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Abstract

Quantitative Evaluation on Carbon Nanotube 
Distribution for Functional Ultra-High 

Performance Concrete 

Park, Jiseul

Department of Architecture and Architectural Engineering

College of Engineering

Seoul National University

This study covers two important design parameters, which are a uniformed 

dispersion of carbon nanotubes (CNTs) and their content, in developing multi-

functional ultra-high performance concrete (UHPC) as an integrated system of 

repair/retrofitting and smart performance. Therefore, this study aims to seek 

viable dispersion methods incorporating highly concentrated CNT in UHPC and 

closely examine the rheological properties, mechanical strength, shrinkage, 

porosity, and electrothermal properties with various dispersion methods and CNT 

contents. Moreover, this thesis contributes to development of non-destructive 

evaluation of dispersion quality and CNT content in a relatively large area of 

hardened cementitious nanocomposites. To overcome the complexity and multi-

scale characteristic of nanocomposites, confocal Raman micro-spectroscopy with 

high spatial resolution was adopted. 

Dry mixing of CNT powder, silica fume, and silica sand before wet mixing was 

compared with macro-dispersed ultrasonicated suspension with superplasticizer 

(SP) and commercially available nano-dispersed suspension. In terms of the 

efficiency of improving the electrical conductance and the minimization of 
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adverse effect on mechanical strength, dry mixing showed the best performance, 

up to 0.5wt% of CNT content. Unexpectedly, the incorporation of CNTs in the 

form of ultrasonicated suspension had an insignificant increase in electrical 

conductivity due to damages on CNT by sonication energy. Two methods 

significantly affected the rheological properties of UHPC. When 0.5wt% of CNT 

was added, fresh UHPC concrete had no more self-compacting properties, and 

therefore the vibration process was needed to fabricate specimens. On the other 

hand, samples manufactured with the commercial CNT suspension with shorter 

CNTs had better workability at a concentration as high as 6wt%, but the 

compressive strength significantly decreased, and the percolation threshold was 

found to be much higher than two other methods. It could be attributed to a much 

shorter length and poor interfacial bonding between CNTs and matrix due to the 

surfactant. The results indicated that dry mixing, which was more cost-effective 

and energy-efficient, can be used when CNT content near the percolation 

threshold (~0.3wt%) is required for specific performance. 

The critical incorporation concentration for tailoring multi-functional UHPC 

was investigated with thorough examination on the pore structure, shrinkage, 

compressive strength, and multifunctional properties. The well-dispersed 

commercial suspension was used to minimize the reduction in flowability. At all 

concentrations, incorporating CNTs affects positively; in other words, no adverse 

effect was found at high CNT concentration. However, reduction in flowability 

could influence the porosity, leading to marginal increase or reduction in positive 

effect of CNT addition. The results confirmed that the multifunctionality of UHPC 

could be maximized by incorporating CNTs while mitigating autogenous 

shrinkage and utilizing superior mechanical performance and durability of UHPC. 

The CICs for various material properties were determined to 0.5 wt% considering 

percolation threshold and limited effect of CNTs on shrinkage and mechanical 

properties, a substantial reduction in volumetric heat capacity, and an increase in 

thermal diffusivity. When 6wt% of highly concentrated CNT suspension was used 

instead of mixing water, the electrical conductance was remarkably improved, and 

the electrical curing of UHPC instead of steam curing (heat treatment) was 



Abstract

iii

possible at a very low voltage of 19–23 V. There was no significant degradation 

due to electrical curing; the flexural strength was rather slightly increased with 

direct electrical curing. 

Mapping of phases in hydrated cement sample was conducted using confocal 

Raman micro-spectroscopy (CRM) to overcome the limitation of conventional 

techniques such as electron microscopy that can be applied for the examination of 

hardened cement. It was found that CRM can be used to identify not only most of 

phases in cement-based material including clinkers, hydration products, and 

mineral additives, but also the presence of CNTs in the hardened matrix. When a 

well-dispersed stable CNT suspension was utilized, CNT was detected in almost 

the entire area despite a very low CNT content, which indicated that CNTs were 

uniformly distributed in the matrix. Raman imaging the submicron CNT 

aggregates below the resolution of optical microscope were spread in the matrix 

in the specimen fabricated with CNT suspension with ultrasonication applied. The 

distribution and dispersion efficiency of CNTs was quantitatively evaluated with 

the metrics proposed in this study. Hence, non-destructive investigation of 

nanocomposite without any sample preparation can be possible to compare the 

efficiency of various dispersion methods using high resolution CRM.

Quantitative Raman analysis was attempted to construct the calibration curve 

for the CNT concentration evaluation. To fully utilize the change in Raman 

intensity of phases in each measurement spot, the strategy for the normalization 

of CNT signal was to use the Raman sensitivity of material. The experimental 

Raman sensitivity was measured as the linear coefficient between the laser 

intensity and Raman intensity. Even though cement-based materials are multi-

phase and complex material, it was possible to quantitatively compare the Raman 

intensity of CNT between spectrums through the normalization. The average of 

normalized CNT signal, which represented the relative volume fraction in 

mapping area, non-linear logarithmic relation with volumetric concentration of 

CNT.  
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In conclusion, the overall understanding of engineering properties with varying

CNT concentration and dispersion methods will expand the application of 

UHPC/CNT composite by helping engineers to choose appropriate CNT dosage 

and efficient dispersion methods. Furthermore, the quantitative analysis

framework will enable the comparison of dispersion quality and CNT quantity in 

hardened cement composite, which is not limited to cement/CNT system, but has 

lots of potential to investigate even more complicated phenomena of cement-

based materials. 

Keywords : Carbon nanotube, Ultra-high performance concrete, 

Dispersion, Functional concrete, Confocal Raman micro-spectroscopy, Non-

destructive evaluation, Quantitative Raman analysis

Student ID : 2017-23536
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Chapter 1. Introduction

1.1 Background

1.1.1 Smart concrete towards sustainable structures

Concrete is the most widely used material after water in the world, and its 

demand is hardly expected to decline during this century. The growth of urban 

population creates demand for construction material. Existing infrastructures need 

repair and expansion. Structures become more high-rise and long-span [1,2]. As 

shown in Figure 1-1, cement production has grown steadily to meet the demand 

in global urbanization and the maintenance of existing infrastructures and 

buildings [3,4]. Concrete has sufficient strength and durability and is moldable in 

esthetically pleasing shape. Its major component, cement, have been improved to 

satisfy various needs in construction sites over 200 years. Now, cement and 

concrete industries are anticipated to make significant contribution on meeting the 

goals of carbon neutrality [5]. As an indispensable building material, concrete 

must keep evolving to satisfy upgraded social demands. 

Smart and multifunctional concrete has potential to address upgraded 

requirements regarding safety, longevity, and functions of advanced engineering 

structures. It is an integrated system of structure and function, such as self-healing, 

self-sensing, self-heating, photocatalytic, energy harvesting, and electromagnetic 

wave shielding [6]. Various types of materials are integrated in concrete to 

introduce new functionalities, and nanotechnology and biotechnology have 

played important roles on the advance in multifunctional concrete. For example, 

integrated materials in self-healing concrete are hollow fibers [7], micro 

encapsulations [8], expansive agents [9], and bacteria [10], and those in other 
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types of smart concrete can be found elsewhere [6]. These additional inclusions 

generally increase production costs, limiting large-scale application. Partially 

applying functional components to entire structures has significant social and 

economic advantages when considering high performance to price ratio and low 

life cycle cost. 

Fig. 1-1 World production and apparent consumption of cement in the world [3].

Modifying electrical conductivity of concrete is one of the methods possessing 

high expandability to multiple functions owing to mechanoelectrical and 

electrothermal effect. The mechano-electrical effect can be used to structural 

health monitoring, traffic information processing, and military security service. 

Incorporating conductive fillers has been reported to have better sensing 

capability and structural integrity due to high compatibility with materials; thus, 

it has economic benefits by saving maintenance cost. The electrothermal effect 

can be more powerful because of the possibility of heating. It can be utilized to 

deicing of roads, bridges, and airports. The use of conductive concrete for this 

purpose not only enhances structural integrity, but also saves costs and labors for 

snow removal and reduces the use of salts harmful to reinforcing steel and 

environments.



 Chapter 1. Introduction

19

1.1.2 Ultra-high performance concrete (UHPC) incorporating 
carbon nanotubes (CNTs)

Various types of conductive fillers have been introduced to modify the electrical 

conductivity of concrete: steel fiber, steel slag, carbon fiber (CF), carbon black, 

carbon nanotube (CNT), carbon nanofiber (CNF), and graphene nanoplatelets 

[11]. More attention has been paid to carbon nanomaterials due to some reasons. 

First, the electrical resistance change rate fluctuated over time when steel fiber 

was added even though steel fibers may have better sensing performance. Another 

problem of steel fiber was the possibility of corrosion promoted by applied current 

[11–13]. On the other hand, carbon-based materials have better chemical stability, 

and graphite nanomaterials such as CNT and CNF possess high mechanical 

strength and electrical/thermal conductivity. These nanoparticles provide a large 

specific surface area (SSA) for interacting with hydrate products and increase the 

packing density of composite with their fine geometry. When nano-sized material 

is added, the electrical conductivity of composite is expected to show the 

percolation behavior at a lower concentration of conductive fillers [14] (Figure 1-

2). 

Fig. 1-2 Illustration of CNT network percolation compared with carbon black 

(from [14]).
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CNT, which is discovered by Iijima [15], is one of intensively investigated 

nanofillers for cement-based composite to improve mechanical, electrical, and 

thermal properties. CNT is a tube made of layers of a two-dimensional hexagonal 

lattice of carbon atoms. It has a diameter typically measured in nanometers while 

having a length of a few micrometers, which makes an aspect ratio (AR) in range 

of 300 to 1000 on average. When several nested single-wall (SW) CNTs are 

weakly bonded together, it is referred to as multi-wall (MW) CNT (Figure 1-3). 

MWCNT is the dominant form in the market because it has better dispersibility 

and cost effectiveness than SWCNT [16]. Theoretical and experimental studies 

have revealed its remarkable physical properties. The tensile strength of a single 

layer of a multi-walled carbon nanotube can be as high as 100 times that of steel, 

and the graphene sheet (in-plane) is as stiff as diamond at low strain [17]. Also, 

its electrical conductivity (103–105 S/cm) is comparable to copper [18].  

Fig. 1-3 Single and multi-wall CNT [19].

In fact, MWCNT is no longer a novel material but to say its market is currently 

experiencing growth in volume [20]. MWCNT is being used in conductive plastic 

application and battery of which market has the potential to grow rapidly due to 

the uptake of electric vehicles [21]. aTherefore, MWCNT can serve as the basis 

of next generation of multifunctional high-performance concrete [22]. 

When adding CNTs as conductive fillers, it is important to achieve 
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homogeneous dispersion of CNTs and proper interfacial bonding between CNTs

and cementitious matrix. Researchers pointed out that a water-to-binder (w/b) 

ratio is an important factor which affects the CNT dispersion [23]. Typically, 

CNTs are dispersed in water before mixing with dry mixtures. They are much 

smaller than the particle size distribution of dry mixtures consisting of cement or 

mineral additives. Therefore, they initially exist in pore water and then comprising 

the composite matrix with micro-sized crystalline phases and amorphous hydrate 

products filling the pore as the hydration reaction progresses. If w/b ratio is high, 

CNTs can be agglomerated when excessive water in pore evaporates. Kim et al. 

experimentally demonstrated that by reducing the w/b ratio, the electrical 

performance and stability of the composite could be improved [24]. 

It is also important to select a suitable dispersant and optimize its dosage to 

achieve effective dispersion. CNTs easily agglomerates because van der Waals 

force between CNTs inevitably increases due to high SSA and AR. To physically 

separating CNTs, high local shear, commonly ultrasonication, is applied to CNTs 

in low viscous medium. After the mechanical dispersion, surfactants are used to 

improve the degree of dispersion and prevent re-agglomeration of CNTs in water 

due to their hydrophobic nature. Previous studies suggested that polycarboxylate-

based superplasticizer, regularly used water reducer, was the most compatible 

dispersion agent without causing adverse effect on cement hydration [25].

Because homogeneous dispersion is the most important design parameter, various

types of surfactants and mechanical mixing methods have been attempted to 

achieve effective dispersion and large-scale application (More detailed 

information in Chapter 2).

CNTs may not interact with cement matrix comprised of hydrate products and 

unreacted cement particles due to its geometry of nano-scale cross-section and 

micro-scale length. Inducing pozzolanic reaction would be beneficial because 

additional formation of nano-structured C–S–H can replace micro-sized crystals
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and fill the capillary pores making denser microstructures. Silica fume has high 

pozzolanic reactivity, and therefore can be hydrated by Ca2+ ions from cement and 

portlandite. Also, it has similar dimension to CNTs, of which particle size in range 

of 10–500 nm, can improve the dispersion of CNTs with its fine size and 

roundness. [26,27].

Lastly, double/ triple percolation behavior of electrical conductance of concrete

should be considered when designing mix proportions (Figure 1-4) [28,29]. For 

the case of cement paste, there will be one type of percolation related to the

continuity of fillers. Because concrete is a complex mixture of cement paste and 

aggregate, the continuity of conductive cement paste among aggregates can be 

influenced by sand-to-cement ratio. In this case, hybrid use of fillers with different 

scale can facilitate the electrical continuity and reduce the cost by incorporating 

macro fibers (e.g., carbon fiber and steel fiber) and carbon nanomaterials. Lee et 

al. concluded that cement-based composites containing both 0.1 vol.% CFs and 

0.5 vol.% MWCNTs could achieve equivalent self-sensing performance at half 

the cost of cement-based composites with 1.0 vol.% MWCNTs. [30].

It is interesting that the mix composition of ultra-high performance concrete 

(UHPC) or ultra-high performance fiber-reinforced concrete (UHPFRC) satisfies 

the conditions aforementioned above. The mix proportion of UHPC is 

characterized by minimized w/b ratio, high content of superplasticizer (SP), use 

of silica fume, and optimized particle size distribution (PSD) [31]. Also, about 1–

2vol% of steel fiber is incorporated into UHPC, forming UHPFRC. UHPFRC is 

a class of high-performance materials that possess 6 to 8 times higher compressive 

strength, 10 times higher flexural strength, and superior ductility capable of 

deforming under excessive loads without rupture, 10 to 100 times higher 

durability than conventional/standard concrete [32]. Also, it is a type of viscous 

self-compacting concrete (SCC) that benefits the work environment by 

eliminating concrete vibration and related noise and the quality of concrete with 
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less voids and inhomogeneity, reducing the need for repairments. More slender 

and sophisticated forms with aesthetical surfaces can be realized with lighter and 

more durable materials having longer service lives and lower maintenance costs. 

Therefore, the optimized mix design of UHPC/UHPFRC can be an excellent 

starting point for smart concrete incorporating CNTs.

Fig. 1-4 Two types of percolation in (a) cement paste with conductive fillers and 

(b) concrete with conductive pastes [28].

One researcher might pose a question on the feasibility of multifunctional 

UHPC due to its high cost. If we simply consider the cost of constituents, UHPC 

has no competitiveness over conventional concrete. For example, the cost of ready 

mix concrete of C25 is about 135 USD/m3 while that of commercially available 

UHPC range from 1496 to 2843 USD/m3 [33,34]. However, UHPC can be a viable 

solution considering total installation cost and extended service life. Specifically, 

UHPC is a well-suited material for retrofitting and rehabilitation of beams and 

infrastructures owing to its high strength and stiffness, high compatibility with 

ordinary concrete, and high resistance to freeze-thaw cycles, water and chloride-
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ion permeability, chemical attack, and carbonation [35,36]. Case study on the 

application of UHPC on bridge deck overlay approximated the cost of different 

overlay solutions for bridge deck replacement [37]. Ordinary concrete overlays 

range in thickness from 50 mm to 150 mm, while previous application of UHPC 

as an overlay have used its thickness between 25 mm and 50 mm [38,39].

Reduction in thickness not only leads to cost saving, but also minimizes additional

dead load. As can be seen in Table 1-1 and 1-2, we can be expected to cost 

competitiveness in the field of repair and rehabilitation.

Therefore, this study suggests that UHPC composite can be the integrated 

system of repair, rehabilitation, and monitoring of infrastructures (e.g., bridges, 

buildings, and roads) as the next-generation advanced material. Instead of 

replacing the entire structure, only repairing damaged or weak parts can provide 

economic benefits. The parts requiring retrofitting are likely to be structurally 

important or vulnerable. In the case of roads and bridges, it is exposed to repetitive 

loads and severe weather, such as a low temperature and heavy snow, and causes 

economic and social expenses due to frequent maintenance, de-icing, and snow 

removal. 

One of the crucial goals of manufacturing functional UHPC is to achieve 

designed performance while reducing CNT concentration by developing an 

effective dispersion method that requires less time and energy. UHPC has a very 

low w/b ratio of less than 0.2, and a higher concentration (> 5–6 wt%) of CNT 

suspension needs to be prepared than for the concrete having a normal w/c of 0.5. 

In this situation, SP-aided sonication, which has been readily adopted in the lab, 

may not be suitable for large-scale application because input energy increases the 

concentration of CNT and the volume of the suspension. 

Multifunctional UHPC requires ~1.15 wt% of CNT by weight of cement, which 

corresponds to 9 kg of CNT per 1 m3 of UHPC, calculated under the assumption 

that the percolation (i.e., rapid increase in electrical conductivity due to the 



Chapter 1. Introduction

25

formation of connected filler network) of cement-based materials occurs at a CNT 

concentration of 0.3–0.5 vol% [40]. Currently, the price of MWCNT tablets from 

a manufacturer in South Korea, which possess 6,100 tpa (tons per annum) 

facilities, is around $50 per kg [41]. Based on this figure, $ 270–450 costs for 

adding CNT in 1 m3 of UHPC. Therefore, achieving the required performance at 

a lower concentration by optimizing the dispersion method is essential to make it 

feasible.

It should be noted that the rheology of UHPC must be adjusted according to the 

application site. For example, when used for beam retrofitting, it should be 

formulated to have self-consolidating properties because it needs to fill the narrow 

space between the existing beam and the mold under gravity. On the other hand, 

UHPC applied to the deck overlay is formulated to have thixotropy because the 

bridge deck is not usually level. Like other nanomaterials, it aggregates easily, 

adsorbs large amounts of water, and provides additional reaction sites to promote 

hydration due to its hydrophobic nature and high AR and SSA. Therefore, CNT 

addition will significantly affect the rheological properties of UHPC. However, to 

the best of our knowledge, previous studies of functional UHPC have yet to deal 

with the effect of CNT addition and its dispersion method on the rheological 

properties and thixotropic behavior.
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Table 1-1 Approximate cost of different overlay solutions compared with bridge 

deck replacement (from [37]).

Overlay type
Overlay 

thickness (mm)
Cost 

(USD/m2)

High performance concrete * 25–127 183–269

Low slump concrete * 38–102 140–204

Latex-modified concrete * 25–127 193–419
Asphalt with membrane * 38–102 32–86

Polymer-based * 3–152 107–183

Non-proprietary UHPC 25–52 32–64 †

Proprietary UHPC 25–52 97–184 ††

Rehabilitation of the Chillon Viaduct (Switzerland) 

using a proprietary UHPC overlay
40 ** 215 **

Bridge deck replacement Not applicable 462–570
* Data collected from [39]. The costs shown reflect average values from low and high ranges.
** Data collected from [38]. Price reflects cost of material and installation.
† Price reflects material cost only, assumes UHPC cost of $1,000 per cubic yard. 
†† Price reflects material cost only, assumes UHPC cost of $3,000 per cubic yard.

Table 1-2 Material cost of CFRP and UHPC reinforcement (from [36]).

CFRP retrofitted with1-2 layers

Materials Unit Quantity Unit price Total Remark

CFRP sheet m2 1.09 67 73 Anchors AEC-S200
Epoxy (A) kg 1.2 6.7 8 Guosen

Epoxy (B) kg 0.6 10 6 Guosen

Total cost USD/m2 87 (1 layer)
– 173 (2 layer)

UHPC retrofitted with 3cm thickness

Materials Unit Quantity Unit price Total Remark

Cement kg 25 0.2 5

Silica sand kg 21 0.1 2.1
Silica fume kg 8.7 1 8.7

Quartz powder kg 7.2 0.1 0.7

Steel fiber kg 3 4 12
Superplasticizer kg 1.5 2 3

Total cost USD/m2 – – 31.5 1vol% steel fiber

– – 43.5 2vol% steel fiber
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1.1.3 Evaluation of CNT dispersion and concentration in hardened 
cement-based composites

One of the challenges in fabricating nano-enhanced cement composite is to 

evenly disperse nanomaterials in the matrix while avoiding. The CNT 

agglomerates (i.e., poor dispersion) can adversely affect final constitutive 

properties by increasing matrix defects such as porosity, stress concentration, and 

their premature debonding from the matrix. Therefore, during the past decades, 

researchers explored various dispersion methods such as ultrasonication, 

functionalization, ball milling, high-pressure homogenizer, and even in-situ 

synthesize of CNTs on cement surface [42–44]. 

The most widely used dispersion technique is ultrasonication and 

functionalization of CNT. Ultrasonication has been considered an inevitable 

process to disentangle as-received CNTs pellet or tablet (compressed form for 

storage and safety). It is an effective method for CNT dispersion in liquids having 

low viscosity. However, functionalization is required to retain the dispersion 

quality over time because the dispersed CNTs re-agglomerate after the 

ultrasonication process due to strong attraction. The commonly used 

functionalization is the treatment with oxidizing agents or the polymer/surfactant-

aided ultrasonication. The former is called his covalent functionalization, which 

is used to attach COOH/OH functional group onto the surface of CNT sidewalls. 

However, the oxidation induces the defects on the surface of CNTs and this 

degradation could diminish the outstanding properties of CNTs. Therefore, 

polymer/surfactant-aided ultrasonication of pristine CNT is a preferred method. 

If the uniform distribution of CNTs is ensured, CNT-dispersed cement paste can 

be simplified to a homogeneous matrix in analogous to the simplification of a 

well-hydrated cement paste as a homogeneous material neglecting the uneven 

distribution of solids and voids. It would enable the modelling and prediction of 

material behavior. 
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Therefore, the most important design parameter can be a uniformed dispersion 

of CNTs in cement-based materials. Since the cement-based materials have 

complex hierarchy of structure with regards to pore structure, crystal structure, 

and intermixed of these two, the inclusion of nanomaterials which have 

characteristic length scale of sub-micron should add more complexity on the 

microstructure of cement-based materials. This leads a huge challenging to 

characterize the composite such as the evaluation of the degree of dispersion 

(DOD) of nanomaterials.

There has been a lack of discussion on the description of the term ‘dispersion’ 

and suitable methods for characterizing it despite of its importance. Image-based 

analysis using electron microscopy or atomic force microscopy (AFM), which 

have been considered as a standard method for CNT-reinforced metal or polymer 

composites, can observe only a small portion of samples (non-bulk). It may be 

inadequate for characterizing CNT suspension fabricated with polymer-aided 

ultrasonication of pristine CNTs. A complete nano-dispersion is hardly achieved 

due to its hydrophobic nature and strong van der Waals force between nanotubes 

with high specific surface area and aspect ratio, which could result in polydisperse 

suspension. It is time-consuming to observe enough number of particles in broad 

PSD from a statistical point of view. Also, most of research have shown the 

dispersion quality of CNTs in hardened cement composite with scanning electron 

microscope (SEM) images, but it is prone to bias in sampling and defects resulting 

from the sample preparation to observe in the vacuum condition.

The lack of quantitative evaluation on dispersion has made it difficult to 

systematically analyze considerable number of research showing high deviation 

in experimental results and conflicting conclusions. Without quantifying the 

dispersion, it can be difficult to separate the effect of dispersed CNTs and 

agglomerated CNTs. In addition, even if CNTs are well distributed in the matrix, 

they may adversely affect the microstructure (solids, voids, and water) of the 
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cement material, which may be mistaken for poor dispersion quality. 

It is worth noting that dispersion state of nano-carbon materials varies in each 

manufacturing process. A well-dispersed CNT suspension is prerequisite for the 

fabrication of homogeneous nanocomposites but does not guarantee good 

dispersion in composites. It is because the distribution of CNT in composite can 

be affected by the compatibility between surfactant and highly alkaline pore 

solution in cement paste, the flocculation of cement particles, and the mix 

proportion of other components (amount of water and superplasticizer used).

Therefore, characterization of CNT dispersion for each production process can 

be considered as one of the essential steps of research and development on 

CNT/cement composite. The ability to properly anticipate and regulate CNT 

dispersion over fabrication process would be a tremendous practical benefit and 

it would facilitate the use of new generations of nano-enhanced cements and pave 

the way for robust mix design and admixture combinations.
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1.2 Scope and objectives

The first part of this thesis is to seek viable dispersion methods incorporating 

highly concentrated CNT in UHPC. Smart UHPC should meet workability, 

strength, durability, and functionality requirements as an integrated solution for 

repair/retrofitting and functionality. Therefore, this study aims to closely examine 

the rheological properties, mechanical strength, shrinkage, porosity, and 

electrothermal properties with varying dispersion methods and CNT contents. 

Finally, this study targets to present an example of the multifunctional use of 

UHPC/CNT composite considering its economic feasibility. 

