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RESUMEN 
 

Los materiales cementantes suplementarios pueden utilizarse para sustituir 

parcial o totalmente al cemento portland ordinario (OPC), lo que se considera una 

de las formas eficaces de reducir las emisiones de CO2 de las industrias 

cementeras. Las puzolanas más utilizadas son la ceniza volante, la ceniza 

volcánica, el metacaolín, la escoria de alto horno, etc. En este trabajo se realizó 

un estudio comparativo del efecto de la incorporación de residuos de café, ceniza 

volante y ceniza volcánica en dos cementos diferentes (OPC y cemento 

sulfoaluminato (CSA)). La caracterización de las muestras de cemento se llevó a 

cabo mediante el análisis de la resistencia a la compresión hasta 210 días, la 

microscopía electrónica de barrido con espectroscopia de rayos X de energía 

dispersiva, la reflexión total atenuada, la difracción de rayos X y la espectroscopia 

de impedancia electroquímica. Los resultados mostraron que la resistencia a la 

compresión del cemento mezclado se vio afectada por la presencia de café 

gastado junto con la ceniza volcánica sin ninguna activación alcalina. Tanto los 

compuestos de cemento con un 3.5% de café usados con 30% de ceniza volante 

y un 30% de ceniza volcánica cumplían el requisito mínimo de resistencia a la 

compresión (20.2 MPa) para aplicaciones no estructurales, según la norma ASTM 

C109/C109M. La formación del gel cementante C-S-H para los compuestos de 

cemento Portland ordinario; la C-A-S-H y ettringita fueron responsables de la 

resistencia del cemento compuesto preparado con cemento sulfoaluminato. La 

adición de ceniza volcánica mejora la durabilidad de las pastas de cemento tanto 

en OPC como en CSA. Los datos EIS son una técnica indirecta para probar la 

durabilidad de las pastas de cemento; los resultados mostraron que las pastas de 

cemento compuestas incorporadas con ceniza volcánica serían más duraderas 

que otras pastas de cemento compuestas. 
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ABSTRACT 
 

Ordinary portland cement (OPC), regarded as one of the efficient strategies to 

minimize CO2 emission from the cement industry, can be partially or entirely 

replaced with supplementary cementitious materials. Fly ash, volcanic ash, 

metakaolin, blast furnace slag, etc., are among the most common pozzolans. The 

effects of adding spent coffee grounds, fly ash, and volcanic ash to two types of 

cement (OPC and Calcium Sulfoaluminate Cement (CSA)) were compared in this 

reasearch. Compressive strength studies up to 210 days, scanning electron 

microscopy with energy-dispersive X-ray spectroscopy, attenuated total reflection, 

X-ray diffraction, and electrochemical impedance spectroscopy were used to 

characterize the cement samples. The results demonstrated that the inclusion of 

spent coffee grounds coupled with fly ash and volcanic ash impacted the 

compressive strength of blended cement. According to ASTM C109/C109M, the 

cement composites with 3.5 per cent spent coffee grounds, 30 per cent fly ash, 

and 30 per cent volcanic ash achieved the minimum compressive strength 

requirement of 20.2 MPa for nonstructural applications. The strength of the 

composite cement made using sulfoaluminate cement was due to the production 

of the cementitious gel C-A-S-H and ettringite; and for ordinary portland cement 

and composite cements it was due to C-S-H. The addition of volcanic ash 

enhances the durability of the cement paste in both OPC and CSA. As per EIS 

data, an indirect technique for testing cement paste durability supports that 

volcanic ash incorporated composite cement pastes would be more durable than 

other composite cement pastes. 
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CHAPTER 1 

INTRODUCTION 
 

The most common artificial substance on earth is cement. Because of the increase 

in world population, cement consumption is set to soar to unpredicted proportions 

[1]. Due to the CO2 emissions throughout its manufacturing process, cement 

production is inextricably tied to the continuing phenomena of climate change, 

global warming, ocean acidification, etc. [2–4]. Alternative actions must be 

implemented to lower CO2 emissions. Supplementary Cementitious 

Materials(SCMs) are one of the most excellent solutions to the issue. SCM may 

possess pozzolanic or cementitious characteristics [5,6]. SCM (volcanic ash, 

kaolin, fly ash, blast furnace slag, etc.) helps concrete function better when it is 

raw and hardened. The primary justifications for adding pozzolans to the cement 

matrix are, improved workability, durability, and strength. SCM assists the 

manufacturer of concrete in designing and modifying the concrete mixture to 

accommodate the specified application [7]. Alumina-rich SCM enhances the 

absorption of aluminate in C-S-H. In contrast, silica-rich SCM aids in producing 

additional hydrates and affects the porosity and durability of the cement pastes [8]. 

Comparing OPC (Ordinary Portland Cement) with CSA ( Calcium Sulfoaluminate 

Cement), CSA has better grindability, can be made at lower temperatures, and 

contains less lime. CSA is manufactured at a temperature of 1250 ℃ while 

comparing the production of OPC; it is about 200 ℃ less and 25 to 30% less in net 
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CO2 emission [9,10]. Benefits extend beyond reduced energy use and carbon 

emissions [11]. Ye'elimite (C4A3S), which was first included into cement as a phase 

by Klein and utilized as an expanding or shrinkage-compensating additive to 

cement binders, makes up 30–70% of CSA. Ettringite (Aft), the primary hydration 

product, enhances the strength of sulfate cement, is formed quickly by the 

hydration processes of calcium sulfates in addition to the reduction of CO2. [12]. 

The introduction of calcium sulfate, its amount and reactivity, as well as the type 

and quantity of minor phases, all play major roles in determining how hydrated 

CSA becomes. Ettringite is the principal hydration product formed, coupled with 

amorphous aluminum hydroxide. Ye'elimite reacts with water during the hydration 

reaction to form aluminium hydroxide and monosulfate, which is usually 

amorphous. In addition to aluminium hydroxide, non-expansive ettringite particles 

develop in the form of large prismatic crystals responsible for high mechanical 

strength. The essential characteristics of the hydration process are high reaction 

rate and stability, a considerable consumption of free water, and a reduction of 

capillary porosity [12]; other hydration products like C-S-H, monoCarb aluminate, 

and gibbsite  may be produced based on the minor phases present in CSA. 

Naturally occurring volcanic ash (VA) has a substantially lower embodied energy 

than other materials; embodied energy refers to the total energy needed for all 

direct and indirect activities associated with the material. This includes excavation, 

transportation, fabrication, etc., until the product or material is ready. Since VA is 

a natural pozzolan, energy consumption is very low, reducing the carbon footprint 

[13]. Introducing VA into concrete improves mechanical strength and minimizes 

the cost of concrete production [14,15]. VA is rich in alumina and helps resist 

sulfate attacks. Binding gel known as calcium-alumino-silicate-hydrate (C-A-S-H) 

gel is formed as a result of high alumina content in the composition of VA [16,17]. 

The residual waste of the coal-fired electricity industry is fly ash (FA). By adding 

FA, the compressive strength of cement paste is enhanced. When FA combines 

with calcium hydroxide, the reaction product of OPC, additional calcium silicate 
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hydrate products (C-S-H) are created [18,19]. FA increases how easily cement and 

concrete can be worked. Also, factors such as segregation, bleeding, heat 

evolution, and permeability are reduced, inhibit the alkali-aggregate reaction, and 

enhance sulfate resistance [20,21]. FA in OPC can function as a micro filler and 

as a pozzolan. The filler effect results from the existence of extra nucleation sites 

connected to the areas the SCM provides. The granulometry of the ashes allows 

a better accommodation of the mixture. The FA can dissolve (very slowly) because 

of the high pH in the pore solution of cement. C-S-H is produced more frequently 

when FA reacts with portlandite [22]. 

Tons of municipal waste are produced daily, and altering these waste materials 

from landfills has become a defined goal for the public and the community. Coffee 

is considered the most consumed refreshment drink all over the world. In 2018–

2019, the total production of green coffee beans reached 10256 million tons [23]. 

Spent coffee grounds (SCG) are considered a significant municipal waste from 

households and cafes to be landfilled which is the focus of this research. The 

residue obtained during hot water or steam passes through coffee powder to 

prepare instant coffee is SCG [24]. SCG, the waste product has been utilized as 

dump bioleaching absorbent or household agro manure [25]. Teck-Ang Kua 

reported in his studies that they developed a derivative construction material with 

SCG to keep this insoluble trash out of landfills. From the studies of [26], 15 wt.% 

SCG mixed with clay have the capability of producing premium lightweight clay 

aggregates for drainage reasons.  A study on SCG and tea waste was carried out 

by L. L. P. Chung [27] to prepare alkali-activated bricks. The results demonstrated 

that SCG and tea dust may be included as a component to create environmentally 

friendly unfired clay bricks. As per ASTM C62, In samples containing 1-2.5 wt% of 

SCG and 1–10 wt% of tea waste, the minimum compressive strength requirement 

of 8.6 MPa for structural applications was met with negligible weathering. However, 

the use of SCG in amounts greater than 5% wt% results in the growth of fungus, 

which has an impact on the durability and strength development of structure. 
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Geopolymer prepared using SCG with blast furnace slag at a temperature of 50 ℃  

can be used as pavement filling material [28]. On the strength performance and 

microstructure analysis based on the composite cement manufactured using SCG 

and other pozzolans, very few investigations have been done. 

 J. I. Escalante-Garcia and Sharp conducted several investigations on blended 

cement containing OPC, Ground Granulated Blast Furnace Slag (GGBS), FA, and 

VA between 1996 and 2004 [29–33]. In combination with OPC, they employed 60 

percent blast furnace slag, 30 percent FA, and 22 percent VA. Curing temperatures 

ranged from 10 ℃ to 60 ℃. The investigations found that the porosity also 

increased as the curing temperature rose. [29]. The lower curing temperature of 

10 ℃ decreased the porosity and elevates the rate of hydration. The C-S-H 

produced for the VA composite showed a change in greater Si and Al 

concentration and a decrease in Ca content. In 2017, S. Al-Fadala and his team 

used OPC and VA to research the mechanical characteristics of blended cement 

[34]. As the replacement amount grew from 10 to 40%, they discovered that it aids 

in low release of heat during the process of hydration. In the first several days of 

curing, a 40% substitution of OPC with VA reduced compressive strength by 

around 40%. The reactivity to the composite cement was more important in later 

ages; nevertheless, it steadily increased in the latter curing phase. 

 Suksiripattanapong created geopolymer pastes by combining SCG, rice husk ash 

(RHA), and blast furnace slag (S) to develop materials for pavements. According 

to the investigation, the mix that produced 2 MPa was the greatest compressive 

strength after 90 days of curing for SCG:RHA:S was 70:20:10 at a curing 

temperature of 50 ℃ [35]. An investigation was done on the strength of a 

geopolymer mixture made from SCG, S, and FA [25]. According to their analysis, 

the ideal blend was SCG 70 percent:S 30 percent with a 55 percent liquid-to-solid 

ratio; FA did not help in the reaction process to attain the advised unconfined 

compressive strength. Slag activation enabled the geopolymer mix to reach its 

maximum compressive strength in the initial curing process without needing heat 
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treatment. They utilized 70% Na2SiO3 and 30% NaOH as the liquid activator. To 

understand the geopolymer stabilization of highly organic materials for 

embankment structural fill material, Arulrajah presented a study on alkali-activated 

SCG with FA geopolymer mix. The results showed that when cured at 50 ℃, 30 

percent FA with 70 percent SCG demonstrated superior mechanical strength. In 

this instance, a 50:50 ratio of the liquid activator Na2SiO3:NaOH was utilized, and 

the FA to liquid ratio was 1.8 [36].  

 Several researchers have studied the performance of cement pastes, mortars, 

and concretes that partially replace OPC with VA. and found that 20% replacement 

of OPC improved tensile and compressive strengths for the composite mix [37,38]. 

The alkaline activation of Peruvian VA for generating new geopolymer materials 

with the NaOH solution has been conducted to analyze mechanical properties 

(compressive strength and porosity), and the improved performance was due to 

the formation of the reaction product N-A-S-H gel. This gel is responsible for the 

wear resistance in the geopolymer mix [39]. Numerous investigations employing 

OPC and FA on composite cement have been done. At ten to twenty replacement 

percentages, partial FA replacement with OPC increases mechanical strength. C-

S-H gel, the reaction product, helps to improve the strength of composite cement. 

Average pore size is similarly impacted by FA fineness, which likewise boosts 

mechanical strength and reduces porosity [40–49]. The impact of FA addition on 

the hydration processes of calcium sulfoaluminate cement was studied by L.H.J. 

Martin in 2017. As the FA% rose, the filler effect of FA owed the hydration reaction 

of CSA cement to accelerate [50]. The mortar formulated with 7.5 percent FA 

showed higher compressive strength. The most extensive range documented for 

FA that can be used without losing strength is 15 percent by mass [50]. 

Additionally, CSA with FA mortars at various ages of hydration was carried out. 

These findings support the partial replacement of calcium sulfoaluminate with FA 

positively affects the environment and the economy [51]. As an alternative to OPC, 

calcium sulfoaluminate cement and FA-based geopolymer mortar were made to 
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evaluate the hydration behavior and the physicomechanical characteristics [52]. 

According to the study, sodium silicate and potassium hydroxide were used for the 

alkali activation of FA. Ettringite quickly forms when composite cement is made 

using CSA and FA; it exhibits superior mechanical strength. Lower water capillary 

adsorption was seen in geopolymer mortars due to the reduced porosity of the 

mixture. 

Considering the above discussion, in this work, the mechanical strength and 

microstructural characteristics of two types of cement (OPC, and CSA) were the 

main topics of our comparison. These cements were partially replaced with SCG, 

FA, and VA, to reduce the use of OPC and, therefore, CO2 emission. 
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CHAPTER 2 

 LITERATURE REVIEW 
 

2.1 Ordinary Portland Cement 
 

Ordinary Portland cement is a critical component of global infrastructure. A 

"cementing agent" can be considered an adhesive substance capable of bonding 

fragments or masses of materials together into a "whole."  It is a finely ground 

powdered material, which, when in contact with water, has the property of setting 

and hardening, which makes it a hydraulic binder [53]. The versatility, economy, 

and ease of construction make cement an indispensable material in the 

construction industry. The massive production of Portland cement leads to high 

energy consumption, severe environmental concerns during mining, 

manufacturing, and transporting of the cement, and related air pollution, including 

the release of the greenhouse gas CO2, NOx, SO2, and particulates. It was 

estimated that 10% of world carbon dioxide emission is due to the production of 

Portland cement [54]. To meet the needs of the growing population, 

The International Energy Agency has estimated that cement production will 

increase by between 12 and 23% by 2050. 

 

  

https://en.wikipedia.org/wiki/Greenhouse_gas
https://en.wikipedia.org/wiki/Carbon_dioxide
https://en.wikipedia.org/wiki/NOx
https://en.wikipedia.org/wiki/Sulfur_dioxide
https://en.wikipedia.org/wiki/Particulates
https://en.wikipedia.org/wiki/International_Energy_Agency
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2.1.1 Manufacturing process  
 

When limestone and clays or other components with a comparable composition 

and enough reactivity are combined, they are heated to a temperature of 1450 °C 

to create clinker, which is then used to make Ordinary Portland Cement (OPC). 

Once the clinker is obtained, it is mixed with small quantities (5%) of calcium sulfate 

dihydrate (gypsum) and then ground to produce ordinary Portland cement (OPC). 

The gypsum can be partially or fully replaced by other forms of calcium sulfate, 

such as hemihydrate or anhydrite because gypsum can be dehydrated by the 

temperatures present in the mixing process. The setting and strength development 

rates are both influenced and controlled by gypsum. The average composition of 

clinker is around 67% CaO, 22% SiO2, 5% Al2O3, 3% Fe2O3, and 3% other 

components. Alite, belite, aluminate, and ferrite are the typically present four major 

phases. Alkali sulfates and calcium oxide are two more phases that could be 

present in lower quantities. The hardening of cement occurs through the reaction 

of its main phases with water. Thus, the main property of cement is its hydraulic 

activity. For a material to be considered a hydraulic binder, it must meet two 

fundamental requirements: (a) it must react with water to a sufficient extent and at 

a good rate, and (b) the reaction produces newly formed solids with extremely little 

solubility and a microstructure that can give rise to a capacity of high mechanical 

strength, volumetric stability, and durability. 
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Figure 1. Schematic diagram of the manufacturing process of Ordinary Portland 
Cement [55] 

2.1.2 Principal phases of Portland cement clinker 

 

The ASTM-C-219 19 standard defines Portland cement as the hydraulic material 

product of clinker milling [56]. 

2.1.2.1 Tricalcium silicate 

The most crucial element in all typical Portland cement clinkers is alite. Portland 

cement clinkers constitute 50 to 70%. Ionic substitutions alter the composition and 

crystalline structure of tricalcium silicate (Ca3SiO5) [57]. 
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2.1.2.2 Dicalcium silicate 

In the clinkers of OPC, belite makes up 15 to 30 percent. Ionic substitutions modify 

the compound dicalcium silicate (Ca2SiO4), which can be present whole or in part 

as a polymorphic β-phase [57]. 

2.1.2.3 Tricalcium aluminate 

In most typical OPC clinkers, aluminate makes about 5 to 10%. Ionic substitutions 

significantly alter the composition and occasionally the structure of tricalcium 

aluminate (Ca3Al2O6) [57]. 

2.1.2.4 Calcium Ferroaluminate 

A typical OPC clinker contains 5 to 15% ferrite. Its composition has been 

significantly altered by changes in the Al/Fe ratio and ionic replacements, making 

it tetracalcic aluminoferrite (Ca2AlFeO5) [57]. 

Table 1. Mineralogical composition of clinker in Ordinary Portland Cement 

Nomenclature Mineral Composition 

in oxides 

Percentage of 

clinker in OPC (%) 

C3S Tricalcium 

silicate (Alite) 

3CaO.SiO2 50-70 

C2S Dicalcium 

silicate (Belite) 

2CaO.SiO2 15-30 

C3A Tricalcium 

aluminate 

(Celite) 

3CaO.Al2O3 5-15 

C4AF Tetracalcium 

ferroaluminate 

(Ferrite) 

4CaO.AlnFe2-

nO3 

5-10 
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2.1.3 Hydration reaction of Portland cement 
 

Cement hydration is the reaction of unhydrated cement or any of its elements with 

water, which causes physical and chemical changes in the system, as well as 

changes in its mechanical behavior. An exothermic chemical reaction between the 

clinker components causes OPC to hydrate, which, together with the setting 

regulator (gypsum) and water, will cause the cement paste to set and harden. The 

following factors have the greatest influence on the rate of hydration and its 

kinetics: 

• The cement phase composition and the presence of dopant ions within the 

clinker phase crystal lattices. 

• Cement fineness, particularly particle size dispersion and specific surface 

area. 

• Water/cement ratio. 

• Use of chemical additives. 

