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Abstract 

The objectives of this study were to find out in detail how well granulated blast furnace slag (GBFS) could be replaced by 

flash-calcined sediment (SF sediment) in terms of hydration kinetics and mechanical-microstructural properties when 

developing an eco-friendly cement binder. The results indicated that the SF sediment substitution with a rate of 25% wt 

significantly improved the hydration kinetics of cement compared to the reference. This contributed to a considerable 

enhancement of the mechanical-microstructural properties of the mortar containing the SF sediment. By comparison with 

the reference, the strength of multi-composite cement-based mortar increased by 33% at 2 days and by 4.5% at 28 days, 

whereas its porosity decreased by 16.32% and by 12.44% for the same period. The SEM-EDS result showed that the SF 

sediment substitution did not significantly modify the chemical composition of the C-S-H phase, with a Ca/Si ratio range 

of 1.82 to 2.84 for both cement pastes. Moreover, Mg2+ and Al3+ ions were two principal elements incorporated in C-S-H 

gels, with different ratios depending on the Ca/Si ratio of C-S-H gels. A novel model established from a combination of 

the curve fitting method and Power’s approach allowed for accurate prediction of the strength development of multi-

composite cement-based mortars. Overall, the SF sediment substitution could be considered a promising option to develop 

a more eco-friendly cement binder, while the novel approach could be used as a reliable model for the strength prediction 

of blended cement. 
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1. Introduction 

Cement is an indispensable and essential component for concrete production, with approximately 4.6 billion tons 

produced in 2022. However, cement production is responsible for 7% of global CO2 emissions, principally due to the 

CO2 released during clinker production [1]. Thus, reducing Portland cement clinker content becomes one of the key 

objectives of the cement industry to reduce CO2 emissions as well as reserve natural resources. Numerous alternative 

materials, such as limestone [2–5], granulated blast furnace slag (GBFS) [6, 7], fly ash (FA) [8], silica fume (SF) [9], 

and metakaolin [10], have been used as supplementary cementitious materials (SCMs) to replace a part of ordinary 

Portland cement. From an environmental point of view, the efficient use of SCMs not only significantly reduces clinker 

content in cement but also solves the disposal issue for the storage of some industrial residual products. From a technical 

point of view, a remarkable improvement in the mechanical and durability properties has been observed, especially for 

concrete containing GBFS and fly ash [11–13]. 

                                                           
* Corresponding author: duc.chinh.chu@imt-nord-europe.fr 

 
http://dx.doi.org/10.28991/CEJ-2023-09-11-02 

 

© 2023 by the authors. Licensee C.E.J, Tehran, Iran. This article is an open access article distributed under the terms and 
conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

http://www.civilejournal.org/
http://creativecommons.org/
https://orcid.org/0000-0002-6860-2679
https://orcid.org/0000-0002-4890-0820
https://orcid.org/0000-0002-7935-173X
https://creativecommons.org/licenses/by/4.0/


Civil Engineering Journal         Vol. 9, No. 11, November, 2023 

2650 

 

GBFS is an amorphous material formed from steel production by thermochemical reduction in a blast furnace [14]. 

The chemical composition of GBFS consists generally of CaO, SiO2, Al2O3, and MgO oxides [15]. When GBFS is added 

to ordinary Portland cement (OPC), GBFS has reacted with Ca(OH)2 produced by cement hydration to form calcium-

silicate-hydrates (C-S-H) [16], which is of fundamental importance for the strength development and durability of the 

concrete [17]. From a chemical point of view, the hydration reaction of GBFS containing CaO, SiO2, MgO, and Al2O3 

with a molar proportion of 7.88: 7.39: 3:1, respectively, in the presence of Ca(OH)2 can be written according to Equation 

1, as proposed by Richardson et al. [18]: 

C7.88S7.39M3A + 2.6CH + bH -> 7.39C1.42SHmA0.046 (C-S-H) + 0.6M4.6AHd (Hydrotalcite-like) (1) 

Where, 7.39𝑚 +  0.66𝑑 =  𝑏. 

By comparison with C-S-H produced from OPC hydration, a decrease in the Ca/Si ratio and an increase in the Al/Ca 

ratio of C-S-H gels lead to a change in the C-S-H morphology, resulting in a densification of the microstructure [19]. In 

terms of durability properties, the addition of GBFS to cement has significantly reduced the chloride ion migration due 

to the chloride binding and formation of Friedel’s salt. For this reason, slag cement (CEM III cement, as described in 

EN 197-1 [20]) has been widely used in the last few decades. However, it should be noted that more than 80% of the 

worldwide available GBFS has already been used as SCMs or concrete addition [21], so all the potential materials must 

be investigated to reduce the demand for GBFS in cement and concrete. A possible solution could be multi-composite 

cement using a moderate amount of GBFS in combination with other components [6]. One of the potential materials 

that has been studied as SCMs in recent years is the sediment obtained by dredging operations, with approximately 56 

Mm3 and 300 Mm3 of sediment dredged in France and Europe, respectively [22]. Raw sediments generally have a high 

organic matter content [23, 24], which can obviously change the cement hydration [25], leading to an increase in porosity 

and a loss of compressive strength [26, 27]. Mineralogically, raw sediments generally contain quartz (SiO2), calcite 

(CaCO3), and clay phases including kaolinite, illite, and smectite [28], so heat treatment methods have often been used 

to eliminate the organic matter as well as transform non-reactive kaolinite (Al2O3(SiO2)2.2H2O) into amorphous reactive 

metakaolin (Al2O3(SiO2)2) [29, 30]. 

Two essential calcination methods have been often used for sediment treatment, such as traditional calcination in a 

furnace [31–33] and flash calcination [28]. Calcined sediments use as SCMs has been extensively investigated in 

previous studies. The results indicated that the calcined sediment significantly improved the hydration kinetics [24], 

mechanical properties, and properties of mortar and concrete [34], compared with raw sediment. Nevertheless, due to 

the long time and high temperature of the calcination process (generally, 1-3 hours at 800-850 °C [32, 35]), the traditional 

calcination method is seldom used for sediment treatment in large quantities from an economical point of view. In 

comparison with the conventional calcination method, the flash calcination method presents numerous advantages, 

including a much shorter calcination time, better temperature control, lower energy consumption, and higher reactivity 

[36]. In addition, the energy consumed by the flash calcination method is approximately 2 GJ per ton of sediment [37], 

which is similar to the energy required for the production of 1 ton of GBFS (1.9770 GJ per ton of GBFS [38]). Thus, 

GBFS replacement by flash-calcined sediment in slag cement production can be considered a promising solution in 

terms of environmental impact. 

