X2 + X3 = 1). 

In our case, this constraint is as Equation (2). 

∑Xi

n

i=1

= OPC + GGBS + FCS  =  1 (or 100%) (2) 

The aim was to substitute up to 50% of OPC with GGBS and FCS. The studied re-

sponse –compressive strength at 90 days– was modelled after Scheffé quadratic regression 

model [48] given by Equation (3): 

Ŷ = ∑βiXi

q

i=1

+∑∑βijXiXj

q

i<j

q

i=1

 (3) 

where Ŷ is the response predicted by the model (here, the compressive strength at 90 

days), q is the number of constituents (q = 3: OPC, GGBS and FCS), βi and βijare the 

model coefficients and Xi is the volume proportion of each constituent. 
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To define the experimental domain, the amount of cement was varied from 50% and 

100%, slag from 0 to 50%, and FCS from 0 to 20%. Table 2 represents the range of variation 

of the different materials. 

Table 2. Lower and upper bounds of the experimental domain. 

Mixture Factor X1 –OPC X2 – GGBS X3 – FCS 

Lower bound 0.5 0 0 

Upper bound 1 0.5 0.2 

 

Using Design Expert software (StatEase) the D-optimal design used consisted of 9 

experimental points labelled from 1 to 9 and shown in Figure 3. Their composition is de-

tailed in Table 3. The points were distributed evenly, which ensured a homogeneous cov-

erage of the experimental domain. The analysis of the results of the mixture design was 

also carried out using Design Expert. 

 

 

(a) (b) 

Figure 3. (a) Studied experimental domain; (b) Distribution of the chosen points inside the experimental domain. 

Table 3. Composition of the 9 chosen points of the experimental domain (%). 

Exp. N° X1 – OPC X2 – GGBS X3 –FCS Compressive strength 90 d (MPa) 

F1 100 0 0 66.45 

F2 90 0 10 62.72 

F3 80 0 20 55.56 

F4 75 25 0 66.75 

F5 70 20 10 64.24 

F6 65 15 20 57.02 

F7 50 50 0 61.50 

F8 50 40 10 68.67 

F9 50 30 20 58.67 

 

3.2. Mix preparation and test procedure 
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Starting from the experimental domain and the experimental points described in Sec-

tion 3.1, 9 normalized mortar formulations were prepared following the European stand-

ard NF EN 196-1. Normalized sand compliant with ISO 679:2009 and for which Dmax = 2 

mm, was used, with a water-to-binder ratio W/b = 0.5. The substitution of OPC by the 

mineral additions was a volumetric substitution. The composition of the mortars is spec-

ified in Table 4. 

Compressive tests were performed in triplicate on prismatic test samples of 

4 × 4 × 16 cm (NF EN 196-1 [26]). After the samples were made, they were stored at 90% 

relative humidity for 24 hours before demoulding, then completely immersed in water 

and kept at 20 °C until testing. 

Table 4. Mortar composition. 

Mixture Factor Binder Normalised sand Water (w/b = 0.5) 

Mass (g) 450 1350 225 

4. Results and discussion 

4.1. Mixture design 

4.1.1. Mortars strength modelling 

The compressive strengths were measured after 90 days of curing (Table 3). The re-

sults were analysed with Design Expert software and presented in 2D as ternary diagrams 

and in 3D as surfaces (Figure 4). 

These results show that the incorporation of FCS into the cement matrix improves 

the compressive strength. Indeed, the distribution of the responses (Rc90) of the experi-

mental domain shows that the compressive strength increases with the FCS rate until it 

reaches its maximum at 10% FCS, then decreases above this rate of FCS. This can be ob-

served in the curved shape of the 3D response surface (Figure 4) and suggests that the 

incorporation of 10% FCS is the optimum. Similar trends were noted in previous studies 

on sediments and calcined clays [7,19,49]. The increase of strength is linked to the physical 

and chemical activity of flash calcined sediments. This activity has already been the sub-

ject of several works in the literature [13,15,20,24,50]. 