• Curing temperature. 

• The presence of addition (FA, metakaolin, blast furnace slag, VA, etc.) 

The main hydration reaction products of Portland cement are C-S-H gel and 

Portlandite (Ca(OH)2) [58]. The role played by each of the phases that compose 

both alite and belite favor the kinetics of hydration and the formation of new 

phases, in addition to contributing essentially to the setting and hardening of the 

cement paste. The aluminate favors resistance to chemical attack and must 

behave in small quantities because it is the phase responsible for producing 

ettringite. The ferrite phase is the one that acts as a flux and is the one that causes 

hydration to be slower. 

The chemical reactions involved in cement hydration are very complex. 

Understanding these processes is ideal for studying the hydration of each mineral 

in the clinker separately. In this scenario, it is assumed that the hydration of each 

compound is considered an independent process.  
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2.1.3.1 Tricalcium silicate (C3S) 

Tricalcium silicate (3CaO-SiO2), also known as C3S, is the crucial component of 

Portland cement and so plays an important role in the setting and hardening 

processes. C3S hydrated to form an amorphous hydrated silicate commonly called 

the calcium silicate hydrate (C-S-H) phase, and calcium hydroxide [Ca(OH)2], or 

CH [58]. Since it is challenging to pinpoint exactly how C-S-H and CH are formed, 

the following equation is approximative. 

 

2[3𝐶𝑎𝑂. 𝑆𝑖𝑂2] + 7𝐻2𝑂 → 3𝐶𝑎𝑂. 𝑆𝑖𝑂2.4𝐻2𝑂 + 3𝐶𝑎 (𝑂𝐻)2  ΔH= -114kJ/mol

 Equation 1 

 

2.1.3.2 Dicalcium silicate (C2S) 

The products of C2S hydration are practically the same as those obtained during 

C3S hydration, varying only in the amount of Ca(OH)2 formed and the heat of 

hydration released. This hydration reaction is slower than that of C3S. 

 

2[2𝐶𝑎𝑂. 𝑆𝑖𝑂2] + 5𝐻2𝑂 → 3𝐶𝑎𝑂. 𝑆𝑖𝑂2.4𝐻2𝑂 + 𝐶𝑎 (𝑂𝐻)2  ΔH= -43kJ/mol

 Equation 2 

 

2.1.3.3 Tricalcium aluminate (C3A) 

 

Hydration of C3A in the absence of gypsum: the hydration reaction of C3A is 

very fast and with a great generation of heat since, in contact with water, calcium 

aluminate hydrates are rapidly formed on contact with water: 

 

2[3𝐶𝑎𝑂. 𝐴𝑙2O3] + 21𝐻2𝑂 → 4𝐶𝑎𝑂. 𝐴𝑙2𝑂3.19𝐻2𝑂 + 2𝐶𝑎𝑂. 𝐴𝑙2𝑂3.8𝐻2𝑂 

 Equation 3 

 

These hydrates belong to the family of AFm phases, and they are unstable, so they 

quickly convert to their stable form. 
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2[4𝐶𝑎𝑂. 𝐴𝑙2𝑂3.13𝐻2𝑂] + 2𝐶𝑎𝑂. 𝐴𝑙2𝑂3.8𝐻2𝑂 → 2[3𝐶𝑎𝑂. 𝐴𝑙2𝑂3.6𝐻2𝑂] +

9𝐻2𝑂  Equation 4 

 

3CaO.Al2O3.6H2O (C3AH6) hydrate is the only thermodynamically stable C3A 

hydrate at room temperature. The conversion of the initial hydrate to its stable 

form, C3AH6, occurs at a high rate and involves a high heat release. It is influenced 

by the water/cement ratio, the grain size of the C3A, and the presence or absence 

of CO2. 

 

Hydration of C3A in the presence of gypsum: here, compared to hydration in 

the absence of gypsum, a much lower percentage of C3A is hydrated at the 

beginning of the hydration process. In the presence of gypsum, the main hydration 

product is ettringite or C6AS3H32 trisulfate, according to the following equation: 

 

3𝐶𝑎𝑂. 𝐴𝑙2𝑂3 + 2[𝐶𝑎. 𝑆𝑂4.2𝐻2𝑂]  +  26𝐻2𝑂 → 6[𝐶𝑎. 𝐴𝑙2𝑂3.3𝑆𝑂4. 32𝐻2𝑂]

 Equation 5 

 

A significant release of heat accompanies this process. Once all the gypsum has 

been consumed in the reaction to form ettringite, the excess C3A can react with 

the ettringite to form a hydrated sulfoaluminate, also known as monosulfate. 

 

C6AS3H32 + 2𝐶3𝐴 + 4𝐻 → 3𝐶4𝐴𝑆𝐻12                   Equation 6 

 

When monosulfate is in the presence of a new source of sulfate ions, ettringite can 

form again.  

 

  



 

 

  

 14 

 

2.1.3.4 Tetracalcium aluminoferrite (C4AF) 

Calcium ferroaluminate can range in composition from C2 (A0.7F0.3) to C2 (A0.3F0.7). 

The hydration products of C4AF are substantially similar to those produced in the 

hydration reactions of C3A when equivalent environments are present. However, 

the reaction rates differ, with C4AF being much slower than C3A. The Al/Fe ratio 

can affect the reactivity of ferrite phase, which typically declines as the Fe 

concentration rises. It performs better than C3A for cement with good workability 

and has less of an impact on the amount of water in the normal consistency of the 

cement paste.  Its contribution to compressive strength is minimal. In the presence 

of water, the hydration reactions are: 

 

C4AF + 16𝐻 → 2𝐶2(𝐴, 𝐹)𝐻8      Equation 7 

   

C4AF + 16𝐻 → 𝐶4(𝐴, 𝐹)𝐻13 +  (𝐴, 𝐹)𝐻3     Equation 8  

 

2.1.4 Stages in hydration of Portland cement 
 

As we have already discussed, cement hydration is an exothermic process. 

Chemical interactions involving the various clinker minerals, calcium sulfate, and 

water take place concurrently and at various rates throughout the hydration 

process of Portland cement. The following factors determine how the process 

develops: 

• The pace at which the various phases dissolve. 

• The speed at which the hydrate crystals will form and the nucleation. 

• The rate of water diffusion and ions dissolution through the already formed 

hydrated components. 

The hydration mechanism of a cement paste at room temperature is characterized 

by different stages:  
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2.1.4.1 Stage I: Pre-induction period (first few minutes) 

The ionic species in the liquid phase rapidly dissolve as soon as the cement comes 

into contact with water, and the hydrated phases start to develop.The alkaline 

sulfates present in the cement dissolve completely in seconds, contributing K+, 

Na+, and SO4
2- ions. When the calcium sulfate is fully dissolved, extra Ca2+ and 

SO4
2- ions are produced.  The C-S-H layer precipitates on the surface of the 

cement particles as the tricalcium silicate dissolves congruently. In this phase, the 

concentration of Ca2+ and OH- ions increases. Simultaneously, though in 

insufficient quantities, silicate ions move into the liquid phase. The fraction of 

hydrated C3S in the pre-induction phase remains at 2 and 10%. C3A dissolves and 

reacts with the Ca2+ and SO4
2- ions present in the liquid phase forming ettringite 

(AFt) which also precipitates on the surface of the cement particle. The content of 

C3A that hydrates in the pre-induction period can vary between 5% and 25%. Only 

a small fraction of C2S reacts in this phase. 

 

2.1.4.2 Stage II: Induction period (within a few hours) 

Just after the initial period of accelerated hydration, the rate of hydration reactions 

of all the minerals in the clinker develops at a very low rate.  During this period, 

water consumption and the amount of hydrates formed are minimal, which explains 

why the cement acquires plasticity and is workable for a certain period. When the 

pH approaches 12.5, the amount of calcium hydroxide (CH) in the liquid phase 

reaches its maximum and starts to decline. According to some evidence, the 

second step of C-S-H synthesis from the liquid phase was primarily responsible 

for the end of the induction period and the start of the major reaction. 

 

2.1.4.3 Stage III: Acceleration period (3-12 hours after mixing) 

After 1-3 hours, i.e., at the end of the induction period, the initial solidification or 

initial setting begins. The nucleation and development of the hydration products at 

this time regulate the hydration reaction, which is again accelerated. The C3S 
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velocity accelerates, and the C-S-H of the second phase begins to form. Hydration 

of C2S also starts during this period. Once a critical value of Ca+ ions and Ca2+ and 

hydroxyl ions are reached, precipitation of C-S-H and CH begins. The final set 

reached the end of this stage. 

 

2.1.4.4 Stage IV: Deceleration period 

As the quantity of unreacted materials declines, the rate of hydration gradually 

slows down, and diffusion regulates this process. During this period, hydration of 

C3S and C2S causes the C-S-H gel to continue to develop. With time, this 

mechanism results in a greater contribution of C2S to the reaction products, while 

producing less CH at a faster pace. The amount of SO4
2- in the liquid phase 

diminishes when the calcium sulfate is used up. Consequently, the AFt formed in 

the initial hydration stages begins to react with the remaining C3A and C4AF to 

form AFm. 

 

2.1.4.5 Stage V: Diffusion limit 

At this stage, the cement grains have been covered by a layer of hydrates (rings 

around the anhydrous grains), known as internal products, and further reaction 

through this layer is difficult, especially when it is very dense. Thus, the reaction 

rate decreases as it depends on the diffusion of water molecules and aqueous 

solution through the hydrate layer. Depending on the processing variables, such 

as casting, setting, and curing, this layer can have a variable porosity. 

Figure 2 shows the five stages of Portland cement hydration as determined by 

conduction calorimetry.  
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Figure 2. Schematic representation of hydration of cement, (I) Pre induction 
period, (II) Induction period, (III) Acceleration period, (IV) Deceleration period, (V) 

Diffusion- controlled reactions [57] 

 

2.1.5 Hydration products of Portland cement 
 

The formation of so-called hydration products is caused by the kinetics and 

reaction processes that take place during the hydration process of the portland 

cement phases.The main four major compounds are presented below. 

2.1.5.1 Calcium Silicate Hydrate (C-S-H) 

Calcium silicate hydrate (C-S-H) gel is the main product of hydration reactions, as 

it is responsible for strength and durability properties of cement. It occupies 50-

60% of the volume of the cement paste. It is essential to mention that it is a 

compound with an undefined stoichiometry, which presents a ratio of C/S ratio that 

ranges between 1.5 and 2.01 [58]. The morphology it generally gives is of fibers, 

although some authors have found it in more rounded and less dense forms.  
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According to the literature [59–61], the structure of the C-S-H gel has not been fully 

defined, and several models have been proposed to describe it., although there 

are still many discrepancies among authors continue to exist. However, it is 

generally assumed to have a structure similar to a natural mineral called 

tobermorite, sometimes called tobermorite gel. In addition, some researchers have 

found a significant difference in composition between internal and external 

hydration products.  The internal products (rings around anhydrous cement grains) 

are pure C-S-H gels with an average range of C/S ratio range of 1.5 [59], 1.7 

[60,62], 2.1 [60], and 1.75 [61]. In the external products, other elements such as 

Al, K, and S have been reported to have a C/S ratio range between 1.60 [59] and 

2.70 [60]. In addition, the C/S ratio can increase with the reduction in the 

water/cement ratio. 

 Thus, the variability in the composition of the C-S-H gel depends on 

• Incomplete chemical equilibrium 

• Substitution of Ca and Si by other ions in the structure of the hydrated C-

S-H gel. 

• A mixture of the C-S-H gel with other hydration products. 

• Variation in the water/cement ratio and curing and setting temperature. 

• Use of admixtures and replacement materials 

2.1.5.2 Calcium hydroxide (CH) 

The CH component of hydrated cement pastes is the second-most prevalent 

product with defined stoichiometry Ca(OH)2, which can react with the pozzolanic 

additions to become C-S-H, as described below.  

Calcium hydroxide crystals (also called portlandite) make up 20 to 25 percent of 

the volume of solids in the hydrated paste. This compound tends to form elongated 

crystals with a hexagonal prism morphology.  The morphology is usually affected 

by the space available for its formation, the hydration temperature, and the 

impurities present in the system [58]. 
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According to Taylor, the morphology of C-S-H and CH can be observed by 

employing backscattered electron imaging analysis (BSEI) of cement pastes, 

mortars, and concretes at different curing ages. Karen L. Scrivener [63] published 

the microstructure of a portland cement mortar, which is presented in Figure 3. 

Appreciating the appearance of the external and internal products of C-S-H and 

CH is possible. 

 

Figure 3. Back-scattered electron microscopy of a portland cement mortar at 200 

days of curing [63] 

 

2.1.5.3 Ettringite (AFt) and Monosulfate (AFm) 

The ettringite, C6AS3H32, initially formed during cement hydration, can occupy a 

volume fraction of about 0.15 to 0.2 of the total hydrated cement paste and is 

commonly referred to as AFt. The formation of ettringite during the initial hydration 

stage is important in controlling the setting time of the highly reactive calcium 

aluminates [64]. 

After initial hydration, ettringite is partially converted to monosulfate, C4ASH12; this 

monosulfate is very susceptible to carbonation, forming ettringite and a Hemi-
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carbonate. The late formation of ettringite in hardened cement can be harmful, 

causing significant expansion and cracking in structures [65].  

According to Taylor4, ettringite is characterized by a hexagonal needle-like 

morphology, and monosulfate has a layered structure derived from CH by the 

replacement of a Ca2+ ion by Al3+ or Fe3+. Backscattered electron image analysis, 

which is used to observe the morphology of C-S-H and CH, is also used for 

ettringite and monosulfate.   

Paul Stutzman [66] published microstructures of hydrated cement pastes, one of 

the images is shown in Figure 4, where it is possible to appreciate the type of 

morphology of monosulfate. On the other hand, Zhidong [67] reported the 

microstructure of concrete, in which the ettringite can be observed (see Figure 5). 

 

Figure 4. Cross-section of hardened cement paste, showing residual cement 

grain, calcium silicate hydrate (C-S-H), calcium hydroxide (CH), monosulfate 

(AFm), and voids [66] 
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Figure 5. Ettringite fibers are seen in hydrated OPC paste cured for 24 hours [67] 

 

In summary, hydration reactions between silicates, aluminates, calcium sulfate, 

and water produce C-S-H, CH, ettringite, and monosulfate and determine the 

mechanical properties, chemical composition, and microstructure of cement paste.  

However, the hydration process changes when another material of a similar 

chemical nature is added to portland cement.  The mixture of portland cement and 

other materials is known as composite cement.  
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2.2 Sulfoaluminate cement 
 

 Research on alternative cement has increased in recent years in search of new, 

less polluting binder options. In the present work, the behavior of sulfoaluminate 

cement (CSA) was also studied, and the importance of this type of material will 

acquire over time. It is worth mentioning that cement manufacturing produces large 

amounts of CO2 due to the use of energy and the calcination of CaCO3.  The 

percentage of CO2 produced per ton of cement varies depending on the cement 

composition and efficiency, among other factors, and is, therefore, difficult to 

quantify. However, recent data on global CO2 emissions from the cement industry 

estimate an average of 0.88 tons of CO2 per ton of cement produced. 

The Portland cement industry produces CO2 in two ways: by converting calcium 

carbonate to calcium oxide inside the kiln. It needs to calcine a large amount of 

fossil fuels to heat the kilns to almost 1500ºC to form the clinker components 

[57,58]. Since the production of traditional Portland cement produces enormous 

emissions of CO2 and is expected to increase in both production and consumption, 

great efforts are being made to replace it. ASCs have been known since the patent 

of Alexander Klein in 1963. However, they are not widely used in Europe and the 

U.S.; they have been produced, used, and standardized in China for approximately 

30 years as a binder for concrete in bridges, leak and seepage prevention projects, 

concrete pipelines, precast (e.g., beams and columns), prestressed concrete 

elements, waterproof coatings, fiberglass reinforced concrete products, low-

temperature construction and shotcrete [12]. 

These cements are drawing more interest because they promise to offer a 

substitute for Portland cement that emits less CO2. Compared to alite (hydrated 

calcium silicate in cement clinkers), which releases 0.578 g of CO2 per g produced, 

sulfoaluminate clinker releases only 0.216 g of CO2 per g. 

CSA cement contains ye'elimite (C4A3Ŝ) as the main constituent (30-70%), which 

was introduced as a phase of the cement by Klein, who used it as an expansive or 
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shrinkage compensating addition to cement binders so that in addition to the CO2 

reduction, the hydration reactions of C4A3Ŝ with calcium sulfates initiate rapidly to 

form ettringite (AFt), the main hydrate, which contributes to the accelerated 

strength of sulfoaluminate cement [12][68]. The manufacturing temperature used 

to produce CSA clinker is generally 1250°C, approximately 200°C lower than that 

used for Portland cement clinker. It should be noted that CSA clinker requires less 

energy for grinding, which reduces energy consumption. 

2.2.1 Manufacturing process 
 

CSA clinker can be produced from limestone, bauxite, and calcium sulfate 

(anhydrite or gypsum). Generally, the same production process can be applied for 

Portland cement clinker, either in the kiln or furnaces. 

These cement were produced by adding gypsum to the two types of CSA cement 

clinker: the first with belite sulfoaluminates: ye'elimite (C4A3Ŝ and belite (C2S) and 

the second with ferroaluminates consisting mainly of ye'elimite (C4A3Ŝ), belite 

(C2S), calcium sulfate (CŜ) and smaller quantities of aluminoferrite (C4AF). The 

different types of calcium sulfate that can be present in these clinkers are gypsum 

(CŜH2), basanite (CŜH0.5), anhydrite (CŜ), or mixtures of them [68], which results 

in rapid hardening, high mechanical strength, and at the same time undesirable 

expansions.  

CSA can be produced at temperatures around 1250°C, which is 200°C less than 

the production temperatures of Portland cement [69][70]. The amount of limestone 

required to produce CSA is considerably less than that needed for Portland 

cement, and, in addition, the high porosity of CSA clinkers facilitates their grinding 

[69]. These advantages represent a 25-35% reduction in net CO2 emissions 

compared to portland cement [71] [72], thus contributing to reducing energy 

demand and carbon footprint [73] [74]. However, SO2 emissions are significantly 

higher [69]. Generally, the production process is very similar to that of Portland 

cement clinker based on rotary kilns.  
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Figure 6. Schematic diagram of the manufacturing process of Sulfoaluminate 

cement [74] 

 

Depending on the composition of the raw material, CSA clinkers may contain 

various hydraulic phases, such as belite, calcium aluminoferrite, excess anhydrite 

or free lime, and calcium aluminates.  To increase the reactivity of the belite phase, 

which is responsible for developing the late strengths of sulfoaluminate cement, 

secondary ingredients can be added to the raw material.  Typically, 15 to 25% of 

the weight of gypsum is ground with the clinker to achieve the optimum volumes 

for setting time, strength, and stability [69].  
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2.2.2 Raw materials 
 

The primary raw materials for CSA are limestone (calcite), clay, bauxite, and 

calcium sulfate or gypsum as sources of calcium, silica or aluminium, and sulfur, 

respectively [73] [75], and the main chemical reactions occurring in the CaO-SiO2-

Al2O3-SO3 system from these raw materials, during the formation of CSA clinker 

are summarized in the following equations (1 to 7) [71]. It is essential to point out 

that the high cost of bauxite makes cement more expensive, which allows a limited 

application compared to low-cost Portland cement [73]. 