1.1. Significance and Originality 

Although the use of flash-calcined sediment as a replacement for GBFS and metakaolin (MK) in cementitious 

materials was investigated in previous studies [39, 40], the impacts of flash-calcined sediment substitution on the 

hydration kinetics, the formation of hydration products, and the potential change in the composition of hydrates were 

not studied. In addition, in these studies, the supplementary cementitious materials were directly mixed with the cement; 

this could lead to a potential change in the particle size distribution of blended cement, affecting the hydration and the 

development of mechanical-microstructural properties of mixtures. 

Hence, this study filled several gaps found in the previous research. The influences of flash-calcined sediment for a 

partial BGFS replacement on the properties of multi-composite cement, including the hydration kinetics, hydration 

products, and their chemical composition, as well as mechanical-microstructural development, were investigated on the 

blended cements having the same particle size distribution. Additionally, a novel approach was also established to 

predict the compressive strength development of multi-composite cement-based mortar. This was of utmost importance 

in practical application because the prescriptive approaches of the concrete industry, based mainly on experience 

obtained with ordinary Portland cement, will not be applicable to the new multi-composite cement. The process of the 

methodology used in this research is summarized in Figure 1. 
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Figure 1. Schematic diagram for the process of the methodology 

2. Production and Characterization of Anhydrous Multi-composite Cements 

2.1. Raw Materials and Multi-composite Cement Production Method 

Contrary to previous studies [6, 7], which mixed OPC directly with different SCMs to produce the multi-composite 

cement, this could impact the hydration due to the change in surface area and granulometry of blended cement during 

grinding. For this reason, in this study, CEM III cements were produced in the laboratory by grinding components such 

as clinker, GBFS, flash-calcined sediment and gypsum. This allowed us to avoid the potential changes in granulometry 

and optimize SO3 content in CEM III cements. Clinker was first produced from conventional raw materials including 

limestone, clay, sand, and iron oxide. These materials were dried to a constant mass and ground finely before 

characterization. The proportion of each raw material in the raw mixture was determined to achieve the targeted 

mineralogical composition of clinker. Based on the chemical composition of all raw materials obtained by X-ray 

fluorescence (XRF) analysis, a raw mixture was formulated using the following moduli values: Lime Saturation Factor 

(LSF), Silica Ratio (SR) and Alumina Ratio (AR) respectively. The three moduli are given in the following equations: 
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LSF = 
% CaO

2.8∗%SiO2+1.20∗%Al2O3+0.65∗%Fe2O3
 (2) 

SR = 
% SiO2

% Al2O3+% Fe2O3
 (3) 

AR = 
%Al2O3

%Fe2O3
 (4) 

In the cementitious industry, the values of these moduli are variable between 92 and 102 for LSF, 2 and 3 for SR, 1 

and 4 for AR, depending on the chemical composition of raw materials as well as the mineralogical composition required 

of cement. In this study, the proportion of raw materials in the mixture was calculated using the following values: LSF 

= 98, SR = 2.6, and AR = 1.45, respectively. The chemical composition and proportion of each component in the raw 

mixture are given in Table 1. 

Table 1. Chemical composition and proportion of raw materials in the raw meal 

Oxide (wt%) Limestone 1 Limestone 2 Limestone 3 Clay 1 Clay 2 Sand Iron oxide 

SiO2 5.3 9.5 6.0 48.7 60.6 88.3 2.2 

Al2O3 1.9 3.7 1.2 20.6 14.9 4.8 0.3 

Fe2O3 0.6 1.3 0.6 10.7 7.9 1.2 70.6 

CaO 49.8 45.8 50.0 1.1 2.3 2.1 13.5 

MgO 0.4 0.6 0.4 1.1 0.8 ND 2.2 

Na2O ND ND ND ND ND ND ND 

K2O 0.4 0.9 0.2 1.5 1.3 0.3 0.1 

SO3 ND ND ND ND ND ND 0.2 

TiO2 ND 0.1 ND 0.7 0.7 0.9 ND 

P2O5 ND ND 0.2 0.3 0.2 ND ND 

Mn2O3 ND ND ND ND 0.2 ND 0.7 

ZnO ND ND ND ND ND 0.1 ND 

L.O.I 40.9 37.5 40.9 14.6 10.5 1.9 10.2 

Total 99.3 99.4 99.5 99.3 99.4 99.6 98.7 

Raw mixture composition 

Raw material Limestone 1 Limestone 2 Limestone 3 Clay 1 Clay 2 Sand Iron oxide 

(wt.%) 52.08 17.36 17.36 3.18 4.78 4.31 0.93 

-ND: Not detected; L.O.I: Loss of ignition. 

The process of clinker production in the laboratory is described in previous studies [41, 42] and summarized in 

Figure 2. 

 

Figure 2. Schematic diagram for the process of the clinker production 
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After mixing all the raw components through a wet process to better homogenize the meal, this raw mixture was 

calcined in a static kiln with the same heating process used in the previous studies [41, 42]. The clinker was then 

characterized to investigate the quality of the clinkering process. The free lime (CaOfree) amount of clinker was 

determined using the Schlafer-Bukolowki method [43], whereas the crystalline phases were detected using X-ray 

diffraction (XRD) analysis. The chemical composition of clinker was obtained by X-ray fluorescence (XRF) analysis, 

and the mineralogical phase amount was calculated using Bogue’s formula. The results are given in Table 2. 

Table 2. Mineralogical-chemical composition of clinker 

Mineralogical composition of clinker 

Mineralogical phase 
C3S (wt. %) C2S (wt. %) C3A (wt. %) C4AF (wt. %) CaO free (wt. %) Total (wt. %) 

61.63 15.76 9.14 9.18 1.60 97.31 

Chemical composition of clinker 

Oxide CaO SiO2 Al2O3 Fe2O3 SO3 Na2O K2O MgO ZnO P2O5 L.O.I Total 

Exp 65.19 21.05 5.22 2.93 0.03 ND 0.71 0.72 0.03 0.18 3.0 99.40 

Target 67.91 21.71 5.41 3.28 ND ND 0.83 0.75 0.02 0.09 0.0 100 

It can be seen that CaOfree content of clinker is lower than the threshold value of 2 wt.% that is generally required in 

the cement industry. This confirms that the clinkering process was complete and that the cooling process didn’t lead to 

the decomposition of C3S into C2S and CaOfree.  

Sediment was previously treated by the flash-calcination method at a temperature of 750 °C. The characteristics of 

flash-calcined sediment (hereafter SF sediment) were analyzed and detailed in a previous study [24]. Granulated blast 

furnace slag (GBFS) and gypsum were provided by the EQIOM company. The specific surface area of SF sediment and 

GBFS was measured using the BET (Brunaer-Emmett-Teller) method, while XRF analysis was used to determine the 

chemical composition of the materials. The results are given in Table 3. 

