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ABSTRACT 

Cement industry is the second largest leading contributor of greenhouse gases 

after power plant industries. Several efforts such as the use of Supplementary 

Cementitious Materials (SCMs), Carbon Capture and Storage (CCS), alternative fuels, 

and new innovations for replacing cement clinkers are being investigated and practiced in 

an effort to reduce the environmental impacts from cement industries. All existing 

technologies have their own limitations and may not be adequate moving forward in the 

current form. For example, the use of limestone powder helps reduce the amount of 

clinker; however, it has shown to compromise the later age strength and durability of the 

concrete; likewise, fly ash is the other commonly used environment friendly SCMs. 

However, the future availability and quality of fly ash has already become a concern. 

Similarly, CCS approach has its own limitations in all regards – technical, economic, and 

societal.  

Lately, the use of nanomaterials has emerged as a promising way to fill the gap in 

existing technologies and engineering. Several studies have already shown that 

nanomaterials such as nano SiO2, nano TiO2, CNTs, and CNFs among several others help 

improve the performance of concrete by changing the concrete matrix at nano levels. Yet, 

the high cost and limited availability of nanomaterials have restricted the use of 

nanomaterials only for research purpose. To overcome the obstacles in the use of 

nanomaterials, this research aims to investigate the commercial applicability of 

nanotechnology in cement industries. In this study, nano CaCO3 - a relatively low-cost 
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nano material, but with similar performance to other high-cost nanomaterials- was used 

as partial replacement to cement in Ordinary Portland Cement (OPC) and Portland 

Limestone Cement (PLC). First, the effects of nano CaCO3 on OPC and PLC (with 

replacement rates of 1, 2 and 3%) were investigated through a comprehensive testing on 

fresh, hardened, and durability properties. Next, the results were compared with those of 

concretes with fly ash (Class F and C). The results confirmed that both OPC and PLC 

with 1% nano CaCO3 exhibited significantly superior (in most cases) or at least 

comparable performance to OPC and PLC concretes with or without fly ash.  

Lastly, an integrated approach is proposed for sustainable and economic cement 

production. This approach integrates existing major techniques - SCMs, CCS, and 

nanotechnology, where CO2 emitted will be captured and used for nano CaCO3 

production within a cement plant. This approach will help address some major pitfalls of 

using nanotechnology as it ensures proper dispersion of nanomaterials in cement as the 

nanomaterials are incorporated into cement in the final production process of cement. 

More importantly, it will help reduce the environmental impacts of cement industries as 

CO2 will be captured and utilized, whilst generating economic revenues for the cement 

industries. This approach, however, needs further consideration in an overall social, 

economic, and environmental context of benefits and risks, as a part of an optimally 

efficient, sustainable, and economic approach. 
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CHAPTER I 

INTRODUCTION 

The atmospheric concentrations of greenhouses gases continue to rise at record 

levels year after year [1]. Power plant industries, agriculture, industrial processes, land-

use change and forestry, and bunker fuels are some of the major sources of greenhouses 

gases [2]. Of all the sources, power plant industries are the major contributors with 

approximately 30% of total emission [3]. Continually growing cement industry is the 

other leading contributors of greenhouse gases after power plant industries. 

Approximately 4.1 billion metric tons of cement are currently produced globally every 

year, accounting for about 8 to 10 percent of global anthropogenic CO2 emissions [4], 

and cement production is expected to continually increase in the future, adding more CO2 

into the atmosphere. 

The cement and concrete industry have tried to identify ways to meet increasing 

demand while reducing the carbon footprint. Techniques such as carbon capture and 

storage (CCS), material substitution, alternative fuels and energy efficient technologies 

have been identified as some of the approaches to produce more sustainable cement [5,6]. 

The roadmap, produced by the World Business Council for Sustainable Development 

(WBCSD), the International Energy Agency (IEA) and the Cement Sustainability 

Initiative (CSI), identified four levers (improving energy efficiency, switching to 

alternative fuels, reducing the clinker to cement ratio, and using emerging and innovative 
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technologies) to reduce the carbon footprint of cement and concrete production [7].  

Carbon Capture and Storage (CCS) technologies is one of the latest technologies 

that has been studied as one of the prominent solutions to minimize CO2 emissions in the 

atmosphere [6,8]. However, most of the studies on CCS are either limited to applications 

like precast industries or utilizes the raw materials that are available on a regional basis, 

thus restricting their effectiveness. Additionally, the widespread concerns relating to 

long-term reliability and high capital cost suggest that CCS alone may not be technically 

and commercially viable option  [9]. Further, the CCS technologies are associated with 

legal issues and uncertainties, delaying large-scale implementation [6,10]. 

In addition, studies have been done on finding an alternative binder to Portland 

cement with reduced environmental impacts [11,12]. For instance - use of low CO2 

binders such as belite-ye’eliminite-ferrite cements where the clinkers are based on belite 

(that requires lower temperature than alite clinkers) and raw materials that are rich in 

calcium sulfoaluminate “ye’eliminite”. Another such innovative alternative binder is the 

Alkali-activated binders which commonly consists of two elements: a cementitious 

component and an alkaline activator. The availability and cost of raw materials, and the 

technical limitations have restricted their applicability [13,14]. Additionally, this type of 

approach with entirely different chemical composition of cement will require a lot of 

technical data and validation before it can be made available in the market. 

Material substitution is one of the most common and widely used approach that 

has been able to reduce the environmental impact of cement production. In this approach, 
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high energy intensive cement clinkers are partially replaced with environment friendly 

materials also known as Supplementary Cementitious Materials (SCMs). Commonly used 

SCMs are  fly ash, slag, GGBFS (Ground-granulated blast-furnace slag),  silica fume, 

RHA (Rice Husk Ash), calcined clay, metakaolin, and pumice [15-22]. These materials 

help in improving the performance of concrete either by pozzolanic or cementitious 

reactions. However, all these SCMs come with their own limitations [6,23,24].  

Fly ash is the most widely used SCM so far. Fly ash is economical, easily 

available and provides improved mechanical and durability properties. Fly ash, however, 

may not be a sustainable and viable option in the years to come as the future availability 

of fly ash and its quality is already a concern. The coal power plants are being replaced 

with renewable energy sources or are required to operate with the stricter EPA 

regulations [20,25-27]. Additionally, the quality of fly ash has been declining due to the 

EPA regulations on limits of SOx, NOx, and mercury [28]. Whether it be the reduced 

supply or the declining quality, the use of fly ash may not be a viable option for the years 

to come. Limestone powder is another widely used SCM especially in European 

countries for its higher early age strength [29,30]. However, studies show that later age 

strength and durability in concrete are compromised when cement is replaced by 

limestone powder in excess of 10% [31-33]. 

As a recent development, nanotechnology has been introduced in the field to 

compensate for the limitations of SCMs replacement in cement [34-40]. Nanotechnology 

is the use of materials less than 100 nano meters (10 thousand times smaller than a 
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cement particle) such as nano SiO2, nano TiO2, nano CaCO3, nano Fe2O3, nano Zr2O3, 

nano Al2O3 and nano graphene (CNTs and CNFs). Nanomaterials change the structure of 

hydrated paste at a nano level, thereby improving strength, performance, and durability 

dramatically [34,35]. Use of nanomaterials in concrete helps in improving the properties 

of concrete in many ways, including filling nanopores, providing nucleation sites, early 

hydration, and improved packing [41].  

Most nano materials, however, come with high cost, increasing the cost of 

construction, and may not be a viable option for construction industries. Further, the 

effectiveness of using nano materials largely depends on proper dispersion of nano 

particles [42], and techniques used for dispersion such as sonication are cost intensive for 

construction industries to adopt. Thus, the economic and technical limitations of using 

nanomaterials have been a bottleneck for cement industries to adopt at a commercial 

scale.  

Conforming to the existing knowledge in the field, this research aims to reduce 

the CO2 emission from cement production without compromising the quality of concrete 

through the use of nano CaCO3. This study evaluates the effects of nano CaCO3 on 

Ordinary Portland Cement (OPC) and Portland Limestone Cement (PLC) concretes and 

consists of three major objectives – 1) evaluate if nano CaCO3 can offset the limitations 

of limestone powder in cement, 2) evaluate if nano CaCO3 can serve as an alternative to 

fly ash, and 3) investigate if nano CaCO3 can be produced and utilized at a commercial 

scale through prospects on production of nano CaCO3 within the cement industries.  
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In this research, a comprehensive study was conducted on the use of nano CaCO3 

to improve the performance of concrete and to reduce the amount of embodied CO2 in 

cement. The major objectives of this research have been categorized as following. 

Research Objective 1: Evaluate if nano CaCO3 can offset the limitations of PLC. 

To achieve this objective, the effects of nano CaCO3 on OPC and PLC cement 

were evaluated. A comprehensive testing program was performed on fresh, hardened, and 

durability properties of concrete with different replacement rates of nano CaCO3 in OPC 

and PLC.  

 Research Objective 2: Evaluate if nano CaCO3 can be used as an alternative to fly ash. 

Here, we compared the performance of OPC and PLC concretes with nano CaCO3 

to that of concretes with fly ash (Class C and Class F). A comprehensive testing program 

was performed on the concrete properties, including fresh, hardened, and durability 

properties of OPC concrete with 20% of cement replaced with Class F and Class C fly 

ash. 

 Research Objective 3: Investigate the commercial feasibility of using nano CaCO3. 

Under this objective, our goal is to investigate the techno-economic feasibility of 

incorporating nano CaCO3 production as a part of overall cement production process and 

the environmental impact of large-scale use of CaCO3 in concrete industry. 
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CHAPTER II 

MECHANICAL AND DURABILITY PROPERTIES OF PORTLAND 

LIMESTONE CEMENT (PLC) INCORPORATED WITH NANO 

CALCIUM CARBONATE (CaCO3) 

Abstract 

Despite lower environmental impacts, Portland Limestone Cement (PLC) concrete 

has been limitedly used due to its reduced later age strength and compromised 

durability properties. This research evaluates the effects of nano calcium carbonate 

(CaCO3) on the performance of PLC concrete. The study follows a series of 

experiments on fresh, hardened, and durability properties of PLC concrete with 

different replacement rates of nano CaCO3. Incorporation of 1% nano CaCO3 into 

PLC concrete provided the optimal performance, where the 56 days compressive 

strength was increased by approximately 7%, and the permeability was reduced by 

approximately 13% as compared to Ordinary Portland Cement (OPC) concrete. 

Further, improvements were observed in other durability aspects such as Alkali-

Silica Reaction (ASR) and scaling resistance. Additionally, nano CaCO3 has the 

potential to be produced within the cement plant while utilizing the CO2 emissions 

from cement industries. The integration of nanotechnology in PLC concrete thus 

will help produce more environment-friendly concrete with enhanced performance. 

More in-depth study on commercial production of nano CaCO3 thus has the 

potential to offer a new generation cement -- sustainable, economical, and durable 

cement - leading towards green infrastructure and global environmental 

sustainability.  
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Introduction 

Approximately 4.1 billion metric tons of cement are currently produced globally 

every year, accounting for about 8 to 10 percent of global anthropogenic carbon-dioxide 

(CO2) emissions [1]. Cement production is expected to increase in the future, adding 

more CO2 into the atmosphere. Sustainable approaches are, therefore, required to 

effectively control the environmental impact of cement production. A recent report 

published by Chatham House [2] estimates that the clinker factor needs to be reduced by 

60% of the present value by 2050 in order to meet the expected environmental liabilities 

for cement production.  

Portland Limestone Cement (PLC) has often been used as an environment-

friendly alternative to Ordinary Portland Cement (OPC) [3]. PLC is produced by 

intergrinding Portland cement clinkers with limestones [4], replacing a certain percentage 

of energy intensive cement clinkers with raw limestones. Limestone powder in PLC 

contributes to improved early age strength by densifying the microstructure due to 

compact particle distribution and reduces embodied CO2 of the cement [4].  