CaCO3 → CaO +  CO2       equation 9 

2CaO +  Al2O3 +  SiO2 →  C2AS      equation 10 

3CaO +  Al2O3 +  CaSO4 →  C4A3S     equation 11 

3CaO +  3C2AS +  CaSO4 →  C4A3S + 3C2S    equation 12 

2CaO +  SiO2 →  C2S       equation 13 

2CaO +  CaSO4 →  2C2S. CS      equation 14 

2C2S. CS →  2C2S +  CS       equation 15 

 

2.2.3 Hydration of Sulfoaluminate cement 
 

Hydration of ye'elimite in the presence of calcium sulfate and water forms ettringite 

(C3A.3CŜ.32H or also written as C6AŜ3H32) and aluminium hydroxide (AH3), which 

contributes to the expansion and development of the properties of CSA cement at 

early ages [72]. 

The main ingredient of the CSA cement is ye'elimite (C4A3Ŝ), which, when 

reacting with gypsum, basanite, or calcium sulfate in the presence of water, forms 

ettringite [71] [76]. The phase is fundamental to the properties of concrete, such 
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as high early strengths, dense matrix, and durability. When ye'elimite reacts with 

insufficient amounts of calcium sulfate, monosulfoaluminate is formed, and when 

the reaction contains excess calcium sulfate, the system is likely to be 

dimensionally unstable. Therefore, one of the important factors underpinning the 

performance and durability of CSA/anhydrite cement combinations is the ratio 

between the ye'elimite and calcium sulfate content [71]. 

2.2.4 Reactions and hydration products 
 

During the first 24 hours of hydration, the majority of the heat is released [69]. 

During the hydration process, three main problems occur 1) the dissolution of 

anhydrous crystalline phases, 2) the appearance of new phases such as crystalline 

ettringite (AFt) and amorphous gels such as aluminium hydroxide (AH3), and 3) 

water consumption. The precipitation can be summarized as follows: ye'elimite in 

the presence of a sulfate source (gypsum, basanite, or anhydrite) and the aqueous 

media will form ettringite and gibbsite (AH3), according to equations 8-10, 

respectively. AH3 precipitates as an amorphous phase or poorly crystallized 

phase. 

𝐶4𝐴3𝑆 +  2𝐶𝑆𝐻2 + 34𝐻 →  𝐶6𝐴𝑆3𝐻32 +  2𝐴𝐻3 𝑔𝑒𝑙   equation 16 

(formation of ettringite) 

𝐶4𝐴3𝑆 +  2𝐶𝑆𝐻0.5 +  37𝐻 →  𝐶6𝐴𝑆3𝐻32 +  2𝐴𝐻3 𝑔𝑒𝑙  equation 17 

𝐶4𝐴3𝑆 +  2𝐶𝑆 +  38𝐻 →  𝐶6𝐴𝑆3𝐻32 +  2𝐴𝐻3 𝑔𝑒𝑙   equation 18 

The formation of ettringite crystals achieves the necessary expansion caused by 

compressive stress, so the main cause of expansion in the CSA cement is the 

formation of late ettringite [76]. 
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Figure 7. SEM micrograph showing ettringite after 1 day of hydration of 

sulfoaluminate belite cement [77] 

 

The primary crystalline hydration product is ettringite, which is formed along with  

amorphous aluminum hydroxide. Once the source of sulfate (gypsum, basanite, or 

anhydrite) is depleted and sufficient free water is available, the monosulfate, also 

known as AFm (C4AŜH12), is formed according to equation 19 [68]  

𝐶4𝐴3𝑆 +  18𝐻 →  𝐶4𝐴𝑆𝐻12 + 2𝐴𝐻2     equation 19 

(formation of monosulfate) 

In the presence of belite, stratlingite is formed as an additional hydration product. 

𝐶2𝑆 +  𝐴𝐻3 +  5𝐻 →   𝐶2𝐴𝑆𝐻8      equation 20 

(formation of stratlingite) 



 

 

  

 28 

 

A commercial CSA clinker was mixed with different amounts of gypsum in the 

experiments by Glasser and Zhang [78]. Gypsum addition of 30% or more is 

required for the specific CSA clinker, it has been demonstrated, in order to create 

just the AFt phase. There is evidence that CSA cement expands more when 

calcium sulfate is added [79–81].  Because of this, selecting the source of sulfate 

is very important to achieve the desired properties [68]. 

The microstructure of the cement is quite dense even after 16 h of hydration, with 

little pore space available at the age of 28 days [82] (Figure 8). 

Other hydration products may occur depending on the minor phases present in 

CSA cement, such as C-S-H phases, monocarboaluminate, gibbsite, or 

hydrogarnet. 

 

Figure 8. X-ray diffraction analysis of CSA; unhydrated sample and after 1, 2, 4, 

6, 16 h, 2, 7, 28 days of hydration at w/c=0.80 [82]. 
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2.2.5 Water/ cement ratio 

For complete hydration with CSA, a higher water/cement (w/c) ratio is needed than 

with OPC. The particular amount of water required for full hydration is largely 

dependent on the contents of ye'elimite and belite [83].  It has been found that the 

water-cement ratio (w/c) significantly alters the expansion behavior and durability 

of cement.  It has been shown that a reduction in the w/c ratio increases the 

expansion [80]. Additionally, a low w/c ratio causes ye'elimite to hydrate 

insufficiently, delaying its expansion in the humid environment. It has also been 

found that slow hydration of ye'elimite at a low w/c ratio affects the expansion rate 

[76,84]. Due to a decline in supersaturation and an elevation in porosity, Bizzozero 

[80] reported that the expansion at higher w/c ratios is reduced (which can be 

accommodated in crystals without developing can be accommodated in crystals 

without generating much crystallization stress). 

According to M. Garca-Maté [51,83], a w/c ratio of 0.78 is necessary for the purest 

ye'elimite to react stoichiometrically with anhydrite to generate ettringite. This 

implies that a w/c ratio of 0.5 is required for a CSA containing roughly 50% by 

weight of ye'elimite, which can result in pastes with wider pore diameters than OPC 

pastes. Furthermore, they assert that high w/c ratios could indicate significant 

expansion, which also contributes to poor end strengths; nevertheless, lower initial 

particle sizes or additives could lessen some unfavorable qualities. 

According to Sanchez Herrero [85], they stated that concerning the formation due 

to the amount of added water is reported by many researchers who have seen 

monosulfoaluminate as the main reaction product in the hydration of C4A3Š with 

water; others have argued that ettringite and monosulfoaluminate precipitate from 

the beginning in C4A3Š pastes [86]. These differences are associated with 

variations in the water/cement ratio used in the studies [87]. It has been observed 

that an increase in the amount of water required for the hydration of C4A3Š favors 

the precipitation of ettringite, calcium monosulfoaluminate, cubic hydrate, and 

gibbsite [87].  
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2.3 Supplementary cementitious materials 
 

Today, to enhance the physical and mechanical characteristics of cement paste, 

whether in the fresh or hardened stage, supplementary cementitious materials 

(SCM) have been added to cement [8]. While Portland cement clinker continues 

to be the primary component of various forms of cement, cement containing SCMs 

has taken the role of Portland cement [4]. The difference that can be found in the 

chemical composition of SCM with respect to an OPC is in its lower calcium content 

which can be seen in the ternary diagram shown in Figure 9A and 9B [8,88]. Figure 

9B shows the main hydration phases for Portland cement and SCM [8,89], the 

latter having a higher content of silica and alumina and less calcium; this is the 

difference in obtaining different phases [35].  

The high cost of bauxite presents an economic challenge for CSA cement, making 

them more expensive than OPC. They can be used with supplementary 

cementitious materials (SCMs), including industrial by-products, to lower prices 

and the quantity of CO2 related to CSA production (e.g., slag or FA). 
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Figure 9. A) CaO–Al2O3–SiO2 ternary diagram of cementitious materials, B) 

hydrate phases in the CaO–Al2O3–SiO2 system. Without carbonate or sulfate, 

C3AH6 will be more stable than the AFm phases [8]. 
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2.3.1 Fly ash 
 

Fly ash (FA) is a pozzolanic material that is a by-product of kilns that uses coal for 

power generation. The FA consists of fine particles of spherical morphology, which 

can be solid or hollow. Amorphous, carbonaceous material in FA is composed of 

angular particles [90]. When coal is burned at a temperature between 1250 °C and 

1600 °C, the non-combustible materials collide to form small glassy spheres of 

silica (SiO2), alumina (Al2O3), iron oxide (Fe2O3), and other minor constituents [91]. 

The physical and chemical properties of FA depend on the composition of the 

inorganic fraction of the coal, the degree of pulverization, history, and oxidation 

conditions.  

The FA can be composed of mineral phases such as quartz, lignite, siderite, and 

mullite, and an amorphous fraction consisting of SiO2-Al2O3-(CaO)-(MgO). Based 

on the chemical composition, two classes of FA are distinguished and defined by 

ASTM C618-8924 [93]: the low calcium content class, called Class F, and the high 

calcium content class, called Class C. Class F FA is generally produced by 

calcination of anthracite or bituminous coal with a minimum of 70% silica, alumina, 

and ferric oxide, it also requires that the SO3 content be less than 5% and that its 

loss by ignition is not greater than 6%.; Class C from sub-bituminous coal, or 

lignite, contains less SiO2 and Al2O3 than Class F but high amounts of CaO. In 

Mexico, the production of FA is of class F, which has a low CaO content and little 

or no cementitious properties. 

In cement pastes, fine and spherical FA particles increase compressive strength 

at later ages due to the packing effect of fine FA, as the small, spherical particles 

fill the pores and increase density [41,43,91]. In addition, the presence of very fine 

particles with a large surface area favors pozzolanic reactivity. The filling effect is 

important, as FA shows little reaction for up to 7 days.  Compared to cement 

mixtures, FA additions show a better contribution to strength after 13 days due to 

the influence exerted by the FA on tricalcium aluminate(C3A) and tetra-calcium 
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ferroaluminate (C4AF) phases present in the clinker, reducing the heat released 

and stimulating the formation of hydrated silicates [88]. The pore solutions of 

cementitious materials are also very sensitive to the heat released from the clinker. 

The factors involved in the behavior of FA are size and spherical morphology, 

chemical composition, pH of the medium, the surface area of the particles, CH 

availability, and the amorphous fraction of the FA. These factors have been found 

to modify the development of the mechanical, chemical and microstructural 

properties of Portland cement pastes, concretes and mortars [89]. Also other 

important factors are the curing temperature and the level of FA replacement, as 

they affect the hydration process, hydration products, and microstructure 

development of Portland cement pastes [46].  

At temperatures below 35°C, during the initial hydration of cement pastes with FA, 

the amorphous fraction of FA did not react with the CH; rather, the reaction 

occurred until the FA had generated nucleation sites and the hydration of C3S was 

accelerated. Due to CH consumption by the pozzolanic reaction of FA, the 

hydration of C2S and C4AF of Portland cement was delayed [44]. Based on the 

analysis of the heat of hydration performed by Durán et al [90], the addition of FA 

does not delay the hydration acceleration period of C2S; however, it reduces the 

heat of hydration. 

The use of FA as a replacement for cement has been associated with increased 

workability of the fresh mix, decreased permeability, and increased mechanical 

strength. In addition, in the hydration process, FA decreases the heat of hydration, 

reducing the risk of thermal cracking [38,42]. The properties of FA have been used 

mainly to improve mechanical strength and develop durability (by reducing the 

possibility of alkali-aggregate reaction) in concrete.  However, its use has been 

reported to delay the setting time of cement [42]. 

The hydration products formed by the pozzolanic reaction of the FA in cement 

pastes fill the interstitial pores, reducing the permeability of the C-S-H matrix and 
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producing C-S-H gel with a different C/S ratio than the C-S-H from the hydration 

of portland cement [92]. 

 

Figure 10. SEM micrograph of fly ash [93] 

 

2.3.2 Volcanic ash 
 

Volcanic ash comes under natural pozzolan as per ASTM C618-93 [94], which 

contains raw or calcined material which shows pozzolanic properties. This natural 

silicoaluminous material is produced by volcanic eruptions. Its structure comprises 

vitreous silicoaluminous particles with more than 50% silica content. When 

combined with Portland cement or lime in water, it produces compounds of low 

solubility and cementitious properties. These materials do not require additional 

treatment other than grinding to react with the lime.   

The physical characteristics of natural pozzolans are very diverse. The 

characteristics of new concrete as well as the development of strength are 

influenced by the fineness, density, specific surface area and particle shape, of 

natural pozzolans [95]. 
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Natural pozzolans have a wide range of chemical compositions that rely on their 

origins. In incoherent volcanic pozzolans, usually, there are high amounts of silica 

and alumina. Iron, calcium, and magnesium oxides are the other oxidized 

elements. Alkali concentration ranges from 3 to 10%. Loss on ignition is typically 

minimal, although in some pozzolans it can reach 9% [96,97]. 

The pozzolanic reaction is the reaction between the active phases of pozzolan and 

lime. The amount of amorphous material often affects how reactive natural 

pozzolans are. It can be difficult to determine which parts of natural pozzolans are 

reactive, but generally speaking, the consumption of lime estimates the pozzolanic 

reaction in a lime-pozzolan mixture or by measuring the acid-soluble silica and 

acid-soluble alumina [95].  

The pozzolanic activity of naturally occurring pozzolans depends on a variety of 

factors. The particle fineness and surface area, the amount of water used for 

mixing and the lime pozzolan mixture, the curing technique, and the temperature 

all have a significant impact on the active phase character and concentration in the 

pozzolan [95,98]. 

The hydration of Portland cement is comparable to the reaction products of the 

lime-pozzolan system. The silicate and aluminate hydrates produced by natural 

pozzolans are identical to those produced by Portland cement. Their slight 

discrepancies typically manifest in the quantity of reaction byproducts. Calcium 

silicate hydrate and calcium aluminate are the main reaction products of the natural 

pozzolans in a saturated lime solution [99]. 

The water-to-cement ratio of the blended cement mix and the length of wet curing 

are related to the porosity of cement paste with and without pozzolans. The volume 

of big pores also grows with elevated temperature. The amount of substitution and 

the reactivity of the natural pozzolan influences the porosity of the cement paste. 

Using the mercury intrusion method, the total porosity of the pozzolanic cement 

paste was found to be higher than that of the reference cement paste with Portland 
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cement [100]. Like Portland cement paste, the overall porosity of pozzolanic 

cement paste diminishes over time. 

Permeability, when compared to parent cement paste, cement pastes containing 

pozzolan have a higher rate of fluid intrusion when pressure is applied early on. 

The permeability of pozzolanic cement paste is reduced significantly more by moist 

curing it for longer ages than normal cement paste. Although it has been around 

longer, pozzolanic cement paste still has a higher porosity than regular cement 

paste [100,101]. When well cured in humid conditions at later ages, the water 

infiltration of the concrete containing natural pozzolans was greater than that of the 

control concretes. 

 

Figure 11. SEM micrograph of Volcanic ash [102] 

 

The principal benefit of adding natural pozzolans to bulk concrete is that it controls 

thermal cracking by lowering the temperature at which natural pozzolanic cement 

hydrates. Calcium alumino silicate hydrate (C-A-S-H) gel forms when the amount 

of alumina in VA is high. in the blended cement paste as the hydration reaction 
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product; this positively affects sulfate attack. The strength of the cement paste 

samples was directly correlated with the hydration products in the system, C-S-H 

and C-A-S-H specifically, play a vital role in the strength of the cement paste 

samples [106]. They are also commonly employed in dam construction as mass 

concrete structures due to the increase in sulfate resistance and the reaction time 

of the alkaline aggregates in concrete containing suitable amounts of natural 

pozzolans [95,103]. 

Kunal Kupwade-Patil [104] reported in his research that varying the percentage of 

OPC with VA from 10%-50% results in forming C-S-H, C-A-S-H, and M-S-H along 

with the other crystalline products detected as the main hydration products. 

Increasing the replacement percentage of OPC from 30% leads to increased 

porosity and vesicularity in the cementitious matrix.  

 

 

Figure 12. Ternary phase diagram of OPC-VA combinations after 90 days of 
curing  
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2.3.3 Spent coffee grounds  
 

One of the most consumed beverages and yet popular trading products globally is 

coffee. This is accountable for many environmental hazards in the form of SCG. 

Due to the fact that SCG is a solid by-product specifically linked to coffee 

consumption, substantial amounts of SCG from coffee shops are landfilled [105]. 

SCGs require a tremendous amount of oxygen to more effectively break down the 

organic structure because there are more organic chemicals present in them 

[105,106]. SCG contains environmentally hazardous substances including 

caffeine, tannins, and polyphenols that need a lot of oxygen to break down the 

organic shell. Proper composting or vermiculture can decompose SCGs, in a 

highly nitrogen-rich compost; however, the disposal process is not as direct as 

most other waste materials [107–110]. Due to its high organic content, SCG has a 

higher risk of self-combustion, which could result in the production of significant 

volumes of methane and carbon dioxide as well as the emission of bad smells 

associated with fermentation processes when it is disposed of in large quantities 

and left untreated [111,112]. 

In a variety of civil engineering applications, SCGs are a great match. For example, 

SCGs may be used in road subgrades because of their physical characteristics, 

which are similar to those of sand [25,113,114]. Embedding SCG in clay bricks 

also leads to improved thermal properties of these bricks and reduces heat loss by 

up to 50% [115]. It is an efficient complement to acoustic walls due to its 

microscopic composition and high compressibility [115]. 

Agro-industrial biowaste volumes and SCG will multiply as the demand for coffee-

based beverages continues to climb internationally. These produce harmful effects 

on the environment; therefore, the physical characteristics and chemical 

composition of SCGs must be understood. It can provide some clues to handle 

these SCG for recycling purposes and application to construction industries [116]. 
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SCG always contains high moisture content due to its brewing process. Due to the 

fact that SCGs are created by reacting with water, their total volume of pores and 

specific surface area are smaller than those of fresh coffee. This means that 

according to Brunauer-Emmett-Teller (BET) analysis, SCGs can be categorized 

as non-porous materials. The total pore volume for SCG was determined to be 

0.02-0.07 cm3/g, while the specific surface area was reported to be in the range of 

0.305- 0.88 m2/g [110,117] and also had high adsorption capacity [118]. The 

specific gravity was found to be in the range of 0.6-1.4, and the density of 917-

1367 kg/m3 [111]. By contrasting the densities of SCG with lightweight aggregates, 

it can be suggested that SGC can be used to produce lightweight structural 

concrete with a unit weight less than1900 kg/m3 [119].  