Table 3. Physical properties and chemical composition of GBFS, SF sediment and gypsum 

Chemical composition SF sediment GBFS Gypsum 

SiO2 49.71 34.27 1.95 

Al2O3 12.00 10.96 0.33 

Fe2O3 5.33 0.27 0.28 

CaO 11.21 40.98 32.85 

MgO 1.12 6.56 0.34 

Na2O 0.74 0.17 ND 

K2O 2.25 0.49 0.08 

SO3 0.18 0.43 38.58 

ZnO 0.31 ND ND 

P2O5 2.26 ND ND 

L.O.I 13.70 4.70 24.85 

Total 98.81 99.40 99.26 

Physical properties 

Specific density (g/cm3) 2.65 2.88 2.33 

BET surface area (m2/g) 15.59 2.7 - 

The main oxides of SF sediment and GBFS are CaO, SiO2, Al2O3, Fe2O3 and MgO. However, the proportion of these 

oxides in SF sediment and GBFS is very different. SF sediment contains more SiO2 but significantly less CaO than 

GBFS. The MgO content of SF sediment is six times less, whereas the Fe2O3 content of SF sediment is twenty times 

higher than that of GBFS. Thus, GBFS replacement by SF sediment can lead to a reduction of hydrotalcite-like phase 

content in cement containing SF sediment. In addition, SF sediment exhibits a BET surface area six times higher than 

GBFS. 

The mineralogical composition of SF sediment and GBFS was studied using XRD analysis and presented in Figures 

3(a & b) respectively. The main mineralogical phases of SF sediment are quartz, calcite, anhydrite, and illite/muscovite, 

whereas GBFS contains principally the amorphous. In addition, the transformation of kaolinite to metakaolin in SF 

sediment after flash calcination was demonstrated in a previous study [24]. 
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(a) (b) 

Figure 3. XRD patterns. (a): SF sediment, (b): GBFS 

Due to the limited amount of clinker that could be made in the lab, the consistency of cement pastes was tested with 

different substitution rates of GBFS by SF sediment, ranging from 25% to 75%. The goal was to determine an 

appropriate incorporation ratio of SF sediment while assuming the workability requirement. The result indicated that 

the workability of cement pastes decreased with an increase in the SF sediment content. Consequently, a substitution 

ratio of 25% of SF sediment was selected for the next parts of the study. Finally, two CEM III cements were produced 

with and without SF sediment in the laboratory. The first one is the reference cement (hereafter CEM III Ref) made 

from clinker, GBFS, and gypsum only. The second one is named CEM III SF and is produced from clinker, GBFS, SF 

sediment, and gypsum. SF sediment was used as a substitution for 25 wt.% of GBSF in the CEM III cement. Gypsum 

was added to obtain a SO3 amount of 2.4 wt.% in both cements. The composition of both CEM III cements is given in 

Table 4. All components were ground in a centrifugal ball mill until they achieved a Blaine-specific surface area of 3500 

cm2/g. 

Table 4. Proportion of individual component in CEM III cements 

Cement Clinker (wt.%) GBFS (wt.%) SF sediment (wt.%) Gypsum (wt.%) 

CEM III Ref 56.55 37.70 - 5.76 

CEM III SF 56.48 28.24 9.41 5.86 

2.2. Anhydrous Cements Characterization 

Prior to studying the hydration kinetics, two anhydrous CEM III cements were characterized using different methods. 

The specific surface area was measured using two different methods: the Blaine surface method according to NF EN 

196-6 and the BET surface area method according to NF EN ISO 18757. The density of cements was determined using 

a helium pycnometer, the Accupyc 1330 device. The water demand as well as the initial setting time of cements were 

measured using a Vicat instrument, according to NF EN 196-3 [44]. The characteristics of anhydrous CEM III cements 

are given in Table 5. 

Table 5. Physical characteristics of both CEM III cements 

Property CEM III Ref CEM III SF 

Density (g/cm3) 3.02 2.98 

Blaine-specific surface (cm2/g) 3860 3980 

BET-specific surface (m2/g) 1.37 1.90 

Water demand (%) 33.33 35.00 

Setting time (minutes) 255 280 

The specific density of CEM III SF cement is slightly lower than that of CEM III Ref cement. It is due to a lower 

specific density of SF sediment compared to that of GBFS (2.65 g/cm3 for SF sediment and 2.88 g/cm3 for GBFS). The 

BET-specific surface area of CEM III SF is much higher than that of CEM III Ref. An increase in BET surface area 

could lead to an increase in water demand and the initial setting time of CEM III SF cement compared with the reference 

as indicated in previous studies [39, 32, 45] . The curve of particle size distribution of both cements is shown in Figure 

4. It can be seen that the particle size distribution for both cements is very similar. This indicated that the grinding 

process used in this study is adequate. 
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Figure 4. Particles size distribution of CEM III Ref and CEM III SF cements 

The chemical composition of CEM III cements was measured using XRF analysis to check the SO3 amount in 

cements. The result is in Table 6. 

Table 6. Chemical composition of two cements measured by XRF analysis 

Cement CaO SiO2 Al2O3 Fe2O3 SO3 Na2O K2O MgO ZnO P2O5 LOI Total 

CEM III Ref 54.20 24.94 7.10 1.77 2.31 0.07 0.59 2.90 0.02 0.10 4.90 99.35 

CEM III SF 51.37 26.36 7.19 2.25 2.35 0.12 0.75 2.39 0.05 0.31 5.77 99.29 

It can be seen that the SO3 content in both cements is close to the targeted value of 2.4 wt.%. This is of utmost 

importance to investigate the cement hydration kinetics because SO4
2- concentration strongly influences the hydration 

rate of cement phases, particularly in the case of C3A and C3S [46]. As expected, SF sediment substitution increased 

SiO2 content and decreased CaO and MgO contents in CEM III SF cement. The CaO/SiO2 ratio decreased from 2.328 

in CEM III Ref to 2.087 in CEM III SF cement. 

3. Characterization of Hydrated Cements 

Multi-technique approaches were used to study the hydration as well as mechanical-microstructural properties of 

CEM III cements, including isothermal conduction calorimetry, thermogravimetric, mercury intrusion porosimetry 

(MIP), XRD analysis, scanning electron microscopy coupled with Energy Dispersive X-ray (SEM-EDS), and 

compressive strength tests. 

3.1. Hydration Kinetics of CEM III Cements 

Since cement hydration reactions are an exothermal process [16], the variation in the heat released during hydration 

may provide information on potential changes in the hydration rate or imply a modification in the hydration mechanisms 

of cement. Isothermal conduction calorimetry analysis was used to follow the heat flux liberated from the hydration 

reactions of cement pastes. For this measurement, cement pastes made with a water-to-cement ratio of 0.5 were mixed 

for 2 minutes at 1600 rpm, then poured into a cell placed in a calorimeter. This analysis was performed at a constant 

temperature of 20 °C, and the hydration heat was measured for 72 hours. 