Moreover, a decrease of the mechanical strength can be observed in the use of binary 

binders: the compressive strength decreases from 66.45 MPa for the control mortar to 

61.50 MPa for the formulation with 50% GGBS, and to 55.56 MPa for the formulation with 

20% FCS. This reduction of strength can be explained by the cement dilution effect. On 

the contrary, the compressive strength grows for ternary formulations, even with 50% 

OPC substituted. In fact, the mix containing 40% GGBS and 10% FCS shows a 3.34% in-

crease compared to the reference formulation (100% OPC), and an 11.6% increase com-

pared to the binary formulation made of 50% GGBS. This increase in strength is attributed 

to the combined effect of the presence of GGBS and FCS. As reported in several studies, 

the synergy of the use of multiple SCMs allows reaching high strengths [51–55]. 
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(a) (b) 

Figure 4. 2D (a) and 3D (b) representations of 90-day uniaxial compressive strengths results. 

4.1.1. Prediction model and validation 

The fittest model is the quadratic regression model defined by Scheffé (Equation (3)). 

By applying this model, the generalized quadratic formula presented in Equation (4) is 

obtained. 

Rc90 (MPa) = (C ∙ β1 + L ∙ β2 + A ∙ β3) + (C ∙ L ∙ β12 + C ∙ A ∙ β13 + L ∙ C ∙ β23) (4) 

Table 5 gives the values of the coefficients of the model. 

Table 5. Coefficients of Scheffé quadratic model for the prediction of uniaxial compressive 

strength at 90 days. 

Coefficient 𝛃𝟏 𝛃𝟐 𝛃𝟑 𝛃𝟏𝟐 𝛃𝟏𝟑 𝛃𝟐𝟑 

 66.48 51.87 -247.47 12.43 315.42 451.91 

 

Equation (5) below can then be stated to predict the compressive strength at 90 days 

for mortars made of OPC (C), GGBS (S) and FCS (F): 

Rc90 (MPa) = (66,48 C + 51,87 S − 247,47 F) + (12,43 C ∙ S + 315,42 C ∙ F + 451,91 S ∙ C). (5) 

 

The validation of the model described above was carried out by comparing the uni-

axial compressive strengths at 90 days predicted by the model and the strengths experi-

mentally measured for the same age. For this purpose, an extra formulation intended 

solely for the validation of the model was made and tested at 90 days following the exper-

imental protocol defined in Section 3.2. The composition of this validation formulation is 

shown in Table 6. 

Table 6. Composition and compressive strength of the formulation used to validate the model. 

Composition (%) 

OPC 50 

GGBS 35 

FCS 15 

Compressive strength at 90 

days (MPa) 

Predicted strength 63.83 

95% confidence interval [60.75 – 66.91] 
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Measured mean compressive 

strength (± SD) 
64.90 (± 0.70) 

 

Based on the results of the comparison between the strength obtained experimentally 

and the one predicted by the model, we can claim that the model suits well our data. 

Indeed, the mean compressive strength value at 90 days is within the 95% confidence in-

terval centred on the mean predicted strength value. The defined quadratic model allows 

predicting the value of the compressive strength at 90 days with great accuracy. 

To investigate the effect of the ternary structure (OPC + GGBS + FCS), 5 formulations 

including three ternary formulations based on GGBS and FCS (TSM), one binary formu-

lation (BSM), and one reference formulation (RM) were chosen for a more thorough study. 

The compositions of the blended cements are presented in Table 7. 

Table 7. Compositions of the blended cements (%). 

Index OPC GGBS FCS 

RM 100 ̶ ̶ 

BSM 50-0 50 50 ̶ 

TSM 40-10 50 40 10 

TSM 35-15 50 35 15 

TSM 30-20 50 30 20 

 

4.2. Fresh state properties 

The effect of the use of ternary binders based on GGBS and FCS on the fresh state 

properties was assessed through the flow test, the density, the air content, and the initial 

setting time. 

The workability of the mortars was estimated by the flow table test and a flow mould 

of dimensions 70×100×60 mm [56]. Measurements were carried out 5 min after the mortars 

had been mixed. The fresh density was measured according to European standard NF EN 

1015-6, 1999 [57] and the air content according to NF EN 1015-7 [58] by the pressure 

method using a device equipped with a manometer. Also, the initial setting time was 

measured using an automatic Vicat apparatus (Vicatronic) according to NF 193-3, 2017 

[59]. 