The composition of SCG contains considerable amounts of potassium oxide, 

calcium oxide, titanium oxide, and iron oxide, according to X-ray fluorescence 

(XRF) analysis [35,120]; the Loss on Ignition (LOI) was also very high due to the 

high amounts of organic compounds [26]. 

The SCG particles are granular and are similar to sand; that is why they were used 

as a recycled construction material; due to their high friction angle and shear 

strength, SCG was used to form the majority of embankment fills [113]. 

SCGs were additionally utilized for generating lightweight clay aggregates. Also, 

this can be used to prepare clay with a 15% mass of SCG, which can yield future 

applications because of its porosity and bulk density. Other than SCG, the coffee 

husk is also used in ceramic production. As discussed for SCG, a 15% additional 

coffee husk in ceramics also shows better mechanical strength. Coffee husks were 

also used for applying roof tiles and industrial clay products as a replacement for 

cement in mortars and concrete; reports suggest the addition of 10% coffee husk 

can be used for all the above applications. It was claimed that the lasting revitalized 

binder could be utilized to manufacture asphalt for web visitor traffic and for fixing 

damaged asphalt or even reclaimed mature asphalt.  
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Figure 13. SEM micrograph of spent coffee grounds [118,121] 

 

2.4 Effect of supplementary cementitious materials on OPC 
 

The use of SCM, in combination with cement, is affected by considerations such 

as chemical composition, particle size, pozzolanic or hydraulic activity, 

replacement level, and morphology of the cement. These characteristics affect 

various properties of the concrete. The complexity of understanding composite 

cement increases when cement substitutions are of more than one material. This 

creates the ideal environment for analyzing these systems as a synthesis of 

chemical and physical effects. SCMs have been discovered to have a yet unclear 

impact on the hydration kinetics of concrete. 

Partial substitution of Portland cement with FA has been studied and observed to 

have favorable effects on the properties of blended cement, such as reduced heat 

of hydration, reduced permeability, and higher subsequent strengths due to the 

pozzolanic reaction between the portlandite and glassy phases present in the FA. 

However, it must be considered that the percentage of replacement of the Portland 

cement clinker with FA is limited to only 30% due to the poor development of initial 

strength [45,47,122] since the pozzolanic reaction between the FA and portlandite 

is slow at room temperature [123]. The fineness of FA also affects the mechanical 

strength of cement mix, mortar, and concrete [41–43]. 
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The mixture of Portland cement with FA causes a decrease in the amount of 

portlandite in the hydrated mixture because: (i) FA has very low reactivity and (ii) 

the CaO in the FA serves as an additional source of calcium. Class F FA contains 

between 15 and 35% alumina, so mixing OPC with this material results in high 

amounts of Al-rich phases and low amounts of CaO [8]. 

For ≥60% replacement of portland cement by FA, complete depletion of portlandite 

has been observed after hydration periods of 1 year or more.  After this time, when 

a significant amount of FA has reacted, there is a decrease in the amount of 

ettringite, which is due to the high Al2O3 and low SO3 content of this material. At 

the same time, an increase in the amount of AFm as monosulfate or 

monocarbonate, and the presence of strätlingite has also been reported. The 

formation of C-S-H observed in OPC - FA blends have a lower Ca/Si ratio and 

contain more Al. However, in contrast to the thermodynamic modeling results, the 

presence of strätlingite has been observed, which increases with increasing % FA 

in the mixture [8].  

FA affects the hydration of the cement paste. The effect depends on the 

percentage replacement of FA and the curing temperature; when the replacement 

percentage is higher and the curing temperature also higher, it improves the 

pozzolanic reaction and formation of hydration reaction products in the early ages 

[46]. The early age strength of FA blended mix can be enhanced using alkaline 

activators such as sodium sulfate or using C-S-H seeds [40]. 

In 2003 Hossain [124] studied the consistency and setting times of blended cement 

using VA as a partial replacement for OPC. Chemical analysis results showed that 

VA had very similar compositions to that of OPC.   

As the percentage replacement of cement increased, it affected the normal 

consistency of the paste. The normal consistency decreased to 13 % up to 50% 

replacement of cement. The specific gravity of VA was lower than that of OPC. 

This implies more volume for VA than OPC resulting in more water to get the exact 
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consistency for the cement paste. Replacing OPC with VA increases setting time 

due to the decrease in the heat of hydration during the hydration process [124]. 

The high silica content in VA and the formation of calcium hydroxide due to the 

reaction of cement with water results in the formation of calcium silicates and other 

stable compounds; this pozzolanic action helps in the durability and strength gain 

for blended cement with VA and OPC. Early ages of the cement paste showed 

lower compressive strength findings compared to the reference cement paste. The 

capillary porosity of the mortar is reduced by adding a secondary C-S-H, and as a 

result, a higher level of hydration is reached, leading to higher strength in later 

ages [125]. The formation of gels C-S-H and C-A-S-H was attributed to a dense 

matrix in the hardened cement paste [104]. Also, as the particle size decreases, 

the reactivity of the VA with OPC increases [13,100,126,127]. 

The electrical resistance was more excellent for blended cement with OPC and 

VA. As the percentage replacement of OPC with VA increased, the pozzolanic 

action also improved, leading to increased electrical resistance. Electrical 

resistivity measurements can be used to predict diffusivity and porosity. The 

electrical resistivity of the cement mortars affects the rate of corrosion. Since the 

replacement of cement with VA increases, this also aids in less corrosion 

[128,129].   

Studies on composite cement with OPC, VA, and blast furnace slag pulverized fuel 

ash was carried out by Escalante Garcia from 1998 to 2004. He used 60% of blast 

furnace slag, 30% FA, and 22% VA with OPC and cured at various temperatures 

ranging from 10 ℃ to 60 ℃. The studies observed that as the curing temperature 

increased, the porosity also increased [29]. The hydration rate was more significant 

for lower curing temperature at 10 ℃ and observed lower porosity. The C-S-H 

formed for the composite with VA showed a shift in higher Si and Al; also a lowered 

Ca content [30–33]. 
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2.5 Effect of supplementary cementitious materials on CSA 
 

The physical qualities and pore solution chemistry of the expansive cement system 

are altered by the effect of mineral additions on the expansion characteristics of 

CSA [75]. Alkali binding during the creation of the C-(A)-S-H gel is known to reduce 

the alkalinity of the pore solution when mineral admixtures are used [75,130]. A 

study by Folliard et al. reported that mixing CSA cement with FA reduces the 

degree of expansion [75].  

In the early phases of hydration, CSA cement pore solutions often have a lower 

pH than OPC, which implies that it is anticipated that FA would dissolve even more 

slowly than in OPC systems. Additionally, portlandite, the primary component with 

which the FA interacts, gives way to the pozzolanic reaction to create new C-S-H 

gels, resulting in concrete with better physical and mechanical properties [92], is 

often not generated when CSA is hydrated. Since Al(OH)3 is formed and not 

Ca(OH)2 is formed, which is known as portlandite. But if C-S-H is found in hydrated 

CSA cement, it can give calcium ions to C-S-H with a lesser Ca/Si ratio, as was 

the case with blended Portland cement with FA. 

In CSA cement, FA encourages early ettringite generation. Strätlingite, on the 

other hand, is discovered only after 180 days at a high water/cement ratio, and this 

is thought to indicate that FA has only a very limited reaction [50]. 

According to García-Maté [51], P. Chaunsali, and P. Mondal [75], there are very 

limited studies on using mineral admixtures with CSA cement. CSA cement, thus 

justifying detailed investigations in this direction, the beneficial effect of the addition 

of mineral admixtures on the properties of concrete. 
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2.6 Effect of spent coffee grounds 
 

Waste material obtained after the preparation of instant coffee, SCG, have been 

employed as a home fertilizer or landfill [25].  From the studies of Teck-Ang Kua, 

these wastes can be successfully converted into construction material that can be 

used as an embankment fill instead of land fill which is a non-soluble material in 

soil [36,113,131,132]. The chemical composition of SCG, which is extremely 

polysaccharidal and has a high burning capability, is toxic to the environment, 

making them unsuitable for compost and landfills. SCG were used for the 

preparation of alkali-activated bricks with 2.5% of SCG and showed a decrease of 

compressive strength for structural applications but can be used for nonstructural 

applications since it meets the compressive strength 8.6 MPa for construction 

applications as per ASTM C62. Geopolymer prepared using SCG with blast 

furnace slag at 50 ℃  can be used as subgrade filling material [28]. Formation of 

gels C-S-H, C-A-S-H, N-A-S-H attributed to the strength of geopolymer mix [114]. 
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CHAPTER 3 

HYPOTHESIS AND OBJECTIVES 

 

 

 
 

 

 

3.1 HYPOTHESIS 
 

Varying, the amount of pozzolans and SCG to OPC & CSA cement will improve 

the compressive strength, durability, electrical resistance and will modify the 

microstructure by producing a dense matrix of hydration products of the cement.  

3.2 OBJECTIVES 
 

3.2.1 General Objectives 
 

To study the physical, chemical, electrical, and mechanical properties of blended 

cement with SCG and pozzolans. 

3.2.2 Specific Objectives 
 

• To characterize the structure and chemical composition of the raw materials 

using SEM, EDS, and XRD 

• To replace the cement (OPC and CSA) in various percentages with 

pozzolans. 

• To find the hydration temperature of the composite cement. 
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• To find the optimum strength of blended cement by partially replacing OPC 

and CSA cement from 10% to 33.5 % with SCG, FA, and VA and then 

characterize the cement. 

• To find the electrical resistance of the blended cement cubes using 

electrochemical impedance spectra. 

• Finally, to investigate the characterization of cement paste cubes using 

compressive strength tests up to 210 days, SEM, EDS, ATR, and XRD. 
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3.3 SCIENTIFIC-TECHNOLOGICAL CONTRIBUTION 
 

The use of FA and VA in recent years has made it possible to effectively reduce 

cement consumption in different ways of inclusion in certain types of mixes, 

providing a solution for recycling these industrial by-products.  An ecological and 

economical alternative with the combination of two pozzolans and spent coffee 

grounds with cement: FA, VA, SCG, giving us the possibility of less pollution and 

helping in producing less expensive concretes. 
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CHAPTER 4 
 

EXPERIMENTATION 
 

This section presents the methodology used in the research. The whole work was 

divided into four stages. First, the preparation and characterization of the raw 

material, followed by the design and synthesis of preliminary pastes to find the 

most suitable water/cement ratio for the mix to reach adequate mechanical 

strength, according to the reviewed literature. Following the identification of the 

best formulations, the design and final synthesis were completed in order to carry 

out the characterization on the designated days. An explanation of each 

characterisation approach is provided before examining the impact of the various 

materials utilized on the characteristics, microstructure, and production of 

hydration products.  

4.1 Experimental methodology 
 

The variables involved in the experimentation were: 

• OPC and CSA partially replaced with FA and VA individually up to 30%. 

• Percentage of SCG used (from 1.5 to 3.5% by weight). 

• Curing times ( 3,7,28,90 and 210 days). 

In general terms, Figure 14 shows a diagram that summarizes the experimental 

methodology used for the development of this research work.  
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Figure 14. Experimental methodology used in the investigation 
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4.1.1 Stage 1: Preparation and characterization of the raw material 
 

The conditioning of the raw material focused on the treatment of the materials to 

comply mainly with regulatory requirements or to improve their properties.  The 

materials used in this research were two types of cement, (OPC, CSA), FA, VA, 

and SCG.  The characteristics of each material and the processes carried out to 

condition the materials for preparing composite cement systems are described 

below. 

• OPC: donated by the laboratory of the Faculty of Civil Engineering, 

Universidad Autónoma de Nuevo León from CEMEX Monterrey. 

• Calcium Sulfoaluminate Cement: from Cemento Fraguamax of Cementos 

Chihuahua. 

• FA: provided by CEMEX Monterrey. 

• VA: from Vulkano Block Termico, Monterrey, Nuevo Leon. 

• SCG: collected from houses and offices. 

• Double-distilled water: For the preparation of the samples, double-distilled 

water was used to avoid the interference of other ions in the pore solution 

of the paste. 

4.1.1.1 Ordinary Portland Cement 

XRF, XRD and SEM characterization techniques were used to determine the 

chemical composition of the oxides present, crystalline phases and morphology of 

the material, respectively. The OPC cement used in the investigation was OPC40, 

which has a compressive strength of 40 MPa at 28 days. Before preparing the 

samples, the cement was kiln dried at 60 °C to eliminate hydrated particles, sieving 

with a 200 mesh was to control the particle size (see Figure 15).  
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Figure 15. Dried at 60 °C, OPC sieved through mesh No.200   

 

4.1.1.2 Calcium sulfoaluminate cement 

Sulfoaluminate cement was sieved through 200 mesh after being dried for 24 

hours at a temperature of 60 °C to standardize the particle size and ensure that 

the particles were below 75μm, see Figure 16. X-ray fluorescence (XRF), the 

characterization technique that helps to determine the chemical composition of the 

oxides present, X-ray diffraction (XRD) to determine the crystalline phases present 

in the material. Using secondary electrons, scanning electron microscopy (SEM) 

was used to examine the morphology. 

             

Figure 16. Dried at 60 °C, CSA sieved through mesh No.200 
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4.1.1.3 Fly Ash  

FA was first dried in an oven at 60 °C to eliminate the moisture present in the 

material. Afterward, they were sieved with mesh No. 200 to adequately adjust the 

particle size distribution for the synthesis of pastes and to eliminate all the 

impurities in the material, see figure 17. The sieved FA has then characterized as 

similar to the cement; its chemical composition was analyzed by XRF and XRD to 

identify the crystalline and amorphous phases. SEM was used through secondary 

electrons to observe their morphology. 

         

Figure 17. Dried at 60 °C, FA sieved through mesh No.200 

 

4.1.1.4 Volcanic ash 

The purchased volcanic sand was dried at 60 °C to eliminate moisture from the 

material. Subsequently, the volcanic sand was then subjected to a grinding 

process in a vibrating ball mill with a capacity of 5 kg per charge. The material 

obtained was ground at different grinding times to determine the required milling 

time to allow the VA to enable 100% of the material to be under 75 microns; that 

is, it could pass through no. 200 mesh, and it was found that the optimum time for 

grinding was one and a half hours, see figure 18. VA was characterized by XRF to 

obtain its chemical composition. To know the phases present in the material, and 

to know the content of amorphous and crystalline phases XRD was used. SEM 

was used to observe their morphology.  
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Figure 18. Dried at 60 °C, Volcanic sand was ground in a ball mill, VA sieved 

through mesh No.200 

 

4.1.1.5 Spent coffee grounds 

SCG was collected from offices and houses. The collected SCG was mixed with 

filter papers; these were separated before drying. The coffee grounds were dried 

in an oven at 100°C. Then they were sieved with mesh No. 200 to adequately 

adjust the particle size distribution for use in the synthesis of pastes (see figure 

19). The sieved coffee grounds were then characterized the same as the cement; 

its chemical composition was analyzed by XRF and XRD to identify the crystalline 

and amorphous phases, and to observe their morphology, SEM was used using 

secondary electrons. 

        

Figure 19. Spent coffee grounds dried at 100 °C, sieved through mesh No.200 
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4.1.2 Stage 2: Design and synthesis of preliminary pastes 
 

Before synthesizing the final systems, preliminary tests were performed (see 

Tables 2 and 3) to analyze the behavior of the supplementary cementitious 

materials with the OPC and CSA. Based on these results, the final design of the 

pastes was carried out. This way, the percentages of the pozzolans used FA and 

VA were varied at various water-to-cement ratios (0.40, 0.42, 0.45). Another 

aspect considered was the temperature variation (values of 60 and 80 °C) in the 

curing process to observe if there were improvements in mechanical strength due 

to the acceleration of the reactions. Their characteristics were then analyzed to 

determine the best mixtures, observing the workability, fluidity, compressive 

strength, and porosity of the samples. 
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Table 2. Preliminary mix design with OPC 

 

Sample 

name 

OPC 

% 

FA 

% 

VA 

% 

SCG 

% 

W/C 

 

Temperature 

60 °C and 80 

°C for 24h 

O1 100 - - -  

 

 

 

 

 

(0.4, 

0.42, 

0.45) 

- 

O2 90 10 - - - 

O3 80 20 - - - 

O4 70 30 - - - 

O5 60 40 - - - 

O6 50 50 - - - 

O7 90 - 10 - - 

O8 80 - 20 - - 

O9 70 - 30 - - 

O10 60 - 40 - - 

O11 50 - 50 - - 

O12 98.5 - - 1.5 ✓  

O13 97.5 - - 2.5 ✓  

O14 96.5 - - 3.5 ✓  

O15 95.5 - - 4.5 ✓  

O16 66.5 30 - 3.5 ✓  

O17 66.5 - 30 3.5 ✓  
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Table 3. Preliminary mix design with CSA 

Sample 

name 

CSA 

% 

FA 

% 

VA 

% 

SCG 

% 

W/C 

 

Temperature 

60°C and 80 

°C for 24h 

S1 100 - - -  

 

 

 

 

 

(0.4, 

0.42, 

0.45) 

- 

S2 90 10 - - - 

S3 80 20 - - - 

S4 70 30 - - - 

S5 60 40 - - - 

S6 50 50 - - - 

S7 90 - 10 - - 

S8 80 - 20 - - 

S9 70 - 30 - - 

S10 60 - 40 - - 

S11 50 - 50 - - 

S12 98.5 - - 1.5 ✓  

S13 97.5 - - 2.5 ✓  

S14 96.5 - - 3.5 ✓  

S15 95.5 - - 4.5 ✓  

S16 66.5 30 - 3.5 ✓  

S17 66.5 - 30 3.5 ✓  
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4.1.3 Stage 3: Design and synthesis of definitive cement pastes 

With the information from the preliminary results, it was possible to synthesize 

definitive pastes (see Table 5) using the methodology described below: 

a) The precursor powders were weighed and added to bidistilled water, 

according to ASTM C305-06 [133]. The mixing was carried out in a 

mechanical stirrer, where the mixing time of composite cement mix was 2.5-

3 minutes, according to the workability and setting time of the mixtures. This 

time was distributed as follows, 30 seconds for water absorption when the 

powders were added to the mixing water; 30 seconds for the mixer at 

medium speed; 15 seconds to clean the material from the sides, and the 

final 1 minute that completes the mixing at high speed (see figure 20). 

b) The mixtures were poured in two layers into the molds of 2.5 cm, previously 

greased, to prevent the material from adhering during demolding and thus 

damaging the samples, according to ASTM C31/C31M-09 standards [134]. 

c) After all the cubes were filled, the molds were covered with a plastic film to 

prevent water loss by evaporation. They were left to rest for 24 hours using 

two methodologies: the first at room temperature, which was applied to the 

majority of the systems created, and the second was with temperature 

assistance, when the mixture was placed in the molds, they were protected 

with more plastic film and wrapped in a damp before being placed in an 

oven set to 80 °C. 

d) After 24 hours, the samples were demolded according to ASTM C31/C31M-

09 [134], OPC incorporated composite cement mix was then immersed in 

bidistilled water, which is mixed with calcium hydroxide. In the case of 

sulfoaluminate composite cement, calcium hydroxide was not added to the 

curing water in order to protect the hydration products. 

e) Electrochemical Impedance Spectroscopy (EIS) studies were carried out at 

7, 28 90 days of curing, and subsequently compressive strength tests at 

each of the indicated dates 3, 7, 28, 90, and 210 days of water curing 

according to ASTM C109/C109M-08 [135]. 
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f) Once the samples were tested, they were placed in isopropyl alcohol to stop 

the hydration process for 72 hours and were then placed in an oven at 40 

°C for 72 hours to dry them; when they were taken out of the oven, they 

were put in plastic bags, leaving them ready for the characterization 

techniques. 

g) The exact mixing procedure was used to analyze hydration temperature; 

according to ASTM C305-06 and ASTM C186, [136] the hydration 

temperature of the composite cement was carried out for 24 hours 

     

a)    b)   c) 

          

d)   e)   f) 

Figure 20. The procedure of mixing. a) weighed powders b) composite cement 

mix mixed with water in mixer c) pouring the mix into 25 mm x 25 mm cube 

molds d) compaction e) prepared cubes covered with plastic films f) demolded 

cubes  
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4.1.4 Stage 4: Characterization of composite cement samples 
 

4.1.4.1 Compressive strength 

When complying with the curing times described earlier (3, 7, 28, 90, and 210 

days), the samples were taken from the water, letting them dry for 5 min to 

measure the faces of the cubes; several measurements of each face were taken 

using a digital vernier, then the average was calculated to obtain the actual area. 