For other analyses, including TGA, XRD, and SEM-EDS, cement pastes were prepared with a water-to-cement ratio 

of 0.5 according to the following process. After mixing for 5 minutes at 1600 rpm, the pastes were poured into a small 

container and rotated for 6 hours in order to avoid the segregation and blending of cement. After 24 hours, cement pastes 

were demolded and cured in a saturated lime solution at a constant temperature of 20 °C. For TGA, XRD, and SEM-

EDS analyses, the cement hydration was stopped using the solvent exchange method (isopropanol solvent [47]). After 

immersing in the solvent solution for 3 days, samples were stored in a desiccator under a slight vacuum for at least 7 

days to evaporate the solvent. 

TGA was used to quantify the Portlandite (Ca(OH)2) and chemically bound water amounts produced by the cement 

hydration. 100 mg of powdered sample (<63 µm) was analyzed using the Netzsch STA 409 device with a heating rate 

of 3 °C/min from 40 °C to 1000 °C under constant nitrogen flow. Ca(OH)2 amount was quantified using the tangent 
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method [48], while the chemically bound water content was obtained from the mass loss of sample between 40 °C and 

460 °C. For comparison, these contents were normalized per 100 g of anhydrous cement according to Equation 5 and 6. 

Wb(t) = 
Msample(40 °C)−M sample (460 °C)

M sample (460 °C)
 × 100 (5) 

CH = 
Msample(400 °C)−M sample (460 °C)

M sample (460 °C)
 × 

M Ca(OH)2

M H2O
 × 100 (6) 

where Msample (40 °C), Msample (400 °C), Msample (460 °C) are Mass of sample at 40 °C, 400 °C and 460 °C respectively. M Ca(OH)2, 

M H2O are Molar mass of Portlandite (74 g/mol) and water (18 g/mol) respectively. 

X-ray diffraction (XRD) analysis was carried out to identify the hydrate products of cement. Hydration-stopped 

pastes were ground manually to obtain a smaller particle size than 40 µm. Then, the sample was analyzed using a Bruker 

D2 Advance diffractometer. This instrument is equipped with a Cu anode with λ = 1.5406 Å and operated at 40 kV-

40mA conditions. The sample was analyzed with the 2θ angle scanned from 5° to 80° and a step size of 0.02° and 1s 

per step. 

The chemical composition of the C-S-H gels of cement pastes after 28 days of hydration was measured using the 

SEM-EDS technique. Hydration-stopped pastes were cut into 2 mm-thick slices, then impregnated under vacuum using 

the epoxy. Samples were polished using a diamond suspension with deodorized petroleum as lubricant. Between each 

step in the process, samples were cleaned using isopropanol. After 2 days in a desiccator under vacuum to remove the 

remaining isopropanol, cement pastes were coated with carbon to make the surface conductive and enable SEM analysis 

at high vacuum [49]. The Hitachi S-4300SE/N was used with an accelerating voltage of 20 kV and a current of 0.8 nA. 

100 points per sample were measured in different zones to obtain a representative result for the chemical composition 

of C-S-H gels. 

3.2. Mechanical-microstructural Properties of Mortars 

3.2.1.Compressive Strength 

The classification of cements was determined based on the compressive strength of standard mortars according to 

NF EN 197-1 [20]. Prism mortar samples (40 x 40 x 160 mm3) were made according to NF EN 196-1 [50] and cured 

under saturated conditions at a constant temperature of 20 °C. The compressive strength of mortars was measured after 

2, 7, and 28 days of curing using an INSTRON 5500R device, which has a maximum applicable load of 150 kN with a 

displacement rate of 144 KN/min. 

3.2.2. A Novel Approach for Prediction of Compressive Strength Development of Multi-composite Cement-based 

Mortars 

Strength development with time is one of the essential parameters to investigate the efficiency of mineral addition 

on cement hydration. However, experimental measurement usually requires much time and materials for sample 

preparation. Thus, several predictive models established by Féret, Bolomey and Abrams as described in previous studies 

[51–53] have been used to predict the strength development of mortar or concrete. In a previous study [53], different 

formulas were used to predict the compressive strength of sediment-based mortars. However, the results indicated that 

these models were not adapted for predicting the strength of multi-composite cement-based mortars. For this reason, in 

this study, a novel approach was established using Power empirical relation to predict the strength of CEM III cement 

mortars. The compressive strength of mortar predicted by Power’s formula is according to Equation 7. 

Rc(t) = R0 × (
0.68 𝛼(𝑡)

0.32 𝛼(𝑡)+ 
𝑊

𝐶

)n (7) 

where Rc(t) is Compressive strength of mortar (MPa) after t days of hydration, R0 is Compressive strength of mortar 

when the capillary porosity is equal to 0. It is calibrated from the experimental compressive strength measured after 2 

days of curing, α(t) is DoH of hydrated cement, 
𝑤

𝐶
 is Water to cement mass ratio of mortar and n is Constant depending 

on the cement type. 

Due to the simultaneous hydration of clinker and SCMs [54], the hydration kinetics of multi-composite cement are 

extremely complex, so the degree of hydration (DoH) of these cements could not be directly determined by TGA like it 

could with OPC [42, 55, 56]. Despite several methods such as selective dissolution, isothermal calorimetry, chemical 

shrinkage, and image treatment have been used to determine the DoH of CEM III cement [57], these methods usually 

require a complex measurement process. Thus, in this study, the DoH of multi-composite cements was determined using 

the modified TG method. Based on the result found in a previous study [58], the activity coefficient of SF sediment and 

GBFS was used to convert a certain quantity of mineral additions into an equivalent quantity of Portland pure cement. 

The activity coefficient of SF sediment and GBFS was determined according to NF EN 206-1 [59]. Therefore, a quantity 

of CEM III cement could be converted into a quantity of Portland pure cement according to Equation 8: 
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Leq = mC + K×mA (8) 

where Leq, mC, mA are the mass of equivalent binder, mass of cement and mass of mineral addition respectively. 

K is the activity coefficient of mineral addition obtained by the compressive strength test performed on the mortar 

sample with a substitution rate of mineral addition of 25 wt.% according to NF EN 206-1 [59]. 

As Ca(OH)2 has been consumed by GBFS and SF sediment during cement hydration, the DoH of these cements was 

determined by measurement of chemically bound water content from the TGA result according to Equation 9. 

α(t) = 
𝑊𝑏(𝑡)

𝑊𝑏∞
 × 100% (9) 

where Wb(t) is Chemically bound water content of paste after t days of hydration, Wb(∞ ) is Ultimate chemically bound 

water content corresponding to a complete hydration of equivalent anhydrous cement. 