European countries were the early users of PLC. The European Standard EN 197 

allows two types of Portland limestone cements: Type II/A-L containing 6 – 20% and 

Type II/B-L containing 21 - 35% limestone powder [5]. Likewise, in the United States, 

the first commercial production of PLC was under performance-based specification 

ASTM C1157 in 2005 [6]. In 2007, ASTM C150 allowed the replacement of OPC with 

limestone powder with a maximum of 5% by mass [4]. More recently in 2012, ASTM 
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C595 and AASHTO M 240 allowed for the replacement up to 15% for PLC [7]. 

However, studies show that later age strength and durability in concrete are compromised 

when cement is replaced by limestone powder in excess of 10% [8-10].  

To compensate for these limitations, use of other Supplementary Cementitious 

Materials (SCMs) has been a common practice. One of the commonly used SCM is fly 

ash, and several studies have concluded that addition of fly ash helps improve concrete 

properties [4,11]. However, the availability of fly ash will be limited in the future as 

many sources of fly ash are being shut down [12,13]. Additionally, the availability of fly 

ash is largely regional thus adding extra costs for the industries during transportation. In 

recent years, use of nanomaterials has emerged as a promising way to improve the 

performance of concrete by changing the concrete matrix at nano levels [14,15]. Nano 

particles have a high surface area to volume ratio; thus, they are more reactive than micro 

size materials, providing better mechanical performance [16,17].  

This paper evaluates the use of nano calcium carbonate (CaCO3) as partial 

replacements (replacement rates of 1%, 2% and 3%) of PLC in concretes and identifies 

changes in fresh and hardened concrete properties including durability. Nano CaCO3, as 

compared to several other nano materials such as nano TiO2, nano SiO2, nano Al2O3, 

nano Fe3O4, nano ZrO2, carbon nanotubes and carbon nanofibers, is economical and 

easily available [18-21]. Further, previous studies have shown that nano CaCO3 can 

provide comparable benefits to other higher-cost nanomaterials [22,23]. Additionally, 

nano CaCO3 can be produced within the cement plant utilizing the waste CO2 using an 
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integrated approach for green and economical cement production [24,25], thus is an 

environment-friendly technology. This approach will help mitigate the adverse impacts of 

cement plants on environment while also providing extra revenue for the cement plant 

owners. This paper therefore mainly examines if the use of nano CaCO3 can mitigate the 

shortcomings of PLC concrete.  

To the authors’ knowledge, the performance of PLC incorporated with nano 

CaCO3, have not yet been fully explored. Further, minimal efforts have been done to 

evaluate the durability aspects of using nano CaCO3 [15]. This research, therefore, carries 

the significance in providing comprehensive testing results for PLC with nano CaCO3, 

including durability properties and microstructure analysis using SEM (Scanning 

Electron Microscope) images. While advancing the current knowledge in the field, the 

findings from this research provides research directions for the future in achieving the 

sustainability goals in construction industries. 

Materials and Evaluation Methods 

2.1. Materials 

Type I/II - OPC with Blaine fineness of 390 m2/kg and Type IL - PLC with Blaine 

fineness of 450 m2/kg were used as binders. Commercially available Type I/II – OPC was 

used while Type IL PLC was obtained from a local source and was produced by inter-

grinding Type I cement clinker with 15% of limestone by weight in the cement plant. 

Table 2.1 shows the chemical compositions of both OPC (Lafarge, Ravena, NY, USA), 

and PLC (Capitol Aggregates Inc., Austin, TX, USA) used in this study. Limestone with 
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a nominal maximum aggregate size of 19 mm (0.75-in) and siliceous sand with a fineness 

modulus of 2.6 were used as coarse and fine aggregates, respectively. The gradation of 

coarse aggregate is shown in Figure 2.1. White precipitated nano CaCO3 (98% pure) with 

an average diameter of 40 nm and a specific surface area greater than 40 m2/g was used. 

On average, the size of nano CaCO3 is 2.5 times smaller, and the specific surface area is 

twice as large as those of silica fume. Figure 2.2 shows the microstructure of nano CaCO3 

under SEM.  

Table 2.1: Chemical composition of OPC and PLC (% by weight). 

Constituents OPC Type I/II PLC Type IL 

SiO2 19.7 20.2 

Al2O3 4.7 5.5 

Fe2O3 3 1.8 

CaO 62.1 65 

MgO 3.7 1.2 

SO3 2.9 3.8 

Equivalent alkalis 0.59 0.38 

Ignition Loss 2.29 6.1 

CO2 1.05 0.5 
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Figure 2.1: Gradation of coarse aggregate

 

Figure 2.2: Nano CaCO3 under SEM. 
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2.2. Evaluation Methods 

The properties evaluated in this study include: (a) slump and setting of fresh 

concrete, (b) compressive strength and modulus of elasticity of hardened concrete, and 

(c) concrete durability properties – permeability, alkali silica reaction (ASR) and scaling 

resistance. In addition, the microstructure was investigated using SEM images and EDS 

analysis. Concrete samples were prepared as per ASTM guidelines for both OPC and 

PLC and consisted of samples without nano CaCO3 (control sample) and samples with 

nano CaCO3 at varying replacement rates of 1%, 2% and 3%. 

To evaluate the effects of uniform distribution of nano CaCO3 on concrete 

properties, two different concrete mixing methods were evaluated. In one method, nano 

CaCO3 was introduced to the mixer right after cement addition, which is called regular 

mixing in this paper. In the other method, nano CaCO3 and cement were placed in an 

electrically driven mechanical mixer and blended under high speed for three to four 

minutes; this is called modified mixing in this paper. This modified mixing is considered 

to disperse nano CaCO3 more effectively, reducing the agglomeration of nano materials 

as observed in a concrete made by a regular mixing (Figure 2.3). This agglomeration or 

poor dispersion of nano CaCO3 will have diminishing effects of nano CaCO3. 
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Figure 2.3: Agglomerated nano CaCO3 under SEM. 

The mixture proportions for 0.76 m3 (1 cy) of concrete are given in Table 2.2. 

Water to binder ratio was fixed at 0.47, with a total binder content of 295 kgs. per 0.76 

m3 (650 lbs. per 1cy) of concrete. Despite the common practice of using chemical 

admixtures in concrete production, no chemical admixtures were used in this experiment 

to limit the interference of other chemicals on the effects of using nano CaCO3. A study 

by Shaikh & Supit [47] shows that addition of different superplasticizers varies the 

strength of nanomaterials. 
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Table 2.2: Mix design for 0.76 m3 (1 cy) of concrete. 

Mix 

designation1 
Description 

Nano 

CaCO3 
Water Cement 

Coarse 

aggregates 

Fine 

aggregates 

OP-0 
OPC with 0% nano 

CaCO3 
0 138 295 784 525 

OP-1 
OPC with 1% nano 

CaCO3 
3 138 292 784 525 

OP-2 
OPC with 2% nano 

CaCO3 
6 138 289 784 525 

OP-3 
OPC with 3% nano 

CaCO3 
9 138 286 784 525 

MOP-1 

OPC with 1% nano 

CaCO3 with 

modified mix 

sequence 

3 138 292 784 525 

PL-0 
PLC with 0% nano 

CaCO3 
0 138 295 784 525 

PL-1 
PLC with 1% nano 

CaCO3 
3 138 292 784 525 

PL-2 
 PLC with 2% nano 

CaCO3 
6 138 289 784 525 

PL-3 
PLC with 3% nano 

CaCO3 
9 138 286 784 525 

MPL-1 

PLC with 1% nano 

CaCO3 with 

modified mix 

sequence 

3 138 292 784 525 

 

 
1 Mix designation consists of two parts: cement type (OP for OPC and PL for PLC) followed by a 

number which represents percentages of nano CaCO3 replaced. 

w/b ratio= 0.47 for all mixes, all units are in kg. 
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Slump and setting tests were conducted as per ASTM C143 and ASTM C403, 

respectively.  

For compressive strength and elastic modulus, cylindrical concrete specimens of 

100×200 mm (4×8-in) were tested at 3, 7, 28 and 56 days. The specimens were fabricated 

and moist cured in accordance with ASTM C192. Rapid Chloride Penetration Test 

(RCPT) was conducted in accordance with ASTM C1202 using the Giatec Scientific test 

setup, where the charges passed through the specimen were automatically calculated at 

the end of six hours. For this testing, cylindrical specimen’s 100×200 mm (4×8-in) were 

cured for 56 days, as per ASTM C192. The cured specimens were then cut to the proper 

size for testing 100×50 mm (4×2-in) as prescribed by ASTM C1202. An alkali silica 

reaction (ASR) test was performed on prismatic specimens 25×25×254 mm (1×1×10-in) 

as per ASTM C1260, where sand with high reactivity from a local source was used. The 

changes in length of specimen were measured as per ASTM C157 at 5, 10 and 14 days. 

Scaling resistance was evaluated in accordance with ASTM C672. The testing was 

performed on beam specimens 150×150×610 mm (6×6×24-in) with plastic dikes of 19 

mm (0.75-in) height for the chloride solution. 

SEM image and EDS analyses were conducted to investigate the effects of nano 

CaCO3 on the microstructural changes in concrete. The specimens were prepared as per 

ASTM C305. A Zeiss Crossbeam 540 FIB-SEM was used for obtaining the SEM images 

and performing the corresponding EDS analysis.   
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Test results were analyzed to evaluate the effects of nano CaCO3 and its 

replacement rates on fresh and hardened concrete properties, including mechanical 

properties and durability of concretes made with OPC and PLC. All the testing results 

presented in this paper are the averages of three specimens, except for scaling resistance 

(single specimen). 

Results and Discussions 

3.1. Concrete Slump 

Figure 2.4 shows the slump for different mixes used in the study. In general, the 

slump values were observed to be low considering the w/b ratio (0.47) used in this study. 

In this study, no water reducers were used, which may explain the low slump observed in 

this study. As illustrated in Figure 2.4, the slump for PLC was larger than that for OPC. A 

previous study has shown that, compared with OPC concrete, comparable slumps were 

achieved for PLC with a reduced w/b ratio, which improved mechanical and durability 

properties of PLC concrete [26]. However, fineness values are different for both cement 

types, so a general conclusion on the effect of limestone powder in cement on slump 

cannot be made.  
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Figure 2.4: Results of slump test for all mixes. 

Figure 2.4 also illustrates the effects of nano CaCO3 on slump. Since the specific 

surface area of nano CaCO3 is about twice as large as that of silica fume, the 

incorporation of nano CaCO3 in concrete could adversely affect the workability of 

concrete, which can be an issue from a practical standpoint. Slump loss of 13 mm (0.5 in) 

was observed for both OPC and PLC at replacement rates of 2 and 3%. It appears that 

large surface areas of nano CaCO3 have negative effects on concrete workability, as 

observed in concretes with silica fume. However, 1% replacement of nano CaCO3 did not 

change the slump for either concretes, indicating the effect of large surface area of nano 

CaCO3 on workability is minimal at a 1% replacement rate.  
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3.2. Setting  

Concrete setting is controlled by the hydration rate, where the set time varies 

inversely with the hydration rate, i.e., an increase in the hydration rate leads to reduced 

set times. Figure 2.5 shows the variations in set times for the mixes evaluated in this 

study. In general, set times for PLC mixes are smaller than OPC mixes, indicating that 

hydration rates of PLC mixes are higher than those of OPC mixes. It should, however, be 

noted that the set times might have been affected due to the differences in fineness of the 

two cements. PLC concrete has a 17% reduction in initial and a 13% reduction in final set 

times as compared to OPC concrete. Limestone powder (avg. diameter: 15 micrometer) 

in PLC produces several effects on the mechanism and kinetics of cement hydration such 

as filler effect, nucleation effect, and dilution effect [27].  