The second part of this work is to study how the dispersion of CNT can be 

evaluated in as-is bulk samples and how the measured results can be quantitatively 

described. The dispersion and concentration of CNT are the most critical design 

parameters for tailoring the performance of nanocomposites. However, there has 

been a lack of research on proper methods for macroscopic investigation of CNT 

dispersion and quantitative methods for determining CNT concentration in 

hardened cement-based matrix. This thesis investigates the potential of studying 

nanocomposites using confocal Raman microspectroscopy and aims to provide 

information on the dispersion quality of CNTs in a relatively large area. 

Additionally, this work attempts to utilize Raman spectroscopy for quantitative 

evaluation of CNT concentration by adequately processing the Raman signal 

containing information on most clinkers, hydrates, and CNT. 
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1.3 Outline of the thesis

The manuscript is structured as follows:

Chapter 2 reviews previous studies on dispersion methods of CNT, techniques 

for characterizing CNT dispersion, and functional properties of UHPC 

incorporating CNT. Also, basics for the rheology of cement-based material and 

confocal Raman microscopy. The research hypothesis and strategy are established 

from the discussion of the existing studies.

Chapter 3 investigates the rheological, mechanical, and electrical properties of 

UHPC with varying CNT content and dispersion methods. Drying mixing for 

large-scale and highly concentrated CNT addition, commonly adopted SP-aided 

ultrasonication, and commercially available well-dispersed CNT suspension were 

compared, considering economic feasibility. 

Chapter 4 presents the investigation of the poromechanical, autogenous 

shrinkage, compressive strength, and electrothermal properties of UHPC with 

varying CNT concentrations. The critical incorporation concentration is suggested 

for tailoring multifunctional UHPC. Commercial CNT suspension was adopted, 

targeting the application of an integrated system of structural retrofitting and 

monitoring. Additionally, the application of the electrical curing and crack sensing 

under flexural loading of UHPC/CNT composite was examined. 

Chapter 5 focuses on visualizing the presence of CNTs in hardened cement 

composite using confocal Raman spectroscopy. Also, a quantitative index 

representing the dispersion efficiency and the heterogeneity of composite 

concerning CNT distributions is established. 

Chapter 6 develops quantitative analysis techniques to fully utilize a large 

amount of information in a single Raman spectrum at each measurement. The 
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amount of CNT at each location can be compared without a quadrat-based 

approach. The effect of measurement and mapping conditions (e.g., laser power, 

mapping area, and mapping interval) on the quantitative evaluation of dispersion 

was investigated.

Chapter 7 presents the general conclusions and the future studies along with a 

summary of this study.

The graphical depiction of this manuscript is presented below, where the circles 

are the chapter numbers (Figure 1-5).

Fig. 1-5. Graphical summary of research objectives.
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Chapter 2. Literature Review

2.1 Multifunctional application of UHPC

Design of multifunctional concrete should be different from conventional 

concrete. The application condition has to be identified first, and then target

functionalities can be established [6]. Specific situations can be hypothesized

where multifunctional UHPC is considered as a viable solution: (1) retrofitting of 

girder in buildings and infrastructures integrated with intrinsic self-sensing

capability under flexural loading, (2) repair of bridge deck overlay with self-

heating functionality, (3) reinforcement bridge connections with traffic detection

system, and (4) electrical curing and self-heating of road, bridge, or parking lot

exposed to cold weather. After appropriate range of CNT content ensuring the 

capabilities of sensing or heating is determined, examination on material 

properties and entire structural system will be followed. The addition of CNT 

fillers should not seriously compromise the structural function and durability.

Therefore, some trials-and-errors may be required during design process, and the 

pre-optimized UHPC formulation may need some adjustment for the site situation.

In this chapter, previous studies on UHPC incorporating CNTs and hybrid with

other fillers were examined. This chapter aims to provide examples for the 

practical range of CNT content specifically for self-sensing and self-heating. It is

because the use of CNT inevitably undermines the cost-competitiveness of UHPC, 

and therefore marginal increase in mechanical performance with CNT addition 

may be not attractive and less efficient in construction industries.
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2.1.1 Self-sensing UHPC

Self-sensing can be defined as the capability to sense the conditions of material 

itself (e.g., stress, strain, and crack) and environmental change (e.g., temperature 

and humidity). Concrete incorporated with functional fillers or sensing 

component (e.g., fiber optic sensors, strain gauges, and accelerometers) is referred 

to as intrinsic or non-intrinsic self-sensing concrete, respectively. The self-sensing 

concrete has developed for the fields of structural health monitoring (SHM), 

traffic detection, and military security. Here, only intrinsic self-sensing UHPC is 

covered.

Self-sensing capability is attributed to the change of inherit conductive network 

formed by functional fillers. Therefore, it is generally measured by volume 

resistivity of materials. The electrical resistivity of component will decrease as the 

distance between fillers decrease under the compression. On the other hand, the 

micro-crack formation attributed to flexural and tensile loading would lead to 

discontinuity of conductive path, increasing the electrical resistivity. The change 

in resistance can be quantified as a fractional change in resistance (FCR) in Eq.

(1). For example, the gauge factor (i.e., strain sensitivity) is expressed as FCR/Δε, 

and the stress sensitivity can be expressed as FCR/Δσ in similar way. Detailed 

information can be found elsewhere [45]. 

0

100(%)FCR
r

r

D
= ´ (1)

Filler content is a critical factor tailoring the self-sensing capability of 

composites. Too high filler concentration does not ensure better sensing 

performance because the initially formed conductive pathway may be too stable 

to respond to the change in external environment. 
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Fig. 2-1. Dependence of the electrical conductivity of a composite with the 

concentration of carbon nanotubes (modified from [46]).

When CNT content is much lower than percolation threshold, the composite 

remains close to insulating material because the conductive path is hard to form, 

and the electrons are hard to move between CNTs (regime 1 in Figure 2-1). As 

filler concentration increases, the spacing between fillers decreases, leading to 

increase in the probability of electronic transition. Generally, percolation 

threshold refers to this regime where electrical conductivity rises sharply. When 

filler content is lower than the percolation threshold, the contacting conduction, 

tunneling conduction, and ionic conduction are all dominant factors in the 

electrical conductivity of the composite. It can be implied that free water content 

in the pore could affect the electrical conductivity due to the movement of ion. On 

the other hand, when the filler concentration exceeds the percolation threshold, 

the significance of ionic conduction decreases, and the tunneling conduction and 

the conduction with direct contact plays major roles. The tunneling conduction 

happens when the distance between fillers is less than approximately 10 nm. 

Therefore, we might expect that the electrical property would be more stable with 

the CNT content slightly higher than the percolation threshold. In regime 3, fillers 

are totally contacting each other showing very high electrical conductivity, and 
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additional incorporation of CNT marginally improves the electrical conductivity. 

There are limited number of studies on UHPC embedded with CNTs for SHM

(Table 2-1). From the research conducted by Yoo et al., and Lee et al., it can be 

concluded that relatively high content of CNTs (0.5 vol% ≃ 1.1 wt%) with hybrid 

of steel fiber can be used for prediction of tensile stress-strain behavior [47,48]. 

However, it was not sensitive to compressive stress because 0.5 vol% might be 

far beyond the percolation threshold with fillers forming stable conductive 

network. 

The efficiency of CNT addition can be compared with studies utilizing other 

types of conductive filler (Table 2-2). UHPC containing steel fibers showed fine 

sensitivity to strain and stress under compression, tension, and flexural loading. 

However, it was significantly lower than that containing CNTs. Also, it should be 

noted that the use of micro-sized short steel fiber may have compromised the 

flexural strength considerably at approximately 50% comparing to conventional 

steel fibers having millimeter-scale length used in UHPC [49].
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Table 2-1 Summary of literatures related to UHPC with self-sensing capability 

embedded with CNTs and other .

Reviewed 

literatures

Conductive filler
Loading 

condition

Sensing 

capability
Remarks

CNT
Steel 
fiber

Yoo et al., 

2018 [48]
0.5vol%

0,

Monotonic 

tension

(0.4 mm/min)

GF: 136.3

Plain UHPC CNTs 

exhibited severe 
signal noise in the 

FCR and a high 

electrical resistance

2vol% GF: 67.8

Pre- and post-peak 

tensile behavior can 

be predicted with 
FCR with 2vol% SF

Lee et al., 

2018 [47]
0.5vol%

0, 

2vol%

Monotonic
compression

(0.1 mm/min)

FCR: 0.6–

2.5%

Sudden increase in 
FCR can detect 

damage/failure

0, 

2vol%

Monotonic
tension

(0.4 mm/min)

GF: 36.5–

136.3

Shorter steel fiber is 

better for sensitivity

Lee et al., 

2022 [50]

0.1,
0.2,

0.3, 

0.5wt%

-

Cyclic 
compression 

(0.5–4Hz, 

0–30 MPa)

Stress 
sensitivity: 

1.03–

2.16 %/MPa

Stable FCR values 

were obtained over 

the percolation 
threshold (0.1–

0.2wt%)
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Table 2-2 Summary of literatures related to UHPC embedded with other types of 

conductive fillers.

Reviewed 

literatures

Conductive filler
Loading 

condition

Sensing 

capability
Remarks

Others
Steel 

fiber

Dong et 

al. [49]

SSSW
(0, 0.5, 

1.0, 

1.5vol%)

-

Cyclic 

compression
(20 kN, 0.4 

mm/min)

GF: 2.66–
22.52

Percolation 
occurred 

between 0.5 and 

1.5 vol%.

Monotonic 
compression

(1.2 mm/min)

GF: 17.9–

94.9

Flexural loading

(0.05 mm/min)

GF: 3.5–

43.6

Qiuet al. 

[51]

-
(0.6, 

1.2vol%)
Cyclic 

compression 

(37.5, 56.3, 75.0 

MPa, 0.4 
mm/min, 0.05 

Hz)

Monotonic 
compression

(1.2 mm/min)

GF (cyc.):

3.7–26.6

GF 
(mono.):

17.7, 23.6

The relation 

between FCR 

and stress 
showed linear 

and non-linear 

stages.

High electrical 

resistivity at 28 

day 

(~106 Ω・cm)

Poor stress 

sensitivity in all 

samples 
(≤ 0.1 %/MPa)

CCSF

(0.6, 
1.2vol%)

-

GF (cyc.):

9.7–14.4

GF 
(mono.):

24.3, 28.2

Le et al., 

2020 [52]

SSA

(50, 100 
wt%)

(1, 

2vol%)

Monotonic 

compression
(1 mm/min)

Stress 
sensitivity:

0.1–

0.3 %/MPa

SSA was used 

instead of silica 

sand.

Finer SSA, 

2vol% of steel 
fiber showed 

better FCR 

likely due to
more uniform 

distribution.
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Le et al., 

2021 

FSSA
(5, 10, 50 

wt%)

NA

(10, 50 

wt%)

CPA

(10, 

50wt%)

MWCNT

(0, 0.1w
t%)

(2vol%)
Monotonic 

compression 

(1 mm/min)

Stress 

sensitivity:

0.115–

0.41 %/MPa

FSSA was better 

than NA and CPA 
in terms of the cost 

and stress 

sensitivity.

CNT addition 

enhanced the 

electrical 
conductance and 

stress sensitivity 

significantly.

High electrical 

resistivity at 28 day 

(105~106 Ω・cm)

SSSW : short-cut super-fine stainless wire (8–20 μm), CCSF : copper coated steel fibers, SSA : 
steel slag aggregate, FSSA : fine steel slag aggregates, NA : nickel aggregates, CPA : copper aggregates.
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2.1.2 Self-heating of UHPC

The self-heating of functional concrete is attributed to Joule heating. By this 

process, the passage of an electric current through a material produces heat. The 

thermal performance of self-heating concrete can be derived as follows [53,54].

Under steady-static conditions, voltage has a linear relation to the electrical 

resistance of a material, where I is the electrical current, and R is the electrical 

resistance as shown in Eq. (2). The electrical resistivity (ρ) in Eq. (3) is a material 

property normalized by the conductive cross-sectional area (A) in the direction of 

current flow, and the distance between electrodes (L). The applied energy (E), a 

product of electric power (P) and operational time (Δt) is converted into the

thermal energy in Eq. (4) [54]. 

V IR= (2)

A
R

L
r = (3)

2 2V V A
E P t VI t t t

R Lr
= D = D = D = D (4)

Eq. (4) indicates that higher applied voltage and lower electrical resistivity of 

composite achieve better efficiency for producing the same amount of heating 

energy. If we equate Eq. 4 and the thermal energy (Q) in Eq. (5), the increased 

temperature (ΔT) over operational time (Δt) can be evaluated as Eq. (6).

Q cm T= D (5)

2T V A

t Lmcr

D
=

D
(6)
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where m is the mass, and c is the specific heat capacity of a material.

It has been suggested that a resistivity of less than 1,000 Ω・cm is required for 

self-heating concrete to prevent ice formation or to melt the accumulated [55,56]. 

The literature review indicates that the amount of macro-sized steel fibers or 

conductive aggregates used for self-sensing capability may not be adequate for 

achieving low resistivity for the use of self-heating (Table 2-2). This requirement 

of high dosage of conductive filler might be the reason for the lack of discussion 

on self-heating of UHPC. 

Besides the potential of de-icing application, self-heating concrete can be 

utilized in fields of electrical curing (EC), which has more powerful impact 

specifically for UHPC. UHPC generally requires heat-treatment to achieve high 

mechanical strength by accelerating pozzolanic reaction. Heat treatment at high 

temperature (i.e., 90 ℃) for 2 days ensured superior compressive strength (> 200 

MPa) than that of the reference without heat treatment (160 MPa) [57]. Therefore, 

EC can be the alternative for heat treatment if it can produce the thermal energy 

enough for maintaining high temperature during the curing period.

Because fresh concrete contains a large amount of water in the matrix, it 

behaves as semiconductor, showing very low resistivity [58]. However, as 

hydration reaction continues, water is chemically bound to hydration products, 

and therefore the hardened matrix has significantly higher resistivity comparable 

to insulator. The rise in the electrical resistivity over curing age requires a high 

amount of power to produce enough thermal energy for electrical curing.

Several research has investigated the effects of electrical curing on structural 

degradation and the effectiveness of EC [59]. Cecini et al. reported that EC was 

feasible method for fiber reinforced concrete production. They fabricated samples 

the feasibility of ECTo achieve low electrical conductivity, steel fiber and CNT 

has been incorporated. 
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2.2 Methods for dispersing CNTs

CNT has superior properties such as mechanical strength, electrical and thermal 

conductivity, and therefore has been extensively investigated as electrical, thermal, 

and mechanical reinforcement. However, due to high SSA and AR, their fine size, 

it inevitably leads to agglomeration by van der Waals force, hydrophobic nature, 

and π-π stacking effect. Hence, overcoming this poor dispersion problem in 

solvents and composites is a first step for achieving target performance of 

CNT/cementitious nanocomposites.

2.2.1 Mechanical dispersion

Ultrasonication is the most used method for disentanglement of as-received 

CNT pallets. There are two types of sonication equipment: a probe (horn) or bath. 

The ultrasonic probe, also known as ultrasonicator, generates mechanical 

vibration resulting in the formation of cavitation bubbles through shear stress. 

These microscopic cavitation bubbles “unzip” or “peeling off” individual 

nanotubes at outer part of CNT bundles or agglomerates. 

Design parameters of ultrasonication process are ultrasonication power (i.e., 

ultrasonication energy per unit time) and total time, which usually determined by

the ultrasonication amplitude. Ramezani et al., developed useful relation between 

the ultrasonication amplitude and input energy per unit time for parameter design 

[60]. The higher amplitude can cause the damages to CNTs while a low amplitude 

increases the duration of sonication process. If total energy input exceeded a 

certain critical level, the damage and shortening of CNTs would be noticeable. 

The optimum sonication energy was found to be 50 J/mL per unit CNTs to 

suspension weight ratio that effectively improve the dispersion of surface 

functionalized CNTs with the aid of a polycarboxylate-based superplasticizer [61]. 
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There are other mechanical dispersion methods such as dry mixing with fine 

minerals, ball milling, high speed stirring, and high pressure homogenizer [43]. 

Generally, mixing dry powders with CNTs is considered not efficient for CNT 

dispersion because ball milling process shortens the length of CNTs, which is 

detrimental to the load carrying capacity. It was observed that the average length 

of CNTs reduced from 50 μm to 0.8μm by ball milling [62]. Also, Yazdanbakhsh

reported that ball milling could result in high-water consumption, autogenous 

shrinkage, and thermal cracking [63]. 

The use of fine and round mineral additives such as silica fume and fly ash may 

improve the distribution of CNTs by physically separating them [26,27,64]. CNTs 

were mixed in dry mixture of cement and mineral additives or added in aqueous 

state with or without additional treatments. However, it appears that the energy 

generated by the collision with round particles during shearing mixing cannot 

sufficiently separate the CNTs aggregating by strong van der Waals force. In the 

scanning electron microscope image, of 2–3 μm of CNT lumps can still be seen 

in the specimen in which silica fume is mixed with the dry powder. As discussed 

in the literature, the dispersion of CNTs was improved to some extent in mixing 

with silica fume, but it was not possible to clearly distinguish the effect of 

improved dispersion and that of improved porosity and pozzolan effect on 

compressive strength [26]. The addition of 0.5 and 1% CNT by weight of binder 

would compensate the strength degradation occurred when ordinary Portland 

cement was replaced with fly ash. They discussed that CNTs acting as a filler 

resulting in a denser microstructure [27].
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2.2.2 Functionalization

Ultrasonication is an effective method for CNT dispersion in liquids having low 

viscosity. However, functionalization is required to retain the dispersion quality 

over time because the dispersed CNTs tend to re-agglomerate due to strong 

attraction after mechanical dispersion.

2.1.2.1 Covalent functionalization

Functional groups enhance the dispersion of CNTs in solvents or solid matrices 

by improving the CNT hydrophilicity (i.e., degree to which the surface attracts 

water) [65]. CNTs and functional groups are covalently bonded on their surfaces. 

Hydrocarbyls (e.g., alkyls and alkenyls), halogens (e.g., fluoro and chloro), and 

oxygen (e.g., carboxyl [COOH] and hydroxyl [OH]) are the main functional 

groups. A comparison between COOH-functional groups and OH-functional 

groups suggests that OH-functional groups may have a greater effect on CNT 

wettability, thereby improving dispersion in the matrix [66].

CNTs are most commonly functionalized by oxidation. The process of 

oxidation involves treating CNTs with oxidizing agents (such as nitric acid, 

sulfuric acid, or hydrogen oxynitrate). The walls of MWCNTs with pristine 

surfaces have smooth surfaces, while the surfaces of MWCNTs with COOH 

surfaces have rough surfaces and contain acidic functions. In spite of this, some 

researchers have reported that short COOH/OH functional groups do not affect 

CNTs' dispersion stability [67]. Moreover, CNTs' outstanding properties may be 

diminished by acid treatment [68,69].
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2.1.2.2 Non-covalent functionalization

It is generally preferred to use polymer/surfactant-assisted ultrasonication (non-

covalent functionalization) in order to reduce the degradation of CNTs during 

covalent functionalization [70]. As a result of this technique, CNT suspensions 

have been found to be stable for several months without sedimentation [71]. CNTs, 

however, may exert a weaker force on polymer/surfactant molecules than do 

covalently functionalized CNTs, resulting in a weaker load transfer. When CNTs 

are functionalized non-covalently, polymers/surfactants are wrapped or adsorb 

onto their surfaces during ultrasonication [72]. As a result, the structure and 

properties of CNTs are not affected by polymers and surfactants.

For proper CNT dispersion, a wide range of ionic and nonionic surfactants has 

been investigated so far. Dispersing CNTs is primarily caused by electrostatic 

repulsion between the charges of the ionic surfactants' molecules, as well as by 

steric repulsion between nonionic surfactants' molecules. The commonly used 

modifier agents are as follows: sodium dodecyl sulfate [73], sodium 

dodecylbenzene sulfonate [74], polycarboxylate-based superplasticizers [25], 

Arabic Gum [75], Cetyltrimethyl ammonium bromide (CTAB) [76], Pluronic F-

127 [74], and Triton X-100 (TX10) [75].
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2.3 Evaluation of the quality of CNT dispersion

Although dispersion is the most important design variable, quantitative 

evaluation has not been performed. Among the studies conducted from 2015 to 

2022, 73 studies were reviewed. It should be noted that these works utilized 

polycarboxylate superplasticizer, one of cement admixtures, as a CNT dispersant. 

Only 3 research quantitatively evaluated the dispersion quality, and about one-

third (24 studies) did not present evaluation on the dispersion quality.

Table 2-3 Techniques for characterizing CNT dispersion quality and research 

adopted SP-assisted sonication as a dispersion method

Classification Measurement
Bulk

/non-bulk
Medium References

Direct 

observation

AFM Non-bulk Composite

TEM
Non-bulk Suspension [77]

Non-bulk Composite

SEM

Non-bulk Suspension

Non-bulk Composite
Qualitative: [77–81]

Quantitative: [82]

LM
Bulk Suspension [61]

Bulk Composite

Particle size 

distribution

DLS Bulk Suspension

LD Bulk Suspension

Concentration UV-vis Bulk Suspension
Qualitative: [43,61,83–

87]

Quantitative: [88–91]

Stability Zeta-potential Bulk Suspension
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Fig. 2-2 Characterization methods for CNT dispersion quality and observable scale

2.3.1 Direct observation

In transmission electron microscope (TEM) images, the adsorbed layer of 

polymers on the CNT sidewall and change in CNT surface roughness due to 

oxidation can be seen. Suspension is loaded on the grid, dried, and observed in 

vacuum condition. Due to the aggregation during preparation of the samples for 

observation by EM, particle size distribution of could not be determined by this 

direct method of measurement.

Scanning electron microscope (SEM) is another electron microscope having 

lower resolution than TEM. Using SEM, experimental evidence giving 

comprehensive sight into the reinforcing mechanism of CNTs in cement material 

has been obtained; for example, a pulled-out CNTs at fracture surfaces and 

hydration products nucleated onto the sidewall of CNTs. During the SEM analysis, 

energy dispersive X-ray spectroscopy (EDS) would be useful to distinguish the 

CNTs from needle-shaped cement hydrates (e.g., ettringite) based on the chemical 

composition [92]. To be imaged using SEM, the specimen needs a conductive 

surface and has to be inside the high vacuum environment. Thus, porous cement 
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materials are required to be broken into small fragments or fine powders and 

properly dried. The surface of sample needs the sputter-coating, a thin layer of a 

conductive material, such as gold, silver, or platinum. It requires additional time, 

cost, and effort, and the surface of the specimen contains the coated material, not 

the original material. The additional thin layer of conductive material may hinder 

visualizing individual CNTs with diameter of a few tens of nanometer.

Light microscope (LM) is a fast and simple technique for morphological 

investigations of relatively large sample volumes. Due to the resolution of LM, 

aggregates smaller than the resolution limit (typically < 1 μm) are considered 

dispersed fillers [93]. If the contrast between agglomerates and matrix is clear, the 

area ratio of agglomerates can be easily evaluated by image processing. However, 

the fuzzy boundary between CNT and matrix is an obstacle to applying LM to the 

macroscopic investigation of CNT dispersion.

2.3.2 Batch particle measurement

Dynamic light scattering (DLS) is a non-invasive technique to measure the size 

of nanoparticles in a colloidal suspension. This method uses Brownian motion to 

measure the intensity of scattered light over time in a particle suspension. By 

analyzing the intensity variation of scattered light, the diffusion coefficient can be

determined, and the particle size is obtained from this coefficient through the 

Stoke-Einstein equation.

The size characterization by DLS is a widely used method in laboratories due 

to its ease of use, the short duration of the measurements and the availability of 

accessible marketed apparatus. However, the determination of size of complex 

dispersion by DLS is problematic, while the method is powerful to evaluate size 

characteristics of monomodal dispersions with a high accuracy. This limitation 

comes from the fact that the intensity of scattered light depends on particle size 
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being proportional to the power six of the particle diameter. Thus, intensity of 

scattered light due to large particles can hinder the detection of populations of 

particles having a smaller diameter.

Laser diffraction (LD) is also called static light scattering which enables to 

evaluate the radius of gyration of nanoparticles dispersed in liquid by measuring 

angular dependence of the intensity of scattered light. Larger particles scatter 

much light at small angles whereas smaller particles scatter light at greater angles.

The scattered intensity is a function of detected angles which depends on particle 

size. The scattering pattern is deconvoluted to a series of individual number. The 

relative amplitude of individual number corresponds to the relative volume of 

equivalent spherical particles of that size.

2.3.3 Dispersion efficiency

UV-vis spectroscopy enabled the determination of the concentration of 

dispersed CNTs in suspension. The increase in absorbance peak of CNT indicates 

an increased dispersion efficiency. A small amount of CNT is put into water, and 

ultrasonication is performed until the UV-vis absorbance reaches the maximum 

achievable intensity. This solution is diluted to construct a calibration curve based 

on the Beer-Lambert law. The dispersion efficiency of the prepared suspension 

with known CNT content is quantified as the ratio between the theoretical 

maximum concentration and the concentration obtained by measuring the 

absorbance of the diluted suspension. Although this is a fast and simple bulk 

technique, the accuracy can be impaired. The dispersed CNT concentration can 

be overestimated when SP dosage is high because the absorbance of SP can 

overlap with that of CNTs. Also, the sonicated suspension is a complex mixture 

of individual, bundled, and aggregated particles, and the contribution of individual 

and bundled CNTs to the absorbance of non-centrifuged calibration samples is 
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unclear. Therefore, non-centrifuged calibration samples could cause inaccuracy; 

for the same reason, the reliability of the measured concentration could be 

undermined unless the contribution of individual and bundled CNTs and SP to the 

UV-vis absorption is clearly elucidated. 