Results obtained for these different tests are shown in Table 8. 

Table 8. Properties of the mortars based on blended cement. 

 RM BSM 50-0 TSM 40-10 TSM 35-15 TSM 30-20 

Fresh density (kg/m3) 2 188 2 151 2 207 2 212 2 215 

Air content (%) 7.2 6.6 4.0 4.1 4.5 

Flow (cm) 22.4 22.0 21.5 21.0 18.7 

Initial setting time (min) 256 338 318 311 308 

 

Flow table test results show that the use of FCS leads to a loss of workability, propor-

tional to the rate of FCS present within the ternary matrix. This can be explained by the 

specific surface area of FCS, which differs from that of GGBS and OPC, leading to diver-

gent behaviours regarding water. Besides, as observed in the materials characterization 

step, the water demand of FCS is far superior to that of OPC and GGBS. This leads to 

higher retention of water, which will no longer be available to act as an intergranular lub-

ricant in the fresh state. 
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An improvement of the density was also noted with FCS. It is attributed to the fine-

ness of FCS and its rounded shape resulting from its treatment [38]. Thus, the use of FCS 

enhances the granular compactness and lowers the air content, leading to a better density 

in the fresh state. 

The air content measurement test is in agreement with these findings. Results show 

that the use of a ternary system based on FCS and GGBS comes with a reduction of the air 

content. The use of fine SCMs allows filling in intergranular pores and increases the com-

pactness of mortars at the same time [32]. 

Both BSM and TSM present a delay on the initial setting time compared to RM, at-

tributed to the cement dilution effect as 50% of OPC is substituted. In fact, the amounts of 

the cement components (especially C3S) which are quickly hydrated in contact with wa-

ter, are reduced [60–62]. Furthermore, the incorporation of FCS into the ternary system 

allows reducing this delay. An acceleration of the setting time, proportional to the rate of 

FCS in TSM, was observed. This accelerator effect on the setting might be due to the fine-

ness of FCS, which promotes the fast development of hydrates through the nucleation 

effect [9,63]. 

4.3. Physical properties: Heat of hydration 

The hydration reaction undergone by cement when in contact with water is endo-

thermic. The monitoring of heat of hydration in fresh mortar gives information on the 

reactivity of the different components of the binding matrix in contact with water. The 

heat of hydration was determined in compliance with NF EN 196-9, 2010 [64] by the semi-

adiabatic Langavant method. Following this method, a sample of fresh mortar was intro-

duced into a semi-adiabatic calorimeter (CERILH) and the heat release was monitored as 

a function of time. The heating of mortar was then compared to the temperature of an 

inert sample in a reference calorimeter. 

The heat of hydration Q dissipated into the environment can thus be expressed by 

the following formula (Equation (6)): 

𝑄 =  
C

mC
 ϴt   (6) 

 

where C is the total heat capacity of the calorimeter (J/K), mC is the weight of binder (g) 

and ϴt is the difference of temperature between the test calorimeter and the reference 

calorimeter (K). The curves of the cumulated heats of hydration for each formulation are 

shown in Figure 5. 
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Figure 5. Evolution of the heat of hydration as a function of time for the different mortar formula-

tions. 

The results show that the substitution of 50% of OPC by FCS and BBGS reduces the 

heat of hydration, from 231.07 J/g for RM to 146.29 J/g on average for TSM, and 112.25 J/g 

for BSM. This is due to the slow hydration of GGBS, as the formation of an acidic layer of 

aluminium hydroxide Al(OH)3 prevents water from accessing and dissolving the grains 

[65]. Moreover, the presence of FCS in the ternary system increases the heat of hydration 

compared to BSM. Increases are 26.29 J/g, 35.87 J/g and 39.85 J/g for TMS 40-10, TMS 35-

15 and TMS 20-30, respectively, compared to BSM. Considering the fineness of calcined 

sediments (D50 = 5.75 µm) and their significant specific surface area, the pozzolanic reac-

tion is sped up and particularly by nucleation effect [63,66,67]. The high reactivity results 

in the release of a supplementary amount of heat. 