Limestone powder fills the microstructure space between hydration products, 

reducing the set time [28]. Limestone powder also provides nucleation sites for the 

precipitation of hydration products and thus accelerates the hydration, which is known as 

a nucleation effect [29]. In research studies, limestone powder was used as an accelerator 

due to this nucleation effect [30,31]. Replacement of cementitious materials with non-

cementitious materials, such as limestone powder in PLC, also exhibits dilution effects, 

and fewer hydration products are produced. However, this dilution effect also avails the 

free water, which reacts with cement particles, thereby increasing the hydration rate [27]. 

Figure 2.5 shows that the combined outcome of counteracting filler, nucleation, and 

dilution effects on setting is the reduction in setting times.  
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Figure 2.5: Results of setting test for all mixes. 
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increased at 3% replacement. Also, it was observed that the difference between the initial 

and final setting times for the PLC concretes varied markedly with increased percentages 

of nano CaCO3. The exact mechanism has not been identified; however, it was possibly 

due to the inefficient dispersion of nanomaterials as no special mixing techniques were 

used in this study. This could lead to agglomeration of nano particles thus increasing the 

size from nano to micro as shown in Figure 2.3. The higher the replacement rate of nano 

CaCO3 in concrete, the higher the chances for agglomeration. Also, it appears that the 

increased rate of nano CaCO3 accentuated the dilution effect resulting in decreased rate 

of hydration. 

3.3. Compressive Strength 

Strength of concrete mainly depends on the amount of hydration products, 

porosity of concrete, and packing of the microstructure. Figure 2.6 shows the 

compressive strength of OPC and PLC. In concretes without added nano CaCO3, PLC 

concrete has higher strength than OPC concrete up to 7 days, while at 28 days, both the 

concretes have comparable strengths. Limestone powder acts as an inert filler, creating a 

dense structure in concrete through improved packing and helps in early hydration of 

cement due to a nucleation effect, thus improving early age strength of PLC. However, at 

56 days, the strength of PLC concrete is a little lower than OPC concrete. At later ages, 

this reduction could be attributed to the pronounced dilution effect being more dominant, 

resulting in lower strength of PLC concrete.  
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Replacement of cement, especially with 1% nano CaCO3, increased compressive 

strength for both OPC and PLC concretes. The effects of nano CaCO3, however, are more 

pronounced at early ages for OPC concrete. Addition of nano CaCO3 accelerates the rate 

of C3S hydration as explained by Sato et al. [29], where the protective layer surrounding 

the C3S broke earlier during the induction period. This break reduces the induction 

period, thereby accelerating the C3S hydration rate and increasing the early age strength.  

Replacement of nano CaCO3 at 1% increased 3-days strength of OPC concrete by 

52%; however, the strength increase diminishes with time, with only about 7% increase 

at 56 days. A similar trend was observed for PLC concrete, but at a lower scale, with 6% 

increase at 3 days and only 2% at 56 days. The large difference in strength increases of 

concretes with and without nano CaCO3 between early and later ages, especially for OPC 

concrete, might be due to more prominent nucleation effect of nano CaCO3 at early ages. 

Figure 2.6 also shows that replacement rates of nano CaCO3 at 2% and 3% resulted in 

lower strengths than at 1% replacement rate for both concretes and at all ages. It appears 

that, as far as concrete strength is concerned, an optimum replacement rate of nano 

CaCO3 is 1%. Even though it is not known why additional nano CaCO3 beyond 1% 

resulted in reduced strength, it could be due to the enhanced dilution and filler effect [28].  
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Figure 2.6: Results of compressive strength test for all mixes. 

Additionally, the test results were compared between two different mixing 

sequences. The samples with modified mix sequence (MOP-1 and MPL-1) had better 

strength at all ages, with the maximum increment at 3 days, as compared with regular 

mix (OP-1 and PL-1) concrete. The findings thus signify the importance of proper 

dispersion of nano CaCO3 in improving concrete strength or other mechanical properties. 

Other methods such as sonification could also be used for better dispersion of nano 

materials [33]. 
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3.4. Elastic Modulus 

Figure 2.7 shows the elastic modulus for different concrete mixes. Despite loose 

correlation with corresponding compressive strengths, no significant variations were 

observed in elastic modulus among different mixes.  Modulus of elasticity mainly 

depends upon the type of coarse aggregate and its strength. In this testing, the same 

coarse aggregate type was used for all mixtures. Thus, the slight variations in elastic 

modulus among different mixes could be attributed to the effects of nano CaCO3 on 

porosity or denseness of hydrated cement paste. Modulus of elasticity was slightly higher 

for concrete specimens with nano CaCO3 and a modified mixing sequence. For instance, 

elasticity at 3 days was approximately 6% higher for MOP-1 as compared to OP-1 and 

about 4% higher for MPL-1 as compared to PL-1.  
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Figure 2.7: Results of elastic modulus test for all mixes. 
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indicated an optimum replacement rate of 1%. This decision was also aided by several 

other studies [27,35].   

Figure 2.8 presents the testing results. Overall, charges passed are in “moderate or 

high” ranges, per ASTM C 1202. The testing results can be summarized as follows: 

chloride permeability was reduced with (1) 1% replacement of cement with nano CaCO3, 

and (2) modifying mixing sequence, or effective dispersion of nano CaCO3. Replacement 

of cement with 1% nano CaCO3 reduced chloride permeability by 28% and 11% for OPC 

and PLC, respectively. This reduction could be the effect of enhanced pore structures and 

more hydration products due to a nucleation effect, as shown in the increased 

compressive strengths of concretes with 1% nano CaCO3 at 56 days. Improved packing 

density, formation of supplementary hydration products such as calcium carboaluminates, 

and carbo-sulfoaluminates, compact structures, and refined pores were some of the 

changes in microstructure that helped to reduce the porosity of concrete with the addition 

of nano CaCO3 [28,36]. 

Further reduction in chloride permeability for concretes with modified mixing 

(MOP-1 and MPL-1) signifies the importance of proper dispersion of nano particles in 

concrete mixing on achieving maximum improvements of concrete properties. Proper 

dispersion effects were also observed in compressive strength (Figure 2.5).  

Figure 2.8 also shows higher chloride permeability of PLC concrete compared 

with OPC concrete. Enhanced dilution effect in PLC could be one reason for higher 

chloride permeability for PLC. Further, as cited in Bonavetti et al. [36], chloride ions in 
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the solution reacts with monocarboaluminate in PLC to form chloroaluminates, thus 

capturing the chloride ions. This process apparently provides a higher transmissivity of 

charges for PLC, leading to increased chloride permeability. 

 

Figure 2.8: Results of RCPT test. 

As PLC concrete showed higher slump when compared to OPC, the w/b ratio can 

be reduced for PLC, thus alleviating the adverse effects of limestone powder on chloride 

permeability of PLC concrete. Also, studies have shown that PLC with a lower w/b ratio 

provided better performance [26]. More research on this topic could help in improving 

the permeability of PLC concrete with added nano CaCO3. 
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3.6. Alkali Silica Reaction 

Alkali silica reaction (ASR) in concrete occurs when reactive silica present in the 

aggregates react with hydroxide ions in pore solution to form expansive silica gel, which 

could cause micro cracks in concrete when moisture is absorbed. The expansion of 

concrete due to ASR depends on several factors such as alkali content of the cement, 

amount, and reactivity of silica present in aggregates, availability of moisture, and the 

porosity of concrete.  

Substantial research has been conducted to identify the mechanisms of ASR 

[37,38]. The hydroxyl ions attack the silanol groups (Si-OH) and the siloxane bonds (Si-

O-Si) of poorly crystalized silica network in the reactive silica. In the presence of less 

positive calcium ions, the resulting negative charges are balanced by potassium and 

sodium ions in the pore solution. This solution is precipitated in the form of gels and 

crystals in micropores and interfacial transition zones (ITZ) and causes expansion. 

Figure 2.9 presents the testing results from ASTM C1260. Extremely high 

expansion was observed for the control specimen. Fine aggregate selected in this 

evaluation has been known for excessive ASR potential. Even though the replacement of 

cement with 1% nano CaCO3 did not reduce the expansion below an acceptable limit of 

0.1%, it reduced the expansion substantially, especially for OPC mixes. The expansion of 

MOP-1 concrete is about half of the control (OP-0). The exact mechanism of this 

reduction in expansion for 1% replacement of cement with nano CaCO3 is not known. 

The alkalinity of the soak solution in ASTM C1260 is quite high. Additionally, studies 
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have indicated conflicting effects of calcium carbonates on the alkalinity of pore solution 

[39]. Thus, the reduction in expansion could possibly be due to the improved 

permeability of the concrete with nano CaCO3,  

A similar effect was observed for PLC concrete with nano CaCO3, but on a lower 

scale. The expansion for MPL-1 was reduced by approximately 18% as compared to PL-

0. This reduced effectiveness of nano CaCO3 on PLC concrete could be due to the higher 

permeability of PLC as compared to OPC concrete. On the contrary, the ASR expansion 

for PL-0 is approximately 22% lower as compared to OP-0, despite its higher chloride 

permeability.  

 

Figure 2.9: Results of ASR test 
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3.7. Scaling resistance 

Scaling is the removal of a concrete surface in repeated freezing and thawing 

environments, and mainly occurs in concrete structures where salt is used as a de-icing 

agent. There are four theories involved in scaling of concrete: osmotic pressure theory, 

hydraulic pressure theory, critical saturation degree theory, and water absorption theory 

[40-43]. Among these, the osmotic pressure theory is the most widely accepted. When 

salt is used as a de-icing agent, salt solution seeps into the larger pores of concrete, 

known as capillary pores. These pores get filled with salt solution first, thus the 

concentration of salt will be high in these pores. These capillary pores are transformed 

into osmotic pressure cells as the salt concentration increases, and they attract water 

molecules from the surrounding cement gel. The larger the difference in concentration of 

salt between the capillary solution and water molecules in surrounding cement gel, the 

higher the attraction. This process increases the pressure in capillary pores, which in turn 

exerts pressure on the surrounding cement paste, causing the paste to come off the 

surface.  

There are a number of factors that affect the scaling resistance of concrete, 

including porosity or strength, w/b ratio, method of curing, air entrainment, and type of 

coarse aggregates used [44,45]; of these, air entrainment and porosity are the two major 

critical factors. Small air pockets formed by air-entrainment inside the concrete help to 

act as pressure relief points by providing paths for water during the freezing period. 

Reduced permeability in concrete will help control the penetration of salt solution into 
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the concrete, minimizing the pressure exerted by solutions inside the concrete pores. 

Research studies also indicated that concrete prepared with w/b < 0.3 did not require 

entrained air even in the presence of deicing salt [46], indicating the porosity or 

permeability of concrete is one of the critical factors determining concrete’s potential for 

scaling. 

Figure 2.10 illustrates the mass loss obtained after every five cycles of freezing 

and thawing; the figure shows a general trend of increasing rate of mass loss in early 

cycles, followed by steady and decreased mass loss for all concretes. OPC concrete 

shows the greatest loss of mass, and PLC with 1% nano CaCO3 experienced the least 

mass loss. In this study, concrete did not contain any entrained air. It is interesting that 

quite comparable mass losses were observed for OPC with 1% nano CaCO3 and PLC 

with no nano CaCO3. However, PLC with 1% nano CaCO3 significantly reduces the mass 

loss of concrete due to scaling. 
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Figure 2.10: Results of scaling resistance 

Table 2.3 illustrates the visual rating of concrete scaling exposed to the calcium 

chloride solution in freeze and thaw cycles. The visual rating at the end of 50 cycles for 

OP-0 concrete was 5 and that for MOP-1 concrete was 4. For PLC concrete, the rating for 

PL-0 was 5 and MPL-1 was 2. These results show that 1% nano CaCO3 improved scaling 

resistance for both concretes. Even though MOP-1 and PL-0 concretes show a similar 

trend when it comes to the mass of concrete scaled off (Figure 2.10), the ratings in Table 

2.3 show that the PL-0 concrete had less severe scaling than MOP-1 concrete.  
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Table 2.3: Rating number for different samples from scaling resistance test. 