2.3.4 Dispersion stability

Smaller droplet sizes and higher surface charge (zeta potential) will typically 

improve suspension stability. Some studies show significant differences in CNT’ 

stabilization depending on the surfactant’s nature and concentration [12], [25]–

[27]. Measurement of zeta potential depending on the pH value of the aqueous 

solution is commonly used in these studies. Mendoza et al. investigated the 

dispersion stability of functionalized multi-wall CNTs in alkaline environment 

[94]. It was found that the Ca(OH)2 affects the stability of CNT dispersions 

identified using zeta potential and FTIR spectroscopy.
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Chapter 3. Effects of Dispersion Methods on Fresh 
and Hardened Properties of UHPC

3.1 Introduction

One of the crucial goals of manufacturing functional UHPC is to achieve 

designed performance while reducing CNT concentration by developing an 

effective dispersion method that requires less time and energy. It should be noted 

that the rheology of UHPC must be adjusted according to the application site. For 

example, when used for beam retrofitting, it should be formulated to have self-

consolidating properties because it needs to fill the narrow space between the 

existing beam and the mold under gravity. On the other hand, UHPC applied to 

the deck overlay is formulated to have thixotropy because the bridge deck is not 

usually level. Like other nanomaterials, it aggregates easily, adsorbs large 

amounts of water, and provides additional reaction sites to promote hydration due 

to its hydrophobic nature and high AR and SSA. Therefore, CNT addition will 

significantly affect the rheological properties of UHPC. However, to the best of 

our knowledge, previous studies of functional UHPC have yet to deal with the 

effect of CNT addition and its dispersion method on the rheological properties and 

thixotropic behavior. Securing proper rheological properties can affect fiber 

dispersion and alignment with marked effect on UHPC performance. Therefore, 

fresh state performance plays an important role for the quality control of hardened 

properties of concrete. The main aim of this chapter is to compare the effect of 

various dispersion methods on the fresh and hardened properties and evaluate 

their efficiency for specific performance.
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3.2 Experimental programs

3.2.1 Materials and methods

The raw materials used in this study to produce UHPC were Type I ordinary 

Portland cement (OPC, Union Cement Co., Ltd., Korea), silica fume (Grade 940U, 

Elkem, Norway), quartz powder (S-SIL 10, SAC, Korea, median particle size of 

4.2 µm), and silica sand (Saeron, Korea, particle diameters of 0.2–0.3 mm). The 

OPC and silica fume were utilized as binders, while the quartz powder and silica 

sand were used as the fine aggregate and inert filler, respectively.

Polycarboxylate-based SP (solid content 30%, FLOWMIX 3000U, Dongnam, 

Korea) was used as a dispersant for cement and CNTs.

Pristine multi-wall CNT pallets (> 96%, LUCAN BT1003, LG Chem., Korea)

and pre-dispersed multi-wall CNT suspension (Kumho Petrochemical, Seoul, 

Korea) consisting of 60 g of multiwall CNTs dispersed in 1 L of distilled water 

were purchased. The particle size distribution and zeta potential of the CNTs in 

commercially available suspension were measured using a laser scattering particle 

size distribution analyzer (LA-960, HORIBA, Japan) and nanoparticle analyzer 

(SZ-100, HORIBA, Japan), respectively. The mean particle size and zeta potential 

value were 0.41 μm and −58.4 mV, respectively (Figure. 3-1). The CNTs in 

suspension were found to be stably dispersed considering their originally 

synthesized size. 

Properties of CNTs in the form of powder and suspension are presented in Table 

3-1 and 3-2, respectively. Note that the average diameter of CNTs in suspension 

is significantly shorter than that in the pallets. 
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Fig. 3-1 Particle size distribution (a) and zeta potential (b) of commercially 

available suspension. 
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Table 3-1 Properties of pristine multi-wall CNT powder.

Table 3-2 Properties of multi-wall CNTs in commercial suspension.

Fig. 3-2 Silica sand mechanically blended with CNTs and silica fume.

Avg. diameter 
(nm)

Avg. length 
(µm)

Bulk density 
(g/cm3)

Purity (wt%)

Specific 

surface area 

(m2/g)

13 12 0.12 96 186

Avg. diameter 

(nm)

Avg. length 

(µm)

Density 

(g/cm3)
Purity (wt%)

Specific 

surface area 
(m2/g)

1–8 0.1–5 0.15 > 95 180
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3.2.2 Mixture proportion and sample preparations

The mixture proportion of samples is summarized in Table 3-2. The water-to-

cement (w/c) ratio was kept at 0.25. Three different dispersion methods were 

evaluated: dry mixing, SP-aided sonication, and commercial CNT solution. 

Samples were named with the mass percentage of CNT-to-cement ratio notated as 

CNTwt% and the suffixes of DM, US, and CS, representing dry mixing, 

ultrasonication, and commercial suspension, respectively.

Commercial pre-dispersed CNT suspension was diluted 1.875 to 15 times to 

adjust the CNT concentration. In preparation of the CNT suspension fabricated 

with ultrasonication, the sonication condition was determined based on the 

previous studies; the theoretic calculation and empirical results showed that 

optimum ultrasonication energy (UE) would be at around 200 J/mL for 0.1 wt% 

of pristine CNT in water while optimal UE for CNT with –COOH functional 

group was determined to be 75 J/mL [61,89,95]. In this study, the ultrasonication 

energy was determined as 65 J/mL for 0.1wt% pristine CNT suspension,

considering adverse effect due to excessive power (i.e., damage and breakage of 

CNTs). Water, SP, and CNT powders were put into a jacketed beaker of which 

temperature was maintained below 5 ℃ to prevent overheating.

The process of preparing dry mixing sample was as follows: 1) dry mixing of 

powders and CNTs, 2) mixing with SP solution (i.e., mixed water and SP), and 3) 

placing and curing. Silica fume, silica sand, and CNTs were blended using a 

Hobart mixer fsor 5, 10, and 25 min. The sand particle can be used in place of a 

milling ball to mechanically separate the agglomerated silica fume and CNTs. Dry 

mixing time was increased in proportion to the amount of CNT. It was expected 

that silica fume could act as a buffer material which might prevent breakage of

CNTs, and due to its very fine particle size (10–500 nm) similar to that of CNTs, 

they could intermix with CNT agglomerates. After dry mixing, the amount of 

silica fume clumps was significantly reduced compared to the as-is received state, 
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and sand particles were surrounded by silica fume and CNTs as shown in Figure 

3-2. Then, cement and quartz powders were added together and mixed 5 more 

minutes. Water and SP were mixed before the contact with premixtures. Two third 

of dry mixtures was mixed with SP solution at a low speed, and the rest of them 

was poured slowly for 2 min. Then, the fresh concrete was further homogenized 

at a medium, high, and a low speed for 1 min, 2 min, and 30 seconds, respectively. 

The latter mixing with a low speed was to remove airs in the fresh samples. 

Samples mixed with dispersed CNT suspension were prepared as follows: 1) 

preparing dry mixtures, 2) mixing with CNT suspension containing SP, and 3) 

placing and curing. Initially, silica fume and silica sand were poured and blended 

for 5 min to crush densified SF during storing. Cement and quartz powder were 

then added into the container and mixed for 5 more min. The mixing procedure of 

fresh concrete was the same as that of dry mixing sample. 

As soon as the blending was completed, fresh sample was quickly transferred 

to a 3L container so that the rheological parameters was measured within 1 minute 

and 30 seconds. The rest of fresh concrete were casted in 5 cm cube molds for the 

measurement of compressive strength and electrical resistivity. The surfaces of 

the fresh cast mixtures were immediately covered with a vinyl sheet to prevent 

moisture evaporation, and the samples were cured for 24 h in an environmental 

chamber at 20℃ and a relative humidity (RH) of 60%. The molds were then 

removed, and the samples were steam cured at 90℃ for 2 days and stored in the 

chamber at 20℃ and RH of 60% until testing. 
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Table 3-3 Mixture proportion (by weight of cement).

Samples WPC SF QP SS SP CNT
Dispersion 

method

UHPC (Ref.)

1 0.25 0.35 1.1 0.04

0 -

CNT0.1_US 0.1%
Dry mixing for 

5 min

CNT0.2_US 0.2% 10 min

CNT0.5_US 0.5% 25 min

CNT0.1_DM 0.1%
Ultrasonication 

65 mL/J

CNT0.2_DM 0.2% 120 mL/J

CNT0.5_DM 0.5% 250 mL/J

CNT0.1_CS 0.1%
Commercial

suspension diluted

15 times

CNT0.2_CS 0.2% 7.5 times

CNT0.5_CS 0.5% 3 times

CNT0.8_CS 0.8% 1.875 times
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3.2.3 Test methods

The flow curve was measured using a rotational rheometer (Viskomat XL, 

Schleibinger, Germany) equipped with a fishbone-shaped probe. Flow curves 

were fitted to Eq. (7) corresponding to a Bingham model by regression analysis 

to obtain dynamic yield stress and plastic viscosity.

= + ×T g h N (7)

where g [Nm] and h [Nms] are rheological constants corresponding to Bingham 

yield stress and plastic viscosity, respectively. In this study, g is named dynamic 

yield stress. However, h can be presented in a physical unit of viscosity [Pas] by 

multiplying the calibration factor Cp (= 2.62) provided by the manufacturer. The 

static yield stress of samples was measured using a 6-blade vane-type probe. Time 

zero was defined as the point at which mixing was finished. The shear rate was as 

low as 0.3 rpm (0.005 /s) and maintained for at least 180 seconds until the 

maximum torque was achieved at each elapsed time (i.e., 15, 30, and 45 min after 

time zero). The examples of the flow curve and the test profiles are present in 

Figures 2-1 and 2-2, respectively. It should be noted that the shear ramp test was

conducted for 3 times in a row and its profile was determined not to exceed the 

torque limit of 1200 Nmm for every fresh sample.
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Fig. 3-3 Examples of flow curves of samples. a) Thixotropic loop test result to 

determine dynamic yield stress and plastic viscosity; b) constant shear rate test 

result to determine static yield stress. 



Chapter 3. Effects of Dispersion Methods on Fresh and Hardened Properties of UHPC

60

Fig. 3-4 Test procedures for a single cycle of a) thixotropic loop and b) constant 

shear rate test. 

The compressive strength was tested using a displacement-controlled universal 

testing machine (UTM) with a load cell capacity of 2000 tons based on ASTM 

C109 [96]. During the test, the applied loading rate was 0.02 mm/s. The 

compressive strength and elastic modulus were averaged from the three samples.

The electrical direct current (DC) resistance of the samples was measured at 2 

days later after steam curing was finished. An LCR meter (LCR-6100, GW 

INSTEK, Taiwan) that measures the inductance (L), capacitance (C), and 

resistance (R) of a material was used. The measured DC resistance via the four-

probe method was converted into electrical resistivity according to Eq. (3) in 

Section 2.1.1.
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3.3 Results and discussion

3.3.1 Plastic viscosity and dynamic yield stress

Due to its low water-to-binder ratio (w/b) and high binder content, UHPC has 

superior mechanical properties and durability compared to conventional concrete 

(CC). The absence of coarse aggregates and use of fibers in UHPC also improve 

the homogeneity of mixture and enhances the mechanical properties, crack 

resistance, tensile strength, and ductility of the material. High dosage of SP is 

utilized to ensure high fluidity, which contributes to self-consolidating properties 

and improved dispersion of the binder system. Researchers have used other 

chemical admixtures in addition to SP to enhance the mechanical properties of 

UHPC. For example, Meng and Khayat reported that the fiber distribution 

uniformity and flexural performance of UHPC with 2% of micro steel fiber can 

be optimized by adjusting the plastic viscosity of suspending mortar and 

suggested the optimal plastic viscosity of 53 ± 3 Pa·s and mini V-funnel flow time 

of 46 ± 2 s [97]. 

The models explain the relationship between the shear stress and shear rate. 

The flow curve was analyzed by regression using Bingham model. As shown in 

Figure 2-1a, all samples showed linear relation between shear stress and shear rate. 

However, it should be noted that the shear rate applied in this study was relatively 

low. The maximum shear rate and torque applicable using the equipment here was 

80 rpm (= 1.33 s-1) and 1200 N mm, respectively. Dils et al. observed a shear-

thinning behavior of UHPC mortar using various types of cement [98]. However, 

as Feys et al. pointed out, the apparent viscosity might increase with increasing 

shear rate showing shear thickening behavior, and this shear thickening behavior 

should not be overlooked because high shear rate can occur in operations of 

mixing and pumping [99]. The maximum shear rate in various flow pattern can 

be found in [100,100]
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During the induction period of cement hydration, the rheological behavior of 

UHPC is mainly controlled by the inter-particle interactions, which are influenced 

by the particle size distribution and fraction of particles. In the previous study, the 

hydration of cement retarded up to 12 h, measure by isothermal calorimetry and 

ultrasound pulse velocity [101]. There are a few probable explanations for the 

effect of CNTs; 1) decrease in free water due to absorption by the nanoparticles; 

2) agglomeration of nanoparticles; and 3) filling of the gaps between cement 

grains by the nanoparticles [102]. The water absorption and agglomeration result 

in the increase of yield stress and viscosity of material, while the increasing 

packing density (or continuous particle size distribution) tends to decrease the 

viscosity of fresh concrete.   

The plastic viscosity of reference UHPC was 20.86 Pa s, which was in relatively 

low range (Table 3-4). The plastic viscosity with increasing CNT content of 0.1 

and 0.2% in samples fabricated by the dry mixing and the aids of ultrasonication 

increased exponentially (Figures 3-5, 3-6). When 0.5% of CNT was dispersed by 

those dispersion methods, the sample was too stiff to measure the rheological 

parameters. Care should be taken when interpreting the dynamic yield stress; the 

dynamic yield stress here is the slope, of which unit is N·mm·min, in Eq. (7), and 

therefore, it can be qualitatively compared with reference sample only in this study. 

The dynamic yield stress of samples fabricated by the dry mixing and the aids of 

ultrasonication shows steep rise with increase of CNT content. From the trend line 

in the Figures 3-5, and 3-6, it may be expected UHPC will no longer have the self-

compacting ability at a CNT concentration of 0.3% or more.

Table 3-4 Typical yield stress and plastic viscosity ranges for different concrete 

mixtures (adopted from [103]).

Rheological parameter CC SCC HPC* UHPC

Yield stress (Pa) 500–2000 5–50 50–2000 10–100

Plastic viscosity (Pa·s) 50–100 100–400 50–550 20–200

* HPC: high-performance concrete.
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It has been suggested that during the sonication treatment, not only water is 

adsorbed on the CNTs, but also that the less polar part of SP molecules aligns with 

the CNT walls, increasing the dispersibility of the CNTs (Figures 3-5, 3-6). In the 

case of dry mixing, the number of water molecules and SP molecules interacting 

with the CNTs was expected to be relatively lesser compared to the case of 

sonication treatment. It is because the ultrasonication treatment has been 

considered to be the most effective for disentanglement of CNT agglomerates 

among the mechanical dispersion methods. The better dispersion degree refers to 

the more individually dispersed CNTs, and therefore, the more water or SP 

molecules adsorbed onto the CNTs. Thus, it was envisaged that fresh samples with

dry mixing method applied would show more flowability. However, both methods 

increased viscosity and yield stress to a similar extent.

In contrast, the viscosity and yield stress of samples incorporated with 

commercial suspension shows relatively gradual increase with the addition of 

CNTs. The viscosity of CNT0.1_CS slightly decreased compared to that of the 

reference sample, which may result from enhanced packing density of fresh 

concrete. Over this concentration, the effect of attractive force would be higher 

than that of particle packing, resulting in increased plastic viscosity and yield 

stress. However, it is worth noting that there exists significant difference in the 

degree of dispersion or agglomeration of CNTs in fresh UHPC. Also, the average 

length and diameter of CNTs are smaller in the form of aqueous solution than that 

of powder. The aspect ratio of CNTs in commercial suspension was ~600, while 

that of CNTs received as powder was ~1000. In the squeeze flow test of CNT 

incorporated pastes, the increase in CNTs aspect ratio increased the viscosity and 

yield stress for an incorporation level of 0.05% and 0.1%. The yield stress and 

viscosity of the paste incorporating CNT with an AR of 900 were 10% and 28% 

higher than those of the paste incorporating CNT with an AR of 250 by 10% and 

28%, respectively[104].
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Fig. 3-5 Schematic drawing of PCEs (modified from [105]). 

Fig. 3-6 Schematic drawing of dispersing mechanism of PCE (a) with cement 

particles and (b) CNTs. 
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Fig. 3-7 Plastic viscosity of samples containing varying CNT content (% bwoc) 

with different dispersion methods applied.

Fig. 3-8 Dynamic yield stress at time zero containitng varying CNT content (% 

bwoc) with different dispersion methods applied.
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Table 3-5 Plastic viscosity and dynamic yield stress of samples from thixotropic 

loop test.

Samples Plastic viscosity (Pa·s) Dynamic yield stress (N·mm·min)**

UHPC(Ref.) 20.86 (2.68)* 23.88

CNT0.1-DM 28.72 (3.49) 59.66

CNT0.2_DM 45.69 (4.06) 96.83

CNT0.1_US 27.26 (3.60) 39.88

CNT0.2_US 44.63 (4.33) 93.19

CNT0.1-CS 19.85 (1.89) 31.32

CNT0.2_CS 24.91 (2.08) 41.1

CNT0.5_CS 33.13 (2.92) 91.77

CNT0.8_CS 60.68 (4.95) 209.46

* Numbers in parentheses indicate standard deviation.
** Dynamic yield stress in this study is presented for comparison with reference UHPC.
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3.3.2 Structuration rate

Rheological properties are one of measures providing the mechanical properties 

of a material. It is particularly important for cement-based materials because the 

internal structure in fresh state is difficult to be directly observed [106]. The 

structuration or structural buildup of fresh concrete refers to the particle 

flocculation due to van der Waals interaction or the formation of irreversible bonds

by hydration product between particles [100,107]. If the material has low bond 

strength of internal structure, it will be more susceptible to bleeding and 

segregation, which are the result of settlement of particles due to gravitational 

force.

It is important to control the structural buildup rate because it plays a crucial 

role on formwork pressure of self-consolidating concrete and maintaining high 

flowability in entire casting process.

For example, UHPC structural members often manufactured as precast 

concrete, which can accelerate construction time, minimize delays and disruptions 

to the community, extend service life of the structure, reproducibility of 

rheological and mechanical performance, and lower life cycle costs. For a large-

scale precast beams measuring 0.91 m in depth and 23.9 m in length produces 

with UHPC of relatively low yield stress can secure high filling ability and reduce 

consolidation energy [108].

High-cost relative to CC is one of the major barriers to the use of UHPC. In 

some cases, it is unnecessary to use the UHPC in the whole specimen. Hybrid 

members with UHPC used in selected sections subjected to high levels of stress 

can be produced with the remaining sections cast with CC. During the multilayer 

casting, the evolution of static yield stress of both materials should be carefully

considered to secure proper interlayer bond strength development [109,110]. High 

level of structural build-up at rest and extended waiting time before the casting 



Chapter 3. Effects of Dispersion Methods on Fresh and Hardened Properties of UHPC

68

the UHPC layer onto an existing lift of concrete can significantly increase the 

permeability and hinder the development of adequate bond development 

[109,110]. 

Fig. 3-9 Structuration rate of samples as a function of CNT content. 

It was clearly shown that the addition of CNTs increased the thixotropy of 

UHPC (Figures 3-9, 3-10, 3-11, and 3-12). The evolution of static yield stress of 

UHPC/CNT influenced by the dispersion method and the type of CNTs. 

Particularly, the length of CNT received as in the form of powder had about 2–

1000 times longer than that of CNTs in pre-dispersed suspension. Therefore, 

attractive interaction of particles with longer CNTs could be higher resulting in 

increasing flocculation rate. 

As the CNT content increased, deviations between flocculation rate of samples 
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containing same amount of CNTs also increased (Figure 3-9). The graph shows 

sharper rise of static yield stress with time in the samples fabricated with 

ultrasonicated CNT suspension. These higher structural buildup rate of 

CNT0.1_US and CNT0.2_US samples may be related to the hydration 

characteristics of the superplasticized cementitious material. It has been reported 

that nano-sized hydrates (C–S–H, ettringite) are formed in the very early-age 

cement paste containing superplasticizer. They are known to have high 

compatibility with SP, which hinder the nucleation and growth of nano-sized 

hydrates onto cement particles. Therefore, amount of free SP would have a 

considerable effect on the initial dispersion of cement grains. As shown in Figure 

3-13, if the CNT suspension contacts with dry powders with the backbone of SP 

oriented towards the water, while the side chain aligned on the sidewall of the 

CNTs during the ultrasonication process, the dispersion effectiveness of the SPs 

on binder particles will be reduced.

Fig. 3-10 Evolution of static yield stress of samples with dry mixing applied. 
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Fig. 3-11 Evolution of static yield stress of samples with ultrasonication applied.

Fig. 3-12 Evolution of static yield stress of samples with commercial suspension 

used.
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Fig. 3-13 TEM images of CNT suspension; adsorbed SP layers are shown.
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3.3.3 Compressive strength

The w/c of the reference UHPC was 0.25, which is relatively higher than 

commonly adopted water content (w/c = 0.22-0.23) in the previous studies [57]. 

It was determined to compare the samples under the same conditions, considering 

the free water absorption of CNTs. Nevertheless, the reference sample showed 

compressive strength of 175 MPa on average without steel fiber owing to high 

packing density and self-compacting characteristic. 

Fig. 3-14 Compressive strength of samples as a function of the content of CNT 

with different dispersion methods applied. 

It was shown that the compressive strength of UHPC/CNT decreased overall 

with CNT addition (Figure 3-14). This reduction was much greater for samples 

incorporating commercial suspension. The lowest strength was 119 MPa when 

0.2wt% of CNT was incorporated, and then recovered to 136 MPa as the CNT 
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content increased up to 0.8wt%. When ultrasonication or dry mixing was applied

for CNT dispersion, the degradation due to CNT addition of 0.1% was negligible; 

compressive strengths of CNT0.1_US and CNT0.1_DM were 173 and 171 MPa, 

respectively. It can be inferred that the reinforcing effect CNT addition might 

overwhelm the adverse effects of CNT incorporation between 0.2–0.5wt%. 

It was difficult to expect a reinforcing mechanism of CNTs in the UHPC matrix 

with a w/c ratio of 0.25, despite of superior dispersion quality of commercial 

suspension. This can be due to the dispersants and short length of CNTs, ironically 

enhancing the degree of dispersion. Probable explanation for decrease in 

compressive strength is weak interfacial bond between cementitious matrix and 

dispersed CNTs in commercial suspension of which polymeric dispersant may act 

as air entraining agent and be incompatible with cement hydration. The impact of 

CS on the rheological properties was much lower than other methods, as shown 

in Section 3.3.1, it is suitable for the fabrication of conductive concrete that

requires a high content of CNT. 

The compressive strength of dry mixed UHPC/CNT samples is slightly higher 

than that of samples with sonicated CNT suspension. It can be inferred that the 

macroscopic dispersion quality might be comparable in both methods. The reason 

for the decrease in strength may be due to entrained air during SP-aided sonication 

or entrapped air due to reduced flowability. Also, incomplete disentanglement of 

agglomeration by dry mixing could lead to mechanical defect because the bond 

between individual CNTs in clumps can be much weaker than that between CNT 

and cement matrix. 

The dry mixing and the ultrasonication of CNT would be better when a 

relatively low content of CNT is required, given the degradation of mechanical 

performance. Particularly, dry mixing has the potential to minimize damage to 

CNTs compared to ball milling or ultrasonication. It has been reported that ball 

milling process reduces the aspect ratio of CNTs by shortening their length [68]. 
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Pierard et al. observed a reduction in the average length of CNTs from 50 μm to 

0.8μm [62]. More highly dispersed CNTs usually entails shorter CNT length due 

to the simultaneously exerted separating and scissoring forces during 

ultrasonication [111]; therefore, their load carrying capacity is reduced. Also, 

regarding economic and environmental impact, dry mixing is considered efficient

because ultrasonication is more time-consuming, laborious, and energy 

consuming (i.e., ultrasonication and cooling). Therefore, it is worth investigating 

the effectiveness of dry mixing methods, particularly for situations where a low 

content of CNT is desirable, such as mitigating autogenous shrinkage, anti-

spalling effect, durability, and as tensile reinforcing nanofibers [112].
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3.3.4 Electrical resistivity

CNT incorporated cement-based material exhibited the gauge factor, which is 

the fractional change in electrical resistance per unit strain, of up to 130, while the 

gauge factor of common strain gauges is approximately 2 [45,113]. The piezo-

resistivity can be achieved through two main mechanisms of percolation threshold 

and electron tunnelling effect. The distance between CNTs changes during loading 

cycles, and the closer the CNTs are, the easier the electrical current can flow. The 

change in electrical resistivity is reversible in the elastic range. In view of this, the 

sensitivity of CNT/cement-base material to compressive strain would show the 

highest performance near the percolation threshold of electrical conductivity, 

where conduction begins to occur in disorderly mixed conductive materials above 

a certain concentration in the matrix. 