This trial was used to conduct compressive strength using a hydraulic press ELE 

International compression machine, model 1913B0001 (Figure 21), with a 

maximum testing capacity of 200 kN; the speed of application of the load used was 

500 N/s for cubes of size 25 x 25 mm, and the failure limit of 20%. For each type 

of mixture, 4 specimens were taken at each date, the average of their strength 

obtained was taken as the final compressive strength. The whole process followed 

the procedure set out in ASTM C109/C109M-08 [135]. 

The tested samples were crushed and immersed in isopropyl alcohol to stop 

hydration reactions. After 3 days, they were dried at 40 °C to remove the remaining 

moisture, and thus proceeded with them to the rest of the characterization. 
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Table 4. Definitive mixing systems with OPC 

 

Sample name OPC 

% 

FA 

% 

VA 

% 

SCG 

% 

W/C 

 

Curing 

Temperature 

80 °C for 24h 

OC0 100 - - -  

 

 

 

 

 

 0.45 

- 

OCV10 90 - 10 - - 

OCV20 80 - 20 - - 

OCV30 70 - 30 - - 

OCF10 90 10 - - - 

OCF20 80 20 - - - 

OCF30 70 30 - - - 

OCC1.5 98.5 - - 1.5 - 

OCC2.5 97.5 - - 2.5 - 

OCC3.5 96.5 - - 3.5 - 

OCFC 66.5 30 - 3.5 - 

OCVC 66.5 - 30 3.5 - 

OCC1.5 (W/T) 98.5 - - 1.5 ✓  

OCC2.5 (W/T) 97.5 - - 2.5 ✓  

OCC3.5 (W/T) 96.5 - - 3.5 ✓  

OCFC (W/T) 66.5 30 - 3.5 ✓  

OCVC (W/T) 66.5 - 30 3.5 ✓  
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Table 5. Definitive mixing systems with CSA 

 

Sample name CSA 

% 

FA 

% 

VA 

% 

SCG 

% 

W/C 

 

Curing 

Temperature 

 (80 °C for 24h) 

SC0 100 - - -  

 

 

 

 

 

 

0.45 

- 

SCV10 90 - 10 - - 

SCV20 80 - 20 - - 

SCV30 70 - 30 - - 

SCF10 90 10 - - - 

SCF20 80 20 - - - 

SCF30 70 30 - - - 

SCC1.5 98.5 - - 1.5 - 

SCC2.5 97.5 - - 2.5 - 

SCC3.5 96.5 - - 3.5 - 

SCFC 66.5 30 - 3.5 - 

SCVC 66.5 - 30 3.5 - 

SCC1.5 (W/T) 98.5 - - 1.5 ✓  

SCC2.5 (W/T) 97.5 - - 2.5 ✓  

SCC3.5 (W/T) 96.5 - - 3.5 ✓  

SCFC (W/T) 66.5 30 - 3.5 ✓  

SCVC (W/T) 66.5 - 30 3.5 ✓  
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Figure 21. Compression testing machine ELE International 

4.1.4.2 X-Ray Diffraction (XRD) 

Mineralogical characterization of raw materials and paste systems was developed 

from qualitative analyses of the powder samples by the XRD technique to analyze 

the crystalline phases present in the raw material and the different mixtures 

synthesized. In the case of raw materials, a diffractometer with the copper tube 

was used, with monochromatic radiation and Cu kα detector (λ=1.5406 Å), and the 

run was set from 5-90 degrees for 10 minutes. In the case of mixtures synthesized 

were analyzed after being tested to compressive strength to meet 28 and 90 days 

of curing. Figure 22 represents the agate mortar used to prepare the samples for 

XRD and other characteristics. The finely grounded powdered samples with less 

than 75 microns were used for the XRD analysis. They were added as a powder 

directly on the diffractometer sample holder to run the analysis. A Bruker-D8 

Advance diffractometer with a Cu-Kα radiation (λ= 1.54) set at 5-90 degrees for 8 

minutes, with a voltage of 40kV and a current of 40mA, was used to analyze the 

mineralogical phases and the crystalline structure present in the powdered sample.   
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Figure 22. Agate mortar 

 

 

Figure 23. Empyrean Panalytical X-Ray Diffractometer  
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4.1.4.3 Scanning electron microscopy and Energy dispersive 

electron spectroscopy  

The selected composite cement systems were cold-mounted using epoxy resin 

and then polished for SEM and EDS analysis. With the EDS technique, it is 

possible to obtain the compositional analysis of the material, and the method 

consists of the characterization of x-ray photons according to the energies that 

affect using a semiconductor detector. Using SEM, the information obtained is 

focused on the development of the microstructural and chemical composition of 

the material. The point of view of morphology is based on the interaction of a high-

energy electron beam with the sample analyzed using specific physical processes.  

For the analysis by SEM, two microscopic equipment were used; the first HITACHI 

brand, model SU8020, see figure 24 a). The second brand JEOL, model JSM-

6510LV, figure 24 b) using which micrographs of the samples could be obtained, 

using secondary electrons or backscattered, and energy dispersive spectroscopy 

(EDS) for the chemical composition and hydration products formed according to 

the sample. In this case, the first (Hitachi, model SU8020) was used to obtain 

images with both secondary electrons of the raw material and the fractures of the 

synthesized samples, with an acceleration voltage of 1, 2, or 5 kV (depending on 

the image quality) and a specific magnification (x500, x1000 and x1500). With the 

second SEM (JEOL, model JSM-6510LV), electron imaging was obtained 

backscattered at 20 kV acceleration voltage, applying energy dispersive 

spectroscopy (EDS) analysis for composite cement systems after 90 days of 

curing. 
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Figure 24. Field emission scanning electron microscopy a) Hitachi, model 

SU8020. b) JEOL, model JSM- 6510LV 

 

Composite cement systems tested after 90 days of curing were selected to analyze 

EDS. At first, residues were taken from the compression tests of each system 

developed. To better understand what happens during hydration, the parts in the 

center of the specimen were selected because these areas give a more accurate 

study of hydration reactions. The samples were then mounted using epoxy resin 

and EpoFix hardener. After 24 hours, they were unmolded and underwent 

polishing with isopropyl alcohol and polishing paper (sandpaper) of 80, 180, 240, 

320, 400, 600, 800, 1200, and 2400. Finally, cloth with a diamond paste of 0.5 

microns was used to obtain the resin as a polished mirror surface, subsection a), 

showing that the specimens were in the same condition, see figure 25. They were 

then placed in a container with alcohol to the Aquasonic ultrasound model 75T for 

1 minute, see figure 25 subsection (b) to remove any impurities acquired in the 

previous process. Finally, the samples were coated with two layers of gold using 

the Quorum equipment model Q150R ES (see figure 25 subsection c) to increase 

the conductivity by being in the SEM.  
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Figure 25. a) Samples mounted in resin b) Aquasonic ultrasound model 75T c) 

Quorum gold coater model Q150R ES (d) gold coated sample 

 

4.1.4.4 Density 

This characterization method was performed according to ASTM C 188 [137] 

standard, for which a graduated Le Chatelier flask was used, which was then filled 

with kerosene upto the mark. To that, 64 g of cement is added, and the volume 

difference is measured. The temperature was maintained at 23+2 °C (see figure 

26). The same procedure was used for all the supplementary cementitious 

materials used in work.  
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Figure 26. The density of Portland cement using the Le Chatlier apparatus 

4.1.4.5 Attuenataed total reflectance Infrared spectroscopy (ATR) 

For the analysis of this technique, a BRUKER Alpha II FT-IR (Bruker, Ettlingen, 

Germany) brand equipment was used (see Figure 27). IR spectra were analyzed 

for the composite cement systems created and strength tested at 90 days. 

First, fine grinding of the material was carried out in a mortar of agate, to be then 

introduced this powder in a trapezoidal block of an infrared transparent material 

(diamond was used) on which it was made impinge a beam of photons at one end 

with an angle less than the critical angle so that it undergoes internal reflection 

until it emerges from the other end. Despite the internal reflection, part of the 

radiation penetrates something beyond the surface of the prism. The immobilized 

material is found on the surface, absorbing part of the radiation, and the internal 

reflection will remain attenuated. The extent of radiation penetration into the 

sample depends on the frequency of radiation, the relationship between the indices 

of refraction of the sample, the material of the accessory, and the angle of 

incidence.   
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Figure 27. Equipment of infrared spectroscopy, BRUKER Alpha II 

 

4.1.4.6 Electrochemical impedance spectroscopy (EIS) 

The set of blended cement cubes that gave better mechanical strength was chosen 

to carry out Electrochemical Impedance Spectroscopy. When complying with the 

curing times described earlier (7,28, and 90 days), the samples were taken from 

the water, letting them dry for 5 min to perform the measurement. The experimental 

procedure is to apply a small potential signal to an electrode and determine the 

corresponding response.  However, under certain circumstances, it is possible to 

apply a small current signal and measurements of potential - time and current - 

time, resulting in a series of impedance values corresponding to each frequency 

studied. This relationship between impedance and frequency is called the 

impedance spectrum. The impedance spectra obtained are usually analyzed by 

Nyquist plots. The spectra obtained are usually analyzed utilizing Nyquist diagrams 

and equivalent electrical circuit diagrams composed of components such as 

Resistances (R), Capacitances (C), and Inductances (L). SOLARTRON SI 1287 

ELECTROCHEMICAL INTERFACE was used to analyze the EIS of the cement 
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cube samples in a three-electrode setup with a frequency of 3x106 Hz and an 

amplitude of 10 mV. The cement cube was placed between two parallel stainless-

steel electrodes. A polyester sheet dipped in 3% NaCl solution was placed 

between the cement cube and the stainless-steel electrodes. The reference 

electrode (KCl) was placed over the cement cube, as shown in the figure. A small 

potential signal is applied to an electrode, and the response is measured at 

different frequencies. The spectra obtained are analyzed and adjusted with 

commercial software Zview® from Scribner Associates Inc. to obtain values such 

as electrical resistivity and equivalent electrical circuit models of the treated and 

reference specimens. For each type of mixture, 4 specimens were taken at each 

date, from which the average of their electrical resistances was taken as the final 

measurement. 

 

Figure 28. Experimental setup for Electrochemical Impedance Spectra 
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Figure 29. Solartron SI 1287 electrochemical interface for EIS 

 

4.1.4.7 Hydration temperature  

The blended cement was fully combined with water in accordance with ASTM 

C305 [133] in order to evaluate the hydration temperature of the cement paste, 

and the mix was poured into a thermal disposable glass.  The copper constantan 

thermocouples were inserted into the cement paste, and the whole arrangement 

was placed in a double-walled box, which was then tightly sealed. The 

thermocouples were connected to a potentiometer that recorded the temperature 

of the cement paste every second for 24 hours. Lab view 2011 program was used 

to plot the hydration temperature vs. time graph of the cement paste [136,138]. 

Four samples of each composite cement mix were studied, and the average of the 

measurement was taken as the final result.  
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Figure 30. Semi-adiabatic chamber with thermocouple in connection with 

computer equipment 
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CHAPTER 5 

RESULTS AND DISCUSSION 
 

In this chapter, the results obtained in the experimental phase of this research are 

presented, among which are: 

• The characterization of the raw material: 

➢ X-ray fluorescence 

➢ X-ray diffraction 

➢ Scanning electron microscopy 

➢ Energy dispersive X-ray Spectroscopy 

➢ Density 

• The characterization of definitive composite cements: 

➢ Compressive strength 

➢ X-ray diffraction 

➢ Scanning electron microscopy 

➢ Attenuated total reflectance 

➢ Electrochemical Impedance spectroscopy 

➢ Hydration temperature   
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5.1 Characterization of raw material 
 

5.1.1 Ordinary Portland cement 
 

The chemical composition of the OPC studied using X-ray fluorescence can be 

seen in Table 6, which shows the principal oxides: CaO, SiO2, Al2O3, and Fe2O3, 

obtained from raw materials used in the clinker manufacturing process. The high 

percentage of CaO is because the main raw material is limestone, with which the 

fundamental phases of this material are achieved. 

Table 6. Chemical composition of Ordinary Portland Cement using XRF 

Composition Unit concentration (%) 

CaO 63.17 

SiO2 17.68 

Al2O3 3.94 

Fe2O3 3.34 

SO3 3.21 

MgO 1.13 

K2O 0.84 

Na2O 0.25 

TiO2 0.22 

MnO 0.12 

P2O5 0.11 

 

X-ray diffraction was performed to qualitatively determine the crystalline phases 

and amorphous fraction present in the raw material. The reflections obtained by X-

ray diffraction (Figure 31) show the mineralogical phases of this cement. The main 

phases observed were alite (C3S), belite (C2S), calcite, and ferrite (C4AF) phases, 

of which the first two are mostly rich in calcium and silica. The other two are rich in 

aluminum and iron. In addition, it was possible to find the presence of gypsum 
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(CaSO4 dihydrate); the content of this material within the cement function as a 

setting regulator. 

 

Figure 31. X-ray diffraction of ordinary Portland cement 

 

The morphology of the particles, observed through SEM (Figure 32), shows that 

the morphology of OPC is irregular and angular; this type of morphology is 

characteristic of the C3S (Alite) phase previously reported for Portland cement 

[139]. In this case, the particle morphology in clinker granules is subjected to 

continuous grinding, and then they are cooled after leaving the kiln and mixed with 

the gypsum.   
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Figure 32. Morphology of ordinary Portland cement obtained through FESEM 

The density of ordinary portland cement was obtained as 3.12 g/cm3. 

5.1.2 Calcium sulfoaluminate cement 
 

Table 7 shows the quantitative elemental composition converted to percentages 

of the main oxides in CSA cement using XRF. When analyzing the presence of 

these oxides, the CaO content is less than that of OPC due to the lower limestone 

content as raw material. It can also be seen that both the Al2O3 and SO3 contents 

increased due to the presence of bauxite and the higher amount of gypsum that 

was introduced, compared to Portland cement [75]. These three oxides, including 

silica, are fundamental for forming the phases of this cement and, at the same 

time, for the subsequent formation of the hydration products.   
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Table 7. Chemical composition of CSA Cement using XRF 

Composition Unit concentration (%) 

CaO 55.1 

Al2O3 15.05 

SO3 13.88 

SiO2 12.51 

Fe2O3 0.95 

MgO 0.88 

K2O 0.71 

TiO2 0.98 

SrO 0.12 

CuO 0.04 

Cr2O3 0.03 

ZnO 0.02 

ZrO2 0.02 

V2O5 0.02 

 

The hkl reflections of the characteristic mineralogical phases of the CSA identified 

by the diffractometer are shown in Figure 33. It can be seen that the highest 

intensity is shown for ye'elimite (Ca4Al6(SO4)O12, calcium sulfoaluminate), the main 

phase and the one that gives its name to these cement. This has one of the lowest 

CaO contents of all the main phases of clinker, reducing the amount of CO2 

released during the calcination of the limestone; this allows for lower clinkerization 

temperatures in its manufacture. The hydration of ye'elimite regulates the evolution 

of cement yield at early ages, as it hydrates in the presence of the phase identified 

as anhydrite (CaSO4, anhydrous calcium sulfate); the reaction products are 

monosulfate or ettringite and aluminum hydroxide as final products.  
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Figure 33. X-ray diffraction of calcium sulfoaluminate cement 

 

The morphology of CSA is irregular, as shown in Figure 34, where it can be said 

that it is very similar to OPC because its fining process continues to be carried out 

by grinding and sieving until the desired particle size is reached (less than the 200 

mesh of the sieve), which is necessary for all raw materials. 
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Figure 34. Morphology of CSA observed through FESEM 

The density of sulphoaluminate cement was 2.89 g/cm3. 

 

5.1.3 Fly ash 
 

The chemical composition of FA is shown in Table 8.  While observing the main 

oxides, it can be seen that it is of type F because the sum exceeds the value of 

70% (SiO2+Al2O3+Fe2O3=90.36%>70%), established in the ASTM C618-14 

standard [94]. This indicates that it has a high presence of silica and alumina; for 

this reason, it is considered a silicoaluminous material.   
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Table 8. Chemical composition of FA using XRF 

Composition Unit concentration (%) 

SiO2 76.47 

Al2O3 11.51 

Na2O 0.15 

MgO 0.37 

Fe2O3 2.38 

CaO 5.85 

K2O 0.87 

TiO2 0.56 

SO3 1.44 

SrO 0.024 

V2O5 0.013 

MnO 0.012 

ZnO 0.0056 

 

The mineralogical composition of FA was obtained by XRD analysis and is shown 

in Figure 35. The diffraction pattern of FA shows the main crystalline phases quartz 

(SiO2, CR 01-083-0539), mulite (3Al2O3-2S2O3, CR 01-083-0539) (3Al2O3-2SiO2, 

CR 00- 002-0415) and calcite (CaCO3 CR 01-088-180)7 in the reflections. An 

important aspect, the amorphous halo in an approximate range of 17 to 32° of 2θ 

highlights the amorphous character of the material. It indicates the ability to react 

rapidly in hydration reactions.  