Mixes 

No. of cycles 

5 10 20 25 50 

OP-0 1 2 3 4 5 

MOP-1 0 1 2 3 4 

PL-0 0 1 2 3 3 

MPL-1 0 1 1 1 2 

 

3.8. Microstructure of Cement Paste as Affected by Nano Calcium Carbonates 

Nano CaCO3 could help modify the microstructure through a series of 

supplementary reactions.  

In OPC concrete, reactions between tri-calcium aluminate (C3A) and gypsum 

form ettringite or calcium-sulfoaluminates, and as the gypsum is depleted, calcium-

sulfoaluminates convert to monosulfoaluminates [36]. However, this conversion to 

monosulfoaluminates is modified with the addition of nano calcium carbonates in 

Portland cement. Carbonates present in nano CaCO3 react with C3A in the concrete to 

form calcium carboaluminates [29,36]. This consumption of C3A in the presence of 

CaCO3 retards or stops the conversion of ettringite to monosulfoaluminates. Moreover, 

study shows that the addition of CaCO3 replaces the sulfate ions in calcium-
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sulfoaluminates and monosulfoaluminates by carbonate ions, further stabilizing the 

ettringites or calcium-sulfoaluminates [36]. 

Laboratory testing revealed improvements in concrete properties when nano 

CaCO3 is incorporated in the concrete as a partial replacement of cement. Efforts were 

made to identify modifications in microstructure responsible for the improvements in 

concrete properties, and SEM images of microstructure of cement paste at 3 days and 60 

days were analyzed. Figures 2.11a,c,e,g illustrate SEM images at 3 days of hydration for 

OP-0, MOP-1, PL-0, and MPL-1, respectively, while Figures 2.11b,d,f,h show those at 

60 days of hydration for OP-0, MOP-1, PL-0, and MPL-1, respectively. All the samples 

at 3 days of hydration show loose structure with ettringite crystals (as represented by 

needle-like structures) and unhydrated products (as indicated by the fluffy particles). At 

60 days hydration, the images show compact structure with the amount of embedded 

hydration products in CSH gel, and in the order of MOP-1 followed by MPL-1, PL-0, and 

OP-0. Further, the EDS analysis on SEM images (not presented here) at 3 days of 

hydration confirms that the needle-like structure was ettringites. Likewise, EDS analysis 

of the needle like formation observed in SEM images at 60 days revealed that they were 

the mixtures of ettringite and CH crystals for OP-0 and for PL-0, MPL-1, and OP-1, they 

were the mixtures of carboaluminates and ettringite. 
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a) Microstructure of OPC at 3 days 

 
b) Microstructure of OPC at 60 days 

 
c) Microstructure of OPC replaced with 1% 

nano CaCO3 at 3 days 

 
d) Microstructure of OPC replaced with 1% 

nano CaCO3 at 60 days 

 
e) Microstructure of PLC at 3 days 

 
f) Microstructure of PLC at 60 days 
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g) Microstructure of PLC replaced with 1% 

nano CaCO3 at 3 days 

 
h) Microstructure of PLC replaced with 1% 

nano CaCO3 at 60 days 

Figure 2.11: SEM images of samples 

For OPC, at 3 days (Figures 2.11a,c), the ettringite crystals for MOP-1 is much 

larger as compared to OP-0, indicating a rapid increase in hydration rate at early ages that 

might have resulted in higher early compressive strength and reduced final set time. 

Further, at 60 days of hydration (Figure 2.11b,d), the SEM image for MOP-1 shows more 

compact structure as compared to OP-0, contributing to a denser structure, thus 

improving the permeability and later age strength of concrete. This phenomenon could 

also explain reduced chloride permeability, reduced ASR expansion, and improved 

scaling resistance of concrete with nano CaCO3. 

Similarly, for PLC, at 3 days (Figures 2.11e,g), the SEM image for PL-0 has more 

unhydrated products (as indicated by white fluffy structures) as compared to MPL-1. 

Also, the ettringite crystals are longer in MPL-1, indicating increased hydration rate, thus 

resulting in reduced final set time. And, for 60 days (Figure 2.11f,h), the SEM images for 

both samples show compact structure but with more hydration products embedded in 
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CSH for MPL-1, thereby improving the later age strength and permeability of PLC 

concrete.  

Conclusions 

To make Portland cement environment-friendly and economical, limestone 

powder is incorporated during the manufacture of cement. This cement type, called PLC 

(Portland Limestone Cement), has environmental benefits due to reduced clinker 

production required. However, PLC has been limitedly used primarily due to its reduced 

later age strength. The use of CaCO3 in PLC concrete improved the strength and 

performance of concrete thus potentially encouraging wider use of PLC in the 

construction industry. In this study, three different replacement rates (1%, 2%, and 3%) 

of nano CaCO3 in PLC were investigated where 1% replacement provided the optimal 

performance, as summarized below.  

1) The workability of PLC concrete was not adversely affected by 1% replacement 

of cement with nano CaCO3. However, with larger replacements of 2% and 3%, 

concrete workability decreased.  Setting time for concrete, especially final set, 

was affected by the incorporation of nano CaCO3. Final setting was accelerated 

for PLC concretes with up to 2% nano CaCO3 replacements; however, at 3% 

replacement, the trend was reversed with longer set times.    

2) A comparable 56-day compressive strength was observed for PLC with 1 % nano 

CaCO3. The strength, however, exceeded the strength for OPC by 7% when 

modified mixing sequence was used.  
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3) Permeability at 56-days and ASR expansion at 14-days were reduced by 

approximately 33% and 20%, respectively with the replacement of 1% nano 

CaCO3 in PLC.  

4) SEM images showed that nano CaCO3 in both OPC and PLC concretes helps in 

densifying the pore structure and in increasing the amount of hydration products, 

thus improving the strength and durability properties of both concretes. 

Also, the effect of dispersion of nano CaCO3 was investigated by modifying the 

way nano CaCO3 was introduced. Compared with adding nano CaCO3 to cement during 

concrete mixing, pre-mixing of nano CaCO3 with cement prior to concrete mixing 

improved both mechanical properties and durability of both OPC and PLC concretes.   

Limitations and Recommendations 

In this study chemical admixtures were not used. The effect of nano CaCO3 in the 

presence of chemical admixtures was not investigated. Further study is recommended for 

the evaluation of effect of nano CaCO3 in combination with different type of admixtures. 

Inefficient dispersion of nanomaterials in the concrete mix has been identified as 

one of the major challenges and costly process for the industries. As observed in this 

study, pronounced effects on performance of concrete was observed when a modified 

mixing sequence was adopted. Further research is needed to identify optimum mixing 

method to achieve efficient dispersion of nanomaterials.  
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CHAPTER III 

NANO CALCIUM CARBONATE (CaCO3) AS A RELIABLE, 

DURABLE, AND ENVIRONMENT-FRIENDLY ALTERNATIVE TO 

DIMINISHING FLY ASH.  

Abstract 

Fly ash is widely used in the concrete industry to improve the performance and 

durability of concrete. The future availability of fly ash, however, is a concern, as 

most countries are inclining towards renewable energy sources as opposed to fossil 

fuels. Additional concerns have been raised regarding the impact of strict 

environmental regulations on fly ash quality and variability. This paper, therefore, 

evaluates if nano calcium carbonate (nano CaCO3) can be used as an alternative to 

fly ash. This paper presents comprehensive testing results (fresh, hardened, and 

durability) for OPC (Ordinary Portland Cement) and PLC (Portland Limestone 

Cement) concretes replaced with 1% nano CaCO3, and compares it to those of 

concretes with fly ash (both Class F and C). As compared to fly ash, the OPC and 

PLC with nano CaCO3 outperformed testing results in most cases including later 

age strength, permeability, and scaling resistance. As nanotechnology in concrete 

is a relatively new topic, more research on efficient use of nanotechnology such as 

proper dispersion of nano CaCO3 in the concrete, has potential to offer increased 

benefits. Further, nano CaCO3 is environmentally and economically viable, as it 

has potential to be produced within the cement plant while utilizing the waste CO2 

and generating economic revenue to the industry. Thus, nano CaCO3 has the 
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potential to serve as an alternative to fly ash in all beneficial aspects – economic, 

environmental, and technical. 

Keywords: Supplementary Cementing Materials (SCMs) and fly ash; 

nanotechnology and nano CaCO3; Portland Limestone Cement (PLC); Ordinary 

Portland Cement (OPC); workability and mechanical properties; performance and 

durability; environmental sustainability  
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Introduction 

Cement industries produce approximately 8 to 10% of global anthropogenic CO2 

emissions [1]. The cement production is projected to exceed 6 billion metric tons by 2050 

(from the current production of approximately 4 billion metric tons), adding more CO2 

into the atmosphere [2]. The carbon footprint of the cement industry thus has been a 

global concern. The cement industry searches for ways to meet increasing demand while 

reducing the carbon footprint of the cement produced. The Cement Technology Roadmap 

has identified energy-efficient technologies, alternative fuels, clinker substitution, and 

emerging and innovative technologies as the four major paths for achieving 

environmental sustainability in the cement industry [3], and subsequent research are 

underway [2,4–8]. One widely used approach, and probably the easiest and the most 

economical method, is clinker substitution, where a proportion of cement is replaced by 

SCMs (Supplementary Cementing Material) such as fly ash, GGBFS (Ground Granulated 

Blast-Furnace Slag), silica fume, and limestone powder [9–12]. 

Fly ash has been used since the late 1930s [13] and is the most widely used SCM 

so far. Fly ash is economical, environment-friendly, and easily available. Additionally, 

the use of fly ash in concrete provides improved performance and durability properties; 

fly ash specifically helps minimize ASR (Alkali Silica Reaction) as well as sulfate attack 

in concrete and meet the temperature requirement for mass placement [14,15]. Fly ash is 

a byproduct of burning pulverized coal in power plants and is pozzolan in nature. When 

mixed with cement, fly ash reacts with portlandite (calcium hydroxide) to produce 
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calcium silicate hydrate, which contributes to increasing strength and reducing porosity, 

thus improving the durability of concrete. 

Fly ash, however, may not be a sustainable and viable option in the years to come, 

as the future availability of fly ash and its quality are already a concern [16–19]. Most 

power plants across different nations are already making a switch towards natural gas or 

other renewable energy sources other than coal. Additionally, the quality of fly ash has 

been declining due to the Environmental Protection Agency (EPA) regulations on limits 

of SOx, NOx, and mercury [20]. The use of ammonia in flue gas will help lower SOx and 

NOx emissions; however, this use will increase the concentration of ammonia in fly ash, 

leading to odor issues during construction. Likewise, activated carbon is injected into flue 

gas to absorb the mercury. Activated carbon in fly ash absorbs air-entraining admixture; 

thus, controlling adequate entrained air content in concrete becomes quite difficult and 

poses a real challenge to the concrete industry. 

Further, to comply with the EPA regulations, power plants have started using 

river basin coal as their fuel source [18]. This change will reduce the supply of Class F 

fly ash, which is more effective than Class C fly ash in improving concrete durability as 

well as in controlling concrete temperature in mass concrete. Whether it be the reduced 

supply or the declining quality, the use of fly ash may not be a viable option in the years 

to come. Many research studies have been conducted to identify alternatives to fly ash 

[16, 21–22]. The use of natural pozzolans such as pumice, metakaolin, rice husk ash, or 

natural zeolite is being investigated as an alternative to the use of fly ash, but these 



Texas Tech University, Lochana Poudyal, August 2021 
 

 

51 
 

natural pozzolans also have long-term availability concerns because they are not 

distributed equally over the world [23]. 