Fig. 3-15 Electrical resistivity of samples as a function of the content of CNT with 

different dispersion methods applied. 
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Fig. 3-16 Electrical conductivity of samples as a function of the content of CNT 

with different dispersion methods applied.

It can be seen that the percolation threshold of UHPC mixed with commercial 

suspension was relatively higher than samples mixed in the form of CNT powder 

(Figure 3-17). In the previous studies suggested that the percolation threshold of 

electrical resistivity of UHPC having w/c ratio of 0.23 was near 0.9 wt%, which 

was in line with this result [114]. It can be attributed to that a larger amount of 

shorter CNTs is required to form a connected network than longer CNTs. In 

addition, the dispersant sufficiently wrapping the CNTs can act as an obstacle 

hindering the contact between CNTs as Yu suggested [115]. 

Contrary to expectations, this study did not find a significant decrease in 

electrical resistivity in CNT0.5_US (Figure 3-16). The electrical resistivity of 

samples incorporated in sonicated CNT suspension gradually decreased until CNT 

added up to 0.2wt%, then slightly increased with a CNT content of 0.5wt%. It 

should be noted that the samples CNT0.5_US and CNT0.5_DM no longer had 
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SCC properties, and the casting of samples required subsequent tamping. 

Therefore, a decrease in the workability of CNT0.5_US might negatively affect 

the formation of a conductive network by increasing air content. Also, the 

ultrasonication energy emitted from the tip may not be effectively delivered to the 

entire quantity of CNTs because the viscosity of the suspension would increase 

with higher CNT concentration. If the suspension with high viscosity were not 

circulated well despite the magnetic stirring, energy would be intensively 

transferred to CNTs near the tip, which may have induced damage to the CNT and 

poor dispersion quality. 

What is interesting in the result is that samples fabricated with dry mixing have 

much lower resistivity than other samples containing the same CNT content 

despite of reduced workability. It could be hypothesized that nano-sized silica 

fume crushed by sand particles enhanced the dispersion of CNTs. Also, those two 

nanomaterials coated onto sand particles further synergistically improved the 

macro distribution of CNTs. This method can alleviate the extent to which 

agglomeration occurs when the as-received CNT powder is mixed with dry 

powder in contact with water. 
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3.3.5 Future studies and direction

Fig. 3-17 Rheograph of CNT incorporating UHPC (Diamond symbol represents τ0 

and μ of the reference UHPC).

Dry mixing is more energy efficient and economic method, but the rheological 

properties of fresh UHPC should be adjusted when the target concentration is 

0.5wt% [116]. Figure 3-17 clearly showed that the addition of CNT significantly 

increased the static yield stress and plastic viscosity of UHPC, which makes 

UHPC/CNT be inapplicable without the aid of vibration or compaction. Based on 

the previous studies on the effect of constituents on the rheological properties of 

concrete (Figure 3-20), the two simplest steps are to add water, air, or SP. However, 

adding air can adversely affect the strength and the electrical and thermal 

conductivity by increasing porosity. 
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Fig. 3-18 Principal illustrations showing the effect of adding different constituents

to a reference mix (from [116])
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3.4 Summary

Depending on the purpose of application, the appropriate concentration of CNT 

may vary. In many cases, about 0.1% of CNTs are incorporated for the purpose of 

improving durability or mechanical performance, 0.2-0.5% for piezoresistive 

material, and close to 0.5-0.8% CNT to produce conductive concrete. However, 

the percolation threshold also varies with the geometric characteristic of CNTs 

and adopted dispersion methods.

The most adopted dispersion method is polymer-aided ultrasonication. Due to 

very low w/c of UHPC, pre-dispersing CNTs in water might be very difficult to 

achieve by sonication. CNT concentration of suspension is obtained by dividing 

CNT/c ratio with w/c ratio. For example, if the target CNT/c is 0.1, 0.5, and 1.0 

wt% with w/c given as 0.24, required CNT content in water will be as high as 0.42, 

2.08, and 4.17%. The viscosity of the suspension increases with higher amount of 

CNT incorporated, and thus the effectiveness of sonication decreases. Therefore, 

the sonication process is one of the biggest limitations in practical application of 

cement-based sensors for large structures. 

The commercial dispersion had superior dispersion quality, so there was no 

difficulty in casting and placing even at a high dosage of 0.8 wt%. The viscosity 

and yield stress were also within the range of the rheological parameters of typical

UHPC. Nevertheless, the compressive strength decreased the most, and the 

percolation threshold of electrical conductivity was relatively high because it 

contained relatively short CNTs and an additional dispersant.

The rheological parameters of fresh UHPC applied with dry mixing and 

sonication showed similar trends. It was found that the decrease in workability 

was not significant for CNT incorporation of less than 0.2wt%. Interestingly, dry 

mixed specimens had better performance in terms of electrical conductivity and 

compressive strength than sonication applied samples.
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Chapter 4. Critical CNT Concentration for
Functional Application of UHPC

4.1 Introduction

Ultra-high performance concrete (UHPC), an advanced cementitious 

composite, exhibits exceptional compressive strength (> 150 MPa), high 

flowability, and excellent durability due to very fine admixtures (e.g., silica fume 

and quartz powder), lack of coarse aggregates, high-range superplasticizer, and 

dense packing of particles with a low water-to-cement ratio (w/c; range 0.2–0.25) 

[1-3]. Recently, it has been reported that incorporation of carbon materials can 

improve various material properties of UHPC. Meng and Khayat evaluated the 

effect of two types of graphite nanoplatelet (GNP) and one type of carbon 

nanofiber (CNF) on various properties of UHPC and compared four dispersion 

methods to secure the homogeneity of the composite [4]. They reported that 

carbon nanomaterials increased autogenous shrinkage and reduced total porosity. 

Lim et al. showed that CNFs were uniformly dispersed in the UHPC matrix by 

sonication and effectively improved the compressive strength and compensated 

for the autogenous shrinkage of UHPC [5]. Viana et al. investigated the behavior 

of UHPC, incorporating carbon nanotubes (CNTs) under thermal load, and found 

that the inclusion of CNTs reduced the occurrence of explosive spalling [6]. 

Among functional carbon materials, CNTs have received great attention in the 

construction sector due to their superior mechanical, electrical, and thermal 

properties [7]. Because of its high aspect ratio, high surface area, and nanosized 

characteristics with multifunctionalities, CNTs have been reported as an effective 
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reinforcement, improving the engineering properties of CNT/cement composites 

when uniformly dispersed into the matrix [8-12]. Like CNT-reinforced cement, 

UHPC incorporating CNTs can potentially be used in smart materials capable of 

electromagnetic interference (EMI) shielding or self-sensing for structural health 

monitoring (SHM) [13]. As an example, Lee et al. examined the hybrid effects of 

steel fiber and CNT on the self-sensing capability of UHPC under tension [14]. 

Additionally, they reported the effect of CNT concentration on the self-sensing 

capability of UHPC beams reinforced with 2% steel fibers under flexure [15]. 

Mung et al. investigated the crack-sensing capability, mechanical properties, and 

electrical curing efficiency of UHPC/CNT [16]. Moreover, it was evidenced by 

thorough probes that CNT inclusion modified the microstructures of UHPC 

hydrates stiffer, denser, and more complicated [13, 17-19]. 

However, examination of the effect of CNT addition on other key properties of 

UHPC is still in progress. While the enhancement of mechanical and electrical 

properties with CNT addition was demonstrated in the above studies, research on 

the shrinkage and thermal properties of the UHPC/CNT composite has not been 

explored. Moreover, prior research has focused on the designated properties; 

therefore, an investigation into the influence of CNT concentration on overall 

engineering properties and the side effect of an excessive load of CNTs on specific 

performance must be carried out before a multifunctional composite material can 

be designed. Meanwhile, the importance of combining nanosized materials in 

cementitious composites with various dispersion methods—such as high-shear 

mixing, ultrasonication, a surfactant, ozone-treated water, and the combination of 

the aforementioned treatments—has been considered in previous studies [9, 13-

15, 20]. However, the sonication process limits the practical application of 

CNT/cementitious materials on a large scale, and the efficiency of sonication is 

also limited above a certain value of CNT content [8, 21].

In this study, the effect of CNT concentration on the mechanical, electrical, 
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shrinkage, and thermal properties of UHPC are evaluated when the content of 

CNTs is increased from 0 to 0.8% by mass of cement. Well-dispersed commercial 

CNT suspensions are utilized to improve the dispersion quality of CNTs even in 

higher concentrations. The side effects of excessive CNTs, such as degradation of 

properties, high costs, and fluidity reduction, are discussed. Moreover, the critical 

incorporation concentration (CIC) for applying CNTs to UHPC for practical 

applications is determined. The main goal of this study is to experimentally verify 

that a single CIC concept can be used due to the correlation of engineering 

properties and give insights for tailoring various aspects of engineering 

performance while maintaining the superior mechanical properties and durability 

of UHPC.
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4.2 Experimental programs

4.2.1 Materials 

The raw materials used in this study to produce UHPC were Type I ordinary 

Portland cement (OPC, Union Cement Co., Ltd., Korea), silica fume (Grade 940U, 

Elkem, Norway), quartz powder (S-SIL 10, SAC, Korea, median particle size of 

4.2 µm), and silica sand (Saeron, Korea, particle diameters of 0.2–0.3 mm). 

Smooth steel fibers (length of 13 mm, aspect ratio of 65.0, elastic modulus of 200 

GPa, tensile strength of 2788 MPa) were incorporated to fabricate UHPFRC. The 

OPC and silica fume were utilized as binders, while the quartz powder and silica 

sand were used as the fine aggregate and inert filler, respectively.  

A predispersed multiwall CNT suspension (Kumho Petrochemical, Seoul, 

Korea) consisting of 60 g of multiwall CNTs dispersed in 1 L of distilled water 

was used; this suspension was selected because uniformly dispersing CNTs in 

cementitious materials is challenging due to their hydrophobic characteristics, 

high specific surface area and aspect ratio, and strong van der Waals force [22, 

23]. 

The particle size distribution and zeta potential of the CNTs were measured 

using a laser scattering particle size distribution analyzer (LA-960, HORIBA, 

Japan) and nanoparticle analyzer (SZ-100, HORIBA, Japan), respectively (Fig. 3-

1). The mean particle size and zeta potential value were 0.41 μm and −58.4 mV, 

respectively. The CNTs in suspension were found to be stably dispersed 

considering their originally synthesized size.
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4.2.2 Sample preparation

The mixture design is listed in Tables 4-1 and 2, and the mineralogical 

compositions of the binders can be found in the authors’ previous work [24, 25]. 

The w/c and water to binder ratio (w/b) were maintained at 0.24 and 0.23, 

respectively. For samples containing CNTs, part of the water was replaced with 

the dispersed CNT suspension, as listed in the mixture design. Initially, OPC, 

silica fume, quartz powder, and silica sand were uniformly blended using a Hobart 

mixer for 5 min. Then, water and the dispersed CNT suspension were added to 

the dry mixture along with a polycarboxylic acid–based superplasticizer and 

mixed for 10 min. The fluidity of fresh mixtures according to the American 

Society for Testing and Materials (ASTM) C1856 [26], which was used for 

directly comparing the samples, is shown in Figure 2. The fluidity of the UHPC, 

which was 23 cm, was significantly reduced with the addition of CNTs due to 

their adsorption of water molecules and high aspect ratio and specific surface area. 

The fresh mixture was cast into cubic molds to determine compressive strength, 

electrical resistance, and thermal properties (50 × 50 × 50 mm3) and into prismatic 

molds to measure autogenous shrinkage (40 × 40 × 160 mm3). In the cubic 

samples, two copper plates with dimensions of 20 (W) × 60 (H) × 0.4 (T) mm3 

were embedded as electrodes to determine electrical resistance [27]. The area of 

each copper plate that contacted the samples was coated with silver paste to ensure 

continuous contact between the concrete surface and the electrode [28-30]. In the 

prismatic samples, adhesive Teflon sheets were attached to the molds to allow 

deformations, and a thermocouple and strain gauge (PMFL-60-2LJRTA, Tokyo 

Sokki Kenkyuio Co., Ltd., Japan) were inserted in the center of the sample without 

constraints. 

The surfaces of the fresh cast mixtures were immediately covered with a vinyl 

sheet to prevent moisture evaporation, and the samples were cured for 24 h in an 

environmental chamber at 20℃ and a relative humidity (RH) of 60%. The molds 
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were then removed, and the samples were cured under the same conditions until 

testing. To prevent volume reduction due to moisture evaporation, the prismatic 

samples were sealed with aluminum foil. A schematic illustration of the samples 

is presented in Figure 4-3. The UHPFRC samples were cured using either SC at 

90 ℃ and RH of 95 % or EC at low DC voltages of 19–23 V applied by DC power

supply under the same RH condition for a period of 48 h. Subsequently, the 

specimens were held at 20 ℃ and RH of 60 % for 25 d, for a total curing period 

of 28 d.

Table 4-1 Mixture proportions of UHPC without steel fibers (wt% of cement).

Table 4-2 Mixture proportions and material properties of UHPC containing steel 

fibers (wt% of cement).

Note: Material properties of UHPC_EC have not been measured due to the inefficient curing. Red 
numbers in parentheses represent the standard deviation.

Specimen
w/c

(w/b)
Water

CNT

suspension
OPC SF QP SS

Super-

plasticizer

CNT0.0 

(Ref.)

0.24

(0.19)

0.24 -

1 0.25 0.35 1.1 0.05
CNT0.2 0.21 0.03

CNT0.5 0.16 0.08

CNT0.8 0.11 0.13

Specimen

Mix proportions Material properties

w/c OPC SF QP SS SP
Steel

fibers

Curing

Method

Compressive 

strength 
(MPa)

Elastic

modulus
(GPa)

UHPC_SC

0.24 1 0.25 0.35 1.1 0.05
2

(vol%)

SC
181.1 
(3.0)

44.5 
(2.1)

UHPC_EC EC - -

UHPC/CNT_SC SC
191.1 
(3.8)

49.2 
(2.2)

UHPC/CNT_EC EC
196.6 

(2.3)

52.1 

(3.7)
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Fig. 4-1 Flow table test results of (a) UHPC, (b) CNT0.2, (c) CNT0.5, and (d) 

CNT0.8 without steel fibers.

Fig. 4-2 Flow table test results of (a) UHPC, (b) UHPC/CNT containing steel 

fibers.
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Fig. 4-3 Schematic illustration of the samples: (a) cubic sample to measure 

electrical resistance and (b) prismatic sample to test autogenous shrinkage.
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4.2.3 Test methods

The autogenous shrinkage and the internal temperature of the samples were 

measured after 28 days of curing (d) every 5 min after casting; these 

measurements were recorded by gauges linked with a data logger. This method 

has shown almost perfect repeatability under room temperature conditions in 

previous studies [25, 31]. The pore size distribution of the samples was analyzed 

with mercury intrusion porosimetry (MIP) using an Autopore VI 9500 

(Micromeritics, USA). The samples were cut into 5 × 5 × 5 mm3 cubes for the test, 

and the cubes were immersed into isopropanol to remove internal water and then 

dried at 40℃. The test variables for mercury intrusion and extrusion pressure, 

surface tension, and contact angle were 0–420.58 MPa (0.1–61,000 psia), 0.485 

N/m, and 130°, respectively.

The compressive strength was tested using a displacement-controlled universal

testing machine (UTM) with a load cell capacity of 2000 tons based on ASTM 

C109 [32]. During the test, the applied loading rate was 0.02 mm/s. Two strain 

gauges connected to the data logger and attached to the surface of each side of the 

samples were used to measure the strain under load. Additionally, the elastic 

modulus was calculated according to ASTM C469 [33]. The compressive strength 

and elastic modulus were averaged from the three samples.

The electrical DC resistance of the samples was measured at 24 h and 28 d via 

the four-probe method using an LCR meter (LCR-6100, GW INSTEK, Taiwan) 

that measures the inductance (L), capacitance (C), and resistance (R) of a material. 

The measured resistance was converted into electrical resistivity according to Eq. 

(3) in Section 2.1.1.

The thermal properties of the samples were measured at 20℃ using a thermal 

constants analyzer (TPS-500S, Hot Disk, Sweden). A flat Kapton sensor, which 

acted as both a heater and detector of temperature increase, was placed between 
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the two cubic samples, as presented in Figure 4-4. Then, by recording the 

temperature against time, the thermal conductivity and thermal diffusivity were 

measured, and the volumetric specific heat was evaluated based on the power 

input and time-dependent variation for the transient plane source (TPS).

Fig. 4-4 Schematic description of thermal properties test.
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When the specimens were under load during mechanical tests, the change in 

electrical resistivity was synchronously measured using the LCR meter and 

recorded in a computer to evaluate the crack sensing capability (Figure. 4-3). The 

FCR induced by loading was calculated following the Eq. (1): 

A hard rubber plate with 1 mm thickness was attached at the interface between 

the specimen and UTM during compressive strength test to prevent undesirable 

flow of electricity. In addition, the pins of the center-point load component used 

for flexural strength test were wrapped with a plastic vinyl sheet to eliminate the 

unexpected effect of the metal device on the FCR of the specimens.

Fig. 4-5 Experimental set-up for measuring FCR during mechanical tests: (a) 

compressive strength test, (b) flexural strength test.
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4.3 Critical concentration of CNT for tailoring multifunctional
properties of UHPC

4.3.1 Poromechanical properties

Figures 4-6 and 4-7 show the effect of CNT addition on the pore distribution 

on UHPC and the change in volume of each pore type classified based on pore 

diameter at different CNT concentrations [34, 35]. The pore structure of UHPC 

completely changed, and the volume fraction of each type of pores changed 

differently when the amount of incorporated CNT varied. The mesopores (4.5–25 

nm) and micropores (< 4.5 nm) were significantly reduced at all samples; these 

pores were physically filled with CNTs of similar sizes, as indicated in Table 4-1. 

While micropores steadily decreased from 1.94% to 1.32%, the mesopores 

slightly increased when 0.8 wt% of CNTs added. This suggests that individual 

CNTs effectively fill the nanopores in C-S-H gel even at 0.8 wt%; however, such 

in high concentration and high packing density, owing to van der Waals forces 

between the nanotubes, CNTs more likely to form the bundles or agglomerates, 

increasing in the size and volume of the capillary pores [36, 37]. Note that the 

entrapped air voids formed at 100–25 μm increased at all concentrations, 

especially at 0.8 wt% CNT content, even though the total porosity was still lower 

than that of the reference sample. The increased air voids were ascribed to the 

reduced fluidity of the samples with CNT incorporation (Figure 4-1); it is well 

reported that low fluidity in a fresh concrete mixture increases the ratio of air voids 

in the hardened matrix [38]. The presence of CNTs did not affect the volume 

fraction of macropores, and it is known that UHPC does not have large capillary 

pores (>50nm in diameter) due to the optimally designed particle size distribution 

of fine fillers such as silica fume and quartz powders [3].
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Fig. 4-6 Pore size distribution of the samples at 28 d: (a) log differential intrusion 

and (b) cumulative pore volume.
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Fig. 4-7 Pore volume distribution of the samples at 28 d (the red numbers on the 

bars indicate the total porosity).
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4.3.2 Autogenous shrinkage

Figure 4-8 summarizes the autogenous shrinkage of UHPC that occurred during 

28 d for CNT content. By incorporating 0.2–0.8 wt% of CNTs, the shrinkage at 3 

d and 28 d was decreased by 17-39% and 16–34%, respectively. The addition of 

CNTs was as effective as using 1-2% of shrinkage-reducing admixture (SRA) by 

mass of cement that reduced 10-30% of the autogenous shrinkage of UHPC [39, 

40].

The autogenous shrinkage is caused by chemical shrinkage and self-desiccation 

shrinkage. Since the water was replaced by CNT suspension to maintain the w/c 

ratio, the effective water for hydration was reduced, leading to lower hydration 

degree and chemical shrinkage. Moreover, excessive CNTs can be re-

agglomerated and cover the surfaces of the binder and hydrates and inhibit 

hydration reaction, as reported in [41]. Besides, dispersed CNTs can act as a 

nucleating agent on C-S-H gel and provide sites for hydration [42, 43]. This 

accelerated formation of C-S-H and stress-resistant microstructure can finally 

induce the termination of early shrinkage [31].

The self-desiccation induced shrinkage develops in proportion to the number 

of fine pores because it is induced by tensile stress in the pore solution [44]. Thus, 

CNTs reduced the fine pores in the matrix (Figure 4-7), mitigated capillary stress, 

and resulted in lower shrinkage strains. Additionally, the stress resistance of the 

microstructure was likely enhanced with the addition of CNTs, as evidence of 

denser, stiffer, and more complex hydrates have been reported [17-19].

However, the additional CNTs over 0.5 wt% had a limited effect on mitigating 

autogenous shrinkage. As shown in Figure 4-8, the extra reduction in shrinkage 

of 0.8wt% CNT sample was as few as 35 um/m. The increase in mesopores of the 

sample with 0.8 wt% CNTs was a reasonable cause for this marginal effect, and it 

appears that 0.8 wt% of CNTs can be an excessive load for the amount of cement 
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concerning its re-agglomeration and hindrance of hydration.

Fig. 4-8 Autogenous shrinkage of the samples (a) and obtained values at 3 and 28 d 

(b).
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4.3.3 Compressive strength and elastic modulus

The compressive strength and elastic modulus of UHPC reinforced with 

increased CNT content are presented in Figure 4-9. As anticipated, the 

UHPC/CNT composites showed enhanced performance at all concentrations 

compared to the reference. The samples with 0.2–0.5 wt% CNT content showed 

4.1–14.2% higher compressive strength and 17.5–23.6% higher elastic modulus 

than those of the UHPC sample. The reinforcing mechanism of CNT has been 

reported as combining the following effects: the bridging effect, the pore filling 

effect, the role of CNT as a nucleating agent, and the modification of hydrate 

microstructures [8, 17, 45-47]. The results suggested that these reinforcing effects 

compensated the increase in air voids, which affect the strength of a material 

adversely.

For 0.8 wt% CNT addition, the compressive strength and elastic modulus 

increased by only 9.2% and 11.5%, respectively, showing insufficient results 

compared to 0.5 wt% CNT addition. Similarly, previous studies have reported the 

side effect of excessive CNTs on mechanical properties on CNT-reinforced 

cementitious materials [9, 48]. They suggested the re-agglomeration and poor 

quality of dispersion of CNTs as a probable cause of this marginal enhancement. 

However, the possibility of collision between the particles of silica fume, micro 

sand, and agglomerated CNTs is very high in UHPC/CNT composites due to a 

low w/b and high packing density. Moreover, incorporating an appropriate amount 

of silica fume, the binder of UHPC, has been shown to enhance the CNT 

dispersion in the matrix [48, 49]. Furthermore, stabilized CNT suspension and 

high shear mixing process were utilized in this study. In these respects, it appears 

that the marginal effect at 0.8 wt% CNT content was associated with increasing 

entrapped air voids and medium capillaries rather than poor dispersion of CNTs.
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Fig. 4-9 Compressive strength test results: (a) summary and (b) compressive-

average strain curves.
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4.3.4 Electrical resistivity

The electrical resistivity of UHPC for CNT content at 24 h and 28 d is shown 

in Figure 4-10. The results demonstrated excellent conductivity of UHPC/CNT

composites and indirectly showed the quality of dispersion of CNTs in the matrix. 

After 24 h, all specimens showed a low resistivity of 4.48–7.8 Ω∙m. At an early 

period, electrical conduction in cementitious material occurs mainly due to the 

movement of ionic charges dissolved in the pore solution [50]. As pore water is 

consumed by hydration and evaporation, ionic conduction is no longer available, 

leading to increased electrical resistivity. While the electrical resistivity of UHPC

increased substantially to 116 kΩ∙m at 28 d, the electrical resistivity of samples 

with 0.2, 0.5, and 0.8 wt% CNT content reached 15.7 kΩ∙m, 242, and 27.4 Ω∙m 

at 28 d, respectively; all values were significantly lower than that of UHPC. These 

results indicated that the conduction mechanism in the UHPC/CNT composite 

changed from ionic to electronic, owing to the network of CNTs [51]. The 

dispersed CNTs formed conductive pathways and enabled the electrons to move 

regardless of the water content in the matrix (Figure 4-10).

Note that the electrical resistivity steadily and dramatically decreased with the 

addition of CNTs, unlike the changes of aforementioned mechanical properties. If 

the dispersion quality of CNTs deteriorates at a higher concentration, it is expected

that the drop in electrical resistivity gradually decreases. Thus, this reduction 

indirectly suggested that CNTs are uniformly incorporated in the matrix. 

Additionally, the percolation threshold of UHPC was determined at around 0.5 

wt% as a large decrease in resistivity of the composite was observed. Kim et al. 

suggested 0.3-0.5 vol% of CNTs for the percolation threshold value of 

cementitious materials, and it is equivalent to 0.16-0.26% by total mass and 0.42-

0.71% by mass of cement in UHPC [52]. Thus, by incorporating 0.5 wt% of CNTs, 

UHPC can be utilized for self-heating, electrical curing, and SHM [14-16, 52, 53].
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Fig. 4-10 Electrical resistivity of UHPC with respect to the CNT content: (a) at 24 

h and (b) at 28 d (red numbers on the symbols represent the average resistivity of 

the samples).
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4.3.5 Thermal properties

Figure 4-11 shows the thermal properties of the UHPC/CNT specimens with 

varying CNT content. Using the TPS method, the thermal diffusivity and thermal 

conductivity were measured from three samples, and volumetric heat capacity, 

which is the thermal conductivity divided by the thermal diffusivity, was obtained. 