The Wb(∞) value depends on the mineralogical composition of clinker as well as the type and substitution level of 

mineral addition [60]. For Portland cement, the Wb(∞ ) value can be estimated using the method proposed by NIST 

(National Institute of Standards and Technology) according to Equation 10 [61]. 

Wn(∞)=WnC3S(∞)×(%C3S)+WnC2S(∞)×(%C2S)+WnC3A(∞)×(%C3A)+WnC4AF(∞)×(%C4AF)+WnCaOfree(∞)*(%CaOfree) (10) 

where WnC3S(∞), WnC2S(∞), WnC3A(∞), WnC4AF(∞), WnCaOfree(∞) are the ultimate chemically bound water amount of C3S, 

C2S, C3A, C4AF and CaOfree respectively corresponding to the complete hydration of each phase. (%C3S), (%C2S), 

(%C3A), (%C4AF), (%CaOfree) correspond to the content of C3S, C2S, C3A, C4AF and CaOfree respectively. 

The activity coefficient of GBFS and SF sediment as well as the ultimate chemically bound water per 1g of each 

mineralogical phase are given in Table 7. 

Table 7. Ultimate chemically bound water per 1g of individual mineralogical phase and activity coefficient of 

GBFS and SF sediment 

Mineralogical phase 
Chemically bound water amount per g produced per 1 g of 

mineralogical phase for a complete hydration 

C3S 0.24 

C2S 0.21 

C3A 0.4 

C4AF 0.37 

CaOfree 0.33 

Activity coefficient of mineral addition 

GBFS 0.9 

SF sediment 0.8 

Based on the mineralogical composition of CEM III Ref and CEM III SF cements, the ultimate chemically bound 

water amount per 100 g of equivalent anhydrous cement was calculated using the values given in Table 7, and the result 

is shown in Table 8. 

Table 8. Mineralogical composition and the Wb(∞ ) value of both CEM III cements 

Composition (wt.%) CEM III Ref CEM III SF 

C3S 35.71 35.67 

C2S 9.13 9.12 

C3A 5.45 5.45 

C4AF 5.32 5.31 

CaOfree 0.93 0.93 

Gypsum 5.76 5.86 

GBFS 37.7 28.24 

SF sediment - 9.41 

Total 100 99.99 

Wb(∞) per 100 g equivalent anhydrous cement 23.97 23.71 



Civil Engineering Journal         Vol. 9, No. 11, November, 2023 

2658 

 

However, TGA also usually requires a complex process for preparation and measurement time, especially for 

samples that are cured long-term. Thus, to save measurement time, a novel approach based on the curve fitting method 

was applied to determine the DoH of hydrated cement from only a few experimental values. The exponential three-

parameter equation proposed by Pane and Hansen [60] was used to establish the DoH curve according to Equation 11: 

α(t) = α(∞) × exp [(−
𝑡𝑐

𝑡
)

𝑎

] (11) 

where α(t) is Degree of hydration of cement after t days of curing, α(∞) is Ultimate degree of hydration of cement, t is 

Hydration time of cement (days), tc is Time parameter (days), a is Empirical parameter depending on the type and the 

substitution rate of supplementary cementitious materials 

The DoH of two cement pastes measured by TGA at 2, 15, and 28 days was first plotted using Origin Pro software 

based on an ordinary least squares regression. Then, the interpolation of the DoH curve was carried out to determine the 

values α(∞), tc and a. Finally, the DoH of CEM III cements at any given time could be easily determined using Equation 

8. However, it should be noted that the hydration rate of cement is very fast the first time, so the authors recommend 

that the TGA should be performed on the cement pastes before 3 days to better fit the DoH curve. 

3.2.3. Microstructure of Mortars 

The Mercury Intrusion Porosimetry (MIP) method was used to study the microstructure of CEM III cement-based 

mortars. Mortar samples were cut into small pieces of 1 x 1 x 1 cm3, then immersed in the isopropanol solvent for 3 

days to stop the hydration. Samples were stored in a desiccator under vacuum for 7 days to evaporate the isopropanol. 

The MIP porosity was measured using an Autopore IV device, which has a maximum applicable pressure of 200 MPa 

and can detect a minimum pore diameter of 6 nm. 

4. Results and Discussion 

4.1. Hydration Kinetics of Cements 

4.1.1. Hydration Heat 

The heat flux and the cumulative heat liberated from the hydration of two cement pastes are presented in Figures 5-

a and 5-b respectively. The result indicated that SF sediments significantly impacted the hydration kinetics of cement. 

To assess precisely these changes, the heat evolution curves were separated into three principal periods, in each of which 

the influence of SF sediment could be more clearly observed. 

  

(a) (b) 

Figure 5. (a) Rate of heat evolution of both hydrated cement pastes (W/C = 0.5), (b) Cumulative heat of both hydrated 

cement pastes (W/C = 0.5) measured by isothermal conduction calorimetry analysis 

The potential influences of SF sediment on cement hydration can be indicated as follows: 

 Period (I): The heat released in this period can come from the various possible reactions, including the hydration 

of CaOfree, gypsum, and the C3A phase [16]. Thus, the potential modification in this stage relates principally to the 

change in the initial hydration rate of the C3A phase. An increase in the magnitude of the first peak of CEM III SF 

cement was observed. The length of the dormant stage of CEM III SF cement was also longer than that of CEM 

III Ref cement. This delay may be due to a higher BET-specific surface area of CEM III SF cement compared with 

CEM III Ref as reported in a previous study [62]. 
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 Period (II): In this period, the heat liberated generally relates to the hydration of the C3S phase. It can be seen that 

SF sediment addition increased the magnitude of the second pack of CEM III SF cement compared to the reference. 

This result may be due to a higher BET-specific surface area of SF sediment compared to GBFS, resulting in an 

acceleration of C3S hydration rate. In addition, CaCO3 in SF sediment accelerated the hydration rate of C3S as 

mentioned in previous studies [4, 63, 64].  

 Period (III): During this time, the heat generated usually links the conversion of ettringite phase (AFt) into mono-

sulfoaluminate phase (AFm), the secondary formation of AFt, the hydration onset of C4AF, or the hydration of 

GBFS in the case of blast furnace slag cement [16]. The change in magnitude of the peak in this period was much 

more evident than in periods (I) and (II). A significant increase in the hydration heat of CEM III SF cement could 

confirm that SF sediment impacted the hydration rate of C3A more than GBFS. This result is supported by the 

findings of a previous study [63], which showed that the intensity of this peak increased by nearly 50% in the case 

of white cement containing limestone when compared to pure white cement. 