Lately, nanotechnology has gained popularity where nanomaterials are being used 

as a partial replacement to cement clinker [24–30]. Nanomaterials change the structure of 

hydrated paste at a nano level, thereby dramatically improving both compressive and 

flexural strength, performance, and durability [24–26]. Several studies have concluded 

that incorporation of nanoparticles such as nano SiO2, nano TiO2, nano CaCO3, nano 

Fe2O3, nano Zr2O3, nano Al2O3, and nano graphene (CNTs and CNFs) in cementitious 

composites can significantly improve their performance and durability levels [26,31,32]. 

Most of these nanomaterials, however, come with high price, thus limiting their 

commercial implementation in the cement industry. 

As compared to several other nano materials, nano CaCO3 is relatively cheaper 

[33]. Further studies have shown that nano CaCO3 has the potential to be produced within 

the cement plant while utilizing the waste CO2 from cement production [33,34]. A recent 

study by Batuecas et al. (2021) [34] shows that replacement of cement by 2% nano 

CaCO3 helps reduce the CO2 emission from cement plants by 69%. The CO2 emission 

from cement plant was reduced from 0.96 kg CO2 eq./kg cement to 0.3 kg CO2 eq./kg. 

Thus, the use of nano CaCO3 (despite lower replacement rates as compared to fly ash) 

helps meet two key benefits—economic and environmental—of using fly ash in concrete. 

This paper now evaluates the technical viability of using nano CaCO3 as compared to 

benefits offered by using fly ash in concrete. 
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Recent studies [24,35–37] have shown that the use of nano CaCO3 improved the 

early and later age strengths of Portland cement concretes. Additionally, a previous study 

by the authors presents comprehensive testing results on OPC and PLC with different 

replacement rates of nano CaCO3; 1% replacement provided the optimal performance, 

with increased later age strength and durability properties in both cement types. This 

paper compares the performance of OPC and PLC concretes with 1% nano CaCO3 to that 

of concretes with fly ash (both F and C) and evaluates if nano CaCO3 can be used as an 

alternative to fly ash. To the authors’ knowledge, no prior efforts have been done to 

evaluate the applicability of nano CaCO3 as an alternative to fly ash. 

Materials and Evaluation Methods 

2.1. Materials 

Type I/II - Ordinary Portland Cement (OPC) with Blaine fineness of 390 m2/kg 

and type IL - Portland Limestone Cement (PLC) with Blaine fineness of 450 m2/kg were 

used as binders. Type IL PLC was produced by inter-grinding type I cement clinker with 

15% of limestone in the cement plant. Table 3.1 shows the chemical composition of OPC 

(Lafarge, Ravena, NY, USA), PLC (Capitol Aggregates Inc., Austin, TX, USA), Class F 

fly ash (Boral Material Technologies, San Antonio, TX, USA), and Class C fly ash 

(Lubbock, TX, USA). Limestone with a nominal maximum aggregate size of 19 mm 

(0.75-in) and siliceous sand with a fineness modulus of 2.6 were used as coarse and fine 

aggregates (locally available), respectively. The gradation of coarse aggregate is shown 

in Figure 3.1. 98% pure white precipitated nano calcium carbonate (CaCO3) with an 
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average diameter of 40 nm and surface area greater than 40 m2/g was used.  

 

Figure 3.1: Gradation of coarse aggregate 
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Table 3.2: Chemical composition of OPC, PLC, and Fly ash (% by weight). 

Constituents 
OPC 

Type I/II 

PLC 

Type IL 

Class C 

fly ash 

Class F 

fly ash 

SiO2 19.7 20.2 35.5 63.67 

Al2O3 4.7 5.5 18.3 24.26 

Fe2O3 3.0 1.8 7.4 5.08 

CaO 62.1 65 25.9 2.70 

MgO 3.7 1.2 5.3 0.93 

SO3 2.9 3.8 1.4 0.25 

Equivalent 

alkalis 
0.59 0.38 2.15 - 

LOI (Loss on 

Ignition) 
2.29 6.1 0.2 3.21 

 

2.2. Evaluation Methods 

This paper presents comprehensive testing results for four different concrete types 

– concretes with (1) OPC (and with 1% nano CaCO3), (2) PLC (and with 1% nano 

CaCO3), (3) OPC (replaced with 20% Class C fly ash), and (4) OPC (replaced with 20% 

Class F fly ash). The properties evaluated consist of (a) slump and setting of fresh 

concrete, (b) strength and modulus of elasticity of hardened concrete, and (c) concrete 

durability properties – permeability, alkali silica reaction (ASR) and scaling resistance. In 

addition, the SEM (Scanning Electron Microscope) images for different samples were 

obtained. The mixture proportions for 0.76 m3 (1 cy) of concrete are given in Table 3.2. 

Water to binder ratio was fixed at 0.47, with a total binder content of 295 kgs. per 0.76 
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m3 (650 lbs. per 1cy) of concrete. No chemical admixtures were used in this experiment 

to limit the interference of other chemicals on the effects of nano CaCO3. During the mix 

preparation, nano CaCO3 and cement were placed in an electrically driven mechanical 

mixer and blended under high speed for three to four minutes prior to introducing them 

into the mixture. Previous studies [39], however, have shown that the addition of 

superplasticizers helps in proper dispersion of nanomaterials and enhances the 

performance.  

Table 3.2: Mix design for 0.76 m3 (1 cy) of concrete. All units are in kg. 

Mix 

design

ation 

Description 
Nano 

CaCO3 

Fly 

ash 
Water Cement 

Coarse 

aggregates 

Fine 

aggregates 

OP-0 

OPC with 

0% nano 

CaCO3 

0 0 138 295 784 525 

OP-1 

OPC with 

1% nano 

CaCO3 

3 0 138 292 784 525 

PL-0 

PLC with 

0% nano 

CaCO3 

0 0 138 295 784 525 

PL-1 

PLC with 

1% nano 

CaCO3 

3 0 138 292 784 525 

F20 

OPC with 

20% Class 

F fly ash 

0 130 138 236 784 525 

C20 

OPC with 

20% Class 

C fly ash 

0 130 138 236 784 525 
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Slump and setting tests were conducted as per ASTM C143 and ASTM C403, 

respectively.  

For compressive strength and elastic modulus, cylindrical concrete specimens of 

100×200 mm (4-in diameter and 8-in length) were tested at 3, 7, 28 and 56 days. The 

specimens were fabricated and moist cured in accordance with ASTM C192. Rapid 

Chloride Penetration Test (RCPT) was conducted in accordance with ASTM C1202 

using the Giatec Scientific test setup, where the charges passed through the specimen 

were automatically calculated at the end of six hours. For this testing, cylindrical 

specimen’s 100×200 mm (4×8 in) were cured for 56 days as per ASTM C192. The cured 

specimens were then cut to the proper size (100×50 mm (4×2-in)) for testing as 

prescribed by ASTM C1202. An Alkali-silica reaction (ASR) test was performed on 

prismatic specimens 25×25×254 mm (1×1×10-in) as per ASTM C1260, where sand with 

a high reactivity from a local source was used. The changes in length of specimen were 

measured as per ASTM C157 at 5, 10, and 14 days. Scaling resistance was evaluated in 

accordance with ASTM C672. The testing was performed on beam specimens 

150×150×610 mm (6×6×24-in) with plastic dikes of 19 mm (0.75-in) height for the 

chloride solution. The specimens for SEM images were prepared as per ASTM C305, and 

the images were obtained using a Zeiss Crossbeam 540 FIB-SEM. 

The properties of OPC and PLC concretes with 1% cement replacement by nano 

CaCO3 were compared with those of concretes containing fly ash in order to assess 

whether nano CaCO3 could be used as a substitute for fly ash as an effective mineral 
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admixture. All the testing results presented in this paper are the averages of three 

specimens, except for scaling resistance (single specimen). Most of the measured values 

were within one standard deviation (1-SD) with few data extending over 2-SD. For better 

understanding of the test results, all the figures (as appropriate) have been provided with 

error bars representing 1-SD. 

2.3. Statistical Analysis 

Tukey multiple comparison test (also referred to as Tukey HSD test) was adopted 

as statistical tool in evaluating the significant differences. Here, the test results for 

concretes with 1% nano CaCO3 were compared with corresponding test results for 

concretes with fly ash. Tukey test was used as it has a low false positive rate, i.e., it 

provides higher level of confidence for the differences to be real. 

Results and Discussions 

 3.1. Concrete Slump 

Figure 3.2 shows the slump for different concrete mixes. The slumps for both 

Class F and C fly ash concretes are relatively higher as compared to those for OPC 

concrete. Class C fly ash concrete has approximately 50% higher slump than the OPC; 

this difference can be attributed to the morphologic effect, resulting from the micro beads 

present in the fly ash acting as a lubricating agent in fresh concrete [39]. However, the 

PLC concrete had comparable slump values to those of fly ash concretes. It was also 

observed that the replacement of 1% nano CaCO3 had minimal effects on the slump for 

OPC and PLC concretes. Although the water demand is expected to increase with the use 
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of finer particles, lower replacement levels did not seem to affect the workability [24]. 

 

Figure 3.2: Results of slump test for all mixes. 

3.2. Setting  

As we replaced the cementitious materials with pozzolans such as fly ash, the 

pozzolans reacted with calcium hydroxide, a product of cement hydration, thus inhibiting 

early hydration. This had a pronounced effect on the set time of the concrete, as 

illustrated in Figure 3.3, with fly ash concretes displaying a larger set time compared to 

OPC and PLC concretes. Further, Class C fly ash concrete showed a lower set time 

compared to Class F fly ash concrete due to a higher amount of calcium oxide content in 

Class C fly ash. 
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Figure 3.3: Results of setting test for all mixes. 

The addition of nano CaCO3 further reduced the initial and final set times for both 

OPC and PLC concretes, with a larger reduction in PLC concrete. In PLC concrete, the 

combined dilution and filler effects increased the rate of hydration at early ages, thus 

lowering the set time. Additionally, the increased nucleation effect resulting in an 

increased C3S hydration rate also helped lower the set time for PLC [24]. 

3.3. Compressive Strength 

 The strength of concrete mainly depends on the amount of hydration products, 

the porosity of concrete, and the packing of the microstructure. Figure 3.4 illustrates the 
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concrete showed the lowest strength among all concrete types at 3 days and 7 days. 

Similar results were observed for testing at 28 days and 56 days, while studies have 

shown that the Class F fly ash concrete strength normally exceeds the OPC concrete 

strength at about 90 days [39, 40]. It should also be noted that the pozzolanic reaction 

takes place even after years of concrete placement. On the other hand, the strength of 

Class C fly ash was comparable to that of OPC at 28 days and exceeded the 

corresponding values for OPC and PLC at 56 days. 

 

Figure 3.4: Results of compressive strength test for all mixes. 
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weather regions. However, the use of nano CaCO3 improved the strength of both OPC 

and PLC concretes at all ages, while exceeding the corresponding strengths when 

compared to concretes with fly ash. The improved strength was the result of an enhanced 

nucleation effect, which increased the rate of hydration. In addition, the formation of 

extra hydration products such as carboaluminates improved the porosity and packing of 

the microstructure, thus increasing the later age strength [24]. Thus, as far as strength is 

concerned, nano CaCO3 serves as a better alternative to fly ash. 