4.4. Hardened state properties 

4.4.1. Compressive and bending strengths 

In order to observe the effect of the use of ternary binders on the hardened state 

strengths, uniaxial compressive and bending strengths tests were carried out on three 

prismatic test samples (4 × 4 × 16 cm) complying with NF EN 196-1 [26]. Mechanical 

strengths were determined at 14, 28, 60 and 90 days. Figures 6 and 7 show the results 

obtained for the uniaxial compression and flexion tests, respectively. 
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Figure 6. Evolution of the compressive strength. 

 

Figure 7. Evolution of the bending strength. 

Results show that the compressive strength increases with the curing age for all for-

mulations. At an early age (14 days), the strength of RM is superior to that of BSM and 
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gel upon its quick hydration in the short term. In addition, BSM and TSM long-term 

strengths increase significantly: between 14 and 90 days they rise by 80% for BSM 50-0 

and by 53.34% on average for TMS, while RM strength only increases by 18%. This may 

be due to the pozzolanic reaction of the additions [13,68,69]. Indeed, during the hydration 
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of OPC, portlandite Ca(OH)2 is formed by the combination of Ca2+ and OH- released by 

alite (C3S) and belite (C2S). The latter reacts with silica SiO2 and alumina Al2O3 brought 

by FCS and forms more C-S-H according to Equation (7) as followed: 

3 CH + 2 S 
                   
→      C3S2H3 (7) 

with CH = portlandite and S = SiO2. 

TSM 40-10 formulation composed of 40% GGBS and 10% FCS shows a strength that 

exceeds that of RM from 60 days of curing, which is evidence of the high level of reactivity 

of FCS. This activity is linked to the physical and chemical aspects of those sediments: 

their granulometry is very fine, and the flash calcination treatment allows obtaining 

spherical particles, thus constituting nucleation zones favourable to the formation of hy-

drates. On the other hand, the chemical activation can be suspected, as elements found in 

sediments such as sodium sulfate Na2SO4 can activate slag [70,71]. Moreover, the activa-

tion of certain clayey phases of sediments (including kaolinite) by flash calcination also 

contributes to an increased pozzolanic reaction. 

In accordance with compressive strengths results, bending tests results (Figure 7) 

show that formulations based on FCS have higher bending strengths than control mortars 

as early as 60 days of curing, for sediment levels up to 15%. 

4.4.2. Dynamic elastic modulus 

The dynamic elastic modulus was assessed by the measurement of the fundamental 

resonance frequency according to NF EN 14146, 2004 [72]. In this test, mortar formulations 

undergo an instant and longitudinal mechanical impulse. With a device to record the res-

onance of the sample, the dynamic modulus is deduced from Equation (8): 

EdL(MPa) =  4 x 10
−6 .  l2 .  FL

2 .  ρ (8) 

where EdL is the dynamic elastic modulus (MPa), FL is the fundamental resonance fre-

quency (Hz), ρ is the density (kg/m3) and l is the length of the sample (m). 

Figure 8 shows the evolution of the dynamic modulus of all formulations as a func-

tion of time. An increase of the modulus is observed with the curing time. This may be 

explained by the pozzolanic activity, which allows obtaining new products of hydration. 

These take part in the densification of the cementitious matrix and thus in the improve-

ment of the dynamic modulus. Besides, the dynamic modulus of TMS at 90 days is of the 

same order as that of RM, and even higher for TSM 40-10 and TSM 35-15. 

 

Figure 8. Evolution of the dynamic elastic modulus. 
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4.5. Microstructure characterization 

4.5.1. Mercury porosity 

The distribution of porosity in mortars was determined by mercury porosimetry. The 

instrument enables the analysis of a wide range of porosities between 7 nm and 500 µm 

in diameter. Measurements are made at low pressure for relatively large pore sizes, and 

high pressure for nanoporosities. 

The characterization of porosity was measured at different ages (14, 28 and 90 days) 

after hydration was discontinued in order to monitor its evolution regarding the setting 

time for cement pastes. 

Results shown in Figures 9 and 10 allow us to note that all formulations have a total 

porosity between 7.12 and 12.55%, and that porosities decrease for all studied materials 

with age. At 14 days, the porosities of TSM are similar to those of RM (12% on average). 