The cumulative hydration heat of two cement pastes is shown in Figure 5-b. As indicated above, the SF sediment 

substitution accelerated the clinker phase hydration, leading to a significant increase in the cumulative hydration heat of 

CEM III SF cement compared with the reference. Indeed, after 72 hours of hydration, the cumulative hydration heat of 

CEM III SF cement was 230 J/g, while CEM III Ref cement was only 185 J/g. 

4.1.2. Chemically Bound Water and Ca(OH)2 Content 

The chemically bound water content of CEM III Ref and CEM III SF pastes over time, normalized per 100 g of 

anhydrous cement is shown in Figure 6. 

 

Figure 6. Chemically bound water content of CEM III Ref and CEM III SF pastes as a function of time normalized per 100 

g of anhydrous cement 

Chemically bound water content increased with time for all two investigated binders. However, it can be seen that 

the chemically bound water content of CEM III SF cement was always higher than that of CEM III Ref cement, 

especially at early ages (2 days). This was in accordance with the result obtained by isothermal conduction calorimetry 

analysis, which also indicated an accelerating effect of SF sediment on cement hydration. In fact, since the SF sediment 

has a higher BET-specific surface area than the GBFS, this could improve the nucleation sites for the hydration products 

of the clinker phases, leading to more hydration products in the CEM III SF than in the CEM III Ref cement at early 

ages. This is similar to the results obtained in previous studies [65, 66]which also indicated that the changes in hydration 

kinetics are dominated by the filler effect in the first days. 

An increase in the chemically bound water amount of the CEM III SF cement compared to the CEM III Ref cement 

at later ages could be attributed to a higher reactivity of the pozzolanic reaction of the SF sediment-GBFS system than 

the GBFS alone. Since the pozzolanic material reacts with the Ca(OH)2 to form the calcium silicate hydrate [67], the 

pozzolanic reactivity of the GBFS or the SF sediment-GBFS system could be investigated be measuring the Ca(OH)2 

content. From the TGA result, the Ca(OH)2 content of two cement pastes normalized per 100 g of anhydrous cement is 

shown in Figure 7. As expected, the Ca(OH)2 content of CEM III SF cement was much higher than that of CEM III Ref 

cements at early ages. Since clinker content in the two cements is nearly similar (Table 4), an increase in Ca(OH)2 

content of CEM III SF cement confirmed that clinker hydration was accelerated in the presence of SF sediment, leading 
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to more Ca(OH)2 formation. Additionally, it can be seen that for the two cement pastes, after 15 days of hydration, the 

Ca(OH)2 content decreased, whereas the chemically bound water content increased. This demonstrated clearly that 

Ca(OH)2 produced by clinker reactions was consumed by the pozzolanic reaction of GBFS and SF sediment. A similar 

result was also reported in a previous study [68] which also indicated that the Ca(OH)2 amount increased in the first 

days, and decreased in the long-term.  

 

Figure 7. Ca(OH)2 content of CEM III Ref and CEM III SF pastes as a function of time normalized per 100 g of anhydrous 

cement 

Comparing Ca(OH)2 content and chemically bound water content between CEM III Ref and CEM III SF pastes 

indicated that after 15 days of hydration, the Ca(OH)2 content consumed by the SF sediment-GBFS system was higher 

than that consumed by GBFS alone. This result suggested that the pozzolanic reactivity of the SF sediment-BGFS system 

was higher than that of BGFS alone. 

4.1.3. Hydrates Assemblages of Hydrated Cements 

The hydration products formed in both cement pastes after 28 days of hydration are presented in Figure 8. 

 

Figure 8. XRD patterns of hydrated cements after 28 days of curing. (1): C3S +C2S, (2): Ettringite (AFt), (3): Mono-

sulfoaluminate (AFm), (4): Porlandite (CH), (5): C-S-H/C-A-S-H + CaCO3, (6): Hemi-carboaluminate, (7) Quartz, (8) 

Hydrotalcite-like (Ht). 

In general, most hydration products produced from CEM III Ref and CEM III SF cement hydration were similar. 

The hydration products identified were ettringite, mono-sulfoaluminate, Ca(OH)2, hemi-carboaluminate, hydrotalcite-
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like (Ht) and C-S-H/C-A-S-H and CaCO3. These hydrates were also typical hydrates produced during the hydration of 

the slag-blended cement systems, as indicated in previous studies [7, 69, 70].  

However, the peaks of stratlingite (at 7.1° and 14.2°) [71] were not observed in the XRD patterns of both cement 

pastes after 28 days of hydration. This observation was also in accordance with the result indicated in a previous study 

[54, 69] that used thermodynamic modeling to predict the formation of hydration products as a function of slag rate in 

the slag-blended cement. The modeling result indicated that the formation of stratlingite occurred when the slag amount 

was greater than 65%.  

Additionally, it can be seen that after 28 days of hydration, the magnitude of Ca(OH)2 peaks at 18°, 29.8° and 34°) 

[40, 72] of CEM III SF paste was slightly less than that of CEM III Ref paste. This was also similar to the result obtained 

by the TG analysis shown in Figure 7.  

The hydrotacite-like (Ht) phase [73, 74] formed from the reaction between GBFS and Ca(OH)2 as described in Eq 

(1) was also identified for two hydrated cements, whereas the C-S-H/C-A-S-H phase is generally indistinguishable by 

XRD analysis due to its amorphous nature. However, SF sediment substitution also led to some changes in hydration 

products when compared to the CEM III Ref cement, as follows:  

 Compared to the reference, the ettringite (AFt) peaks at 9.1°, 15.9°, and 23.1° [75] were much stronger in CEM 

III SF paste, whereas the mono-sulfoaluminate (AFm) peak at 9.9° [75] was much weaker. This is very likely due 

to a higher CaCO3 amount of SF sediment than BGFS, and this has decreased the dissolution of the AFt phase into 

the amorphous mono-sulfoaluminate phase [64, 76]. The formation of hemi-or mono carboaluminates instead of 

mono-sulfoaluminate led to a greater available of sulfate to form more ettringite [77]. Thus, this explained how, 

despite the similar sulfate content of the two cements, the AFt content of CEM III SF paste was higher than the 

reference. 

  The hemi-carboaluminate content of CEM III SF paste was slightly higher than that of CEM III Ref paste. Since 

the C3A amount of both cements is similar (Table 8), an increase in hemi-carboaluminate content for CEM III SF 

paste compared with CEM III Ref paste was essentially due to a higher CaCO3 amount of CEM III SF cement than 

CEM III Ref cement. Indeed, the formation of hemi-and mono-carboaluminates in the blended cement often 

increases with an increase in the CaCO3 amount [78]. In addition, a quartz peak (at 26.6°) was identified in the 

XRD patterns of CEM III SF paste only. This was consistent with results indicated in previous studies [33] which 

indicated the peak of quartz in the XRD patterns of blended cement containing the sediment. This indicated that 

quartz in SF sediment did not participate in cement hydration, and the influence on the chemical composition of 

hydrates was investigated by SEM-EDS analysis. 