3.4. Elastic Modulus 

The elastic modulus of concrete mainly depends upon the aggregate properties 

and porosity or densification of the paste. Since the same aggregate was used in all 

concrete types, no significant difference was observed. However, there seemed to be 

loose correlation between compressive strength and elastic modulus due to the denseness 

of the hydrated cement paste. Figure 3.5 shows the elastic modulus of all concretes. At all 

ages, fly ash concretes (especially Class F) displayed a relatively lower modulus value as 

compared to OPC and PLC concretes. In contrast to the reduced modulus of concrete 

with fly ash, nano CaCO3 improved the modulus values for both OPC and PLC. Nano 

CaCO3 did not compromise the development of concrete stiffness, in contrast to as fly 

ash, and could serve as a better alternative to fly ash. 
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Figure 3.5: Results of elastic modulus test for all mixes. 

3.5. Permeability 

The RCPT measures concrete resistivity, not permeability; however, it has been 

shown that a correlation exists between concrete resistivity and permeability [41]. Figure 

3.6 shows the charges passed in coulombs for all the concretes. It can be observed that 

the concretes with fly ash showed lower charges passed compared to OPC and PLC. The 

lower charges observed in fly ash concrete can be attributed to the formation of more 

CSH gel due to the pozzolanic reaction at later ages and increased density of the concrete. 

Class F fly ash concrete showed a lower value than Class C, as the amount of silica 

present in Class F was higher, leading to increased pozzolanic reaction in concrete. 
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Figure 3.6: Results of RCPT test. 
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products. Likewise, similar improvements, but at a lower scale, were observed for PL-1 

concrete. PL-1 concrete showed comparable resistivity values to those of fly ash 

concretes. This shows the potential of improving the microstructure of concrete at later 

stages using nano CaCO3 instead of fly ash, thus improving the durability of concrete. 

3.6. Scaling Resistance 

Figure 3.7 presents the results for scaling resistance of concretes, where mass loss 

after every five cycles of freezing and thawing can be observed. For all concrete types, 

the rate of mass loss gradually increased in early cycles, followed by steady and 

decreased mass loss at later cycles. Class F fly ash concrete was observed to have the 

highest mass loss, followed by OPC and Class C fly ash. PLC experienced the least mass 

loss. Several factors, including porosity or strength, w/b ratio, method of curing, air 

entrainment, and type of coarse aggregates used, affect the scaling resistance of concrete 

[43,44]. Among these factors, air entrainment and porosity are considered the two major 

critical factors. In this test, concrete was mixed without the use of any air-entraining 

admixtures. 
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Figure 3.7: Results of Scaling resistance 

The addition of nano CaCO3 improved the scaling resistance of both OPC and 

PLC concretes. The OP-1 concrete showed a lower mass loss than both classes of fly ash, 
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lowest mass loss in PL-1 could be the consumption of C3A at early ages to form 

carboaluminates, as explained by the inverse relationship between the amount of C3A and 

the scaling resistance of concrete [45]. 
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been considered as another factor for increased mass loss in fly ash concrete [46]. This 

phenomenon can also be observed in the differences between mass losses in Class C and 

Class F fly ash concretes. Class C fly ash concrete showed relatively higher early strength 

than Class F fly ash; therefore, it had a smaller mass loss compared to Class F fly ash. It 

should also be noted that ASTM C672 is considered a very harsh laboratory testing and 

does not replicate the actual field condition. Case studies have shown that adequate air 

entrainment with lower fly ash content seems to have performed satisfactorily in the field 

[47]. 

 

Figure 3.8: Scaling of concrete surfaces at 20 cycles (left to right: F20, C20, 

OP0, OP-1, PL-0, PL-1) 

Concretes with fly ash, thus, have lower resistance to scaling, which has been a 

concern in freeze-thaw environments. On the contrary, the use of nano CaCO3 improved 

the scaling resistance of both OPC and PLC concretes. As shown in Figure 3.8, visible 

reduction was observed in the amount of scaled concrete surface after the replacement of 

OPC and PLC with nano CaCO3. Thus, nano CaCO3 can help in mitigating another major 
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limitation of fly ash concrete, thereby presenting a better alternative to fly ash in concrete 

applications in cold regions.  

3.7. Alkali-Silica Reaction 

The alkali–silica reaction (ASR) in concrete occurs when reactive silica present in 

the aggregates react with hydroxide ions in pore solution to form expansive silica gel, 

which could cause micro cracks in concrete when moisture is absorbed. The expansion of 

concrete due to ASR depends on several factors such as alkali content of the cement, 

amount and reactivity of silica present in aggregates, availability of moisture, and 

porosity of the concrete. Figure 3.9 presents the testing results from ASTM C1260. The 

fine aggregate selected in this evaluation is known for excessive ASR potential. 

 

Figure 3.9: Results of ASR test 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 2 4 6 8 10 12 14 16

Ex
p

an
si

o
n

, 
%

No. of days

OP-0 OP-1

PL-0 PL-1

F20 C20



Texas Tech University, Lochana Poudyal, August 2021 
 

 

68 
 

The maximum expansion was seen for the OPC concrete, and the least expansion 

was seen for the concrete with Class F fly ash. Several reasons for lower ASR in Class F 

fly ash concrete include the reduced porosity due to the pozzolanic reaction, binding of 

alkali in the CSH gel, and consumption of portlandite, which reduced the alkalinity of the 

pore solution. The expansion of Class C fly ash concrete was, however, much higher than 

that of Class F concrete, with an expansion nearly equal to that of OPC concrete. 

Research studies have shown that Class C fly ash does not reduce the expansion as 

effectively as Class F fly ash [14]. This difference has been attributed to the chemical 

composition of Class C fly ash; Class C fly ash has a higher lime content than Class F fly 

ash, thus contributing to the formation of portlandite rather than consuming it. 

The addition of nano CaCO3 significantly reduced the expansion of OPC by 

approximately 45%. The reduced microstructure porosity due to the filling of the 

micropores of concrete could be one of the major reasons for this reduction in expansion, 

as explained by Poudyal et al. [24]. Likewise, the expansion reduced by approximately 

20% for PLC concrete. Thus, nano CaCO3 was effective in reducing the expansion of 

both OPC and PLC, with values lower than that of Class C fly ash. However, its ability to 

reduce concrete expansions was not as effective as for Class F fly ash. Where reducing 

the ASR potential is a major issue, other alternatives such as either a lower cement 

content or a cement with a low alkali content could be considered. 

3.8. Statistical Analysis  

Table 3.3 presents the summary of the Tukey HSD test analysis. Significant 
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difference (p < 0.05) was observed in the performance of concretes with 1% nano CaCO3 

as compared to concretes with fly ash. The compressive strength, at all ages, and the 

scaling resistance of both OP-1 and PL-1 were significantly higher compared to those of 

concretes with fly ash. The permeability of OP-1 was significantly reduced, while PL-1 

had higher permeability when compared to concrete with fly ash (Class C), but the 

difference was not significant. Likewise, the ASR expansion of both OP-1 and PL-1 was 

higher when compared to that of concrete with fly ash (Class F), but the difference was 

not significant. Thus, the statistical analysis confirmed that nano CaCO3 outperformed fly 

ash in most of the tests, with few tests where fly ash showed relatively better results, 

which, however, were not significant. Further, confirming the previous study by the 

authors [24], concretes with 1% nano CaCO3 exhibited a significantly better performance 

in all tests (except the ASR) when compared to traditional concretes without nano 

CaCO3. 

Table 3.3: Summary of Tukey HSD Analysis 

Sample OP-0 PL-0 F20 C20 Test 

OP-1 Y, > Y, > Y, > Y, > 3 days Comp. Strength 

PL-1 Y, > Y, > Y, > Y, > 

OP-1 Y, > Y, > Y, > Y, > 7 days Comp. Strength 

PL-1 Y, > Y, > Y, > Y, > 

OP-1 Y, > Y, > Y, > Y, > 28 days Comp. Strength 

PL-1 Y, > Y, > Y, > Y, > 

OP-1 Y, > Y, > Y, > Y, > 56 days Comp. Strength 
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PL-1 Y, > Y, > Y, > N, > 

OP-1 Y, < Y, < Y, < Y, < Rapid Chloride 

Penetration PL-1 Y, < Y, < N, > N, < 

OP-1 N, < N, < N, > N, < Alkali Silica Reaction 

PL-1 N, < N, < N, > N, < 

OP-1 Y, < N, > Y, < Y, < Scaling Resistance 

PL-1 Y, < Y, < Y, < Y, < 

 

Y represents significant difference (p<0.05), and N represents the opposite. 

> reads as higher than concretes with fly ash. 

< reads as lower than concretes with fly ash. 

3.9. Microstructure of Cement Paste  

SEM images of cement pastes were analysed for further research. In Figure 3.10, 

the images on the left column (Figure 3.10a,c,e,g,i,k) correspond to 3-day hydration for 

F20, C20, OP-0, OP-1, PL-0, and PL-1, respectively, and the figures on the right column 

(Figure 3.10b,d,f,h,j,l) correspond to 28-day hydration. The 3-day hydration images for 

all cement paste show a fluffy structure with ettringite crystals, indicating early 

hydration. Similarly, the 28-day images for all samples show hardened CSH gel, 

portlandite crystals, and ettringite needles. 

For fly ash cement paste at 3 days (Figure 3.10a,c), the ettringite crystals appeared 

smaller as compared to OP-0, indicating a slower hydration rate at early ages, as 

indicated by lower compressive strength and increased set time. The SEM images of 3-
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day hydration of Class F and Class C cement pastes look similar. However, at 28 days of 

hydration, Class C fly ash particles appeared more reactive than Class F fly ash particles. 

Class C fly ash particles appeared almost fully covered in CSH gel, as seen in Figure 

3.10d. This reactivity could be one of the reasons for Class F fly ash concrete having 

lower strength than Class C fly ash concrete at 28 days. 

For OPC and PLC at 3 days (Figure 3.10e,i), the images show ettringite crystals, 

CSH gel, and unhydrated products. After addition of nano CaCO3 (Figure 3.10g,k), the 

ettringite crystals seemed to be larger compared to those in OP-0 and PL-0, indicating a 

rapid increase in hydration rate at early ages that might have resulted in higher early 

compressive strength and reduced final set time. Additionally, calcium carboaluminates 

were confirmed in the images of PL-1, OP-1, and PL-0 cement pastes by EDS analysis, 

contributing to more hydration products. Thus, at 28 days of hydration (Figure 3.10h,l), 

the SEM images show a more compact structure compared to OP-0 and PL-0. This 

provided a denser structure, thus improving the permeability and later age strength of the 

concretes. This phenomenon could also explain reduced chloride permeability, ASR 

expansion, and improved scaling resistance of both concretes with nano CaCO3. 
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a) Microstructure of F20 at 3 days 

 
b) Microstructure of F20 at 28 days 

 
c) Microstructure of C20 at 3 days 

 
d) Microstructure of C20 at 28 days 

 
e) Microstructure of OP-0 at 3 days 

 
f) Microstructure of OP-0 at 28 days 
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g) Microstructure of OP-1 at 3 days 

 
h) Microstructure of OP-1 at 28 days 

 
i) Microstructure of PL-0 at 3 days 

 
j) Microstructure of PL-0 at 28 days 

 
k) Microstructure of PL-1 at 3 days 

 
l) Microstructure of PL-1 at 28 days 

Figure 3.10: SEM images of samples 
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Summary and Future Recommendations 

Fly ash has been widely used in the concrete industry to enhance concrete 

performance, while lowering concrete cost and mitigating adverse environmental 

impacts. The supply and quality of fly ash, however, have already been a concern in 

several regions of the world, and thus fly ash may not be a viable option for the years 

ahead. This paper evaluated if nano CaCO3 can be used as an alternative to fly ash. In this 

study, the performance of OPC and PLC concrete with 1% nano CaCO3 was compared 

with that of both Class F and C fly ash concrete; research consisted in the evaluation of 

fresh and hardened concrete properties, including mechanical properties and durability 

performance. The findings from this study can be summarized as follows: 

1. The concrete with nano CaCO3 had improved mechanical properties (compressive 

strength and elastic modulus) at all ages compared to fly ash concretes. 