However, at 90 days, porosities of mortars containing FCS are lower than those of the 

control mortar. This suggests that the pozzolanic activity of flash calcined sediments and 

slag generates new hydrates, which allows filling in the total porosity and improves the 

density of the structure. Besides, the latter is linked to other factors such as the type of the 

formed hydration phases and the gelation degree for semi-crystallized hydrates (e.g., C-

S-H), the Ca/Si ratio, the temperature of hardening, and the nature of the mineral additives 

[73,74]. 

Figure 10 presents the pore size distribution in each formulation at 14, 28 and 90 days. 

These results show that the pore diameters in reference mortar RM are larger than those 

in ternary mortars containing FCS. Indeed, at 90 days, more than 63% of the pores con-

tained in ternary matrices have a size smaller than 50 nm, whereas this category accounts 

for less than 20% in RM. In addition, the highest concentration of porosities of TSM was 

observed for a diameter inferior to 20 nm. Thus, the use of ternary binders leads to smaller 

pore sizes, which is beneficial to durability. According to the literature, four classes of 

structural porosity can be defined [75–77]: 

• Class A: 1-25 nm. Typical of meso-gel porosities, it defines porosities between C-S-H 

chains formed in the matrix. The higher the density of porosity measured in this class, 

the more the amount of C-S-H gel in the matrix; 

• Class B: 25-50 nm. Typical of microcapillary and mesocapillary porosities between 

groups of C-S-H chains; 

• Class C: 50 nm-1 µm. Typical of a macrocapillary porosity in the structure of long C-

S-H chains; 

• Class D: 1-10 µm. Macroporosity linked to wall effects and the morphology of glass 

powder. 

As seen in Figure 10, one can note that the use of ternary binders results in an increase 

of class A and class B porosities versus higher concentrations of class C porosities in the 

reference matrix. 
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Figure 9. Pore distribution of studied samples at 90 days. 

 

Figure 10. Total porosity and pore size distribution of studied samples at 14, 28 and 90 days. 

 

4.5.2. SEM observation 

SEM (Scanning Electron Microscopy) is a method allowing for the observation at a 

high resolution of the surface of samples, here fragments of mortar based on a ternary 

binder. Mortar fragments were metallized with platinum and observed with a table-top 

SEM (S-4300SE/N, Hitachi). SEM observations on the control mortar RM and the formu-

lations based on GGBS and FCS at 90 days of cure are shown in Figure 11. Microscopic 

elements such as C-S-H gel, ettringite crystals or portlandite (CH) can be observed. How-

ever, the microscopic observation results highlight the important presence of voids and 
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portlandite in formulations containing cement only, whereas in ternary binder formula-

tions, the porosity is filled with supplementary hydration products (C-S-H, C-A-H) result-

ing from the pozzolanic activity of additions (FCS and GGBS) [78]. Indeed, we can notice 

that the content of portlandite (CH) is lower in the ternary binders than in the reference 

mortar RM. These observations confirm the results of the porosity evolution, which 

showed that the ternary formulation based on FCS and GGBS allows having a denser 

structure and a decrease of porosity. 

 

 

 

 

 

 

 

 

 

 

 

(a) 

 

 

(b) 

Figure 11. SEM observation at 90 days. (a) RM; (b) TSM 40-10. 

4.6. Environmental acceptability: Leaching test 

The environmental impact of the use of the sediment as an SCM with GGBS in the 

formulation of a ternary blended binder is evaluated by a leaching test according to the 

European standard EN 12457-2 [79]. The tested samples were prepared from a ground 

fragment taken from the investigated mortar mixtures with a liquid-to-solid ratio of 10. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 September 2021                   doi:10.20944/preprints202109.0270.v1

https://doi.org/10.20944/preprints202109.0270.v1


 

The samples were agitated for 24 hours, then vacuum-filtered with a 0.45-µm-sized-pore 

filter before leaching. The results of the leaching test carried out on different cementitious 

matrices are presented in Table 9. 

Table 9. Mobility of heavy metals in the studied formulations (mg/kg). 