  

 80 

 

 

 

Figure 35. X-ray diffraction of fly ash 

Through the scanning electron microscopy characterization technique, particle 

morphology was observed for FA (see Figure 36), where it could be seen that the 

particles are spherical. Being seen particles of another morphology in FA, which is 

associated with contamination during the process or carbon impurities, also 

observed cenospheres, a characteristic that brings particles that are also spherical 

in its interior, commonly reported in this material [69]. 
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Figure 36. Morphology of FA observed through FESEM 

The density of FA was obtained as 2.10 g/cm3. 

 

5.1.4 Volcanic ash 
 

The chemical composition of VA in Table 9 shows the oxide composition of this 

material, for which a high amount of oxides of Si and Al can be observed. This also 

indicates that VA is also considered to be a silicoaluminous material similar to FA. 
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Table 9. Chemical composition of VA using XRF 

Composition Unit concentration (%) 

SiO2 73.29 

Al2O3 14.83 

K2O 4.83 

Na2O 3.57 

CaO 2.21 

Fe2O3 0.924 

MgO 0.32 

TiO2 

MnO 

270.1 ppm 

0.15 

 

In figure 37, the mineralogical composition of VA is shown. As an essential aspect, 

the amorphous halo in an approximate range of 17 to 38° of 2θ, highlights the 

amorphous characteristic of the material and indicates the ability to react rapidly in 

the hydration reactions. VA shows mains crystalline phases of sanidine, quartz, 

clinohypersthene, magnetite, albite, and leucite. 
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Figure 37. X-ray diffraction of volcanic ash 

The morphology of VA is irregular, as shown in Figure 38, where it can be said that 

it is very similar to OPC and sulphoaluminate cement because its fining process 

continues to be carried out by grinding and sieving until the desired particle size is 

reached (less than the 200 mesh of the sieve), which is necessary for all raw 

materials. 
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Figure 38. Morphology of VA observed using FESEM 

The density of volcanic ash was obtained as 2.37 g/cm3. 

 

5.1.5 Spent coffee grounds 

 

The chemical composition of SCG obtained using X-ray Fluorescence is shown in 

table 10. SCG contain a high amount of CaO and K2O. 

 

  



  

 85 

 

 

Table 10. Chemical composition of spent coffee grounds using XRF 

Composition Unit concentration (%) 

CaO 32.89 

K2O 22.57 

SO3 13.71 

Fe2O3 9.54 

MgO 6.78 

P2O5 4.93 

SiO2 3.08 

Al2O3 2.66 

Cr2O3 1.52 

CuO 0.97 

MnO 0.52 

SrO 0.34 

ZnO 0.27 

Rb2O 0.18 

 

The characteristic mineralogical phases of the SCG were identified by the X-ray 

diffraction and is shown in Figure 39. The main characteristic crystalline peaks are 

for gismondine, KHCO3, and magnesite. The amorphous halo nature is in the 

approximate range of 17 to 38° of the 2θ, which highlights the amorphous 

characteristic of the material.  
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Figure 39. X-ray diffraction of SCG 

 

The morphology of SCG was observed as irregular and is shown in figure 40. 

Coffee grounds were also passed through a grinding process similar to VA and 

then sieved through 200 mesh.   
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Figure 40. Morphology of spent coffee grounds observed using FESEM 

 

The density of spent coffee grounds was 1.39 g/cm3. 
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5.2 Characterization of definitive composite cement pastes 
 

5.2.1 Compressive strength 
 

The compressive strength results were presented for the ages of 3, 7, 28, 90, and 

210 days of curing to have the behavior over time of the composite systems 

created, shown in Tables 4 and 5 of Chapter 3. Tables 11,12 and Figures 41,42 

show both numerically and graphically the values obtained for each date tested for 

each of the systems prepared. To obtain these values, 4 compression tests were 

performed per date and system with the 25x25mm cubes. These cubes were 

measured to take the actual reading of their edges and recalculate the areas and 

the average resistances obtained by the compression machine. 

Based on the values obtained, it can be seen how the systems vary in mechanical 

strength by changing certain variables, such as the percentage of pozzolans used 

and modification in the curing temperature. Each of these changes brings about a 

modification in the chemistry of the process and the hydration products obtained. 

The results were analyzed separately to understand the different effects of each 

change made. 
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Table 11. Compressive strength of composite cement of OPC mix at its 3, 7, 28, 

90, and 210 days of curing 

Sample Cement replacement 

(%) 

 Compressive strength (MPa) 

Days 3  7  28  90  210  

OC0 0  29 34.6 44 49 53.2 

OCV10 10% VA  27.9 33.2 38.3 40.4 42.3 

OCV20 20% VA  23.8 29.5 37.5 41 43 

OCV30 30% VA  21 25.7 35.9 42.9 45 

OCF10 10% FA  25.8 32.5 42.7 39 39.9 

OCF20 20% FA  24.5 31.2 39 40.1 40.8 

OCF30 30% FA  19.8 25.3 32.6 40.4 42.2 

OCC1.5 1.5% SCG  14.2 16 20 22 22.4 

OCC2.5 2.5% SCG  16.9 19.8 22.8 27.5 26.8 

OCC3.5 3.5% SCG  14 16.1 21.7 24.8 24 

OCFC 30% FA and 3.5% SCG  14.9 15.8 17.5 18.7 19.6 

OCVC 30% VA and 3.5% SCG  13.7 14.3 15.2 18.6 19.9 

OCC1.5 

(W/T) 

1.5% SCG, with the 

temperature 

 14.2 16 20 22.2 22.8 

OCC2.5 

(W/T) 

2.5% SCG, with the 

temperature 

 18.4 20 22.8 28 29.8 

OCC3.5 

(W/T) 

3.5% SCG, with the 

temperature 

 15.4 17.8 21.7 25.2 26.1 

OCFC 

(W/T) 

30% FA and 3.5% SCG; 

with the temperature 

 12.9 14.8 17.5 19 20.2 

OCVC 

(W/T) 

30% VA, and 3.5% SCG; 

with the temperature 

 12.8 13.3 15.2 18.8 20.4 
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Table 12. Compressive strength of the composite cement of CSA mix at its 3, 7, 

28, 90, and 210 days of curing 

Samples Cement replacement 

(%)  

 Compressive strength (MPa) 

Days 3  7  28  90  210  

SC0 0  19.7 31.5 44.8 52.2 55.4 

SCV10 10% VA  17.7 30 40.6 45.1 50.6 

SCV20 20% VA  15.6 26.7 41.9 47.3 51.9 

SCV30 30% VA  15.9 24.5 38 49 53.6 

SCF10 10% FA  19.7 31.8 35 38.4 42.4 

SCF20 20% FA  18.7 32.2 37.3 38.4 42.4 

SCF30 30% FA  15.6 25.4 34.4 39.6 43 

SCC1.5 1.5% SCG  13.8 17 20 23 27.6 

SCC2.5 2.5% SCG  17.3 17.8 21.1 25.8 28.7 

SCC3.5 3.5% SCG  13.4 19.4 22 25.9 28.9 

SCFC 30% FA and 3.5% SCG  10.4 11 15.5 18 21 

SCVC 30% VA, and 3.5% SCG  11.6 13.8 14.5 18.1 21.8 

SCC1.5 

(W/T) 

1.5% SCG, with the 

temperature 

 12.4 15.6 19 20.9 27.6 

SCC2.5 

(W/T) 

2.5% SCG, with the 

temperature 

 15.8 17 20.8 21.2 31.8 

SCC3.5 

(W/T) 

3.5% SCG, with the 

temperature 

 13.9 16.4 19.3 21 26.4 

SCFC 

(W/T) 

30% FA and 3.5% SCG; 

with the temperature 

 10 10.9 15 17.1 20.4 

SCVC(W/

T) 

30% VA and 3.5% SCG; 

with the temperature 

 11. 12.9 13.8 16.9 20.3 
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5.2.1.1 Strength analysis of systems with OPC and pozzolans 

 

Figure 41. Compressive strength results of the OPC composite cement at 3, 7, 

28, 90, and 210 days of curing. 

Figure 41 presents the compressive strength results at 3,7, 28, 90, and 210 days 

of curing of the composite cement with OPC. The graph conclusively demonstrates 

that their mechanical strength increased as curing days increased for composite 

cement. It was discovered that none of the composite cement could surpass the 

compressive strength of the reference sample. Like chemical composition, 

physical variables, including fineness, mix design, water-to-cement ratio, and 

curing time, impact the strength of the material. 

Temperature assistance was necessary to set and harden the composite cement 

cubes made with OPC and SCG. The samples of cement were exceedingly difficult 

to set, and strength decreased without temperature assistance [140]. Jadhav et al. 

also reported that it is challenging to set cement samples prepared by 

incorporating SCG without temperature aid and that CS values decreased with the 

addition of SCG [141]. A higher replacement percentage with SCG resulted in a 

negative effect in setting the cement. The ultimate percentage obtained was 3.5% 
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replacement of cement with SCG; it was observed that at 210 days of curing, the 

compressive strength of composite cement with SCG with temperature and without 

temperature was respectively 26.1 MPa and 24 MPa. Replacing OPC with SCG 

requires more water than other supplementary cementitious materials and this 

affects the workability of the mix. The w/c ratio was fixed at 0.45 to compare the 

findings. According to the study, it was observed that increasing the water content 

caused the composite cement to lose strength while lowering it caused shrinkage. 

This was another justification for setting the ideal replacement rate of OPC with 

SCG at 3.5%. VA is substituted for 30% of OPC, which results in lower 

compressive strength at younger ages, 7 and 28 days of curing. After 28 days of 

curing, the compressive strength increased; higher compressive strength of 45 

MPa was obtained after 210 days of curing [15,16,142]. The enhanced 

compressive strength of VA over FA was partly a result of the fineness of VA [143]. 

While analyzing the CS results already reported for composite cement with OPC 

and VA, the CS result obtained in work is the best [16,37,128,143]. Similarly to VA, 

30% was the ideal replacement rate for OPC with FA [122,144]. At 210 days of 

curing, the composite cement made with OPC and FA had a compressive strength 

of 42.2 MPa [145]. The reaction products formed during the hydration of composite 

cement containing both FA and VA were better after 90 days of curing. 

[17,19,37,146]. 

 Here, the SCG functioned as a retarder [141,147]. As per the nucleation theory, 

the retarder binds to the nuclei of hydration products to reduce their rate of 

development. By occupying their reactive sides, the retarder primarily prevents the 

expansion of cement. 

Temperature assistance is necessary for setting and hardening OPC and SCG 

with pozzolans composite cement [140]. Mechanical strength did not differ 

significantly between composite cement OCFC and OCVC, with or without 

temperature assistance setting. At 90 days and 210 days, the composite cement 

OCFC exhibited 19 MPa and 20.2 MPa, respectively. The composite cement 
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OCVC has a compressive strength of 20.4 MPa after 210 days of curing. When 

comparing the two composite cements, the one with FA was easier to work with 

than the one with VA. 

 

5.2.1.2 Strength analysis of systems with CSA and pozzolans 

 

Figure 42. Compressive strength results of the CSA composite cement at 3, 7, 28, 

90, and 210 days of curing. 

Figure 42 represents the compressive strength results of CSA and its composites 

at 3,7,28,90, 210 days of curing. By analyzing the CS results of OPC and 

composites with CSA and composites, it was evident that the CS values of the 

reference sample of CSA were higher than that of OPC; 55.4 MPa for CSA and 

53.2 MPa for OPC at 210 days of curing. Analyzing the compressive strength 

results of composites prepared using CSA, it can be seen that the compressive 

strength of composite cement did not reach up to the compressive strength of pure 

CSA reference sample. But also observed comparable strength obtained for 30 % 

replacement of CSA with VA. The reference sample had a compressive strength 
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of 55.4 MPa after 210 days of curing, whereas the composite cement containing 

VA had a compressive strength of 53.6 MPA. Additionally, it should be noted that 

10% and 20% replacement of the CSA initially exhibits superior compressive 

strength than 30% replacement, indicating that the pozzolanic reaction occurs 

extremely slowly with both VA and FA. Due to the pozzolanic reaction, the 30% 

replacement of VA and FA performed better after 28 days than the 20% 

replacement of cement [148].  

Furthermore, the CS results obtained in this study were higher than previous CS 

results for composite cement prepared with FA and CSA; at 28 days of curing, 

SCF30 achieved a CS result of 34 MPa. For a similar composite cement 

composition, Lukas et al. reported a CS result of 29 MPa after 28 days of curing 

[50].  Garcia found comparable CS results with CSA and FA composites  [51]. 

Since CSA is more exothermic than OPC, the composite cement with CSA did not 

require temperature assistance for setting the composite cement. It was observed 

that composite cement without temperature showed a little more compressive 

strength than with temperature aid composite systems. CSA replaced with VA 30% 

and FA 30% showed a compressive strength of 53.6 MPa and 43 MPa, 

respectively, at 210 days of curing. CSA with SCG showed 28.9 MPa at 210 days 

without temperature aid, and strength decreased to 26.4 MPa with temperature. 

The SCVC showed 21.8 MPa, and SCFC showed 21 MPa without temperature; 

the strength decreased to 20.3 MPa and 20.4 MPa, respectively, with temperature 

aid setting. The 2.5% and 3.5% replacement of CSA showed almost the same 

compressive strength of 27.8 and 27.9 MPa, respectively, without temperature. 

CSA is more water-demanding than OPC. The composites with CSA and SCG are 

also more water-demanding. But the selected water-to-cement ratio was perfect 

for CSA and its composites. 

By comparing figures 41 and 42, VA performed better with CSA than OPC, and 

the setting time was less than OPC. Also, the composite cements with SCG were 

better for CSA cement. Pozzolans also work better with CSA cement. 30% 
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replacement of CSA with VA showed a compressive strength of 53.6 MPa, 

reaching the compressive strength of reference sample OPC with 53.2 MPa. The 

composite with FA for cement OPC and CSA produced almost the same 

compressive strength, 42.2 MPa, and 43 MPa, respectively. As in the case of FA, 

compressive strength with composite cements prepared with SCG was a little more 

or almost the same; for composite cement with OPC, it was 26.1 MPa, and for 

CSA, 28.9 MPa. Composite cement OCFC had 20.2 MPa, while SCFC revealed 

21 MPa. Composite cement OCVC and SCVC were respectively 20.4 and 21.8 

MPa.  

 

Figure 43. Comparison of compressive strength results of the OPC and CSA and 

the composite cement at different curing stages. 

The CS findings of the reference samples OPC and CSA, together with their 

composite cement at various curing days, are compared in Figure 43. It became 

noticeable that by comparing the CS findings of OPC and composites with CSA 

and composites, SC0 had higher CS values than OC0; after 210 days of curing, 

SC0 had a value of 55.4 MPa and OC0 had a value of 53.2 MPa. Comparing 

composite cement developed OCF30 and OCV30 to composite cement prepared 
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SCF30 and SCV30; the latter demonstrated superior CS. The CS values for 

SCF30, SCV30, OCF30, and OCV30 were 43, 53.6, 42.2, and 45 MPa, 

respectively. The results showed that similar CS was obtained for neat CSA 

cement paste and SCV30, even if the CS results of the composite cement made 

with CSA did not reach the compressive strength values of the reference sample 

SC0. The reference sample SC0 had a CS value of 55.4 MPa after 210 days of 

curing, whereas the composite cement SCV30 resulted in 53.6 MPA. The data also 

demonstrate that a 30% substitution of CSA with VA has little to no impact on the 

SC0 CS outcome in the late curing days. In the first three, seven, and 28 days of 

curing, SCV 30 exhibits low CS values; after 90 and 210 days of curing, the CS 

result of SCV30 nearly attained that of OC0. According to the CS results, VA-

incorporated CSA composite cement may be a preferable replacement for OPC. 

Compared to composite cement with FA incorporation, VA-incorporated composite 

cement with CSA demonstrated the best CS. 

5.2.2 X-ray Diffraction 
 

5.2.2.1 Diffraction patterns of systems with OPC and pozzolans 

 

Figure 44. Diffraction pattern of OPC and its composite systems cured at (a) 28 

days and (b) 90 days of curing A=Alite, B=Belite, C=Calcite, E=Ettringite, Ms = 

Monosulfate, P=Portlandite, Q=Quartz  
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Figure 44 shows the X-Ray Diffraction pattern of the composite cement with OPC 

at (a) 28 days and (b) 90 days. The AFt and AFm phases, calcium hydroxide (CH), 

and calcium silicate hydrate (C-S-H) are the principal hydration products of regular 

Portland cement. Hydrated cement contains the AFt and AFm phases, mixtures of 

C3A, anhydrite, and water. Ettringite and monosulfate are the two most commonly 

occurring AFm phases, respectively. The hydrated OPC in this work has a 

crystalline structure. The diffraction pattern displayed the phases alite, calcite, 

ettringite, monosulfate, and portlandite, often seen in the hydrated OPC [139,149]. 

Because of the phase of alite and belite in OPC, were pretty much completely 

diffused to generate calcium silicate hydrate, which is the primary hydration phase 

of OPC, developed as an amorphous state [150]; the amorphous nature was 

observed usually in the range of 240 to 360 [139,149]. In addition, a reduction in 

alite content could suggest the C-S-H formation [151]. For the hydrated cement, 

secondary hydration products formed were portlandite (CaOH)2 and ettringite  

(C3A.3CŜ.32H) which was expected due to their crystallinity and as reported in the 

literature [152]. The VA, FA, and SCG did not show any other phase other than the 

hydrated phases formed in OPC. This indicates that the strength formation in the 

composite cement is mainly supported by OPC. The quartz phase was observed 

in the composite cement with FA, and composite cement with OPC FA and SCG 

[51]. From the XRD analysis, it can determine the crystal phases qualitatively; the 

quantitative analysis of cement hydrates was not measured here.  

The portlandite phase was detected at 2θ equal to 18.04o and 34.3o degrees for 

all the composite systems. Due to the consumption of portlandite, 90 days of curing 

results in a drop in portlandite phase intensity, suggesting an increase in hydration 

reaction and pozzolanic reaction [153–155]. The portlandite phase diminishes in 

composite cements, including OPC and FA, OPC and VA, and more pozzolanic 

reactions may be seen as the material ages, according to the CS data. The 

decrease in portlandite phase leads to formation of secondary C-S-H. In 

comparison to the reference system made just with OPC and other composite 
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cement systems, the alite phase at 32o was more noticeable in composite cement 

developed with SCG. This means that the inclusion of used coffee grounds delays 

the formation of hydration reaction products, which reduces mechanical strength; 

CS data corroborate this conclusion. The only systems that could see the 

monosulfate peak at 11.7o were the reference system, the composite cement with 

FA, and the composite cement with VA. The absence of the peak of monosulfate 

in composite cements that contained SCG suggests that their presence had an 

impact on monosulfate formation. We may infer that SCG had an impact on the 

generation of hydrates during the early stages of hydration. One of the causes 

might be that SCG dissolve fast in the water, increasing the viscosity of the liquid. 