2. The use of nano CaCO3 reduced the permeability of both OPC and PLC 

concretes. The permeability of OP-1 was lower than that of concretes with fly ash, 

while PL-1 had a permeability comparable to that of concretes with fly ash. 

3. The use of nano CaCO3 improved the scaling resistance of both OPC and PLC 

concretes, with the highest resistance for PLC concrete, thus mitigating the major 

limitation of concretes with fly ash for use in freeze–thaw environments. 

4. The addition of nano CaCO3 reduced the expansion of both OPC and PLC 

concretes by approximately 50% and 20%, respectively. The expansion of OPC 
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and PLC concretes was lower than that of concrete with Class C fly ash but was 

not as effective as for Class F fly ash. 

5. SEM images showed that the microstructure of concrete improved with the 

addition of both nano CaCO3 and fly ash in concretes. 

The testing results showed that both OP-1 and PL-1 (OPC and PLC concretes 

with 1% nano CaCO3) showed comparable performance, which in most cases, exceeded 

the performance of fly ash concretes. In addition to a higher performance, the use of nano 

CaCO3 can also be economical and more sustainable, as this concrete has the potential to 

be produced within the cement plant with the utilization of waste CO2. Thus, nano CaCO3 

has the potential to serve as a reliable, economical, and environment-friendly alternative 

to fly ash. Further, moving towards a more environment-friendly alternative, more studies 

on the durability of PLC with nano CaCO3 should be initiated. As PLC with nano CaCO3 

showed comparable or better results than OPC, there is a possibility to produce PLC with 

higher percentage of limestone powder, thus reducing the cement clinkers. 
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CHAPTER IV 

ENVIRONMENTAL SUSTAINABILITY IN CEMENT INDUSTRY:  

AN INTEGRATED APPROACH FOR GREEN AND ECONOMICAL 

CEMENT PRODUCTION 

Abstract 

The carbon footprint of cement industries has been a major environmental issue in 

recent decades. Carbon Capture and Storage (CCS), use of Supplementary 

Cementing Materials (SCMs) as partial replacement to cement, and use of 

nanotechnology are some approaches that are being tested and practiced for 

reducing the carbon dioxide (CO2) emissions from the cement industries. Each of 

these approaches, however, comes with their own limitations and the 

implementation in real industrial scenarios is yet a concern. This paper proposes an 

integrated approach where CO2 captured from cement plant will be utilized within 

the plant for producing nano calcium carbonate (CaCO3) for use in cement 

manufacturing process. This technology incorporates all the above three 

approaches and help cement industries produce sustainable, durable, and 

economical cement while reducing the CO2 emissions into the atmosphere: thus, 

leading towards green infrastructure and global environmental sustainability. 

Additionally, adoption of this technology ensures proper dispersion of nano 

materials thereby improving the performance of concrete. Further, this technology 

is economically attractive to cement industries as they will have a new product 

(nano CaCO3) with much higher cost than cement with potential for generating 

additional economic revenues.  
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Introduction 

The atmospheric concentrations of greenhouses gases continue to rise at record 

levels year after year [1]. Power plant industries, agriculture, industrial processes, land-

use change and forestry, bunker fuels are some of the major sources of greenhouses gases 

[2]. Of all the sources, power plant industries are the major contributors with 

approximately 30% of total emission alone [3]. In response to record high temperatures 

experienced in recent consecutive years, most European countries including Germany are 

already making move towards clean sources of energy such as wind and solar energy [4]. 

This will definitely help move a step closer towards cleaner environment but is far from 

that required for the world to meet its climate goals, and for two major reasons – 1) the 

nations that have committed do not use much of coal except Germany, and the nations 

that have larger contribution such as USA, India and China are still relying mostly on 

coal-based industries, and 2) a number of developing countries in Asia — including 

India, Vietnam and Bangladesh — are still looking to build new coal plants to generate 

electricity [4].  

In addition, we have a continually growing cement industry which is one of the 

leading contributors of greenhouse gases after power plant industries. Approximately 4.1 

billion metric tons of cement are currently produced globally every year, accounting to 

about 8 to 10 percent of global anthropogenic CO2 emissions [5] and is expected to 

continually increase in the future adding more CO2 into the atmosphere. A study by 

Chatham house [6] showed that the cement industry should reduce the cement clinker to 
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60% and then take special measures in capturing and storing CO2 to control the impact of 

cement industry on environment by 2050. 

1.1. Techniques for CO2 reduction in cement industries 

The cement and concrete industry searches for ways to meet increasing demand 

while reducing the carbon footprint of the concrete produced. Techniques such as carbon 

capture and storage (CCS), material substitution, alternative fuels and energy efficient 

technologies have been identified as some of the approaches to produce more sustainable 

cement [7,8]. The roadmap, produced by the World Business Council for Sustainable 

Development (WBCSD), the International Energy Agency (IEA) and the Cement 

Sustainability Initiative (CSI), identified four levers (improving energy efficiency, 

switching to alternative fuels, reducing the clinker to cement ratio, and using emerging 

and innovative technologies) to improve the carbon footprint of cement and concrete 

production [9].  

1.1.1. Carbon Capture and Storage (CCS)  

CCS technologies, including absorption, membrane-based processes, mineral 

carbonation, and the use of oxyfuel, have been studied as prominent solutions to 

minimize CO2 emissions in the atmosphere [8,10]. Companies like CALERA (currently 

known as FORTERA) [11] and CCM (Carbon Capture Machine) [12] have been 

producing carbonate minerals by passing captured CO2 through aqueous alkali solution 

[6,13]. Recently, modified cement products such as CO2 concrete [14] and several other 

new technologies, including Solidia technology, Carbicrete, and Carbon cure [15], are 
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being examined to minimize the CO2 emissions from cement production thereby making 

cement a sustainable construction material.  

 However, most of the studies are either limited to application like precast industries or 

utilizes the raw materials that are available on a regional basis thus restricting their 

abundant use. Additionally, the widespread concerns relating to long-term reliability and 

high capital cost suggest that CCS alone may not be technically and commercially viable 

option [16]. Further, the CCS technologies are associated with legal issues and 

uncertainties delaying large-scale implementation [8,17]. 

1.1.2. Supplementary Cementing Materials (SCMs)   

Other commonly used approach is the material substitution. SCMs such as fly ash, 

slag, GGBFS (Ground-granulated blast-furnace slag), limestone powder, silica fume, 

RHA (Rice Husk Ash), calcined clay, metakaolin, and pumice has been used to partially 

replace the OPC (Ordinary Portland Cement) [18-22]. These materials help in improving 

the performance of concrete either by pozzolanic or by cementitious reactions. However, 

all these SCMs come with their own limitations [6,23,24].  

Fly ash is one of the widely used SCM that helps in improving the durability 

factor of concrete, especially the alkali-silica reaction. The future availability of fly ash 

however has already been a concern in cement industries as the world is moving towards 

environment-friendly energy alternatives [6,24]. Limestone dust is another widely used 

SCM especially in European countries for higher early age strength. The reduced later 

age strength due to limited reactivity of limestone however limits the substitution levels 
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above 15% [25,26]. Also, the availability of natural pozzolans such as RHA, Pumice, and 

calcined clay are not distributed equally over the world thus has concerns about long term 

availability. 

1.1.3. Nanotechnology  

As a recent development, nanotechnology has been introduced in the field to 

compensate for the limitations of SCMs replacement in cement [25,27-32]. 

Nanotechnology is the use of materials less than 100 nano meters (10 thousand times 

smaller than a cement particle) such as nano SiO2, nano TiO2, nano CaCO3, nano Fe2O3, 

nano Zr2O3, nano Al2O3 and nano graphene (CNTs and CNFs). Nanomaterials change the 

structure of hydrated paste at a nano level thereby improving both compressive and 

flexural strength, performance, and durability dramatically [25,27]. Addition of 

uniformly distributed small quantity of nano particles in cement helps in providing 

nucleation sites for precipitation of hydration products, act as nano reinforcement, and act 

as an excellent filler material thus improving the performance of concrete [28]. In 

addition, the nano particles help fill the nano pores making the surface less permeable 

thereby improving the durability of concrete.  

Most nano materials, however, comes with high cost potentially increasing the 

cost of construction, and may not be a viable option for construction industries. Further, 

the effectiveness of using nano materials largely depends on proper dispersion of nano 
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particles [42], and techniques used for dispersion such as sonication2 are cost intensive 

for construction industries to adopt. Thus, the economic and technical limitations of using 

nanomaterials have been a bottleneck for cement industries to adopt at commercial scale.  

1.1.4 Others  

In addition to the above-mentioned three approaches, studies have been done on 

finding an alternative binder to portland cement with reduced environmental impacts 

[34,35]. For instance - use of low CO2 binders such as belite-ye’eliminite-ferrite cements 

where the clinkers are based on belite (that requires less temperature than alite clinkers) 

and raw materials that are rich in calcium sulfoaluminate “ye’eliminite” [34,35]. Another 

such innovative alternative binder is the Alkali-activated binders which commonly 

consists of two elements: a cementitious component and an alkaline activator [34]. 

Different industrial by-products and aluminosilicate raw materials are used as 

cementitious materials and sodium silicate is primarily used as the activator [34]. The 

availability and cost of raw materials, and the technical limitations have restricted their 

applicability [36,37]. Additionally, this type of approach with entirely different chemical 

composition of cement will require a lot of technical data and validation before it can be 

made available in the market.  

1.2. Research need 

Regardless of extensive research on novel techniques of reducing environmental 

 
2 The process of separating agglomerated nanomaterials through use of sound energy to disturb 

the sample and break its intermolecular interactions. 
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impacts of cement production, commercial implementation has yet been a concern, and 

will occur only if there is a real synergy between sustainability and profitability. Further, 

the implementation will be more rapid only when the proposed approach takes into equal 

consideration the multi-dimensions (social, economic, and environmental) of 

sustainability [7,38]. Most of the current studies, however, prioritizes on environmental 

aspects and lack to explore the socio-economic aspects. The commercial rollout of 

technology is impossible without the public acceptance and until the plant owners and 

stakeholders see the economic values. Also, a survey conducted on energy use and 

environmental concerns by Curry et al. [39] showed that the environment alone is not a 

pressing concern for the majority of the public.  

A recent paper by Habert et al. [8] provides a comprehensive review on 

decarbonization strategies, their environmental impacts, technical feasibility, and 

limitations. Several techniques exist that can cut off the CO2 emissions, however, they are 

either not feasible techno-economically or are not reliable as a long-term solution. 

Additionally, several technical complications arise when switching to a completely new 

approach, as more investigations and research is required for evaluating and validating 

the performance data [35]. This paper, therefore, proposes an integrated approach for 

environmental sustainability in cement industries where traditional approach of cement 

production is combined with modern and emerging technologies. The proposed approach 

combines three key techniques of sustainable cement production (CCS, material 

substitution, and use of nanotechnology) and will help cement industries produce 
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sustainable, durable, and economical cement. 

Use of Nano CaCO3 in cement industry 

As compared to several other nano materials, nano CaCO3 is highly economical. 

Nano CaCO3 costs only about US $150 per metric ton [40], which is comparable to the 

price of cement (US $ 124 per metric ton) [41]. The mentioned price for nano CaCO3 is 

from China and huge variations in the price of nano CaCO3, however, can be observed 

across different nations [42]; one of the reasons could be the production process of nano 

CaCO3, and could also be the consequence of supply-demand chain.  