 RM BSM 50-0 TSM 40-10 TSM 35-15 TSM 30-20 Limit 

As < 0.11 < 0.11 < 0.11 < 0.11 < 0.11 0.50 

Ba 14.33 8.23 9.82 5.44 6.86 20.0 

Cd < 0.009 < 0.009 < 0.009 < 0.009 < 0.009 0.04 

Cr 0.479 0.055 0.177 0.096 0.077 0.50 

Cu < 0.02 < 0.02 < 0.02 < 0.02 < 0.02 2.00 

Mo < 0.09 < 0.09 0.091 0.126 0.112 0.50 

Ni < 0.05 < 0.05 < 0.05 < 0.05 < 0.05 0.40 

Pb < 0.03 < 0.03 < 0.03 < 0.03 < 0.03 0.50 

Sb < 0.06 < 0.06 < 0.06 < 0.06 < 0.06 0.06 

Se < 0.08 < 0.08 < 0.08 < 0.08 < 0.08 0.10 

Zn < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 4.00 

Fluorides 5.60 4.70 4.90 5.00 5.10 10.0 

Chlorides 39.0 47.0 147 220 245 800 

Sulfates 216 26.0 37.0 36.0 33.0 1000 

 

Results show that the use of ternary blended binders allows reducing the concentra-

tion of some pollutants within the cement matrix. As a matter of fact, concentrations of 

barium, chromium, fluorides and sulfates in sediment-based formulations are lower than 

those of RM formulation. In addition, molybdenum and chlorides concentrations in-

creased. As, Cd, Cu, Ni, Pb, Sb, Se and Zn concentrations are under the detection thresh-

olds for all formulations. This suggests that the use of FCS as an SCM up to 20% of substi-

tution does not imply a chemical change in the cement matrix. Besides, concentrations of 

pollutants in all formulations remain below the threshold values defined in French Di-

rective no. 0289 published on 14 December 2014 for inert waste [80]. 

5. Conclusions 

Reducing the amount of CO2 associated with cement production has been a major 

issue in recent decades. The use of SCMs as a partial replacement of the cement contrib-

utes to the reduction of this environmental impact. This study focuses on the development 

of a ternary eco-binder composed of dredged sediment and slag as a partial replacement 

of cement (up to 50%). A new method of sediment treatment, flash calcination, was used. 

The results of this study highlighted the positive impact of using ternary binders in a ce-

ment matrix on the mechanical properties of mortars. Based on these results, the following 

conclusions can be drawn: 

▪ The characterization of the materials showed that sediments have a very fine granu-

lometry (D50 = 5.75 µm) and a large specific surface area, which enhance their poz-

zolanic activity. In a mineralogical view, FCS contains quartz, calcite and anhydrite. 

▪ The mixture design method was used to optimize the formulation of the ternary 

blended binders. 

▪ The characterization of mortars at the fresh state showed that using FCS reduces the 

workability of mortars due to their important water demand and enhances the com-

pactness. This results in an increase of density and a decrease of air content propor-

tionally to the rate of sediment. 
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▪ The substitution of 50% OPC by FCS and GGBS results in a lower hydration heat 

peak and a delay of the initial setting time. However, the use of FCS reduces this 

impact thanks to its fine particles. This improvement is proportional to the quantity 

of FCS contained in the ternary blended binder. 

▪ The characterization at the hardened state (compressive strength, bending strength 

and elastic modulus) showed that the use of 10% FCS combined with 40% GGBS and 

50% OPC (TSM 40-10) results in mechanical properties at 90 days superior to those 

of the control mortar RM composed of 100% OPC. 

▪ The study of porosity showed that using FCS reduces the total porosity of mortars 

and the pore size, which can significantly improve their durability. SEM images high-

lighted the important presence of voids and portlandite in the formulation containing 

cement only, whereas the porosity is filled with supplementary hydration products 

resulting from the pozzolanic activity of FCS. 

▪ The environmental impact of the use of ternary binders was assessed by performing 

leaching tests. Results showed that using FCS does not imply a chemical change in 

the cement matrix. 

 

This study brought to light the beneficial effect of applying the flash calcination 

method on sediments for their valorization as SCMs in ternary blended binders. The du-

rability of concretes based on ternary binders containing flash calcined sediments was in-

vestigated and will be the subject of further publications. 
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