Due to the adsorption of SCG on cement particles, the migration rate of ions like 

Ca2+, SO4
2-, and OH- slows down, which delays the nucleation, growth, and 

precipitation of hydrates [156].  

No additional phases developed even after 90 or 210 days suggests that OPC had 

a major role in the growth of strength for composite cement. It can be shown that 

ettringite development in composite cement was delayed but that ettringite 

intensity increased over time. Because of this, the compressive strength decreases 

when more pozzolans are used in place of cement, and it improves after 90 days. 

5.2.2.2 Diffraction patterns of systems with CSA, pozzolans 

The diffraction pattern of CSA and the composite systems cured at 28 and 90 days 

of curing are shown in figure 45. The reaction of crystalline phases, the 

appearance of amorphous phases, the decrease of free water, and the 

incorporation of this water into the crystalline and amorphous fractions all these 

phenomenons occur during the hydration process of cement [157]. The larnite 

phase is hydraulically inactive at early ages, so its percentage should remain 

constant during the first hours of hydration; however, the reaction values of the 

larnite phase increase with time up to 8.5 hours of hydration [157]. In the case of 

calcite, this is simply due to its insolubility in water. With the content of anhydrite 

in the CSA, the ettringite becomes the main hydration product of the ye'elimite 
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phase [158]. The configuration of the crystal structure of ettringite favors the 

substitution of atomic species in the crystallographic positions occupied by cations 

and anions. Also, it allows the mobility of water molecules and ions [158]. 

 

 

Figure 45. Diffraction pattern of CSA and its composite systems cured at (a) 28 

days (b) 90 days of curing, C=Calcite, E=Ettringite, L=Larnite, Y=Ye’elimite, 

Q=Quartz 

The phases of the composite cement made with CSA are the same as those of 

hydrated CSA, much like OPC composites. Larnite, calcite, ettringite, and 

ye’elimite were the minerals that showed up as diffraction patterns. Some of the 

phases (ye'elimite, calcite, and larnite) present in the CSA as raw material are still 

in the hydrated CSA.  Ettringite, formed at 2θ equal to 9°, 15.7° 22.89° degrees, is 

the main product produced during the hydration of CSA7 [51,159].  The hydration 

product Al(OH)3 was not observed in the neat and composite cement, indicating 

that the formation of Al(OH)3 is amorphous [82]. The decrease in intensity of the 

ye'elimite phase showed an increase in the ettringite phase in long-term curing 

conditions [160].   

The quartz phase of FA at 2θ equal to 10.89° was presented for 7 and 28 days of 

curing, and it was not visible in the later ages. After 90 days of curing, the peak of 
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quartz at 26.65° continues to exist [51]. This demonstrates that during the first 28 

days, the strength of the composite cement was mainly derived from CSA cement. 

Afterward, some quartz from FA also participated in the hydration process and 

increased the strength of composite cement. The ye'elimite phase was seen at 

23.65°, 40.9°, and 62°. Compared to other pozzolans with CSA, the composite 

cement made with VA exhibits reduced intensity for ye’elimite at 40.9° and nearly 

vanishes at 62° degrees, indicating the further production of ettringite. Compared 

to SC0, composite cement made with VA and FA (SV30 SCVC, SF30, SCFC) 

exhibit a rise in the ye’elimite phase at 25.65°, which is also noticeable. The 

presence of SCG affected the hydration reaction by restricting the rapid formation 

of hydration products. The intensity of the calcite phase rose for composite cement, 

and the calcite phase experienced the same impact. 

Strätlingite (S) was observed after 28 and 90 days of curing. It was formed through 

the reaction of larnite, aluminum hydroxide, and water [51,77,82,161,162], and its 

presence aided in the formation of denser microstructures in the later stages of 

hydration, resulting in a reduction in porosity for the cement samples. For all 

cement samples, including the reference sample, the phase was observed at 2θ 

equal to 34.2°, 36.5°, and 47°. Because the extra silica was supplied from reacted 

FA and VA, forming additional strätlingite and ettringite [22].  

 When comparing the two graphs, it was found that the intensity of the Ettringite 

phase grew from 28 to 90 days of curing but was less intense for the composite 

cement at that age.  

 

5.2.3 Scanning electron microscopy and Energy dispersive electron 

spectroscopy 

 

The SEM images of 90-day hydrated pastes of the reference sample OPC and its 

composites are shown in figure 46. The SEM images showed the development of 
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the hydration products C-S-H, ettringite, and portlandite, which supported the XRD 

results of the composite cement. The SEM scans showed the cementitious gel C-

S-H, which was not visible in the XRD data. Portlandite has a laminar structure, 

whereas Ettringite has a needle-like structure [163–166]. According to the SEM 

image of the OC0, portlandite is more intense and significant than the composite 

cement, showing that the OC0 has a high CS. The XRD graph also reveals a high-

intensity peak for the OC0. The XRD graphs showed a similar decrease in 

portlandite intensity for the composites in SEM pictures. The picture of OCFC 

composite cement revealed unreacted FA particles. 

 

Figure 46. SEM images of the reference cement and the composite (a) OPC (b) 

OCC 3.5 (c) OCFC (d) OCVC, P=portlandite, E = ettringite, C-S-H= calcium 

silicate hydrate 
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Considering that each region of the cementitious matrix near the different grains 

showed specific characteristics of the hydration gels formed and reported in the 

literature, an example of this, where partially hydrated cement particles were 

observed, an amorphous precipitate region rich in Ca was found in a C-S-H type 

gel [167] (grey color due to its water content), as well as porous regions we 

observed in all the systems, there are unreacted particles of each of the raw 

materials used (semi-white color) [167]. High mechanical strength was another 

indicator of a homogeneous matrix with little porosity. Individual analysis of each 

cementitious matrix is carried out since these regions of the cement matrix typically 

become poorer or richer in the different oxides. In this way, it is possible to define 

which was the predominant gel for each composite cement.  
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Figure 47. SEM-EDS of the composite cement prepared using OPC at 90 days of 

curing (a) OCC 3.5 (b) OCVC (c) OCFC. 
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Table 13. Oxides in the OPC, SCG, and composite cement OCC 3.5  

 (%) CaO SiO2 Al2O3 Na2O 

OPC  69.48 22.62 7.13 0.77 

Spent coffee grounds  42.22 11.28 15.68 30.81 

OCC3.5  54.83 37.2 6.95 1.02 

 

Composite cements containing OPC and SCG are shown in figure 47(a), and 

following hydration, a dense cementitious matrix was found. C-S-H served as the 

primary hydration product of composite cement. The quantity of CaO in SCG and 

OPC is greater, with atomic percentages of 42.22 and 69.48, respectively. Both 

samples had larger concentrations of SiO2 than Al2O3, Na2O, Fe2O3, and other 

elements; it was discovered while studying the EDS data. Even while SCG contain 

more Na2O—30.81 percent, the percentage of Na2O replaced by cement is so 

small, i.e., 3.5%, that is why N was not present in the gel generated. Therefore, 

the primary hydration product, C-S-H, is produced when used coffee grounds are 

combined with regular Portland cement. For the composite cement OCC3.5, which 

was made using 3.5% SCG and the remaining OPC, the oxide composition ratio 

was CaO/SiO2 1.47, Al2O3/SiO2 0.19, and Na2O/ SiO2 0.15, falling between the 

range of 0.72 ≤ CaO / SiO2 ≤ 1.9 y 0 ≤ Al2O3 / SiO2 ≤ 0.07 as described by [167] 

and [168].  

Table 14. Oxides in the OPC, FA, SCG and composite cement OCFC 

 (%) CaO SiO2 Al2O3 Na2O 

OPC  69.48 22.62 7.13 0.77 

Fly ash  1.83 63.36 33.88 0.93 

Spent coffee grounds  42.22 11.28 15.68 30.81 

OCFC  47.42 41.09 10.76 0.73 
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Figure 47(b) depicts a composite cement of 30% FA, 3.5% SCG, and the rest OPC 

with temperature aids. The image makes it evident that unreacted raw materials 

are present, including FA, used coffee grounds, and OPC. When combined with 

OPC, FA functions as a pozzolan, and when it reacts with portlandite, more C-S-

H is produced in the composite cement matrix [22]. A dense and compact cement 

matrix is produced in the prepared composite cement. FA has more Al2O3 and SiO2 

than other types of ash. The gel created for the composite cement was C-S-H, as 

determined by the oxide ratios in table 14, as evidenced by the results of the EDS 

analysis. The obtained oxide ratios were CaO/SiO2 1.15, Al2O3/SiO2 0.26, and 

Na2O/SiO2 0.07; values of oxides in the range of 0.72 ≤ CaO / SiO2 ≤ 1.9 y 0 ≤ 

Al2O3 / SiO2 ≤ 0.07 indicate the development of C-S-H gel in the composite cement 

[167]. Studies carried out by Barbara Lothenbach and I. García-Lodeiro also 

reported C-S-H gel formed in the composite cement prepared with FA and OPC 

[8,152]. 

Table 15. Oxides in the OPC, VA, SCG, and composite cement OCVC 

 (%) CaO SiO2 Al2O3 Na2O 

OPC  69.48 22.62 7.13 0.77 

Volcanic ash  0.91 77.59 16.48 5.03 

Spent coffee grounds  42.22 11.28 15.68 30.81 

OCVC  47.97 42.48 8.27 1.28 

 

Figure 47(c) displays a composite of SCG and VA with OPC and a temperature 

assist setting. A dense and compact cement matrix was also visible in the 

composite cement with VA. In the studies with VA, K. Kupwade-Patil and R. Siddique 

reported that the hydration process of composite cement transforms C-S-H into C-A-S-H 

due to the high amount of Al in its composition [16,104].  VA also has higher 

amounts of SiO2, similar to FA from table 15. The values of oxides lie in the range 

0.72 ≤ CaO / SiO2 ≤ 1.9 and 0 ≤ Al2O3 / SiO2 ≤ 0.07; they have the oxide ratio as 

CaO/SiO2 1.13, Al2O3/SiO2 0.19 and Na2O/SiO2 0.16, and implies the formation of 
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C-S-H gel in the composite cement [167]. Studies carried out by Barbara 

Lothenbach and I. García-Lodeiro also reported C-S-H gel formed in the composite 

cement prepared with FA and OPC [8,152]; since VA shows a similar composition 

of FA, it could be concluded that the cementitious gel here formed with VA is also 

C-S-H. 

Figures 47(a), 47(b), and 47(c) show that each composite system contains porous 

regions in its matrix, which indicates low-strength composites. These findings were 

also reflected in the compressive strength data. Additionally, the composite cement 

systems 47(b) OCFC and 47(c) OCVC, which both assisted in filling the 

micropores of the cement matrix and produced more reaction products, showed 

more compact hydration products. The filler effect reduced pore size in the 

composites OCFC and OCVC. The SCG adsorbs the nuclei of the hydration 

products, limiting their development, following the nucleation theory [147]. The 

SCG greatly hinders the production of highly reactive micronuclei of cement 

hydrates by occupying their reactive sides; this is the main cause of the reduced 

compressive strength values with SCG [141]. According to the EDS data in tables 

13,14 and 15, the matrix for OPC composite cement systems is made up gel that 

is high in calcium and silica, known as C-S-H. 
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Figure 48. SEM images of the reference cement and its composite (a1) CSA at 

10 µm (a2) CSA at 5 µm (b1) SCC 3.5 at 10 µm (b2) SCC 3.5 at 5 µm (c1) SCFC 

at 10 µm (c2) SCFC at 5 µm (d1) SCVC at 10 µm (d2) SCVC at 5 µm, E = 

ettringite, C-A-S-H= calcium alumino silicate hydrate  
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Figure 48 displays SEM images of the CSA and the composites after 90 days of 

curing [140,169]. Ettringite is the main hydration product of CSA, and its production 

is seen in the image along with trace quantities of C-S-H [170,171]. The EDS data 

show that C-S-H is formed, with lower quantities of aluminum forming C-A-S-H 

[172], and the XRD data support the ettringite formation. All cement systems 

showed ettringite, which has a needle-like structure and a propensity to develop in 

the pores of the cementitious matrix. It is seen from SCFC that ettringite is forming 

in fractures. The XRD data showed that ettringite needles were more intense for 

SCC 3.5. 
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Figure 49. SEM-EDS of the composite cement prepared using CSA at 90 days of 

curing [(a) SCC 3.5 (b) SCFC (c) SCVC 
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Figure 49 (a) showed the dense C-A-S-H matrix in the composite cement with CSA 

and SCG. The oxides in CSA SCG and its composite are listed in Table 16. The 

resultant composite cement SCC3.5 comprises a high percentage of CaO and 

Al2O3, as CaO and Al2O3 are more abundant in SCG and CSA than SiO2. The 

oxide ratios were 3.22 for CaO, 2.77 for Al2O3, and 0.01 for Na2O, and the values 

were within the range of Garcia Lodeiro. It is indicated that C-A-S-H gel will develop 

in the composite cement by 0.72 ≤ CaO / SiO2 ≤ 1.9 and 0 ≤ Al2O3 / SiO2 ≤ 0.07  

values [167] . 

Table 16. Oxides in the CSA, SCG, and composite cement SCC3.5 

 (%) CaO SiO2 Al2O3 Na2O 

CSA  80.01 10.59 9.26 0.14 

Spent coffee grounds  42.22 11.28 15.68 30.81 

SCC3.5  46 14.27 39.53 0.21 

 

Table 17. Oxides in the CSA, FA, SCG, and composite cement SCFC 

 (%) CaO SiO2 Al2O3 Na2O 

CSA  80.01 10.59 9.26 0.14 

Fly ash  1.83 63.36 33.88 0.93 

Spent coffee grounds  42.22 11.28 15.68 30.81 

SCFC  46.8 15.2 38.67 0.2 

 

The SEM-EDS of a composite cement, including SCG, CSA FA, and other 

materials, is shown in Figure 49(b). The oxide percentages of composite and raw 

material are shown in Table 17. High SiO2 and Al2O3 content may be found in FA, 

and more Al2O3 was found in the developed composite cement. The production of 

the gel was seen as C-A-S-H for this reason. The hydration gels generated and 

reported in each region of the cementitious matrix surrounding the distinct grains 
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display specific characteristics. C-A-S-H gel was formed near the areas of 

cenospheres of FA; here, FA showed a high amount of CaO and Al2O3 [173–175]. 

Analyzing the EDS data, we found CaO/ SiO2 3.07, Al2O3/ SiO2 2.54, and Na2O/ 

SiO2 0.01, and these oxide values lie in the range of 0.72 ≤ CaO / SiO2 ≤ 1.9 and 

0 ≤ Al2O3 / SiO2 ≤ 0.07, which suggests the production of C-A-S-H gel in the 

composite cement [22]. 

Table 18. Oxides in the CSA, VA, SCG, and composite cement SCVC 

 (%) CaO SiO2 Al2O3 Na2O 

CSA  80.01 10.59 9.26 0.14 

Volcanic ash  0.91 77.59 16.48 5.03 

Spent coffee grounds  42.22 11.28 15.68 30.81 

SCVC  46.71 14.56 38.53 0.2 

 

Figure 49(c) depicts VA with CSA and SCG. The figure demonstrates the creation 

of a thick matrix. VA also contains a high SiO2 content, similar to FA. The value of 

the oxide ratio for Al2O3/SiO2 did not fall within the following range as indicated by 

[167] based on the findings of the oxide percentage provided in table 18. The oxide 

ratios that were found were  CaO/SiO2 3.21, Al2O3/SiO2 2.65, and Na2O/SiO2 0.01, 

similar to FA, indicates C-A-S-H gel is formed. 

Figure 49(a) with CSA and SCG has more porous areas than the other two 

composite systems, as can be seen when comparing Figures 49(a), 49(b), and 

49(c); The image also shows more unreacted coffee particles, which suggests that 

the low pozzolanic reaction of the coffee and SCC3.5 is a weaker cement system, 

as shown by the compressive strength data. Additionally, the 49(b) SCFC and 

49(c) SCVC composite cement systems produced more dense cementitious 

hydration products, which tried to fill the micro pores of the cement matrix and 

generated more reaction products. Pores in the composites SCFC and SCVC were 

decreased by the filler effect. More mechanical strength and fewer pores than in 
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previous composites were made possible by the filler effect of VA. The EDS data 

of the CSA composite cement matrix showed that it was mostly made up of Ca, Si, 

and Al, suggesting that the matrix is built of two different types of gels: (a) one that 

is rich in calcium and silica and is known as C-S-H, and (b) one that is also rich in 

calcium, silica, and aluminum and is known as C-A-S-H. This gel is comparable to 

the one that was found following the hydration of CSA, but it also contains Al [104]. 

The CSA composite cement has denser matrices than the composite cement 

prepared with OPC, as seen in Figures 47 and 49. CSA composites performed 

better than OPC composite cement systems in compressive strength. The 

development of dense reaction products and reduced pores throughout the CSA 

composite cement systems has caused a rise in mechanical strength. 

5.2.4 Attenuated Total Reflectance Infrared Spectroscopy 
 

The ATR infrared spectra of hydrated OPC and cured composite cement at 90 

days are shown in Figure 50. The technique was used to confirm the presence of 

the gels formed by interpreting the bonds obtained in spectra. The H-O-H bond 

deformation vibration and molecular water present in the structure, or the water 

that remains after the chemical reaction, are represented by the 1650 cm-1 band. 

The SCG need more water, and they use up most of the available water during 

mixing, leading to less workability. SCG affected the setting and hardening of the 

composite cement mix even though the amount of SCG used in the mix was 

minimal. The band saw at 1415 cm-1 related to the presence of carbonates due to 

the presence of calcite, as observed in XRD results [176].  

The asymmetric stretching vibration of the Si-O bond accounted for the 1112 cm-1 

band, while the O-Si-O bending vibrations were noticed at 450 cm-1 [177]. The 

crystallinity of the materials employed is the cause of the intensity fluctuation. Si-

O linkages may be observed at 850 cm-1, 900 cm-1, 950 cm-1, 1100 cm-1, and 1200 

cm-1, respectively, and are related to Qn units, where n=0,1,2,3,4. All data in the 

873 cm-1 and 960 cm-1 range bands showed the typical silicate group 
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polymerization for the C-S-H gel, with robust production of Q1 and Q2 tetrahedra 

and stretching of Si-O-Si or Al-O-Si [178] and is observed in all systems. The 

existence of the gels in the composite cement is linked to its mechanical strength 

[179]. The bandwidth of the composite cement sample increased compared to the 

OPC cement sample, and the broadening of the band was caused by a decrease 

in silicate polymerization, which is connected to the CaO/SiO ratio [176]. The 

replacement of OPC with SCG and pozzolans decreased the mechanical strength 

of the cement pastes due to a decrease in the formation of hydration products. The 

increased compressive strength implies the formation of higher amounts of 

hydration product C-S-H. 