As CNTs were incorporated, the thermal conductivity increased gradually (Fig. 

11a). The thermal conductivity showed a one-hundredth order of magnitude 

increase with increasing CNT content, while the electrical resistivity followed a 

percolation transition, dramatic change at percolation threshold (Figure 4-10b). 

This difference in trend could be attributed to the influence of the interfacial 

thermal resistance and the different physical origin of thermal transport [54-57]. 

The heat transfer can be improved by increasing the number of thermal pathways, 

thereby allowing the heat to transfer mainly through this pathway by utilizing the 

high thermal conductivity of CNT [58]. It can also be improved by reducing the 

thermal resistance between the CNTs and the UHPC/CNT interface. 

Meanwhile, the thermal diffusivity and volumetric heat capacity changed 

reversely. The thermal diffusivity, a rate of heat transfer of material, increased 

from 1.12 to 1.32 mm2/s until 0.5 wt% of CNT incorporated, then dropped to 1.10 

mm2/s at 0.8 wt% CNT content, lower than that of UHPC. Conversely, the 

volumetric heat capacity decreased from 1.97 to 1.74 MJ/m3K, then appreciably 

increased to 2.12 MJ/m3K, higher than that of UHPC. The considerable decline in 

thermal diffusivity of the specimen with 0.8 wt% CNT content was attributed to 

the deterioration of the thermal conductive network by increased air voids and 

increased interfacial thermal resistance due to re-agglomeration. This is 

undesirable for heat dissipation media where high thermal conductivity and 

diffusivity are required, such as self-deicing road systems and nuclear power 

plants [59, 60]. Moreover, further enhancement of thermal conductivity will be 

insignificant because degradation of workability and re-agglomeration of CNTs is 

inevitable in higher concentrations.



Chapter 4. Critical CNT Concentration for Functional Application of UHPC

102

It is worth mentioning that there was an anomalous reduction of volumetric 

heat capacity near the percolation threshold. These anomalous trends have not yet 

been studied in CNT/cementitious composites, but some cases have been reported 

in CNT/polymer composites [61]. Exploring the universal validity of the observed 

phenomenon would be worthwhile in future studies in terms of thermal property 

modification of cementitious composites.
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Fig. 4-11 Thermal properties of the UHPC with respect to CNT content.
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4.4 Applications on electrical curing and crack-sensing

4.4.1 Changes in the temperature and electrical resistivity during 
curing process

As shown in Figure 4-12, the results for the prismatic specimens were similar 

to those of the cubic specimens. The resistivity of the UHPC was initially 2.5–5.4 

Ω·m but dramatically increased during 2 d of curing to 552.2 Ω·m under SC and 

50 Ω·m under EC. For UHPC_EC, the low voltage of 23 V was insufficient to 

increase the temperature of the specimens to 90 ℃ because of the high resistivity. 

In contrast, for the UHPC/CNT, there was little variation in the electrical 

resistivity, which ranged from 0.27–0.46 Ω·m during curing irrespective of the 

curing method. In particular, for UHPC/CNT_EC, even with a low voltage of 23 

V, the temperature of the specimens increased to almost 90 ℃ within 3 h and 

remained at that level until the completion of curing. However, the temperature 

varied by up to 8 ℃ depending on the location in the specimen. The temperature 

in the middle of the specimen rose the fastest and remained the highest whereas 

the temperature of the right side of the specimen where the anode (+) was applied 

rose rapidly and remained at the level close to that of the center of the specimen. 

However, the temperature of the left side of the specimen where the cathode (–)

was applied remained in the range of 81–85 ℃.

The large variation in the measured electrical resistivity between the UHPC and 

UHPC/CNT specimens was attributed to the change in the dominant electrical 

conduction mechanism in the UHPC matrix incorporated with the CNTs. In 

general, electrical conduction can be classified as either ionic or electronic [49]. 

Ionic conduction is caused by the motion of the ionic charge whereas electronic 

conduction occurs due to the movement of electrons in the conductive pathways. 

The increase in the number of charges transferred can cause an increase in 

temperature [50]. For the UHPC in this test, ionic conduction was the dominant 

conduction mechanism. Specifically, the matrix was surrounded by water prior to 
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the initiation of curing, and the ions in the water (i.e., pore solution) could carry 

current between the steel fibers. Thus, the electrical resistivity was initially low 

and a conductive pathway in the matrix was constructed. However, as the curing 

progressed, the ionic feature of the pore solution and ions in the matrix decreased 

because of the hydration reaction and evaporation, thus weakening the strength of 

the conductive pathways between steel fibers. As a result, the resistivity increased 

significantly and low voltages of 19–23 V were not enough to increase the 

temperature of the specimens. Therefore, it is insufficient for EC. In contrast, for 

the UHPC/CNT, the conduction mechanism changed from ionic to electronic 

when the CNTs were incorporated. Specifically, the dispersed CNTs that were 

uniformly distributed throughout the matrix formed strong conductive pathways 

along which the electrons could move rapidly by building connections with the 

steel fibers regardless of the water content in the matrix. For this reason, the initial 

resistivity was considerably lower than that of the UHPC. In addition, the 

reduction in the number of ions in water as the curing progressed had little effect 

on the degree of the electrical resistivity of the matrix. Thus, the resistivity 

remained unchanged during curing. Furthermore, even with low voltages of 19–

23 V, it was possible to increase the temperature of the matrix to 90 ℃, at which 

point EC was quite effective. For the prismatic specimen, it was found that the 

differences in the rates of temperature increase and the variation in the maximum 

temperatures at various points in the specimen were attributable to the direction 

of current that flowed from the anode (+) to the cathode (–).
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Fig. 4-12 Changes in temperature and resistivity for prism specimens during 

curing: (a) UHPC_SC, (b) UHPC/CNT_SC, (c) UHPC_EC, and (d) 

UHPC/CNT_EC.
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Fig. 4-12 (Continued) Changes in temperature and resistivity for prism specimens 

during curing: (a) UHPC_SC, (b) UHPC/CNT_SC, (c) UHPC_EC, and (d) 

UHPC/CNT_EC.



Chapter 4. Critical CNT Concentration for Functional Application of UHPC

108

4.4.2 Flexural strength and crack-sensing capability 

The flexural strength of UHPC_SC, UHPC/CNT_SC, and UHPC/CNT_EC 

were 40.36, 33.38, and 34.38 Mpa, respectively. The flexural strength of the 

UHPC/CNT was higher than that of the UHPC. The lowest flexural strength of 

30.5 MPa was obtained for the UHPC_SC, while the highest flexural strength of 

34.4 MPa was obtained for the UHPC/CNT_EC. The relative increase in the 

strength of the UHPC/CNT_SC and UHPC/CNT_EC specimens were 9.6 % and 

12.9 %, respectively. 

The flexural stress and FCR behaviors of the specimens with respect to time 

are shown in Figure 4-13. The flexural stress–time response curves of all 

specimens were similar to the general flexural stress–strain curves for the UHPC 

except for approximately 180–300 s from the beginning of the loading where the 

load did not significantly increase due to the displacement control. Thus, the 

response curves were classified into three zones: a linear elastic zone (I), a 

deflection hardening zone (II), and a crack opening zone (III). The flexural stress 

increased almost linearly until the first cracking stress (���) was reached in zone 

(I). After this point, the flexural stress in zone (II) gradually increased compared 

with that in the elastic zone (Ⅰ) until the stress reached the maximum post cracking 

stress (���). After this point, the stress gradually decreased as the crack width 

increased, which is called crack localization, in zone (III) [57]. 

The ��� for all specimens was similar and in the range of 28–30 MPa. This is 

because the effect of nano–micro scale fibers on the first cracking stress was small

[15, 62]. However, in the deflection hardening zone (II), the UHPC/CNT 

exhibited significantly improved strain hardening behavior regardless of the 

curing method in comparison with that of the UHPC. In addition, beyond the ���, 

the stress decreased slightly for the UHPC/CNT whereas that of the UHPC 

decreased relatively more rapidly. This indicates that the CNTs with a high aspect 

ratio favorably affected the strain hardening and multiple cracking behavior due 
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to the bridging effect as shown in Fig. 7e–f. Fibers smaller than micro size 

increase the strain hardening and post cracking behavior rather than increasing the 

first cracking stress in the UHPC [62]. 

The FCR of the UHPC could not be used to accurately estimate the flexural 

state or crack sensing timing under deflection. The FCR of the UHPC increased 

slightly to 0.65 as the stress increased until the ��� was exceeded, then abruptly

increased in the crack opening zone (III). However, the value of the FCR was still 

below 1.5, which was not large enough to use for the crack sensing. In addition, 

the point at which the first crack occurred did not match the point at which the 

FCR rapidly increased. Therefore, it was difficult to recognize the point of first 

cracking and whether the specimen had yielded or not. In contrast, the 

measurement of the FCR enabled the detection of cracking in the UHPC/CNT. 

The FCR of the UHPC/CNT was close to zero until the ���  was reached 

regardless of the curing method. However, after first cracking, the FCR rapidly 

increased up to about 25 and fluctuated wildly. In addition, the FCR gradually 

increased and fluctuated as the crack width increased. Thus, it is possible to 

determine whether the specimens had cracked or not based on the obtained FCR 

data. Moreover, since the multiple cracks gradually progressed from the bottom 

to the top of specimen, the disconnection between the CNTs also progressed 

slowly. Therefore, the FCR significantly increased at the point of first crack 

because some of the CNTs became disconnected and then began to fluctuate as 

this increased.

The GF was calculated at the point of the first crack to evaluate the crack 

sensing capability of the UHPC and UHPC/CNT under deflection as Eq. (3). Note 

that the ε of the specimens was not measured under the flexural strength test; 

however, since the stress–time response based on displacement control was quite 

linear until the ��� was reached, ε could be calculated as follows:
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where M is the flexural moment (kNm), y is the distance from the specimen to 

the tension surface (m), E is the elastic modulus (GPa), and I is the moment of 

inertia of the cross-section (m4) of the specimen. The GF of the UHPC_SC was 

calculated as 295.7, whereas those of the UHPC/CNT_SC and UHPC/CNT_EC 

were calculated as 2957.9 and 2133.4, respectively, which were approximately 

10.0 and 7.2 times higher. Thus, it can be confrmed from the GF value that the 

crack sensing capability of the developed UHPC/CNT under deflection improved 

enough to determine the yielding point.

To assess the crack-sensing performance of UHPC/CNT composites in this 

study, the gauge factors obtained from the reported literature [19, 22, 63-67] is 

provided in Table 4-3. It is found that the sensitivity of UHPC/CNT composites 

was at least 11 and 15 times higher in the case of under compression and deflection, 

respectively. As reported in [68], different dosages of CNTs used in cementitious 

materials may modify their electrical conductivity and mechanical performance. 

In terms of self-sensing capability, the compression sensor using piezoresistive

effect have shown better performance with CNTs of concentration under the 

percolation threshold [63], while previous studies have reported that nanomaterial 

concentration above threshold was favorable of sensing tension [69]. In this study, 

crack-sensing capability of UHPC improved with the CNT content of 1.2 wt%, 

which also enabled EC of UHPC.
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Fig. 4-13 FCR behaviors with respect to time: (a) UHPC_SC, (b) UHPC/CNT_SC, 

and (c) UHPC/CNT_EC.
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Fig. 4-13 (Continued) FCR behaviors with respect to time: (a) UHPC_SC, (b) 

UHPC/CNT_SC, and (c) UHPC/CNT_EC.
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Table 4-3 Gauge factors of cementitious materials with conductive fillers.

Cementitious 

material

Conductive filler

Load type
Gauge factor 

(GF)
Reference

Kind

Content (by 

weight of 

cement)

Cement CNT 0.3, 0.6 wt% Deflection
148.66, 
194.32

Naeem et al. 
[19]

Cement CNT 0.1 wt% Compression 50
Han et al. 

[65]

Cement CNT
0, 0.05, 0.1, 

0.25, 0.5 

wt%

Compression
65, 240, 180, 

110, 140

Camacho-
Ballesta et 

al.  [63]

Cement
CNF / 
CNT

0.1 wt% / 
0.05 wt%

Compression 228 / 189
Sasmal et al. 

[64]

Cement / 

Mortar / 

Concrete

CNT 1.0 wt% Compression 130 / 68 / 23
D'Alessandro 

et al. [22]

ECC CNT
0, 5, 10 wt% 

a

Direct 

tension

102.0, 540.4, 

344.8

Yang and 

Qian [66]

UHPC
SF / 
CNT

3.0 vol% / 
0.5 vol%

Direct 
tension

Straight: 67.8,

46.4, 36.5

Twisted: 39.0

Lee [67]

Note: CNT-Carbon nanotube, CNF-Carbon nano fiber, SF-Steel fiber, ECC-Engineered 
cementitious composites

a The values indicate the content of CNTs by weight of PE fiber.
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4.5 Summary

Prior works have investigated the effect of CNTs on the electrical and 

mechanical properties of UHPC and discussed its applications, such as EMI 

shielding, self-heating, and piezoresistivity. However, the thermal properties, and 

shrinkage of UHPC/CNT have not been studied much in the UHPC/CNT

composite. The overall understanding of engineering properties for CNT 

concentration will expand UHPC/CNT as a smart and multifunctional composite.

Thereby, this study examined the mechanical, autogenous shrinkage, electrical 

and thermal properties of CNT-reinforced UHPC and determined the CIC of CNTs 

for designing engineering performance of UHPC. The well-dispersed CNT 

solution was used, and the stable dispersion of CNTs in the matrix was indirectly 

confirmed by the consistent and dramatic decrease in electrical resistivity of the 

composite. At all concentrations, incorporating CNTs affects positively; however, 

the fluidity of UHPC decreased significantly due to high surface area and re-

agglomeration of CNTs, which affects the poromechanical properties of UHPC 

significantly. The total porosity was reduced due to a decrease in micro-and 

mesopores filled with CNTs, but the volume fraction of entrapped air was 

increased. Furthermore, CNTs showed marginal enhancement on overall 

properties when over 0.5 wt% was included. The autogenous shrinkage, electrical 

resistivity, and thermal conductivity barely increased at 0.8 wt% of CNT content, 

and mechanical properties and thermal diffusivity were even degraded. This 

limited effect was explained by the deteriorated workability and change in pore 

size distribution.

The results confirmed that the multifunctionality of UHPC could be maximized 

by incorporating CNTs while mitigating autogenous shrinkage and utilizing 

superior mechanical performance and durability of UHPC. The CICs for various 

material properties were determined to 0.5 wt% considering percolation threshold 



Chapter 4. Critical CNT Concentration for Functional Application of UHPC

115

and limited effect of CNTs on shrinkage and mechanical properties, a substantial 

reduction in volumetric heat capacity, and an increase in thermal diffusivity. 

Moreover, these findings confirmed experimentally that a single CIC concept 

could be usefully applied to tailoring engineering properties of UHPC.

On the other hand, application of UHPC in field construction is limited owing 

to the particular requirements of SC. In this study, successful incorporation of 

CNTs in UHPC was reported for practical manufacture of UHPC via EC as well 

as multi-functionality as crack sensitive structural material.

Based on these results, the production of UHPC structures in field construction 

by applying EC on UHPC/CNT composites is feasible. This is possible because 

the resistivity of a material is not affected by its geometry [12] and the temperature

of the actual structure can be effectively increased with even a low voltage. In this 

way, the proposed approach uses significantly less energy than that required for 

traditional UHPC production to accelerate curing and achieve target performance. 

Lastly, it was found that the UHPC/CNT composites could be also used as a SHM 

structural sensor with high crack sensing capability. Future studies should be 

focused on using large scale specimen or structure and improving workability for 

producing UHPC/CNT composite on-site efficiently.
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Chapter 5. Non-destructive Evaluation of CNT 
Dispersion Using Confocal Raman Mapping

5.1 Introduction

In recent years, there has been significant interest in utilizing the extraordinary

properties of carbon nanotubes (CNTs) to improve the material properties of 

cementitious materials and to fabricate building materials with novel 

functionalities, such as structural health monitoring, electromagnetic shielding, 

and self-heating [92,114,117–119]. Despite the extensive investigation, 

experimental data conflict and show large deviations, making it challenging to 

apply CNT to building materials in practice. This inconsistency is attributed to the

variance in dispersion methods used and the dispersion quality of CNT in ongoing 

studies [120]. Although CNT dispersion is a crucial factor affecting composite 

performance, discussion of the description and methods of measuring CNT 

dispersion is still lacking. The conventional characterization methods, 

transmission/scanning electron microscopes (TEM/SEM), are commonly used for 

direct observation of CNTs in bulk samples, but they have some limitations in 

cementitious material. The observable sample size is small compared to the 

particle size of raw materials, and preparing fine powder is destructive and time-

consuming.

On one hand, researchers have often characterized CNT dispersion in 

suspension to compare the effectiveness of the dispersion method. The absorbance 

of ultraviolet and visible light (UV-vis) has been used to compare the CNT 

dispersion according to total ultrasonication energy [61]. It is difficult to utilize 

UV-vis absorbance as an indicator of CNT dispersion when comparing results 



Chapter 5. Non-destructive Evaluation of CNT Dispersion Using Confocal Raman Mapping

117

with the different types and amounts of dispersants used, because the absorbance 

of the dispersant can overlap with that of CNTs [121]. Additionally, the particle 

size distribution (PSD) of CNTs in suspension has been measured by dynamic 

light scattering or laser diffraction [122]. Although it can be inferred that the 

smaller the CNT size in suspension, the better the dispersion of CNTs in the matrix, 

few consistent empirical pictures have been presented to support this inference. 

Moreover, this approach, limited to the suspension state, cannot capture either the 

uneven distribution of CNT due to various particles accounting for about 40% of 

volume or the dispersion stability issue in a complex alkaline environment 

[91,94,123].

On the other hand, several studies have attempted to indirectly evaluate CNT 

dispersion by measuring composite constitutive properties (e.g., mechanical 

strength, electrical conductivity) [124–127]. Using these properties as a dispersion 

gauge can hinder systematic research on CNT/cement composites because other 

variables (e.g., porosity, moisture content, mix proportions) can significantly 

influence composite properties [60,127,128]. Moreover, the bulk properties 

cannot be used as dispersion indicators when developing a prediction model, 

because they are generally the final target performance. Nonetheless, it is 

indisputable that proper measurement and quantified indicators to characterize 

CNT dispersion in cement composites are strongly required to understand the 

contribution of CNT dispersion to the final properties of a composite and to 

compare the efficiency of different fabrication methods.

Therefore, this study aimed to describe and quantify CNT dispersion in a 

cement matrix by introducing two indices: the dispersion efficiency and the 

unevenness in spatial distribution. We report the use of confocal Raman 

microspectroscopy (CRM) as a practical and complementary tool equipped with 

a light microscope (LM) to visualize the spatial distribution of CNTs in the as-is 

hardened composite. LM is a fast and simple method for morphological 
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investigations of relatively large sample volumes. However, the fuzzy boundary 

between CNT and matrix is an obstacle to applying LM to the macroscopic 

investigation of CNT dispersion. CRM enabled a more elaborate evaluation of 

CNT distribution by mapping the localized chemical and crystallographic 

properties with high spatial resolution [129]. In this study, we quantified and 

compared the CNT dispersion in as-is hardened composites with different 

dispersion states and CNT contents. The phase maps obtained by CRM showed 

the uneven distribution of CNTs induced by unreacted clinkers. The experimental 

evidence showed that the dispersion state of CNTs in composites was associated 

with that in suspensions. Overlapped definitive maps of primary phases illustrated 

how increased CNT content began to fill pores, and the possibility of using easy 

and fast light micrography for dispersion evaluation was discussed.

The quantifying indices and CRM measurement suggested in the study will be 

a key step toward introducing quantitative standards for the practical application 

of CNT/cement composites. A more systematic study of CNT/cement composites 

will be possible by quantifying the CNT dispersion in cement composites using 

different dispersion methods by adopting the evaluation methods suggested herein.

Few innovative approach, such as small-angle X-ray scattering (SAXS), has 

been introduced for evaluation of macro-dispersion of CNTs in as-is hardened 

cement matrix [130]. The SAXS plots for the poorly-dispersed samples showed 

substantial variation in intensities at each measurement location, while the 

intensities of the reference specimen without CNTs and the well-dispersed 

CNT/cement specimen were almost identical for all measuring points. 

The main objective of this chapter is to visualize the distribution of CNTs in 2D 

over a large area using confocal Raman spectroscopy, in addition to obtaining the 

additional information such as distribution of unreacted clinkers and hydrates. The 

resolution of this mapping reaches ~ 0.8 µm per pixel giving an accurate picture 

of carbon nanotube dispersion. The development of a broadly applicable 
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dispersion quantification metric will provide a better understanding of 

reinforcement mechanisms and effect on performance of large-scale composite 

structure. 

5.2 Characterization of dispersion of carbon nanotubes using 
confocal Raman spectroscopy

5.2.1 Description of the dispersion of CNTs in cement composites 

Primary particle, aggregate, and agglomerate

Certain terminologies require clarification before main discussion. In this study, 

“primary particle” refers to one nanotube, and “aggregate” is used to signify a few 

nanotubes that are strongly bundled together and cannot be broken down through 

additional physical/chemical treatment. “Agglomerate” is a cluster of aggregates 

loosely bonded due to the bridging effect and van der Waals force, which may be 

broken down through shearing power and collision with solid particles (Figure 5-

1).

One researcher might point out that the diffraction limit spot size of CRM is 

larger than a CNT diameter of tens of nanometers, and therefore, CRM is not 

adequate for specifying the precise location of a CNT. When referring to “well-

dispersed” CNTs in a cement composite, it is not likely to indicate strict nano-

dispersion of individual CNTs because complete separation into each nanotube is 

time-consuming, non-economical, and unnecessary for most applications. 

Therefore, “better dispersion” is used in the sense of smaller aggregates that 

exhibit a more uniform spatial distribution.

Evaluation of dispersion using a device with a lower resolution than the size of 

primary particles implies that aggregates in the range below the resolution are 

considered to belong to dispersed fillers. That is, the resolution of LM (typically 
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< 1 μm diameter) and the diffraction limit of CRM (~ 0.7 μm when N.A. = 0.45, 

� = 532 nm) determines the size criteria of dispersed filler [93,131]. At that point, 

it is more important to discuss if the presence of clumps below a certain size can 

be tolerated or whether the assessment of dispersion based on this assumption is 

plausible for investigations into specific applications rather than pinpointing the 

location of individual CNTs. Although it is beyond the scope of this study, it 

should be addressed in future work.

Yazdanbakhsh et al. showed that the distance between neighboring CNTs with 

a diameter of 10 nm and a length of 1 μm would be approximately 440 nm in 

uniformly dispersed cement paste with a water-to-cement ratio (w/c) of 0.35 and 

CNT-to-cement ratio (CNT/c) of 0.5% [63]. We reasoned that Raman signals 

obtained from CRM with submicron resolution would be sufficient to detect the 

presence of CNTs in a cement matrix with practical CNT concentrations, as 

multiple CNTs are expected to be present in the interaction volume of CRM 

measurements [132].

Fig. 5-1 Schematic drawing of a) primary particle and its equivalent spherical 

diameter, b) aggreage, and c) agglomerate of CNT.
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Degree of dispersion of nanomaterials

‘Nano-dispersion’ can be defined as splitting aggregates into individual, non-

bundled CNT. A complete nano-dispersion, therefore, refers to a state where all 

CNTs are suspended in the form of primary particle. The degree of nano-

dispersion could have several conceptually different definitions [133]: 

1) the fraction of dispersed CNTs (bundle or individual)

2) the reciprocal of the average number of CNTs per bundle

3) the fraction of CNTs that are unbundled

The functionality of nanocomposite generally depends on the dispersion of 

individual CNTs rather than just CNT bundles. The dispersion of small CNT 

bundles can be called ‘macro-dispersion.’ The distinction between nano- and 

macro-dispersion is important because the frequently used term “well-dispersed” 

can refer to either. 

Therefore, depending on which concept the researcher has in mind, ‘better 

dispersion’ means a higher fraction of individual nanotubes (i.e., better nano-

dispersion) or a smaller aggregate and less agglomerate (i.e., better macro-

dispersion). There remains uncertainty in the definition of dispersion of CNTs. 

This uncertainty ultimately stems from the fact that there are multiple ways for 

CNTs to be poorly dispersed, and a variety of structured networks may form at 

non-dilute concentrations.

When referring to “well-dispersed” CNTs in a cement composite, it is not likely 

to indicate complete nano-dispersion of individual CNTs. Even though the higher 

degree of dispersion improves the target properties of the composite for the 

application, complete separation into each nanotube is time-consuming, non-

economical, and unnecessary for most applications; it is considered even 

incapable at high concentration. 
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Dispersion is an issue of practical relevance since the required dispersion state 

of CNTs in cement matrix depends on each intended application. When CNTs are 

incorporated as a reinforcing agent, appropriate interfacial adhesion between the 

matrix and nanotube should be made. The hydrates that form nuclei on the CNT 

surface act as an adhesive between the unreacted particles and the CNT and fill 

the pores. Better dispersion indicates more contact area between CNTs and matrix, 

thus reducing the amount of CNTs required for the same reinforcing effect. On 

the other hand, when CNTs are used as a conductive filler, generally much higher 

amount of CNTs would be incorporated to achieve percolation network. CNTs 

should be distributed so that the distance between CNTs is close enough to enable 

electron hopping, or a connected conductive pathway of CNTs is formed. Some 

theoretic approaches shown that the waviness and agglomeration of CNT play a 

crucial role in the conductivity of cement-based composites, and complete 

separation of individual CNTs induced by other nanoparticles may adversely 

affect electrical conductivity [134,135]. 