Beside the investigation based on the XRD analysis result, derivative thermogravimetry (DTG) analysis was 

performed to provide a more in-depth description of the content of hydrates formed, particularly in the case of C-H-H 

gels. Figure 9 shows the DTG curves of both cement pastes after 28 days of curing. 

 

Figure 9. DTG curve of CEM III Ref and CEM III SF cement pastes after 28 days of curing 

The first peak of the DTG curve around 110 °C is principally related to the dehydration of the AFt and C-S-H phases 

[79, 80]. The dehydration of the AFm phase occurs in the temperature range between 140 °C and 300 °C, with a main 

peak at 180 °C. The third main peak at 360 °C corresponds to the decomposition of hydrotalcite-like [81], while the 

dehydration of Ca(OH)2 occurs in the temperature range between 400 °C and 460 °C [82]. It can be seen that after 28 
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days of hydration, SF sediment incorporation resulted in a significant increase in the intensity of the C-S-H/AFt peak 

and a decrease in the magnitude of the Ca(OH)2 peak. This also suggested that the C-S-H content formed from CEM III 

SF cement hydration could be higher than that of CEM III Ref cement. 

4.1.4.Chemical Composition of C-S-H Gels 

The chemical composition of C-S-H gels, including the inner C-S-H and the outer C-S-H, formed in CEM III Ref 

and CEM III SF pastes at 28 days determined by SEM-EDS analysis is shown in Figures 10-a and 10-b respectively, as 

the two-dimensional scatter plots of atomic ratios (Si:Ca for the X-axis, Al:Ca for the Y-axis). 

  
(a) 

  

(b) 

Figure 10. (a) Scatter plot of C-S-H gels formed in the CEM III Ref, (b) Scatter plot of C-S-H gels formed in the CEM III 

SF paste after 28 days of hydration 

The result showed that the chemical composition of C-S-H gels produced from the hydration of the two cements was 
not too different. The Si/Ca ratio range was between 0.35 and 0.55 corresponding to the Ca/Si ratio range between 1.81 
and 2.86, respectively. These ratios were also similar to those reported in a previous study [83] with an average Si/Ca 
ratio of 0.65 ±0.02. However it can be seen that the Ca/Si ratio range obtained in this study for both cement pastes was 
higher than the value of 1.60 reported in the previous studies [16, 84]. This difference can be due to numerous reasons, 

such as the chemical composition of the mineral admixture, curing time, change in the voltage of the electron microprobe 
analysis, presence of foreign elements coming from the interstitial clinker phases, change in the water-to-cement ratio 
[85], or interaction of the volume of hydrates in the SEM-EDS analysis [86]. Thus, the result can contain signals from 
the intermixing of C-S-H with Ca(OH)2 or C-S-H with ettringite. 

In addition, this result also indicated that the mean Ca/Si ratio of C-S-H gels of CEM III SF paste was slightly higher 
than that of CEM III Ref paste, whereas the CaO/SiO2 ratio obtained by XRF analysis was much lower, with a ratio of 

2.09 for CEM III SF and 2.33 for CEM III Ref respectively. As indicated in XRD patterns of CEM III SF cement pastes 
at 28 days, the presence of quartz in SF sediment reduced the soluble amount of SiO2 soluble for reaction with Ca(OH)2 to 
form C-S-H gels, leading to an increase in the Ca/Si ratio of C-S-H gels of CEM III SF paste compared with the CEM 
III Ref paste. 

In addition, the uptake of Al3+ ions in C-S-H gels was detected in both cement pastes, with a mean Al/Si ratio of 
0.266 for CEM III Ref and 0.237 for CEM III SF pastes, respectively. These ratios are significantly higher than the value 
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obtained for Portland cement, which was in the range of 0.05-0.10 [87]. The incorporation of Mg2+ ions was also 
identified in C-S-H gels in different amounts depending on the Ca/Si ratio, as shown in Figure 11. The result also 
indicated that the MgO/Al2O3 ratio decreased with an increase in the CaO/SiO2 ratio of C-S-H gels. This appeared to 

be contrary to the results found in the previous studies [18, 88], which indicated that magnesium was incorporated with 
a very slight content in C-S-H gels. However, it should be noted that intermixing of hydrates can influence the analysis 
result. 

 

Figure 11. MgO/Al2O3 versus CaO/SiO2 ratio in the C-S-H gels of both cement pastes measured by SEM-EDS analysis 

4.2. Compressive Strength and Microstructure 

4.2.1. Compressive Strength 

The compressive strengths of CEM III Ref and CEM III SF mortars are presented in Figure 12. The CEM Ref cement 

had compressive strengths of 14.97 MPa at 2 days, 29.58 MPa at 7 days, and 46.96 MPa at 28 days, while these strengths 

of CEM III SF cement were 19.68 MPa, 38.11 MPa, and 48.98 MPa, respectively. This result indicated that SF sediment 

substitution significantly improved the strength of mortar compared with the reference mortar, especially at early ages. 

For instance, the compressive strength of CEM III SF mortar is 33% higher after 2 days and 4.5% higher after 28 days 

compared to that of CEM III Ref mortar. The improvement of strengths of CEM III SF mortar at early ages was 

principally due to the accelerating effect of SF sediment on the cement hydration as indicated by the isothermal 

conduction calorimetry and TG analysis. The increase in the strength of CEM III SF mortar at long-term could be 

attributed to the higher pozzolanic reactivity of the SF sediment-GBFS system compared to the GBFS alone. This led 

to the formation of more calcium silicate hydrate, which refined the pore structure and improved the compressive 

strength of mortar [89]. 

 

Figure 12. Compressive strength of CEM III Ref and CEM III SF mortars as a function of time 
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After 28 days, the compressive strength of two standard mortars was higher at 42.5 MPa, so both cements can be 

classified as CEM III 42.5 type according to NF EN 197-1 [20]. 

4.2.2. Compressive Strength Mortars Predicted by Novel Approach 

The DoH of two equivalent cements measured by TGA is presented in Figure 13. 

 

Figure 13. DoH of CEM III Ref and CEM III SF cements measured by TGA 

As expected, the DoH of CEM III SF cement was always higher than that of the reference, especially at early ages. 

The DoH of CEM III Ref cement reached 38.8% at 2 days and 74.6% at 28 days, while for CEM III SF cement, these 

values were 41.5% at 2 days and 75.6% at 28 days, respectively. Compared to the DoH of ordinary Portland cement 

made with the same water-to-cement ratio (W/C = 0.5) obtained in the previous studies [41, 42], the DoH of two CEM 

III cements in this study was much lower, especially at early ages (DoH = 56.28% for OPC at 2 days) [41, 42, 56]. This 

was due to the fact that SCMs reactivity such as GBFS or SF sediment is much lower than clinker [7]. Thus, the DoH 

of two equivalent cements obtained in this study using the coefficient of activity was reasonable. 