 

Figure 50. ATR infrared spectra of OPC and its composites cured at 90 days 
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Figure 51 represents the ATR infrared spectra of CSA cement and its composite 

cement cured at 90 days. The band located at 1660 cm-1 corresponds to the 

bending mode of the H-O-H bond, the molecular water [177,180] present in the 

structure. The intensity increased for the composite cement prepared with SCG 

and pozzolans than the cement sample prepared only with CSA. Because SCG 

takes up most of the water in composite, free water is present, which is the source 

of this. The carbonate phase was observed to have a band at 1425-1590 cm-1 and 

872 cm-1, which may be due to the carbonation during preparation and storage 

before the characterization experiments [176,178,181].  Compared with CSA, the 

composite cement with SCG and pozzolans show a more intensified peak of the 

Si-O-Si bond and is represented by the 522 cm-1 bands, which might be C-A-S-H. 

The results for compressive strength suggest a drop in silicate polymerization and 

a corresponding reduction in composite cement intensity.  Between 1100 cm-1 and 

1170 cm-1 are the stretching vibrations of SO4
2- (v3). Since ettringite is the primary 

hydration product of CSA cement, its presence may be related to it [178], which is 

the principle hydration product of sulfoaluminate cement. All of the systems were 

found to have the C-A-S-H gel, defined by the asymmetric stretching of Si-O-Si or 

Al-O-Si, at a thickness of around 1110 cm-1 [178,180] and is observed in all 

systems. This implies the presence of the gel C-A-S-H credits to the compressive 

strength of the composite cement [177]. Peak width increased for composite 

cement prepared with coffee grounds pozzolans and CSA; the alkalinity of SCG 

could be the possible reason for this.  
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Figure 51. ATR spectra of CSA and its composites cured at 90 days 

 

5.2.5 Hydration temperature of composite cement 
 

The hydration temperature of the composite cement samples with OPC and CSA 

is shown in Figures 52(a) and (b). An exothermic reaction takes place when 

cement is mixed with water. The heat released during the hydration process of 

cement is the heat of hydration [182]. Binding gels are created during this physical 

chemical reaction, causing the cement to set and harden  [183]. The type of cement 

used, the water-to-cement ratio, the fineness of the cement, the curing 

temperature, the use of supplements or additives, etc., all affect how much heat is 

released during the hydration process [184]. The heat emission will be more 

significant in the early stages or within 24 h. Both the initial setting and the final 

setting are made at or just before the temperature peak, which is the area where 

the C-S-H and CH reaction products formed [136,185]. A similar experimental 
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setup was used by Xiaotian Zou for the analysis of the hydration temperature of 

concrete [186]. 

The dissolution of several ionic species in the fresh mixture caused intense 

chemical activity during the first 4 h. However, according to recent studies,  the 

first four hours could be linked to period one, the end of the induction period [187–

189]. And the main hydration peak is from 4 to 24 h in period 2. The initial setting 

begins during the induction period (from where the temperature rises). The final 

set is shortly before the peak temperature; here is where C-S-H, CH reaction 

products form [136,185]. OC0 and OCF30 reached maximum temperatures of 43 

℃ and 42 ℃, respectively, during the hydration process at 11.15 and 11.50 h. At 

12.15 h, the peak of hydration for OCV30 was 37 ℃; a similar decline in hydration 

temperature was also noted in tests done by S.Al. Fadala. [34]. The graph shows 

that adding SCG would lower the hydration temperature for both OPC and CSA 

cement [141]. Additionally, coffee grounds reduced the hydration temperature of 

composite cements containing FA and VA. 

The temperatures at 12 h during the hydration process were shown in figure 52(a) 

as OC0 and OCF30 at 43 ℃ and 42 ℃, respectively. The temperature of OCV30 

at 12 h of hydration was 37 ℃ [190,191]. This shows that the acceleration-

deceleration duration and hydration temperature of composite cement are both 

influenced by the degree of substitution [184]. The acceleration period is delayed, 

and the peak of the hydration curve is extended, both of which slow down the 

response. According to the absorption principle, hydration causes a considerable 

quantity of Ca2+ ions to be released. Because these ions move through the system 

more quickly than the SiO4
-2 ion group, this will encourage the formation of crystal 

CH [16,192]. The hydration temperature is lowered for OCC 3.5 when the cement 

is replaced with SCG, which was 27 ℃. The hydration temperature was initially 

reduced to 25 ℃ after OPC replacement with SCG and pozzolans, and it was then 

kept within a stable range. The amount of heat flow is reduced by roughly 41% 

when using coffee grounds in place of cement. Therefore, temperature assistance 
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is necessary for the setting and hardening of composite cements made using OPC 

[193].  

The hydration temperature for CSA, which is more exothermic than OPC, is shown 

in Figure 52 (b). It exhibits an exothermic peak with a wide shape, indicating that 

the final set of the reference sample SC0 was at 10:45 h and a greater reactivity 

reaching up to 64 ℃. As previously stated, the hydration reaction products are 

generated during the induction period of 4 to 24 h. Ettringite and monosulfate 

production is thought to be what caused this particular peak in the CSA instance  

[194,195].  Strätlingite and/or C-S-H are produced due to the reaction of belite in 

CSA cement. Similar reactions take place when more magnesium and sulfate ions 

are present. More magnesium causes hydrotalcite (CH24Al2Mg6O23) to form, while 

more sulfate causes ettringite and/or monosulfate to develop [196]. The partial 

substitution of CSA with FA resulted in a temperature of 54 ℃ and a delay of the 

final set to 11:15 h, whereas VA delayed the final set by 12 h and decreased the 

temperature to 45 ℃. In the case of SCG, the hydration process was delayed by 

another 3 hours, and the final setting time for the composite cement SCC3.5 was 

13:45 h [197]. In the case of FA, the nucleation and hydrate formation are sped up 

by the presence of extra surfaces. The temperature rose within the first few hours 

for SCVC and SCFC when SCG were mixed with cement pozzolan composite. For 

CSA composite made using SCG, there was a reduction in hydration temperature 

of around 37%. Even though SCG reduce the hydration temperature of composite 

cement, the heat decline had no impact on the setting and hardening of the cement 

paste. 
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Figure 52. (a)The hydration temperature of the OPC composite cement pastes, 

(b) The hydration temperature of the CSA composite cement pastes 

 

5.2.6 Electrochemical Impedance Spectroscopy 
 

Figure 53 shows the electrochemical impedance spectroscopy of OPC and its 

composites at 7 and 90 days of curing. The characterization technique helps better 

understand the microstructure of the composite cement paste during hydration 

[198] and the movement of ionic species. Cement-based materials are porous 

materials, and the pore solution electric charge depends on the ionic composition 

and pH [153,199]. Concrete pores are randomly dispersed, vary in size, and are 

unevenly linked to one another. Permeability, absorption, and numerous diffusion 

processes control the transport of water and different ions in these curved 

channels [200]. Electrical experiments indicate a decreased conductivity in the 

system, implying that the binder phase is more resistant to ionic transport. The key 

criteria determining the qualities of hardened concrete, such as mechanical and 

durability properties, are porosity and pore structure [153].  

The correlations between the frequency-related characteristics and paste structure 

have been developed and validated through the development of electrochemical 
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impedance spectroscopy (EIS) technology. The semicircle arc obtained in the 

high-frequency area generally represents the bulk-cement effect in the standard 

Nyquist curve [201]. The graph clearly explains that as the curing period increases, 

the electrical impedance also increases and the durability of the composite cement 

systems also increases. The increase in the electrical impedance is very much 

related to the compressive strength of the cement systems, indicating a linear 

correlation between mechanical strength and electrical impedance [201]. The 

compressive strength increases due to the dense formation of cementitious gel, 

and thus the impedance also increases. The increased electrical impedance is also 

because of the generation of hydration products within the composite cement 

systems [202]. The creation of a dense microstructural network, including 

essentially a calcium hydroxide and C-S-H gel, is well recognized when C3S and 

C2S are hydrated [203]. At 7 days of curing, OPC, OCV30, OFC30, and OCFC 

composite only show an impedance range of 250 Ω, and 400 Ω for OCC3.5 

composite. The better electrical impedance was shown by composite with OCVC; 

it was 750 Ω at 7 days of curing. While comparing the curing days, 90 days curing 

samples showed improved electrical impedance. All the composite cements 

improved the electrical impedance.  OPC improved to 500 Ω from 250 Ω, OCC3.5 

composite from 400 Ω to 625 Ω, OCF30 composite showed an electrical 

impedance of 1000 Ω, OCFC showed around 850 Ω.  For OCV30 composite and 

OCVC composite the electrical impedance increased to 1400 Ω and 1300 Ω 

respectively. The introduction of VA improved the impedance due to its fine 

granulates, with the potential to partly restrict voids and pores after hydration. As 

the pore structure was refined, this resulted in a decreased effective diffusivity for 

chloride or other species, indicates durable composite [16,128]. The addition of 

supplementary cementitious materials helps in the refined pore structure of the 

composite cement, which leads to improved electrical impedance [153]. The 

electrical impedance of the composite cement is directly connected with the pore 

structure and porosity of the system. The passage of ions via the pore spaces is 
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the primary source of electrical current in hydrating cement mortar. As a result, 

electrical resistivity is a proxy for porosity and diffusivity [16,200,202]. 

 

Figure 53. Electrical Impedance Spectroscopy of OPC composite cement at 7 

and 90 days. 

Figure 54 shows the electrochemical impedance spectroscopy of CSA and its 

composites at 7 and 90 days of curing.  The electrical impedance spectrum of the 

cement paste with imaginary versus real component of impedance values is 

plotted (Nyquist plot) in figure 54; as the hydration process progress, the diameter 

of the semi-circle increases. The electrical impedance for the composite with VA 

showed an improved performance that other composite cement pastes from 7 to 

90 days curing period. As already explained for the OPC composite with VA, the 

electrical impedance was better due to its fine-grind ability. For the composite CSA 

VA, the refinement of pore structure during the gradual increase of curing leads to 

better impedance for the composite cement paste [16,128]. The impedance value 

increased from 900 Ω to 2000 Ω for the composite with CSA and VA (SCV30). The 

composite cement with CSA and FA also improved; the impedance value was 800 

Ω at 7 days of curing and increased to 1100 Ω at 90 days.  The result supports the 

fact that the early age hydration of CSA cement and also its composite cement. 

The composite cement with CSA and SCG did not vary much, it kept the same 
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impedance value from 7 to 90 days of curing, 1100 Ω this indicates that the early 

formation of the hydration products in the system. The total resistance water 

solution in blocked pores decreases, indicating that hydration products are 

continually producing pores [202]. Because of the appearance of hydration 

products and water consumption during the cement-hydration process, the 

structures of cementitious materials have been discovered to be continually 

reconstructive in terms of factors such as pore solution chemistry, porosity, and 

pore size distribution. Electrical impedance was utilized to offer the most precise 

and comprehensive perspective of the transport properties of cement-based 

materials, as well as to represent hydration processes and microstructural features 

[201]. 

Between the hydration reaction gel and the cement-based components, air-filled 

voids, micro-cracks, and internal surface pores exist. Pores come in a variety of 

shapes and sizes. Air voids are unavoidable during the mixing and compaction of 

cement pastes, mortars, and concretes. Capillary pores are formed between 

mixing-water-filled channels that link to each other and the concrete surface. The 

gel pores are too tiny to get saturated during hydration; their existence is 

determined by the ambient humidity, concrete porosity, and moisture content. The 

physical qualities of cement-based materials during hydration, and their ultimate 

physical properties, such as strength, permeability, shrinkage, and creep, are 

governed by the constantly growing network of pores. The amount of evaporable 

water in the paste and the concentration of mobile ions in the pore fluid affect the 

impedance of the composite cement pastes [204,205].  

The main reaction product, ettringite, was responsible for the higher impedance 

values for the composite cement prepared using CSA. While comparing the 

impedance values, the composite cement paste system with CSA and VA showed 

a better impedance value than that of the composite cement system prepared with 

OPC and VA, and the values are 2000 Ω and 1400 Ω, respectively. 
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Figure 54. Electrical Impedance Spectroscopy of CSA composite cement at 7 

and 90 days. 
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CHAPTER 6 

CONCLUSIONS 

6.1 General  
 

It was possible to synthesize composite cement with OPC and CSA with good 

mechanical properties for nonstructural applications. 

The proposed synthesis processes allow the design of versatile materials using 

industrial wastes as raw materials for developing materials with good cementitious 

properties. 

Technologically, this composite cement with CSA is comparable to most of the 

portland cement that is sold today, with the advantage of environmental 

improvements, its manufacture is significantly more sustainable than traditional 

portland cement, and with a good plan for growth and industrialization, they can 

become much more economical. 

6.2 Characterization of raw materials 
 

The preparation of the raw material was necessary to obtain the best results since 

drying, milling, and sieving, left the materials in optimal conditions to be used in 

the design of mixtures. 

The characterization of each material used as raw material (OPC, CSA, FA, VA, 

and SCG) was fundamental since, in this way, it was possible to know: the 
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chemical composition in the form of oxides, mineralogical phases, infrared spectra, 

and morphology of each one of them that allowed us to form a more accurate 

design of experiments possible. 

The FA used in the research project belonged to the Type F group according to 

ASTM 618-2014, which was confirmed by the XRF technique. The phases present 

in the FA were: quartz, mullite, and calcite; for the VA, were sanidine, quartz, 

clinohypersthyne, magnetite, albite and leucite, calcite, and gehlenite; for SCG: 

gismondine, KHCO3, and magnesite. For the CSA, ye-elimite, grossite, larnite, 

anhydrite, or calcium sulfate, and in the OPC, the characteristic phases observed 

were: alite, belite, aluminate, ferite, and calcium sulfate. 

6.3 Compressive strength 
 

Replacing the cement OPC and CSA with SCG modified the compressive strength 

of the cement pastes. The optimum replacement for cement OPC and CSA with 

FA and VA was found to be 30%, and SCG with 3.5 %. Above these percentages, 

the compressive strength decreased for FA and VA. The compressive strength 

decreased for SCG above 3.5%. Also, while increasing the percentage of SCG, 

the workability of the cement paste decreased. Pozzolans attained maximum 

strength at their later ages. Without alkali activation on the composite cements, the 

compressive strength decreased.  

6.4 X-ray Diffraction 
 

The diffraction pattern for OPC and CSA composite cement was the same as that 

of the cement itself. This shows the cement helped in the reaction mechanism for 

the composite cement. The main hydration product for OPC is C-S-H, and it was 

assumed to be formed as amorphous. Ettringite, the main hydration product of 

CSA, was visible from the diffraction pattern.  
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6.5 Scanning electron microscopy with energy dispersive 

electron spectroscopy 

 

SEM images did not show much difference in the formation of hydrated cement 

matrix for CSA with and without temperature setting. Still, the dense matrix was 

observed for composite cement prepared using OPC with temperature aid setting. 

EDS results showed the formation of reaction product C-S-H for OPC and its 

composites; for CSA cement, the reaction product formed was C-A-S-H. 

6.6 Attenuated total reflection 
 

ATR infrared spectroscopy supported the analysis obtained from XRD and SEM-

EDS, which showed the formation of new hydration gels or hybrid gels because 

the characteristic bands of the spectra in all the composite cement systems 

showed the formation of different peaks: for the peak band at 960 cm-1 for OPC 

and its composite cement, is a common value for the silicate group to polymerize, 

resulting in the production of C-S-H and for the CSA and its composites the peak 

band at 1110 cm-1, is a common value for the silicate group to polymerize, resulting 

in the production of C-A-S-H.  

6.7 Hydration temperature  
 

The hydration temperature of OPC was 42 ℃, while it was 64 ℃ for CSA. SCG 

decrease the hydration temperature of the cement and extended the time. 

Composite cement with OPC and SCG shows a hydration temperature of 25 ℃. In 

the case of CSA with SCG and pozzolans did not decrease the hydration 

temperature. Hence, OPC with SCG and other pozzolans require a temperature of 

80 ℃ for the setting and hardening of the cement cubes. The composite cements 

with OPC, SCG and pozzolans, the temperature-cured cement samples showed 

better compressive strength results than those without temperature-cured cement 

samples. In the case of CSA, the compressive strength decreased/ slight change 
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was observed when the samples cured at temperature because the CSA releases 

more heat than OPC during the hydration process.   

6.8 Electrochemical impedance spectroscopy 
 

The characterization technique helps better understand the microstructure of the 

composite cement paste during hydration. Electrical experiments indicate a 

decreased conductivity in the system, implying that the binder phase is more 

resistant to ionic transport. The key criteria determining the qualities of hardened 

concrete, such as mechanical and durability properties, are porosity and pore 

structure. The compressive strength increases due to the dense formation of 

hydration products; thus, the impedance also increases. The introduction of VA 

improved the impedance due to fine granulates, with the potential to restrict voids 

and pores after hydration. As the pore structure was refined, this decreased 

effective diffusivity for chloride or other species, indicating a durable composite. 

For the composite CSA-VA, the refinement of pore structure during the gradual 

increase of curing leads to better impedance for the composite cement paste. The 

main reaction product, ettringite, was responsible for the higher impedance values 

for the composite cement prepared using CSA. While comparing the impedance 

values, it can be observed that the composite cement paste system with CSA and 

VA showed a better impedance value than that of the composite cement system 

prepared with OPC and VA, and the values are 2000 Ω and 1400 Ω respectively. 

Cement pastes with SCG can be used in the construction sites of countries with 

sweltering climatic conditions because the setting time of the cement paste is 

delayed when replacing cement with SCG. The mechanical strength decreased by 

replacing cement paste with SCG and a mix of cement with pozzolans and SCG. 

So, composite cement cannot be used for structural works. But possibly, it can be 

used for nonstructural elements, subgrade filling material in pavement 

construction, drainage construction, etc., requiring minimal mechanical strength. 
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Hence, we can reduce the amount of cement by replacing it with natural pozzolans 

and SCG.  

While comparing the compressive strength results, it can be concluded that it is 

worth replacing the OPC with CSA since it gives comparable mechanical strength. 

Also, the partial replacement of CSA with FA VA SCG can be used for 

nonstructural applications, 
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7. FUTURE WORK 
 

Globally, we are going through an environmental contingency; warming the  

surface of the earth is causing enormous environmental damage. This will provoke 

that in the year 2050, 150 million climate refugees will be forced to migrate from 

their homes due to climate problems in their region of origin. 

It has been demonstrated that conventional building materials are insufficient and 

do not contribute to climate change; on the contrary, they promote more 

environmental problems by resorting to the overexploitation of raw materials. 

It is urgent to search for and provide new options for the construction of homes 

and buildings so that they can be energy efficient. For that following future work 

will aid in solving the issues: 

➢ Strength and microstructure study of hybrid cement with SCG, VA, FA, and 

blast furnace slag. 

➢ Strength and microstructure of calcinated SCG and oven-dried SCG. 

➢ Strength and microstructure study of hybrid cement with calcinated SCG, 

VA, FA, and blast furnace slag. 
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