From an engineering point of view, determining what level of 

bundling/aggregation to consider a dispersed entity would be the first step in 

quantitatively measuring the degree of ‘macro-dispersion’ in cement composite. 

Spatial distribution of nanomaterials

It is worth noting that the term ‘dispersion’ is used to indicate not only 

separation into smaller particles but also uniform spatial distribution in composite.

However, the concept of uniform distribution could be overlapped with the 

definition of agglomerate (Figure 5-2). Some researcher defined agglomerate as a 

continuous region where nano-particles spaced less than a characteristic particle 

diameter [136]. 
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Fig. 5-2 Schematic drawing of spatial distribution of nano-particles: a) uniform 

dispersion/distribution, b) some CNT particles clustered, c) an agglomerate with 

spacing between particles less than a particle diameter (reproduced from [136]).

In the case of cement-based composite, even if the degree of dispersion in 

suspension is high enough, uneven distribution of CNTs in the composite can 

occur during fabrication. The probable causes are: 

1) Because the large host particles (i.e., cement grain and mineral additives) 

can result in non-uniform distribution of large host particles. It is referred 

to as geometry dependent clustering, which occurs when host particles are 

much larger than the nano-particles. The geometric dependent clustering 

exacerbates as the concentration of nano-particle increases (Figure 5-3). 

2) Also, dispersed CNTs can significantly agglomerate in an alkaline pore 

solution after mixing. It is related to the dispersion stability of CNT 

suspension and the compatibility of surfactant with cement-based materials. 

3) Due to inappropriate rheology, bleeding can / vertical direction. This can 

be prevented fine and coarse aggregate.

For these reasons, a well-dispersed CNT suspension may not guarantee the 

quality of dispersion in composite matrix.
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Fig. 5-3 Schematic drawing of a geometric dependent clustering:  

a) relatively uniform dispersion with low CNT concentration, and b) with high 

CNT concentration.

5.2.2 Dispersion efficiency of CNT in cement composites

When conducting a macroscopic inspection in polymer composites using light 

microscopy, the degree of dispersion (DOD) was quantified by the volume 

fraction of dispersed CNTs. The volume fraction of non-dispersed CNTs (i.e., the 

product of the packing density of CNT agglomerate and its volume fraction) was 

subtracted from 1 [93]. However, the contrast between agglomerates and matrix 

became vague in micrographs of cement composites with ultrasonication 

treatment even in white Portland cement (Figure 5-4). Furthermore, a valid 

assumption about the packing density of CNTs in agglomerates can hardly be 

made because preparing a very thin section of cement composite is nearly 

impossible [93]. Therefore, the dispersion efficiency (���) that can be measured 

using CRM is introduced as a substitute for DOD.

,
CNT CNT

DE Raman

Total Total

V N
I

V N
= = (9)

The calculation is simple, but care must be taken when interpreting this metric. 

����/������   is computed by counting the number of points where the 
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characteristic Raman signal of CNT is identified ( ����  ). This indicates the 

volume fraction of the CNT-affected region, not the volume fraction of dispersed 

CNTs. Because the detection of the CNT signal can only confirm the presence of 

CNTs in the interaction volume, it does not provide information about how CNTs 

are dispersed in the region. Nevertheless, it is reasonably presumed that the matrix 

in the region can be regarded as a CNT-affected region, given that the length of a 

CNT is several micrometers, and an interaction volume is less than 1 μm3.

When inferring the increased proportion of dispersed filler from a higher ��� , 

a condition must be satisfied: a large ���  should not be achieved by significant 

agglomeration of CNTs present in the scanning area nor by dosing high CNT 

content. Because CRM is equipped with LM, visually proving the presence or 

absence of substantial agglomerates is easy. Samples with different CNT content 

can be compared by normalizing ���  to a specific concentration. The range of 

���  is 0 to 1, with a value close to 1 indicating better dispersion efficiency.

Fig. 5-4 Optical micrographs obtained with 20x objective of (a) cement paste, (b) 

CNT/cement paste containing 0.2 wt% CNTs without ultrasonication treatment, 

and (c) CNT/cement paste containing 0.2 wt% CNTs dispersed with ultrasonication 

treatment.
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5.2.3 Heterogeneity of CNT in cement composites

Even if the dispersion efficiency is evaluated as high, there is still a possibility 

that the composite is highly heterogeneous. This could be induced by non-uniform 

distribution of host particles and/or significant agglomeration of CNTs in an 

alkaline pore solution. Therefore, the heterogeneity metric (���) is introduced to 

describe how CNTs are distributed in the composite.

���   is modified to be suitable for cement material based on the quadrat 

approach [136]. The binary map of CNT is subdivided into quadrats (squares), 

and the number of pixels containing CNT is counted. If CNTs are uniformly 

distributed, each quadrat will contain the same number of CNT pixels. With the 

observed CNT distribution probabilities ���, the probability of finding CNTs in 

the i-th quadrat is defined in Eq. (11).

��� =
��

∑ ��
�
���

, �� = ��/� (10)

where �� is the number of CNT pixels, and � is the area of a quadrat. The 

denominator normalizes the probability over the total number of quadrats so that 

the sum of �� is to unity. For example, the probability of a uniform distribution 

� i̅s calculated as 1/� using Eq. (10). The heterogeneity can be presented as the 

distance between a uniform distribution P and particular nano inclusion 

distribution Q using Kullback–Leibler divergence (relative entropy).

���(�||�) = �(�, �) − �(�) (11)

where �(�, �) is the cross-entropy of the distributions P and Q. Kullback–

Leibler divergence always has a value greater than or equal to zero. Relative 

entropy is zero when the two probability distributions are identical, and a larger 

value indicates that the distribution Q differs more from a standard distribution P. 
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The heterogeneity index ���  is computed using Eq. (12):

��� =  �(−��̅ log ��� + ��̅ log ��̅)

�

���

+ �(−��̅ log ��̅)

�

���

(12)

where N and M are the number of quadrats with and without CNTs, respectively.

Examples of the calculation of probability for specific cases are presented in 

Figure 3. Note that there is a case where a finite value is not yielded (Figure 5-

5b). Because the cross-entropy term ��̅ log ��� does not give a finite value, the 

quadrat where ��� = 0  was penalized by subtracting the entropy of uniform 

distribution (��̅ log ��̅).

Fig. 5-5 Examples for calculating the probability of the presence of CNT. 

(a) A binary image of CNT. (b) A quadrat where CNT is not detected. 

(c) A quadrat where CNT is detected. 

The heterogeneity index decreases as spatial uniformity increases and becomes 

0 in the case of perfectly uniform distribution. In the binary image of CNT, ���  

will be 0 when the number of CNT pixels is the same in all quadrats. The 

maximum value of heterogeneity depends on ���   and ������ . As an extreme 

example, ���  will always be 0 if ��� = 1. If the number of measuring points 
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(������) increases (i.e., the observation area is wider or the resolution is higher), 

the maximum achievable inhomogeneity will increase. Therefore, a significant 

comparison of ��� can be made between specimens with a similar ��� . Also, it 

would be possible to evaluate the CNT distribution by comparing ���   and 

���,��� , calculated with the given ��� and ������.
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5.3 Experimental program

5.3.1 Materials and sample preparation

Type I white Portland cement (WPC; Union Corporation, Seoul, Korea) was 

used to fabricate cement paste samples, and the mineral composition of WPC was 

obtained with X-ray diffraction/Rietveld refinement (Table 5-1). The CNT 

suspensions were prepared with three different dispersion states: commercially 

available CNT suspension (Kumho Petrochemical, Seoul, Korea), multi-wall 

CNT powder in the form of a tablet (LUCAN BT1003, LG Chem Ltd., Seoul, 

Korea), and polycarboxylate superplasticizer (Dongnam Co. Ltd., Pyeongtaek, 

Korea). The commercial CNT suspension consisting of 26.1 g of multi-wall CNTs 

dispersed in 1 L of distilled water by a small amount of surfactant (< 5 g) was used 

as a well-dispersed suspension. The macro-dispersed suspension was 

manufactured following the process of placing water and CNT powders in a 

jacketed beaker at a temperature of 10 ℃ and dispersed with an ultrasonic 

processor (Sonoplus; Bandelin, Berlin, Germany) at a power rate of 2 kJ/min and 

ultrasonic energy of 350 J/mL. Then, the superplasticizer was poured and stirred 

with a magnetic bar for 20 min to be absorbed into the CNTs. In preparation for 

poorly dispersed suspension, CNT powder, superplasticizer, and water were 

poured into a beaker and stirred with a magnetic bar for 30 min. Samples 

fabricated with well-, macro-, and poorly dispersed suspensions were named with 

the prefixes W-, M-, and P-, respectively, and the mass percentage of CNT-to-

cement mass was notated as CNTwt%. The mix proportions and dispersion methods 

for the sample preparations are summarized in Table 5-2. Note that the 

superplasticizer was added to all samples as a dispersant of cement and/or CNTs 

because cement particle dispersion influences the CNT distribution in a composite. 

The PSDs of the cement and dispersed CNTs were measured using a laser 

diffraction particle size analyzer (LA-960; HORIBA, Ltd., Kyoto, Japan), as 

shown in Figure 5-6.
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Cement was added to a bowl with CNT suspension, giving a w/c of 0.3, and 

was blended using a homogenizer with vertical blades at 300 rpm. The resulting 

cement paste was transferred to a cylindrical holder with a diameter of 25 mm. 

The surface of the paste was covered with a plastic sheet to prevent moisture 

evaporation, and the specimen was cured for 24 hours at 20 ℃ and relative 

humidity of 60%. Then, the mold was removed, and the specimen was cured using 

steam curing at 90 ℃ for 2 days. The sample was cut using a diamond blade at 

1200 rpm, then immersed in isopropyl alcohol and cleaned with an ultrasonic 

treatment.

Fig. 5-6 Particle size distribution of cement and CNT in suspensions.
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Table 5-1 Mineralogical composition of WPC (mass %).

Alite (monoclinic) 46.79

Alite (triclinic) 6.94

β-Belite 2.19

γ-Belite 1.38

Anhydrite 0.61

Aluminate 0.88

Amorphous 6.38

Calcite 21.38

Dolomite 12.36

Gypsum 1.09

Total 100

Table 5-2 Mix proportions for sample fabrication (by weight of cement).

Samples WPC Water SP (%) CNT (%)
Dispersion

method

W-CNT0.025

1 0.3

0.8 0.025

Commercial 

suspension

W-CNT0.05 0.8 0.05

W-CNT0.1 0.8 0.1

W-CNT0.2 0.8 0.2

W-CNT0.4 0.8 0.4

M-CNT0.05 0.85 0.05
Sonication 
350 J/mL

P-CNT0.05 0.85 0.05
Magnetic stirring 

30 min
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5.3.2 Confocal Raman microspectroscopy (CRM)

Raman spectra were collected using a CRM system (NOST, South Korea) 

equipped with a 532 nm laser using an excitation power of 13 mW and a 

1200 g/mm grating and a charged coupled device (CCD). The first peak of Si was 

used to calibrate the excitation wavelength. The lateral and depth resolution for 

20× objective used in the air (n = 1.0) is constrained by the diffraction limit [131]. 

Δ��� =
0.61�

(�. �. )
=

0.61 ∙ 532

0.45
~ 721 �� (13)

Δ��� = ±
4.4��

2�(�. �. )�
= ~ ± 1840 ��

(14)

The step size of X/Y direction and the scan area were determined to be 0.7 μm 

and 105 × 105 μm2, respectively, concerning the lateral resolution of the 

equipment. Raman maps of a 105 × 105 μm2 scan area (150 × 150 points) were 

acquired with an accumulation time of 1.0 s per point (total 6.25 hours per sample).
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5.3.3 Data analysis and map construction

MATLAB software and Raon-Vu (NOST, South Korea) were used for 

preprocessing, data analysis, and visualization. Cosmic ray was removed from the 

raw data, and the noise level of each point was computed using the arPLS method 

by averaging the fluctuations in the background region [137].

The basis spectra of the initial primary phases (i.e., alite, belite, calcite, 

dolomite, and gypsum) and hydration products (i.e., portlandite and ettringite) 

were obtained from a large dataset and were normalized to utilize as basis spectra. 

A linear combination of basis spectra was fitted to the Raman spectrum obtained 

from each point. The coefficients were calculated by minimizing the error 

between the obtained spectrum and a superposition of multiple bases. Then, the 

images containing coefficients of each phase were processed with a thresholding 

value of five times of noise at each location to obtain definitive phase maps 

(Figure 5-7) [138,139].

Fig. 5-7 Schematic representation of the data acquisition and analysis procedure.  
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5.4 Results and discussion

5.4.1 Phase identification and construction of phase map using 
CRM

Recent studies have applied Raman imaging to quantify the chemical 

composition of cement and utilized in situ CRM to monitor the phase 

transformations and hydration kinetics [140,141]. The possibilities for 

localization and characterization of phases may open more opportunities for the 

examination of heterogeneous cement nanocomposites using CRM.

One researcher might point out that the diffraction limit spot size of CRM is 

larger than a CNT diameter of tens of nanometers, and therefore, CRM is not 

adequate for specifying the precise location of a CNT. Evaluation of dispersion 

using a device with a lower resolution than the size of primary particles implies 

that aggregates in the range below the resolution are considered to belong to 

dispersed fillers. That is, the resolution of LM (typically < 1 μm diameter) and the 

diffraction limit of CRM (~ 0.7 μm when N.A. = 0.45, � = 532 nm) determines 

the size criteria of dispersed filler [93,131]. At that point, it is more important to 

discuss if the presence of clumps below a certain size can be tolerated or whether 

the assessment of dispersion based on this assumption is plausible for 

investigations into specific applications rather than pinpointing the location of 

individual CNTs.

Yazdanbakhsh et al. showed that the distance between neighboring CNTs with 

a diameter of 10 nm and a length of 1 μm would be approximately 440 nm in 

uniformly dispersed cement paste with a water-to-cement ratio (w/c) of 0.35 and 

CNT-to-cement ratio (CNT/c) of 0.5% [63]. We reasoned that Raman signals 

obtained from CRM with submicron resolution would be sufficient to detect the 

presence of CNTs in a cement matrix with practical CNT concentrations, as 

multiple CNTs are expected to be present in the interaction volume of CRM 
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measurements [132].

The experimental basis spectra obtained from the basis analysis are presented

and annotated with vibrational modes in Figure 5-8a. Clinkers (alite, belite, and 

gypsum) and other initial phases (dolomite and calcite) were detected, and 

corresponding hydrates (portlandite, ettringite, and monosulfate) were identified. 

The basis spectra obtained in this study accorded with the external database and 

previous research. Alite and belite are distinguished by the SiO4 ν1 band (800–

870 cm−1). Although sulfate phases accounted for a small weight portion of the 

WPC (Table 5-1), the intensive SO4
2− ν1 peak confirms the presence of ettringite 

(~ 990 cm−1) and gypsum (~ 1008 cm−1). It should be noted that the spectrum of 

monosulfate is referenced in the literature [141]. This is because acquiring a clear 

basis spectrum was difficult due to overlapping of the peak profiles assigned to 

monosulfate and those of other phases. However, the existence of monosulfate 

could be identified from the Al(OH)6 ν1 peak near 530 cm−1 (Figure 6b). The 

strong CO3
2− ν1 peak identifies the carbonate phases of calcite (~ 1086 cm−1) and 

dolomite (~ 1098 cm−1). CH is identified with the lattice vibration (LV) peak of 

~ 360 cm−1. The weak broad band at around 680 cm−1 was assigned to CH, while 

a narrower Raman signal at a lower wave number of ~ 660 cm−1 is distinctive to 

the broad CH band and appeared in the spectrum of the hydrated sample [142]. 

This signal was assigned to the symmetrical bending (SB) vibration of the Q2 of 

C–S–H. The broad LV peak in the range of 130–300 cm−1 was also assigned to the 

basis spectrum of C–S–H. It has been reported that tobermorite-like fresh (non-

synthetic) C–S–H had the characteristic peaks of the SB vibration at ~ 670 cm−1

and strong LV in the range of 100–350 cm−1 [142,143]. CNT was identified by the 

presence of G and D bands that did not overlap with other phases. The G band 

(~ 1580 cm−1), a common peak in graphite-related materials, was derived from the 

in-plane phonon mode, and it broadened due to bond inhomogeneity in defective 

or amorphous carbon materials. The D band (~ 1350 cm−1) was derived from 

inelastic scattering on the defect point [144,145].
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The peak positions of the average spectrum (mean of 22,500 spectra of 

P-CNT0.05) are in agreement with the basis spectrum used in this study (Figure 5-

8b). The fitting results at specific locations of P-CNT0.05 show the combination of 

basis spectra composing the entire Raman signal (Figure 5-8c). It can be seen that 

the intensity of the Raman signal of each phase varies depending on the 

measurement point in heterogeneous cement composites. The phase maps can be 

constructed according to the process described in Section 5.3.3. As expected, 

unreacted clinkers remained, and hydrates were found filling the matrix (Figure 

5-9b). The spatial distribution of mineral additives (e.g., calcite and dolomite) and

hydration products of sulfates are visualized in the phase map (Figure 5-9c, d). 

The spatial analysis of these phases is an essential subject in cement material but 

is beyond the scope of this paper. In the data presented in the following sections, 

only a CNT map was used for the quantification of dispersion.
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Fig. 5-8 Basis spectra and the examples of fitting result. 

(a) Basis spectra with vibrational modes annotated. (b) Average Raman spectrum of 

P-CNT0.05 with characteristic peak positions marked. (c) The examples of fitting 

result at specific locations of P-CNT0.05. 
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Fig. 5-9 Optical micrograph and phase maps of P-CNT0.05. 

(a) Optical micrograph (Note that the focuses of the light and the 532 nm laser are 

not perfectly aligned). (b) Phase map of main clinker phase and hydration products. 

(c) Phase maps of mineral fillers and CNTs. (d) Phase map of sulfate phase and 

hydration products.
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5.4.2 Comparison of the effectiveness of dispersion methods

The spatial distributions of CNTs, major clinkers, and hydrates are presented in 

the second, third, and fourth columns of Figure 5-10. The black indicates the 

absence of the particular phases. Based on these maps, the definitive maps were 

obtained with a thresholding value of five times of noise at each location. These 

binary images overlapped and are shown in the fifth column of Figure 5-10, where 

the black, gray, and scarlet denote the presence of CNTs, clinkers, and hydrates, 

respectively. The points designated as CNTs were counted, and the total was 

divided by the total number of points (i.e., 225,000). The total area of 

105 × 105 μm2 was subdivided into small quadrats (3.5 × 3.5 μm2/quadrat, 900 

quadrats in total) to compute the observed CNT distribution probabilities.

The optical micrograph and CNT definitive map indicated that CNT-affected 

regions can be elaborately separated using CRM (Figure 5-10a). With 

ultrasonication treatment, the size of the CNT clump in M-CNT0.05 was reduced, 

and its boundary was indistinct compared to that of P-CNT0.05 (Figure 5-10b). The 

Raman signal of CNT was identified not only near the black spots, but also in the 

speckle-free regions, indicating that dispersed CNT fillers were increased by 

ultrasonication. The boundary between the CNT and the matrix is no longer clear 

in W-CNT0.05, and the CNT-detected area is significantly wider than other samples.

This qualitative observation is quantified as ��� (Figure 5-11a). ��� varies in 

poorly dispersed samples whenever the scanning region changes, and the 

dispersion efficiency could be constructed incorrectly when a large ���   is 

obtained due to the presence of substantial agglomerates. In this case, the 

agglomerates in the micrograph and the unevenness of spatial distribution of CNT 

(���) will prevent the misinterpretation (Figure 5-11b). It should be noted that the 

poorly dispersed sample exemplified here is not for practical application. It is 

apparent in this illustration that the smaller the particle size of CNT in a 

suspension, the broader the region where CNTs are detected.
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The definitive map of CNT observed in samples with low CNT content is 

presented in Figure 5-12. The non-uniform state containing the same number of 

white pixels is shown, and their ��� was computed. The ��� index reflects the

improvement in CNT distribution. In P-CNT0.05, there was no change in ���  , 

compared to the severely agglomerated example. In contrast, the ���   of 

M-CNT0.05 was reduced by 20% from the extreme case. M-CNT0.05 and 

W-CNT0.025 suggested that dispersion using sonication with a superplasticizer has 

room for further improvement. More work is required to determine that CNT is 

well-dispersed in the CNT/cement composite fabricated by ultrasonication.

It should be noted that there are no agreed-upon criteria for choosing a quadrat 

size. If we set the quadrat size too large, a clustered distribution could be 

recognized as uniform because each quadrat is likely to have a similar number of 

CNTs, producing the same effect as a microscope with low magnification. The 

quadrat size of 3.5 μm implies that the CNT distribution in this region is averaged 

to the normalized probability, and the variations on a scale above the quadrat size 

are quantitatively calculated. Therefore, ���   can be interpreted appropriately, 

presented with the quadrat size. The quadrat-based approach can be considered a 

scale-sensitive measurement, like alternative indices such as Lf, free-space length, 

and La, agglomeration length [136].
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Fig. 5-10 Optical micrographs, spatial maps of major components, and overlapped 

binary images of (a) P-CNT0.05, (b) M-CNT0.05, (c) W-CNT0.025, (d) W-CNT0.05, (e) 

W-CNT0.1, (f) W-CNT0.2, and (g) W-CNT0.4.
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Fig. 5-11 (a) The dispersion efficiency (���) and (b) the heterogeneity index (���) 

of the samples.
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Fig. 5-12 Observed CNT binary image and corresponding non-uniform state 

containing the same number of CNT pixels of the samples for the computation of 

maximum heterogeneity index (���). (a) P-CNT0.05, (b) M-CNT0.05, and (c) W-

CNT0.025.
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5.4.3 Dispersion of CNTs with varying concentrations in cement 
composites

When comparing the micrograph with the CNT map of M-CNT0.05, the CNT-

identified region was limited to the black spot and its surroundings. In contrast, in 

W-CNT0.025, the CNT signal was abundant in dark areas and remaining spaces 

except where the clinker was aggregated. Therefore, the ��� of W-CNT0.025 (0.79) 

is about 3 times higher than that of M-CNT0.05 (0.26), despite having half the CNT 

content. This result showed that CNT aggregates less than 1 μm were uniformly 

distributed to some extent of the expectations (Figure 5-6). This suggests the 

importance of the smaller size of CNT aggregates in preparing a suspension for 

better dispersion. Quantifying the mass or volume portions of CNT aggregates 

less than a specific size could be an alternative method for presenting the DOD of 

a CNT/cement composite.

The overlapped binary maps provided supplementary information regarding 

CNT distribution. At lower CNT contents, unreacted clinkers existed in the 

scanning area, and CNTs filled the remaining space. For the W-CNT0.025 and 

W-CNT0.2 specimens, the ��� and the maximum achievable ��� were similar. 

The presence of clinkers gathered in the center affected the dispersion of CNTs 

(Figure 5-10c), and therefore, the ��� of W-CNT0.025 had a higher value than that 

of W-CNT0.2. As CNT addition increased, the overlapping area between CNT and 

other phases expanded. Because the penetration depth of CRM is greater than the 

lateral resolution and the PSD of CNTs, the final map can be considered a planar 

projection of the section with a thickness of the depth resolution rather than a 

planar image. The CNT region generally overlaps with hydrate phases in all 

samples, which is consistent with previous findings that CNTs provided the 

nucleation site, whether in dispersed or agglomerated forms [128,146].

The ��� increased from 0.79 to 0.90 as the CNT concentration doubled from 

0.025 wt% to 0.05 wt%. Above this concentration, the ���   was maintained 
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around 0.90 (Figure 5-11). The relatively low ���   of W-CNT0.2 (0.78) can be 

explained by the presence of large clinkers at the bottom left (Figure 5-10f). In 

the cement paste with w/c = 0.3, water was initially occupying about 50% of the

paste volume, which corresponds to the volume fraction where CNTs can be 

dispersed [147]. At a CNT content of 0.05 wt% or more, CNT signals were 

detected at more than 90% of the measurement points. It can be inferred that CNTs 

are fully filling the pore space with a distance less than the resolution of CRM.

5.4.4 Limitations and future studies 

Concerning the proposed quantifying technique, some important weaknesses 

need to be acknowledged. Due to the spatial resolution, the dispersion efficiency 

index ��� did not represent the exact fraction of dispersed CNT. Nevertheless, it 

was possible to compare the dispersion efficiency of various dispersion methods 

using the index, compensating for the limitations of conventional techniques, such 

as electron and light microscopes. Besides the resolution issue, only the presence 

or absence of CNT was determined with a threshold of the signal-to-noise ratio of 

5. Accordingly, the relative quantity of CNTs in the interaction volume has been 

ignored in this study. Even though this study did not focus on the normalization 

of the Raman signal of CNT to quantify the relative concentration at each 

measured location, future research should address a more precise characterization 

of the dispersion state at each interaction volume. If the relative amount of CNT 

present at each measurement can be compared, subdividing the entire area into 

small quadrats will not be necessary for calculating the heterogeneous index ��� . 