From the experimental results of the DoH, Figures 14-a and 14-b shows the DoH curve obtained from the curve 

fitting method for CEM III Ref and CEM III SF cements respectively. It can be seen that there is a good agreement 

between the DoH values obtained by the curve fitting method and the experiment for the two cement pastes. 

  

(a) (b) 

Figure 14. DoH curve obtained from the experimental measurement (TGA analysis) and the curve fitting method. (a) CEM 

III Ref, (b) CEM III SF 

Based on the DoH curve obtained above, Figures 15-a and 15-b present simultaneously the strengths predicted by 

the model according to Equation 4 and experimental data for CEM III Ref and CEM III SF mortars, respectively. A 
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good agreement between the experimental result and the model result was observed for the two mortars. For instance, 

for the compressive strength of mortars after 7 days, although the DoH of both cement pastes was not measured in the 

time period, this model could predict the relatively accurate strength of both mortars compared to the experimental 

results. This also meant that the DoH of both cement pastes could be accurately predicted using the curve fitting method. 

Overall, this result demonstrated that this novel approach can be used as a reliable tool for the prediction of the 

compressive strength of multi-composite cement-based mortars. 

  

(a) (b) 

Figure 15. Compressive strength obtained from the experimental measurement and prediction model (a) CEM III Ref 

mortar, (b) CEM III SF mortar 

4.2.3. Microstructure Development 

The porosity of both mortars measured by the MIP method at 2 and 28 days of hydration is shown in Figure 16-a. 

By comparison with the reference mortar, it can be seen that the SF sediment incorporation significantly decreased the 

porosity of CEM III SF mortars by 16.33% at 2 days, and by 12.40% at 28 days, respectively. This confirmed our 

findings on the compressive strength results already shown. 

  

(a) (b) 

Figure 16. (a) Total porosity of mortars measured by MIP technique, (b) Pore size distribution of mortars measured by MIP 

after 2 and 28 days of hydration 

Since the clinker amounts of both cements are similar, the porosity reduction of CEM III SF mortar could be due to 

the following reasons: 

(i) The SF sediment substitution accelerated cement hydration, leading to an increase in solid volume and infilling 

the pore as demonstrated in previous studies [90, 91]. 

(ii) A higher pozzolanic reactivity of the SF sediment-GBFS system compared to the GBFS alone could also 

contribute to the enhancement of CEM III SF microstructure [92, 93]. Indeed, previous studies [76, 84]indicated 

that the consumption of Ca(OH)2 by the pozzolanic reaction could lead to densification of the microstructure 

and a decrease in the pore connectivity.  
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(iii) The stabilization of ettringite against the conversion to AFm phase in CEM III SF as indicated in the XRD 

pattern also contributed to the decrease in the porosity because this conversion could lead to a less efficient 

filling of pores, which increased the total porosity [93].  

To investigate the effects of SF sediment substitution on the transport properties of mortar, the pore size distribution 

(PSD) of two mortars at 2 and 28 days of hydration presented in Figure 16-b was studied. The critical pore diameter 

(CPD) is defined as the inflexion point of the cumulative curve or the maximum of the capillary peak of the derivative 

curve [76]. Beside the decrease in the total porosity, the SF sediment substitution also reduced the CPD of CEM III SF 

mortar compared to the reference. For instance, after 2 days, the CPD of mortar decreased from 0.06 µm for CEM III 

Ref mortar to 0.04 µm for CEM III SF mortar. The MIP measurement result also confirmed that a SF sediment 

substitution rate of 25%.wt significantly improved the microstructure of mortar, and this could enhance the durability 

properties of mortar or concrete, as reported in a previous study [95]. 

5. Conclusions 

The objectives of this study were to investigate the impacts of GBFS replacement by flash-calcined sediment (SF 

sediment) on the hydration kinetics and mechanical-microstructural properties of CEM III cement. In addition, a novel 

approach based on a combination of the curve fitting method and Power’s empirical relation was established to predict 

the compressive strength of multi-composite cement-based mortars. From the results obtained in this study, the 

following conclusion can be drawn: 

1)  Hydration kinetics: 

 The SF sediment substitution with a rate of 25%.wt significantly improved the hydration of CEM III cement 

compared with the reference cement, especially at early ages. A higher BET-specific surface area of SF sediment 

compared to GBFS provided more available surface for hydrate precipitation, leading to an increase in the CEM 

III SF cement hydration rate. In addition, CaCO3 in SF sediment also has positive impacts on the hydration of 

the C3A phase and the stabilization of ettringite against the conversion to mono-sulfoaluminate (AFm), 

improving the microstructure of CEM III SF mortar. 

 The TGA result also indicated that the SF sediment-GBFS system was more reactive than GBFS alone, and this 

led to the formation of more calcium silicate hydrate in the CEM III SF cement. 

 The SF sediment substitution did not significantly alter the chemical composition of calcium silicate hydrate. 

The Ca/Si ratio range of C-S-H gels was from 1.82 to 2.84 for both cement paste samples. The quartz (SiO2) in 

SF sediment reduced the soluble amount of SiO2soluble in CEM III SF paste, leading to an increase in the Ca/Si 

mean ratio of C-S-H gels in CEM III SF compared with the reference. Mg2+ and Al3+ ion incorporation was also 

identified in C-S-H gels with different ratios, depending on the Ca/Si ratio. The Mg/Al ratio decreased with an 

increase in the Ca/Si ratio of C-S-H gels. 

2)  Mechanical-microstructural properties: 

 The SF sediment substitution significantly improved the compressive strength of CEM III SF mortar compared 

to the reference mortar with an increase of 33% after 2 days and 16.33% after 28 days respectively. The 

microstructural analysis performed on the mortar samples also confirmed that the SF substitution significantly 

reduced the porosity and the critical pore diameter of CEM III SF mortar compared to the reference. 

 A novel approach based on a combination of the curve fitting method and Power’s empirical relation could 

accurately predict the strength development of multi-composite cement-based mortars over time. The advantage 

of this model is that it allows one to predict the compressive strength of multi-composite cement-based mortars 

without needing to know the compressive strength of a reference mortar, unlike two of the most commonly used 

models, the Bolomey model and the Feret model. 

Overall, according to the results obtained from this study, it can be concluded that the SF sediment could be used as 

a replacement for GBFS in the CEM III production with positive impacts on hydration and the development of 

mechanical-microstructural properties. This solution is promising for developing an eco-friendly binder in the cement 

and concrete sectors. 
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