Nano CaCO3 can be produced using either of the two methodologies – “top-

down” approach or “bottom-up” approach [28]. Fine grinding of limestone powder is the 

top-down approach which requires high energy intensive process to finely grind the 

limestones into nanosized particles. This process does not change the chemical 

composition of the materials and produces rather non-uniform materials as compared to 

“bottom-up” approach. In the “bottom-up” approach, precipitated nano CaCO3 is 

produced by passing pure CO2 through continuously stirred aqueous calcium solution. In 

this process, the materials are synthesized by stacking atoms-atoms or molecule-

molecules in an orderly manner, thus changing the shape, size, and chemical composition 

of materials. This arrangement is achieved through utilizing several techniques such as 

electrical conductivity, optical absorption, and chemical reactivity [27]. Thus, the 

“bottom-up” approach provides a more efficient and uniform precipitated nanomaterials. 
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Further, the bottom-up approach will utilize the emitted CO2 in contrast to additional CO2 

emission using top-down approach. 

2.1. Benefits of using nano CaCO3. 

The low cost of nano CaCO3 but with similar effect as other nano materials [43] 

has led to the increased interest on its use in concrete. Recent studies [25,44-46] have 

shown that use of nano CaCO3 in concrete, both the ordinary concrete and the concrete 

with SCMs, tremendously improved the early and later ages strength. The findings from a 

comprehensive testing by Poudyal et al. [25] further showed that addition of 1% by 

weight of nano CaCO3, as a partial replacement of cement, in concrete improved porosity, 

resistance towards alkali-silica reaction and scaling resistance thus improving the 

durability of concrete. Table IV.1 presents the summary of improvements observed in 

OPC and PLC (Portland Limestone Cement) concrete with 1% replacement of nano 

CaCO3 [25]. The results presented are for mixes without any superplasticizers and mixing 

of nano CaCO3 was done manually, thus there is a potential that these results could 

further be improved. 

 

 

 

 

 



Texas Tech University, Lochana Poudyal, August 2021 
 

 

90 
 

Table 4.1: Summary of testing results for OPC and PLC with nano CaCO3 

(Source: adopted from Poudyal et al. [25]). 

Test/Parameter 
Measured 

OPC  PLC 

Without 
nano 

CaCO3
3 

With 
1% 

nano 
CaCO3 

% 
Change4 

 

Without 
nano 

CaCO3 

With 
1% 

nano 
CaCO3 

% 
Chan

ge 

% 
Change 

wrt. 
control 
sample 

 

Compressive 
Strength/ 56-days 

strength (MPa) 
42 47 11  41 45 9 7 

Rapid Chloride 
Penetration Test/ 

Charges passed 
(Coulumbs) 

3915 2820 -28  5010 3370 -33 -14 

Alkali Silica 
Reaction/ 14 days 

expansion (%) 
0.72 0.37 -49  0.56 0.46 -18 -36 

Scaling Resistance/ 
Total mass loss after 

50 cycles of freeze 
and thaw (grams) 

694 363 -48  338 147 -56 -79 

 

The use of nanotechnology has also helped in offsetting the undesirable properties 

of SCMs thereby allowing for increased replacement percentage of cement with SCMs 

[25,27-29]. As observed in Table IV.1, PLC with 1% nano CaCO3 exceeded the 

performance of traditional OPC. This indicates the possibility of increasing limestone 

powder in PLC concrete while achieving the comparable performance as that of OPC but 

with reduced cement clinkers. Further, it should be noted that the improved performance 

 
3 Control sample 
4 (-) ve sign in % change indicates reduction in measured value. 
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of concrete will make them more durable and sustainable thus reducing negative impacts 

from additional manufacturing and construction process [8].  

Integrated approach for producing new generation cement 

If the cement industries were to capture CO2 and use it to produce nano CaCO3 

within the plant itself, there is likely chance that nanotechnology can be applied at 

commercial scale. Production of nano CaCO3 in the cement plant itself and addition of 

these nanomaterials to intergrind with the cement clinkers (and limestones as SCM) will 

help in producing new generation cement. Figure IV.1 shows the schematic flow of the 

proposed integrated approach for producing environment-friendly and sustainable 

cement.  
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Figure 4.1: Schematic flow of the proposed integrated approach for producing 

next generation cement. 

3.1. Environmental benefits 

Despite numerous efforts, effective and economical strategies for storage of 

captured CO2 have not yet been identified. The integrated approach proposed in this 

paper avoids the need for storage as the captured CO2 will be utilized within the cement 

plant for producing nano CaCO3. This helps limit the CO2 emissions into the 

environments thus mitigating adverse environmental impacts of cement plant, while also 

reducing the clinkers percentage in cement.  
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The LCA study by Batuecas et.al. [48] also shows that if nano CaCO3 were to be 

produced utilizing the captured CO2 from the cement plant and used to replace Portland 

cement clinkers with approx. 2% by weight, the CO2 emission would reduce from 0.96 kg 

CO2 eq./kg cement to 0.3 kg CO2 eq./kg which is approximately 70% reduction. Further 

the increased longevity of the structures due to improved durability of cement will help 

limit the environmental impacts from cement manufacturing and construction process. 

3.2 Techno-economic benefits  

The integrated approach of cement production solves the two biggest limitations 

of using nanotechnology in industries -- dispersion and high cost of nano materials. First, 

it will help in the proper dispersion of nano CaCO3 through high shear action in clinker 

mill thereby improving the concrete performance. Second, the cement plant will have 

additional source of revenue through selling of excess nano CaCO3 to other industries 

such as plastic, paper, pharmaceutical and rubber as only a small percentage (<2%) will 

go into the intergrinding process. Thus, the higher capital cost in installing the CO2 

capture and nano CaCO3 production unit can be compensated by the extra revenue 

coming from selling the nano CaCO3. Additionally, nano CaCO3 has a high stock market 

value due to its increasing demand in multiple industries besides construction [49]. The 

cost for nano CaCO3 in US is around US $89,000 per metric ton [42] while the cement is 

only about US $124 per metric ton [41].  
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3.3. Social benefits 

The proposed approach is likely to be accepted by the public as it incorporates 

multiple stakeholders and industries while providing an access to high quality product at 

a reasonable price. Additionally, the direct and tangible benefits of reduced waste from 

industries and lower CO2 emissions into the environment has greater potential in 

attracting the social and political interest in this area. Lastly, this technology integrates 

the new and emerging technologies into the existing traditional approaches of cement 

production thereby producing the cement that has wider applicability; thus, it is more 

likely that larger fraction of the society and stakeholders will accept this integrated 

approach when compared to other completely novel technologies of cement production 

with limited applicability. 

The integrated approach thus – 1) avoids the need of storage for captured CO2 as 

it will be utilised within the cement plant for manufacture of nano CaCO3, 2) offsets the 

limitations of SCMs thus allowing for larger reduction of cement clinkers thereby 

reducing the CO2 emissions, 3) avoids the agglomeration issues through proper dispersion 

of nano materials, and 4) generates potential economic revenues to cement industries. All 

these benefits will eventually lead to production of next generation cement thus helping 

to build green infrastructures meeting the goals of global environmental sustainability, 

while also considering the profitability of cement industries. 
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Prospects 

In addition to technological advancement and environmental benefits, economic 

viability and public acceptance are key factors of concern for the implementation of the 

proposed integrated approach.  Collective efforts from all stakeholders, policymakers, 

and clients, along with clear and transparent policies are, thus, needed for effective 

implementation of the proposed approach. Further, more tangible measures of economic, 

environmental, and societal impacts will help stakeholders and the public to make more 

informed choices regarding sustainability. Thus, a full lifecycle analysis must be 

considered in an overall social, economic, and environmental context of benefits and 

risks, as a part of an optimally efficient, sustainable, and economic approach. With more 

in-depth research and practical implications of this integrated approach, a new generation 

cement -- sustainable, economical, and durable cement -- could be produced leading 

towards green infrastructure and global environmental sustainability. 
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CHAPTER V 

CONCLUSION 

Cement is the most consumed man-made construction material in the world. This 

demand is rising as urbanization is projected to double by 2050. It is of now utmost 

urgency to limit the embodied CO2 of cement to meet the limit of global warming to 1.5 

degrees C. Several approaches and technologies such as materials substitution, Carbon 

Capture and Storage, and alternative fuels, among others have been investigated; these 

technologies despite some promising results yet have several limitations and may not be 

adequate moving forward. As a recent development, nanotechnology has been introduced 

in the cement industry to enhance the quality of concrete while reducing the 

environmental impacts of cement production.  

In this research, we investigated if nano CaCO3 can be used as an alternative SCM 

in reducing cement clinker in cement while also improving the performance of concrete. 

First, we evaluated the effects of nano CaCO3 on OPC and PLC. In this study, three 

different replacement rates (1%, 2%, and 3%) of nano CaCO3 were investigated and 1% 

replacement provided the optimal performance. Next, we evaluated if nano CaCO3 can be 

used as an alternative to fly ash. The testing results confirmed that both OPC and PLC 

with nano CaCO3 showed comparable performance, and in most cases significantly 

exceeded the performance as compared to both the regular concretes (OPC and PLC) and 

fly ash concretes (Class F and C). As PLC with nano CaCO3 showed comparable or 

better results to OPC, there might be the possibility that PLC can be produced with higher 
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percentages of limestone powder, thus reducing the cement clinkers. Additionally, nano 

CaCO3 showed the potential to serve as a reliable, economical, and environment-friendly 

alternative to diminishing fly ash. 

In addition to higher performance, the use of nano CaCO3 can also be economical 

and more sustainable. As proposed in the integrated approach, there is potential to 

produce nano CaCO3 within the cement plant with the utilization of waste CO2 thus 

resulting in economical and environment-friendly cement production. In this approach, 

three major technologies including Carbon Capture and Storage (CCS), use of 

supplementary cementing materials (SCMs), and nanotechnology is incorporated to 

produce sustainable, durable, and economical cement while reducing the CO2 emissions 

into the atmosphere: thus, leading towards green infrastructure and global environmental 

sustainability. This proposed approach will utilize CO2 captured from cement plants in 

producing nano calcium carbonate (CaCO3) for use in the cement manufacturing process. 

From the existing knowledge and results from this study, the integrated approach appears 

to be technically viable and can reduce the CO2emissions from 0.96 kg CO2eq./kg of 

conventional cement production to 0.3 kg CO2eq./kg. Additionally, this technology is 

economically attractive to cement industries as they will have a new product (nano 

CaCO3) with much higher cost than cement with the potential of additional economic 

revenues. Further, the integrated approach is expected to ensure proper dispersion of 

nanomaterials in the concrete mix as proper dispersion has been identified as one of the 

major challenges and a costly process for the cement industries.  
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Despite the expected benefits and added value, techno-economic viability and 

public acceptance are key factors of concern for the implementation of the proposed 

integrated approach. Collective efforts from all stakeholders, policymakers, and clients, 

along with clear and transparent policies are, thus, needed for effective implementation of 

the proposed approach. In addition, more tangible measures of economic, environmental, 

and societal impacts will help stakeholders and the public to make more informed choices 

regarding sustainability. Thus, a full lifecycle cost must be considered in an overall 

social, economic, and environmental context of benefits and risks, as a part of an 

optimally efficient, sustainable, and economic approach. Also, future studies are 

recommended in optimizing the performance and technical viability of the proposed 

approach.  All the tests conducted as part of this research were done in the absence of 

chemical admixtures. However, previous studies have shown that admixtures exhibit 

positive effects on the performance of concrete. Therefore, future study is recommended 

for the evaluation of effect of nano CaCO3 in combination with different type of 

admixtures. With more in-depth research and practical implications of this integrated 

approach, a new generation cement -- sustainable, economical, and durable cement -- 

could be produced leading towards green infrastructure and global environmental 

sustainability. 

 