This study provided a useful method that can be applied to quantitatively evaluate 

the dispersion of any non-cementitious inclusion considering micro- and nano-

scale issues. The spatial distribution of nanoparticles can be quantified using the 

proposed method. These results can be used to systematically analyze the 

influence and importance of the dispersion state of nanomaterials on constitutive 
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properties or more complicated kinetics of hydration, carbonation, and 

deterioration of a cementitious system incorporating nanomaterials. Finally, a 

long scan time was required to obtain Raman spectra with a good signal-to-noise 

ratio. Deep learning can be applied to determine the presence of a single phase 

(e.g., CNT in this study) in a multiphase Raman spectrum with a high noise level 

to reduce mapping time.
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5.5 Summary

Previous studies described the dispersion of nano-sized particles in 

heterogeneous cement composites because dispersion is the critical feature 

influencing the performance of composites [63,123]. Despite ongoing studies on 

CNT/cement composites, research on the measurement of CNT dispersion in 

heterogeneous and complex cement composites is still lacking due to the small 

sample size and destructive sample preparation of conventional evaluation 

techniques. A few studies have included factors related to CNT dispersion in 

developing the prediction model for mechanical properties of CNT/cement 

composite [60,148]. However, instead of quantified metrics reflecting the 

dispersed state of CNTs in a matrix, indirect parameters, such as dispersion 

procedure (e.g., CNT initial pre-wetting, sonication time, and energy), have been 

considered. Therefore, this study utilized CRM equipped with LM for 

macroscopic inspection of CNTs in an as-is hardened CNT/cement composite, 

and the distribution of CNTs was quantified from the definitive map of CNT.

We found that CRM can be used to identify the presence of CNTs in the 

hardened matrix. Despite a very low CNT content, CNT was detected in almost 

the entire area in W-CNT0.025, which indicated that CNTs were uniformly 

distributed in the matrix when using a well-dispersed stable CNT suspension. 

Raman imaging confirmed not only that the CNT agglomerates were visible in 

micrographs, but also that the nano-sized CNT aggregates below the LM 

resolution were spread in the matrix in M-CNT0.05 with ultrasonication applied. 

The qualitative evaluation in LM images was quantified with the dispersion 

efficiency ��� and the heterogeneity ��� . These simple metrics can be used to 

compare samples with different dispersion methods and CNT contents. In 

summary, these results enable the quantification of CNT dispersion in a 

heterogeneous multiscale composite and the evaluation of the efficiency of 

dispersion techniques, especially ultrasonication with incorporated 
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superplasticizer.

However, some limitations are worth noting. The indices were developed based 

on the presumption that CNT aggregates less than a diffraction limit can be 

considered dispersed fillers. The micrographs could partly support the binary 

image of CNT, but not other phases. A more elaborate validation could be made 

by elemental mapping using an energy dispersive X-ray spectrometer [140,149]. 

Raman imaging directly identified CNT by its characteristic peaks, but it is still 

time-consuming in the current experimental setup. Future studies should therefore 

include fast and accurate phase detection using CRM.
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Chapter 6. Quantitative Evaluation of CNT 
Concentration in Hardened Cement Composite

6.1 Introduction

Studying nanocomposites using confocal Raman microspectroscopy (CRM) 

may be beyond the equipment’s abilities, given the spatial resolution. However, 

in the past decade, CRM has immensely contributed to the advances in our 

understanding of the application of nanomaterials and technology in various fields, 

including materials, bioscience, pharmaceutics, and chemical engineering [150]. 

CRM, complementary to conventional methods, can give useful information on 

materials containing nanoparticles by describing the location, distribution, and 

quantity of nanomaterials, implying the potential impacts of using CRM in 

cementitious nanocomposites. For example, CRM has been a practical tool for 

identifying and localizing intracellular nanoparticles, enabling studies on 

cytotoxicity, delivery, and degradation of nano-sized inclusions [151–153]. CRM 

was also found to be effective for the evaluation of nanocomposites. The 

dispersibility of nanofillers in polymeric matrices was examined using 2-D 

Raman maps, and the prediction model of constitutive properties could be updated 

with the mapping results [154,155]. Moreover, micro-Raman mapping has been 

conducted to analyze solid dispersion with electron microscopy techniques 

combined. The size and spatial distribution of domains where the drug existed as 

molecularly or nanodispersed could be examined, and the quality of solid 

dispersion could be characterized [156,157]. 

Recent years have seen renewed interest in utilizing CRM in cement chemistry. 

It was possible to visualize and monitor phase transformation during hydration 
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and carbonation in situ (without sample processing) and operando (reflecting the 

real condition) and to quantitatively analyze the spatial distribution of various 

phases using the Raman map [141,158,159]. Moreover, quantitative Raman 

analysis has been attempted in cement-based materials. 4 principal phases and 8 

secondary phases present in cement clinkers have been quantified with a high 

degree of confidence in 11 types of commercial cement [140]. Also, the progress 

of carbonation in hardened cement paste was quantitatively analyzed using the 

correlation between CO3
2- concentration and Raman peak intensity [159]. These 

results demonstrated the versatility of CRM, having a high impact on the cement 

and concrete society, and were reported in prestigious journals.

In Chapter 5, a definitive map was constructed to visualize the spatial 

distribution of phases constituting the matrix of cement-based material. Because 

the Raman signal contains unwanted information, which is noise, a threshold 

value of 5 times of the noise is used to determine the existence of a specific phase. 

This approach is conservative and safe, but valuable information is lost during the

process. The definitive map is only expressed as 0 or 1 (referring to the absence

or presence), the implicit information contained in peak intensity is neglected. 

Even though the major phases such as unreacted clinkers and hydrates could be 

clearly identified as seen in Chapter 5, the strong advantage of Raman 

spectroscopy was not fully utilized. Therefore, this chapter aims to convert a large 

amount of information in a single Raman spectrum into quantitative value

indicating the concentration at a specific point; then, the distribution of CNTs can 

be evaluated without using quadrat-based approach.
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6.2 Normalization of Raman signal for quantitative analysis

6.2.1 Basic for Raman scattering intensity

There is a large quantity of information about interaction volume in a Raman 

spectrum. The intensity of Raman scattered light from the sample, I(ν)R is given 

by Eq. (15) [160].

�(�)� =
2���

45 ∙ 3� ∙ ��
∙

ℎ���(�� − �)�

��(1 − ����/��)
× [45(��′)� + 7(��′)�] (15)

where � is the speed of light, ℎ is the Planck’s constant, �� is the excitation 

intensity, �  is the number of scattering molecules, ��  is the molecular 

vibrational frequency [Hz], �  is the laser excitation frequency [Hz], �  is the 

reduced mass of the vibrational atoms, � is the Boltzmann constant, � is the 

Absolute temperature, ��′ is the mean value invariant of the polarizability tensor, 

and ��′ is the anisotropy invariant of the polarizability tensor.

Equation (15) explains sufficient Raman signal of CNTs despite the 

incorporation of very small volume fractions. The Raman signal is a result of a 

molecular vibration causing a change in polarizability of the molecule. And 

typical strong Raman scatterers are moieties with distributed electron clouds, such 

as carbon-carbon double bonds. Also, it provides the information that the Raman 

scattering intensity is proportional to the number of molecules (N) in the 

interaction volume being measured by Raman equipment and the intensity of the 

excitation source. 

Eq. (15) can be expressed in simpler way as presented in Eq. (16). 

0i i iI C I n s= × × × (16)
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where �  is a constant, ��  is the laser intensity, ��  is the number density 

(mole fraction) of a i-th molecule (phase), and �� is the Raman cross-section. 

The Raman cross-section can be considered as the Raman sensitivity of each 

vibrational mode [141].

There is unwanted intensity generated by the sample. One of the most important 

examples is the fluorescence. Because the product of the constant in Eq. (15) is a 

very small number, the Raman signal is vulnerable to being obscured by more 

efficient optical processes such as fluorescence. It has been shown that the 

background in the 532 nm spectra was markedly higher than in the 785 nm spectra 

[161]. This background can be attributed to the autofluorescence of mineral 

phases in cement and this effect will be greater at short excitation wavelength with 

higher excitation energy [162].

What is important for us to recognize here, is that the intensity of the Raman 

signal is not only related to the number of molecules in interest but is also a result 

of, change in the polarizability of molecules, excitation energy, or even 

fluorescence. Therefore, it is necessary to properly normalize the signal to 

represent the volumetric concentration.

6.2.2 Raman intensity of hardened cement-based material

As can be seen in Figure 5-8, Raman spectra of cement composite contains 

enough information to address most of phases in raw material verified from XRD 

(Table 5-1). In addition, Raman bands of CNTs are well resolved from common 

phases in cement composite. Because the Raman scattering cross-sections are 

very small, we can analyze the Raman spectrum based on the principle of linear 

superposition of these bases. It is expected that the probability of a Raman 

scattered photon being lost due to another Raman scattering interaction is 

essentially zero [160]. 
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However, the spectra are usually on different non-zero baseline. Previous 

studies claimed that showed that the fluorescence-induced background was 

markedly higher when using lasers with shorter excitation wavelength [161].

Figure 6-1 shows the histogram of relative fraction of background level in each 

measurement spot of samples, W-CNT0.05, M-CNT0.05, and W-CNT0.05, 

analyzed in Chapter 5. The total number of measured points were 225,000. Almost 

two-thirds of intensities account for the background level on average. That makes

the removal of the baseline is undoubtedly an essential step in increasing the 

reliability of spectral interpretation. Baseline removal requires special attention in 

the case of hydrated cement samples. It can be seen that the shape and height of 

baseline varies with the major component in measurement volume (Figure 6-2). 

The least squares polynomial subtraction may be sufficient for single phase 

analysis. However, humps in the low range of Raman shift may contain broad 

lattice vibration of poorly crystalline hydrates such as calcium-silicate-hydrate 

(see C–S–H basis in Figure 6-3) or information on the type of minerals in cement-

based materials. Therefore, in the analysis of cement pastes containing several 

amorphous hydrates, subtracting polynomial function can remove these kinds of 

data and significantly impair accuracy. Various types of humps make difficult to 

differentiate the Raman signal from the baseline. 

Therefore, we made basis spectra for common form of humps in hydrated 

cement paste and some peaks from fluorescent light to use for baseline correction 

(Figure 6-3). The common humps were included in ���� in Eq. (17). Therefore, 

the relative fraction of the phases of interest was analyzed for the �������.

0 _signal bgd phase i bgd
i

I I I I I= + = +å (17)
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Fig. 6-1 Relative fraction of background level in a Raman spectrum of samples W-

CNT0.05, M-CNT0.05, and W-CNT0.05.
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Fig. 6-2 Examples of Raman signals on the baseline with different shape and 

height.
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Fig. 6-3 Basis spectra used for phase identification.
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Fig. 6-4 Basis spectra used for baseline correction.
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6.2.3 Normalization of Raman spectrum of cement-based material

From Eq. (15) and (16), we may infer that the concentration of CNT in 

interaction volume is proportional to the integrated intensity of a Raman band. 

The Raman band area can be calculated by a summation of the measured intensity 

over the wavenumber range of the Raman band after the baseline intensity is 

subtracted. If the band shape does not change, the integrated band area is 

proportional to its height. Measuring band height would give better accuracy when 

there is partial overlap between the analytical band and another band in the spectra.

However, generally including more photons by integrating the whole Raman band 

can reduce the signal-to-noise (S/N) ratio when the main source of noise is random 

noise in the baseline. Another way to improve upon simple band integration or 

height measurement is to use curve fitting by using additional information about 

the Raman band. In lower region, there are many of overlapping phases as seen in 

Figure 6-1. Therefore, basis analysis was preceded carefully including broad 

humps to fully utilize the detected photons in Raman spectra. 

The experimental variables are not constant unless Raman spectra is collected 

in single measurement in the laboratory. If experimental variables change, 

quantitative analysis is possible by measuring the change and applying a 

correction to the measured signal, that is, normalization.

The bands that do not change with the concentration of the analyte are a type 

of noise. This type of noise is potentially useful information, as they can be used 

as internal standards. The benefit of using an internal standard is that it can be 

obtained without adding a foreign material homogeneously to the sample. 

Common matrix materials, such as water and glass have weak Raman signal, 

and therefore relatively little interference is occurred during measurement. 

However, it is almost impossible to add external standards in highly 

heterogeneous cement-based materials. Also, the phase comprising hardened 
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cement material is highly complex, including capillary pores, unreacted cement 

and crystalline (e.g., portlandite, ettringite, and gypsum) as well as amorphous 

hydration products (e.g., calcium-silicate-hydrate), and their relative volume 

fraction changes with hydration reaction.

As can be seen in Figure 6-5, the volume fraction of CNTs did not change with 

the age of specimen while space initially occupied with water got filled with the 

hydrates. If the Raman band is well normalized, it should not change with the 

curing age, mix proportion, carbonation, or measurement condition.

Fig. 6-5 Schematic presentation of (a) fresh CNT/cement paste and (b) hardened 

CNT/cement composite.

Instead, we can consider modifying the Eq. (15) and (16) with respect to the 

concentration of analyte. The Raman spectrum of a mixture is equal to the 

weighted sum of the Raman spectra of the components that make up the mixture. 

If the Raman cross-section of each phase is known, we may be able to quantify 

the mole fraction �� and even the volume fraction �� .

�� =
��

∑ ���
=

�� /��

∑ ��/���
(18)
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, where ��  and ��  are the mole fraction and the volume fraction of i-th 

molecule, respectively. ��  is the molar mass, and ��  is the density of the 

material. Then, the normalization factor (NF) can be defined as

M
NF

rs
= (20)

It would be an intriguing task to calculate the polarizability tensors in Eq. (15) 

theoretically or precisely measuring the Raman cross-section in Eq. (16) of each 

phase. However, it will be very challenging to accomplish in cement composites 

due to their complexity and intrinsic heterogeneity. Instead, the bold assumption 

of this chapter is that a single normalized value proportional to the concentration 

could be obtained if we know the relative ratio of the Raman cross-section 

between materials. Therefore, the Raman sensitivity of raw materials was 

measured by changing the laser power. Then, it was corrected with the volume 

fraction of each material in interaction volume. Using the relative ratio between 

Raman sensitivity, each phase's Raman intensity could be normalized for any 

experimental setup or sample age. The more Raman sensitivity data of substances 

constituting the cement-based composite is obtained, the more reliable the 

normalization result is expected.
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6.3 Experimental programs

6.3.1 Materials and sample preparation

The pure materials (> 95-98%) in powder form were prepared to measure the 

relative intensities of Raman cross-section. C3S-triclinic and C2S-beta were 

purchased from Sukyung (Korea), and calcium hydroxide (CH), calcium 

carbonate (CC), calcium sulfate dihydrate were purchased at Daejung (Korea). A 

commercial CNT solution (Kumho Petrochemical, Seoul, Korea) was used.

C3S-triclinic was hydrated to synthesize C-S-H with water-to-C3S ratio of 0.55 

and cured at a temperature of 60°C for 3 days. Hardened paste was cut using a 

diamond blade at 1200 rpm, then immersed in isopropyl alcohol and cleaned with 

an ultrasonic treatment to remove the lubricant oil. Before the measurement, it 

was dried in oven at 40°C for a few minutes to remove isopropyl alcohol on the 

surface.

CNT incorporated cement paste samples for calibration were fabricated using 

commercial CNT suspension. The w/c ratio was fixed at 0.3, and CNT/c ratio was 

0.02, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.8, considering the typical content of CNT 

as a reinforcing or conductive nanofiller. Then, it was converted to volumetric 

concentration using the true density of MWCNT and the density of cement paste. 

Water and CNT suspension was mixed with a homogenizer with a small four-

blade impeller. Then, cement powder and diluted CNT suspension was put into 

the stainless container and mixed for 3 min at 300 rpm. The curing process of the 

paste samples was the same as in Section 5.3.1.

Specimens under various conditions were prepared for experimental validation: 

uncarbonated (freshly cut), carbonated (stored in a thermo-hygrostat for a few 

days), and CNT/cement composites containing varying CNT content and 

dispersion methods. 
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6.3.2 Confocal Raman microspectroscopy 

Raman spectra were obtained using a CRM system (NOST, Korea) equipped 

with a 532 nm laser, a 1200 g/mm grating, and a CCD. The excitation wavelength 

was calibrated with the first peak of silicon. The lateral and depth resolution were 

721 nm and 1.84 μm (See section 5.3.2). 

Powders were put into cylindrical stainless holder with a diameter of 28 mm 

and a height 3 mm. They were tapped and the surface was flattened with a glass 

plate. The measurement time was fixed at 1.0 s while the laser power was varied 

from 0.42 mW to 30.21 mW. The height of the characteristic peak according to 

the laser power was measured. It should be noted that the laser power here is 

measured with the optical power meter at the sample surface with changing the 

value of neutral density filter (ND filter), not the power of laser beam (Figure 6-

6). 

Fig. 6-6 Laser power at the sample surface as a function of ND filter.

CRM mapping was conducted for samples with various preparation conditions 

(dispersion methods, carbonated, uncarbonated, and age of specimen) and 

measurement conditions such as the step size of X/Y (0.7, 1, 2, 5, and 10 μm) and 

the scan area (100×100 to 400×400 μm2). 
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6.3.3 Data analysis

To obtain the Raman sensitivity of single raw material, the characteristic peak 

of each phase was chosen as the highest peak in the base spectrum. In single phase 

analysis, the baseline was corrected using the arPLS algorithm in Matlab software. 

The spectrum was fitted with basis spectrum to minimize the influence of noise. 

The noise level was calculated by the root mean square value of the noise on the 

background signal after baseline correction according to ASTM E579-04 [163]. 

More than three locations were measured and averaged for each phase. Because 

the interaction volume of measurement (less than 1 μm3) is relatively smaller than 

a crystalline phase, we assumed that the measurement volume is full of crystalline 

phase. Therefore, the peak intensity to the laser power ratio was calculated for 

each point, and significantly low values were excluded for the analysis.

For the construction of phase maps, baseline was not corrected by arPLS 

algorithm; instead, humps and linear functions were used (Figure 6-4) to enhance 

the accuracy of curve fitting. A linear combination of basis spectra was fitted to 

the Raman spectrum while minimizing the error between the obtained spectrum 

and a superposition of multiple bases. This method showed better performance.
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6.4 Results and discussion

6.4.1 Raman sensitivity of synthesized materials as a function of 
laser power

It can be assumed that the ratio of the characteristic peak intensity to the laser 

power is proportional to the product of number density and the Raman scattering 

cross-section (Eq. (21)). The molar mass and the density of pure materials were 

presented in Table 6-1, adopted from the literature [140]. It should be noted that 

the chemical composition and density of C–S–H varies with Ca/Si ratio and their 

drying condition. The chemical formula and density of C–S–H presented here is 

(CaO)1.7(SiO2)(H2O)1.80, and 2.604 Mg m−3, followed the numbers in [164]. In fact, 

we don’t need to compute the exact Raman cross-section for normalization of 

Raman signal, because the linear coefficient is the inverse of normalization factor 

in Eq. (20) when the volume fraction is 100%. 

0 0

: : :i CNT

i CNT i CNT

I I V V
V V

I I M M NF NF

rs rsæ ö æ ö æ ö æ ö
= =ç ÷ ç ÷ ç ÷ ç ÷
è ø è ø è ø è ø

(21)

The characteristic peak intensity to the laser power was computed after fitting 

the basis spectra to the raw spectrum. In the case of hydrated C3S-t specimen, this 

procedure is necessary because it contains at least three phases (i.e., unreacted 

C3S-t, CH, and C–S–H) (Figure 6-7). It is worth noting that water has weak 

Raman signal in the spectral region of 150 – 2700 cm-1. If the spectral region is 

extended to ~ 4000 cm-1, the relative amount of water can also be evaluated. There 

was no characteristic peak appear to be related to the surfactant in commercial 

suspension used (Figure 6-8).
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Table 6-1 Molar mass and the density of materials [140,164].

Raw materials Molar mass (g/mol) Density (g/cm3)

C2S 172.24 3.30

C3S 228.32 3.18

CH 74.09 2.26

CC 100.09 2.71

Gypsum 172.20 2.32

C–S–H 134.18 2.60

CNT 12.00 1.90

The crystalline phases, such as C3S, C2S, CH, CC, and gypsum, show the linear 

relation between the peak intensities and the laser power (Figure 6-9). C–S–H 

tends to increase exponentially with increasing laser power; however, a linear 

relationship is confirmed within power range of common Raman measurement (< 

15 mW). It should be noted that the average linear coefficient of CNT was 

calibrated by volume fraction in CNT suspension using known CNT concentration 

and the density of suspension (34 g/L ≈ 17.8 vol%). As mentioned above, the 

volume fraction of other phases is assumed to be 100 vol%. Once the 

normalization factor of C3S and CH was obtained, relative amount of C–S–H 

could be estimated by subtracting the portion of C3S and CH in measurement 

volume. The NF obtained as the inverse of the coefficient of linear regression 

between peak intensity and laser power is presented in Table 5-2. Now we can 

calculate normalized intensity of CNT related to the volumetric density in 

interaction volume by fully utilizing all information in a Raman spectrum 

following the Eq. (22).

_ _

CNT
CNT

phase i phase i
i

I
I

NF I
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It is noteworthy that the accuracy of this approach can be influenced by the 

amount of free water in the measured spot, and this is an important issue for future 

research.

Fig. 6-7 Illustrative example of basis analysis of hydrated C3S-t (three phase 

system).
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Fig. 6-8 Raman spectrum of commercial CNT suspension with the concentration of 

34 g/L (laser power = 13 mW, exposure time = 1.0s,).

Table 6-2 Computation results of normalization factors with respect to CNT of 

synthesized constituents of hydrated cement-based materials.

Raw materials
Average linear 

coefficient (-)
Standard deviation

Normalization 

factor (-)

C2S 135.34 9.69 1.27

C3S 32.03 4.26 5.38

CH 14.37 1.31 11.99

CC 384.15 22.63 0.45

Gypsum 271.28 11.19 0.64

C–S–H 38.31 6.37 4.50

CNT 172.35 2.07 1.00
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Fig. 6-9 Characteristic peak intensities as a function of laser power. 

(a) C3S, (b) C2S, (c) Gypsum, (d) CC, (e) C-S-H, (f) CH, and (g) CNT.
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6.4.2 Quantitative relation between normalized peak intensity and 
concentration

We calculated the average of normalized CNT peak in all regions for samples 

with varying CNT content. The range of mapping area and step size were 

105×105–200×200 μm2 and 0.7–2 μm, respectively.

Fig. 6-10 Average of normalized CNT peak as a function of CNT content (wt%).

Figure 6-10 clearly shows that Raman spectroscopy can detect a very low 

amount of CNTs in a hardened cementitious matrix. A huge Raman cross-section 

of CNT has been mentioned in many papers [165]. If the normalization is perfectly 

performed in calibration samples where CNTs are dispersed uniformly, the 

concentration versus the average of normalized CNT peak should be linear. 

However, the curve shows a clear logarithmic relationship. This could be due to 

rough assumptions on the Raman scattering cross-section of dolomite and other 

sulfate phases. Another probable explanation is the change in the micro-
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environment with CNT concentration, which can alter Raman sensitivity of 

vibration interaction of other phases with their micro-environment.

The logarithmic relation presents realistic predictions; when where normalized 

peak intensity of CNT reaches 1, 70 vol% of CNT concentration is expected. This 

value indicates that over 70 vol% of CNT content, the peak intensity of other 

phases may be marked by strong Raman signal of CNT. However, care must be 

taken to interpreting this model because workable CNT concentration is much less 

than 70 vol%. 

Table 6-3 Normalized peak intensity of 14 calibration samples fabricated with 

commercial CNT suspension with various measurement conditions.

CNT 
content

(vol%)

Normalized peak intensity Measurement condition

Mean
Standard 

deviation

Step size

(μm)

Mapping 

area (μm2)

Curing age

(day / °C)

0.017 0.02 0.0212 2 200x200 1d (20), 2d (90)

0.021 0.0746 0.0661 0.7 105x105 1d (20), 2d (90)

0.043 0.1016 0.0709 0.7 105x105 1d (20), 2d (90)

0.043 0.0571 0.0407 2 200x200 1d (20), 2d (90)

0.043 0.0597 0.0462 1 150x150 1d (20), 2d (90)

0.043 0.0434 0.0328 2 200x200 3d (20)

0.085 0.1941 0.1238 0.7 105x105 1d (20), 2d (90)

0.085 0.1451 0.0896 1 150x150 1d (20), 2d (90)

0.170 0.2604 0.1811 0.7 105x105 1d (20), 2d (90)

0.170 0.2288 0.1325 1 150x150 1d (20), 2d (90)

0.255 0.3637 0.1691 0.7 105x105 1d (20), 2d (90)

0.340 0.3714 0.1589 0.7 105x105 1d (20), 2d (90)

0.424 0.4108 0.1812 0.7 105x105 1d (20), 2d (90)

0.424 0.3391 0.2006 0.7 105x105 1d (20), 2d (90)
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Reference sample (i.e., paste without CNTs) was scanned for 6 times; the 

mapping area was 50×50 μm2 with the step size of 1 μm. The measurement spot 

was chosen randomly. The limit of detection (LOD) and the limit of quantitation 

(LOQ) can be calculated as three and ten times the standard deviation of the mean 

concentrations of blank sample [166]. However, it cannot be applied to this 

logarithmic prediction curve because the model gives negative concentration with 

a very low value of average of normalized peak height. (Table 6-4). Instead, three 

and ten times the standard deviation of the normalized peak height can be used as 

a criterion of presence/absence of CNT. 

Table 6-4 Average of normalized intensity of CNT of reference paste sample

without CNT.

Number of measurements
Average of normalized 

intensity of CNT
Predicted CNT 
concentration

1 7.21E-06 -0.95

2 0 NaN

3 0.0013 -0.33

4 7.63E-06 -0.94

5 4.73E-04 -0.45

6 1.38E-05 -0.87

Mean 0.0003 -

Standard deviation 0.00052 -

Mean + 3× Standard deviation 0.00187 -

Mean + 10× Standard deviation 0.00554 -
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6.4.3 Determination of measurement condition

The LOD and LOQ can also be evaluated using signal-to-noise ratio (SNR). In 

general, LOD is determined where SNR is in the range of 2:1~3:1, and LOQ is 

determined where SNR is 10:1.

The correlation between laser power and SNR of main phases are presented in 

Figure 6-11. Increase in laser power significantly enhanced SNR. In samples 

expect for CNT and CC, the increase rate of noise intensity gradually decreases 

and converges to a certain value. The noise levels obtained from the mapping 

results were within 5~12, which was comparable with the upper limit of the value 

obtained in the measurement of the synthesized pure materials here.

Based on the results, the volume fraction at which each phase can be 

sufficiently identified at the measurement volume can be predicted with respect 

to the laser power (Table 6-5). The LODs of CH and C–S–H are relatively lower 

than other phases because their characteristic peaks in the spectral range ~2700 

cm-1 are weak; their strong Ca–OH vibrational band exist at 3610–3617 cm-1.

Therefore, it can be inferred that the reliability of detection of CH, C–S–H, and 

other sulfate hydrates can be further improved when using 600 grating with a little

low spectral resolution.

C3S, CH, and C–S–H show 6-10 times higher LOD than that of CNT, and other 

crystalline materials show LODs that are better than or close to that of CNT. These 

results suggest that measurement conditions such as laser power and accumulation 

time should be determined based on if detection of CNTs is possible in the very 

condition. This is because the volumetric fraction of CNT is very small compared 

to other phases on average. Therefore, the identification of other constituents can 

be conducted sufficiently with the laser energy density that can discriminate CNT.
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Fig. 6-11 SNR and background noise level of raw materials as a function of laser 

power. (a) C3S, (b) C2S, (c) Gypsum, (d) CC, (e) CH, and (f) CNT.
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Table 6-5 Calculation results of LOD and LOQ as volumetric concentration at laser 

power of 5, 10, and 15 mW taken accounted with based on experimentaly 

measured Raman sensitivity of each phase. Note the that accumulation time is

fixed at 1 s. 

Raman 

sensitivity
(A.U./mW)

Noise 

level 
(A.U)

Laser 

power 
(mW)

Expected peak 

intensity
(A.U)

LOD 

(vol%)

LOQ 

(vol%)

C3S 32.03 3.65 5 160.15 4.56 22.79

4.19 10 320.30 2.62 13.09

4.51 15 480.45 1.88 9.39

C2S 135.34 9.81 5 676.71 2.90 14.50

10.74 10 1353.43 1.59 7.93

11.64 15 2030.15 1.15 5.73

CH 14.37 2.75 5 71.87 7.65 38.23

3.30 10 143.74 4.59 22.94

3.54 15 215.61 3.28 16.42

CC 384.15 8.83 5 1920.73 0.92 4.60

10.95* 10 3841.46 0.57 2.85

11.85* 15 5762.2 0.41 2.06

Gypsum 271.28 2.53 5 1356.41 0.37 1.87

2.69* 10 2712.83 0.20 0.99

2.77* 15 4069.25 0.14 0.68

C-S-H 38.31 5.71 5 191.56 5.96 29.80

6.92 10 383.13 3.61 18.07

9.13 15 574.69 3.18 15.89

CNT 172.35 3.71 5 861.76 0.86 4.31

8.36 10 1723.52 0.97 4.85

11.72 15 2585.29 0.91 4.53

* The asterisk denotes a predicted result based on the Figure 5-10, not a measured value.
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Raman spectra of a cement paste containing 0.025 wt% of CNT is presented in 

Figure 6-12. Agglomerates were not found at the measurement spot. It is possible 

to hypothesize that the number of photons detected at CCD is proportional to the 

energy density (kJ/cm2) input, which is the product of the laser power and 

accumulation time (or exposure time) over the irradiated area. The results show 

that increasing the laser power or increasing the exposure time improves the SNR.

There are two options when determining the experimental conditions: the 

measurement time can be shortened by using stronger laser power, or the exposure 

time should be increased when the laser power is controlled to avoid the 

degradation.
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Fig. 6-12 (a,b)  cement composite containing 0.025 wt% of CNTs.
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6.4.4 Quantitative analysis of CNT distribution using normalized 
peak intensity

In Section 5.2.2., the heterogeneity index was developed based on quadrat-

based approach. Because the presence of CNT was expressed in a binary, we had 

to use larger area (quadrat) than one pixel and calculate the difference in the 

relative proportion of CNTs in each quadrat. As mentioned in Section 4.4, the 

limitation of this approach was that the size of quadrat affects the quantified index 

suggested as HTI .

Now the pixel contains the information on the relative quantity of CNT, we use 

the number of pixels vs. normalized peak intensity, instead of quadrat-based 

approach. Figure 6-13 shows samples containing various quantity of CNTs with 

different dispersion methods.

The probability of CNT distribution (qi) in the quadrat (number of CNT 

detected pixel over a few tens of pixel) is now replaced with the normalized CNT 

peak intensity at a single pixel indicating the volume fraction(fi) of CNT in the 

irradiated volume using obtained empirical relationship in Figure 6-10. Also, we 

can visualize the number of pixels with respect to CNT volume fraction as shown 

in Figure 6-13. 
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Fig. 6-13 Visualization of relative CNT content. 

(a) CNT 0.021vol%, (b) CNT 0.043vol%, (c) CNT 0.085vol%, 

(d) CNT 0.17vol%, (e) CNT 0.255vol%, (f) CNT 0.34vol% (continued)
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(g) CNT 0.424vol%, (h) CNT 0.043vol% (sonication), 

(i) CNT 0.085vol%, w/c = 0.22 (sonication), 

(j) CNT 0.085vol%, w/c = 0.24 (sonication)

 (k) CNT 0.085vol%, w/c = 0.26 (sonication)
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6.5 Summary

Since the volume fraction of free water will be significant under in-situ 

measurement conditions, the accuracy of the analysis can be improved by 

considering the amount of water by extending the spectral range to 4000 cm-1.

The results of this study confirmed the possibility of precise calculation of the 

amount of CNT incorporation and spatial distribution if a sufficiently wide area 

was mapped at intervals of less than 1 µm.

The recommended settings are applicable to mortars containing siliceous 

aggregates, even though the quartz fines are sometimes mixed with other 

crystalline minerals such as calcite, feldspar and mica. In any case, the presence 

of these phases is not expected to interfere with the detectability of cement 

hydrates and clinker minerals in the cement paste matrix. For mortars and 

concretes containing high aggregate volume fraction however, a small mapping 

step size should be used corresponding to the thinner cement paste regions 

between aggregate particles.

If the approximate concentration of CNT is known, measurement conditions 

can be determined considering CNT content because CNT has high Raman 

sensitivity. When a very small amount of CNT is mixed, the laser power must be 

sufficiently increased or the measurement time must be lengthened, but there is a 

possibility of damage to cement matrix and CNT.
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Chapter 7. Conclusions

7.1 Summary and concluding remarks

Concrete is the most consumed material with sufficient strength and durability 

and is moldable in a pleasing shape. As an indispensable building material, 

concrete must keep evolving to satisfy upgraded social demands. Ultra-high 

performance concrete (UHPC), an advanced construction material, possesses 

superior compressive strength, flexural strength, ductility, and durability, having 

longer service life and low maintenance costs. It has been widely adopted to repair 

and retrofit existing buildings and infrastructure due to its exceptional strength 

and resistance to weathering action and chemical attacks.

Smart and multifunctional concrete has potential to address upgraded 

requirements regarding safety, longevity, and functions of advanced engineering 

structures. Carbon nanotube (CNT) is one of the most extensively investigated 

nanofiller for multifunctional composites due to its exceptional mechanical, 

electrical, thermal, and chemical properties. UHPC has optimized mix proportion, 

characterized by a low water-to-binder ratio, high content of superplasticizer, and 

high volume of silica fume, which is suitable for incorporating CNTs. CNT 

embedded UHPC can be the next generation construction material as an integrated 

system of repair/rehabilitation and functional properties, such as structural health 

monitoring, self-heating, and electrical curing. 

The most important design parameters can be a uniformed dispersion of 

nanomaterial and its content for achieving target performance in developing 

cement-based smart nanocomposite. However, there has been lack of discussion 
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on the quantitative techniques for evaluating the dispersion quality and the 

concentration of nano inclusions in hardened cementitious matrix. This challenge 

is attributed to complex hierarchy of structure regarding pore, crystal structure, 

nano-sized amorphous hydrates, and unreacted clinkers in the matrix. 

Therefore, this study aims to seek viable dispersion methods incorporating 

highly concentrated CNT in UHPC and closely examine the rheological properties, 

mechanical strength, shrinkage, porosity, and electrothermal properties with 

varying dispersion methods and CNT contents. Additionally, this thesis 

contributes to development of non-destructive evaluation of dispersion quality 

and CNT content in a relatively large area of hardened cementitious 

nanocomposite. To overcome the complexity and multi-scale characteristic of 

nanocomposites, confocal Raman micro-spectroscopy with high spatial resolution 

was adopted as a non-destructive technique for bulk samples. The major finding 

can be summarized as follows.

In chapter 3, dry mixing of CNT powder, silica fume, and silica sand before wet 

mixing was compared with superplasticizer-aided ultrasonication. In terms of the 

efficiency of improving the electrical conductance, dry mixing showed the best 

performance, up to 0.5wt% of CNT content. The electrical resistivity of the 

specimen with 0.5wt% CNT by dry mixing reached ~1,000 Ω-cm, which is the 

requirement for self-heating concrete suggested in previous studies. Unexpectedly, 

the incorporation of CNTs in the form of ultrasonicated suspension had an 

insignificant increase in electrical conductivity despite better macro-dispersion in 

a cement matrix. Two methods significantly affected the rheological properties of 

UHPC. The plastic viscosity, yield stress, and structuration rate rise abruptly with 

the addition of CNTs. When 0.5wt% of CNT was added, fresh UHPC concrete 

had no more self-compacting properties, and therefore the vibration or 

compaction process was needed to fabricate specimens. On the other hand, 

samples manufactured with the commercial CNT suspension with shorter CNTs 
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had better workability with highly concentrated CNT addition. Unfortunately, the 

percolation threshold was found to be much higher than that of dry mixed 

specimens. Also, the compressive strength was considerably lower than dry mixed 

and sonicated specimens. It could be attributed to a much shorter length and poor 

interfacial bonding between CNTs and matrix due to the surfactant. The results 

indicated that dry mixing, which was more cost-effective and energy-efficient, can 

be used when CNT content near the percolation threshold (~0.3wt%) is required 

for specific performance. However, adjustment of water and/or superplasticizer 

was required to achieve self-heating capability because of the adsorption of 

superplasticizer and entrapment of water of CNTs with hydrophobic nature and 

high specific surface area.

In chapter 4, the critical incorporation concentration for tailoring multi-

functional UHPC was investigated with thorough examination on the pore 

structure, shrinkage, compressive strength, and multifunctional properties. The 

well-dispersed commercial suspension was used to minimize the reduction in 

flowability. At all concentrations, incorporating CNTs affects positively; in other 

words, no adverse effect was found at high CNT concentration. However, 

reduction in flowability could influence the porosity, leading to marginal increase 

or reduction in positive effect of CNT addition. The results confirmed that the 

multifunctionality of UHPC could be maximized by incorporating CNTs while 

mitigating autogenous shrinkage and utilizing superior mechanical performance 

and durability of UHPC. The CICs for various material properties were 

determined to 0.5 wt% considering percolation threshold and limited effect of 

CNTs on shrinkage and mechanical properties, a substantial reduction in 

volumetric heat capacity, and an increase in thermal diffusivity. When 6wt% of 

highly concentrated CNT suspension was used instead of mixing water, the 

electrical conductance was remarkably improved, and the electrical curing of 

UHPC instead of steam curing (heat treatment) was possible at a very low voltage 

of 19–23 V. There was no significant degradation due to electrical curing; the 
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flexural strength was rather slightly increased with direct electrical curing. 

In chapter 5, mapping of phases in hydrated cement sample was conducted 

using confocal Raman micro-spectroscopy (CRM) to overcome the limitation of 

conventional techniques such as electron microscopy that can be applied for the 

examination of hardened cement. It was found that CRM can be used to identify 

not only most of phases in cement-based material including clinkers, hydration 

products, and mineral additives, but also the presence of CNTs in the hardened 

matrix. When a well-dispersed stable CNT suspension was utilized, CNT was 

detected in almost the entire area despite a very low CNT content, which indicated 

that CNTs were uniformly distributed in the matrix. Raman imaging the 

submicron CNT aggregates below the resolution of optical microscope were 

spread in the matrix in the specimen fabricated with CNT suspension with 

ultrasonication applied. The distribution and dispersion efficiency of CNTs was

quantitatively evaluated with the metrics proposed in this study. Hence, non-

destructive investigation of nanocomposite without any sample preparation can

be possible to compare the efficiency of various dispersion methods using high 

resolution CRM.

In chapter 6, quantitative Raman analysis was attempted to construct the 

calibration curve for the CNT concentration evaluation. To fully utilize the change 

in Raman intensity of phases in each measurement spot, the strategy for the 

normalization of CNT signal was to use the Raman sensitivity of material. The 

experimental Raman sensitivity was measured as the linear coefficient between 

the laser intensity and Raman intensity. Even though cement-based materials are 

multi-phase and complex material, it was possible to quantitatively compare the 

Raman intensity of CNT between spectrums through the normalization. The 

average of normalized CNT signal, which represented the relative volume fraction 

in mapping area, non-linear logarithmic relation with volumetric concentration of 

CNT. 
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7.2 Future research

The rheological and thermal properties, and shrinkage of UHPC/CNT have not 

been studied much in the UHPC/CNT composite. The overall understanding of 

engineering properties with varying CNT concentration and dispersion methods 

will expand the application of UHPC/CNT composite by helping engineers to 

choose appropriate CNT dosage and efficient dispersion methods. However, to 

realize the integrated system of repair/retrofitting and smart functions, the pre-

requisites for field conditions, should be considered when design multifunctional 

concrete. Now, more effort is needed for the empirical study with detailed 

requirements given, such as the target smart capability, mechanical performance, 

and service life. Additionally, the cost and environmental impact of UHPC/CNT 

should be reduced. For example, the use of different materials such as fly ash, 

limestone powder, and rice husk ash can be used to reduce the content of cement, 

silica fume, quartz powder, and silica sand. Partial or full replacement with 

different material will affect not only the workability, durability, and mechanical 

performance, but also the structures in micro-level interacting with CNTs.

Therefore, with the demand for carbon reduction in construction sector, the 

interaction mechanism between by-products, natural aggregates, and CNTs should 

be systematically examined for the feasibility of smart UHPC.

Furthermore, along with the sustainability issue on cement, there is increasing 

attention on the mineralization of carbon dioxide in the form of carbonates in 

cement and concrete. Hence, revealing the carbonation mechanism of cement and 

quantitative evaluation of captured carbon dioxide is one of the main topics in 

cement and concrete research. CRM can in-situ monitor the phase transformation 

in operando condition. Combined with quantitative Raman analysis, in-situ 

mapping of carbonation of cementitious composite under various composition and 

curing condition will pave a path toward sustainable concrete development. 



References

186

References

[1] Generalova E, Generalov V. Mixed-Use High-Rise Buildings: a 

Typology of the Future. IOP Conf Ser Mater Sci Eng 

2020;753:022062. https://doi.org/10.1088/1757-899X/753/2/022062.

[2] Long span bridges database 2022. 

https://bridges.eng.monash.edu/analysis/ (accessed December 1, 

2022).

[3] Historical Statistics (Data Series 140) 2022. 

https://www.usgs.gov/media/files/cement-historical-statistics-data-

series-140 (accessed December 1, 2022).

[4] Miller SA, John VM, Pacca SA, Horvath A. Carbon dioxide 

reduction potential in the global cement industry by 2050. Cem 

Concr Res 2018;114:115–24. 

https://doi.org/10.1016/j.cemconres.2017.08.026.

[5] Naik TR. Sustainability of Concrete Construction. Pract Period 

Struct Des Constr 2008;13:98–103. 

https://doi.org/10.1061/(ASCE)1084-0680(2008)13:2(98).

[6] Han B, Zhang L, Ou J. Smart and Multifunctional Concrete Toward 

Sustainable Infrastructures. Singapore: Springer Singapore; 2017. 

https://doi.org/10.1007/978-981-10-4349-9.

[7] Kuang Y, Ou J. Self-repairing performance of concrete beams 

strengthened using superelastic SMA wires in combination with 

adhesives released from hollow fibers. Smart Mater Struct 

2008;17:025020. https://doi.org/10.1088/0964-1726/17/2/025020.



References

187

[8] Gilford J, Hassan MM, Rupnow T, Barbato M, Okeil A, Asadi S. 

Dicyclopentadiene and sodium silicate microencapsulation for self-

healing of concrete. J Mater Civ Eng 2014;26:886–96. 

https://doi.org/10.1061/(ASCE)MT.1943-5533.0000892.

[9] Jiang Z, Li W, Yuan Z. Influence of mineral additives and 

environmental conditions on the self-healing capabilities of 

cementitious materials. Cem Concr Compos 2015;57:116–27. 

https://doi.org/10.1016/j.cemconcomp.2014.11.014.

[10] Jonkers HM, Thijssen A, Muyzer G, Copuroglu O, Schlangen E. 

Application of bacteria as self-healing agent for the development of 

sustainable concrete. Ecol Eng 2010;36:230–5. 

https://doi.org/10.1016/j.ecoleng.2008.12.036.

[11] Farcas C, Galao O, Navarro R, Zornoza E, Baeza FJ, Moral BD, et 

al. Heating and de-icing function in conductive concrete and cement 

paste with the hybrid addition of carbon nanotubes and graphite 

products. Smart Mater Struct 2021;30:045010. 

https://doi.org/10.1088/1361-665X/abe032.

[12] Faneca G, Segura I, Torrents JM, Aguado A. Development of 

conductive cementitious materials using recycled carbon fibres. Cem 

Concr Compos 2018;92:135–44. 

https://doi.org/10.1016/j.cemconcomp.2018.06.009.

[13] Wen S, Chung D d. l. A comparative study of steel- and carbon-fibre 

cement as piezoresistive strain sensors. Adv Cem Res 2003;15:119–

28. https://doi.org/10.1680/adcr.2003.15.3.119.

[14] Hwang S-H, Park Y-B, Yoon KH, Bang DS, Hwang S-H, Park Y-B, 

et al. Smart Materials and Structures Based on Carbon Nanotube 

Composites. IntechOpen; 2011. https://doi.org/10.5772/17374.



References

188

[15] Iijima S. Helical microtubules of graphitic carbon. Nature 

1991;354:56–8. https://doi.org/10.1038/354056a0.

[16] Thines RK, Mubarak NM, Nizamuddin S, Sahu JN, Abdullah EC, 

Ganesan P. Application potential of carbon nanomaterials in water 

and wastewater treatment: A review. J Taiwan Inst Chem Eng 

2017;72:116–33. https://doi.org/10.1016/j.jtice.2017.01.018.

[17] Ruoff RS, Qian D, Liu WK. Mechanical properties of carbon 

nanotubes: theoretical predictions and experimental measurements. 

Comptes Rendus Phys 2003;4:993–1008. 

https://doi.org/10.1016/j.crhy.2003.08.001.

[18] Cao Q, Yu Q, Connell DW, Yu G. Titania/carbon nanotube 

composite (TiO2/CNT) and its application for removal of organic 

pollutants. Clean Technol Environ Policy 2013;15:871–80. 

https://doi.org/10.1007/s10098-013-0581-y.

[19] Martins-Júnior PA, Alcântara CE, Resende RR, Ferreira AJ. Carbon 

Nanotubes: Directions and Perspectives in Oral Regenerative 

Medicine. J Dent Res 2013;92:575–83. 

https://doi.org/10.1177/0022034513490957.

[20] The wonder material graphene may have found its killer app. The 

Economist 2022.

[21] Carbon nanotube (CNT) commercialization: past, present and future. 

IDTechEx 2018. https://www.idtechex.com/en/research-

article/carbon-nanotube-cnt-commercialization-past-present-and-

future/14212 (accessed January 30, 2023).

[22] Galao O, Baeza FJ, Zornoza E, Garcés P. Self-heating function of 

carbon nanofiber cement pastes. Mater Constr 2014;64:e015–e015. 

https://doi.org/10.3989/mc.2014.01713.



References

189

[23] Kim GM, Nam IW, Yang B, Yoon HN, Lee HK, Park S. Carbon 

nanotube (CNT) incorporated cementitious composites for 

functional construction materials: The state of the art. Compos Struct 

2019;227:111244. 

https://doi.org/10.1016/j.compstruct.2019.111244.

[24] Kim HK, Park IS, Lee HK. Improved piezoresistive sensitivity and 

stability of CNT/cement mortar composites with low water–binder 

ratio. Compos Struct 2014;116:713–9. 

https://doi.org/10.1016/j.compstruct.2014.06.007.

[25] Collins F, Lambert J, Duan WH. The influences of admixtures on 

the dispersion, workability, and strength of carbon nanotube–OPC 

paste mixtures. Cem Concr Compos 2012;34:201–7. 

https://doi.org/10.1016/j.cemconcomp.2011.09.013.

[26] Kim HK, Nam IW, Lee HK. Enhanced effect of carbon nanotube on 

mechanical and electrical properties of cement composites by 

incorporation of silica fume. Compos Struct 2014;107:60–9. 

https://doi.org/10.1016/j.compstruct.2013.07.042.

[27] Chaipanich A, Nochaiya T, Wongkeo W, Torkittikul P. Compressive 

strength and microstructure of carbon nanotubes–fly ash cement 

composites. Mater Sci Eng A 2010;527:1063–7. 

https://doi.org/10.1016/j.msea.2009.09.039.

[28] Wen S, Chung DDL. Double percolation in the electrical conduction 

in carbon fiber reinforced cement-based materials. Carbon 

2007;45:263–7. https://doi.org/10.1016/j.carbon.2006.09.031.

[29] Triple Percolation in Concrete Reinforced with Carbon Fiber. ACI 

Mater J 2010;107. https://doi.org/10.14359/51663866.

[30] Lee S-J, You I, Zi G, Yoo D-Y. Experimental Investigation of the 

Piezoresistive Properties of Cement Composites with Hybrid Carbon 



References

190

Fibers and Nanotubes. Sensors 2017;17:2516. 

https://doi.org/10.3390/s17112516.

[31] Abbas S, Nehdi ML, Saleem MA. Ultra-High Performance 

Concrete: Mechanical Performance, Durability, Sustainability and 

Implementation Challenges. Int J Concr Struct Mater 2016;10:271–

95. https://doi.org/10.1007/s40069-016-0157-4.

[32] Ductal ® Web Page. Ductal 2022. https://www.ductal.com/en/home 

(accessed December 1, 2022).

[33] Shah HA, Yuan Q, Photwichai N. Use of materials to lower the cost 

of ultra-high-performance concrete – A review. Constr Build Mater 

2022;327:127045. 

https://doi.org/10.1016/j.conbuildmat.2022.127045.

[34] Ready Mix Concrete Prices for 2023. Mister Concr n.d. 

https://www.misterconcrete.co.uk/ready-mix-concrete-prices 

(accessed January 31, 2023).

[35] Li J, Wu Z, Shi C, Yuan Q, Zhang Z. Durability of ultra-high 

performance concrete – A review. Constr Build Mater 

2020;255:119296. 

https://doi.org/10.1016/j.conbuildmat.2020.119296.

[36] Huang Y, Lee M-G, Kan Y-C, Wang W-C, Wang Y-C, Pan W-B. 

Reinforced concrete beams retrofitted with UHPC or CFRP. Case 

Stud Constr Mater 2022;17:e01507. 

https://doi.org/10.1016/j.cscm.2022.e01507.

[37] Munoz JF, De la Varga I. Ultra-High Performance Concrete for 

Bridge Deck Overlays. Technote 2018.

[38] Brühwiler E, Denarié E. Rehabilitation and Strengthening of 

Concrete Structures Using Ultra-High Performance Fibre Reinforced 



References

191

Concrete. Struct Eng Int 2013;23:450–7. 

https://doi.org/10.2749/101686613X13627347100437.

[39] Krauss PD, Lawler JS, Steiner KA. Guidelines for selection of 

bridge deck overlays, sealers and treatments. NCHRP Proj 2009:20–

07.

[40] You I, Yoo D-Y, Kim S, Kim M-J, Zi G. Electrical and Self-Sensing 

Properties of Ultra-High-Performance Fiber-Reinforced Concrete 

with Carbon Nanotubes. Sensors 2017;17:2481. 

https://doi.org/10.3390/s17112481.

[41] LG Chem to expand carbon nanotube factory in Korea 2022. 

https://koreajoongangdaily.joins.com/2022/08/30/business/industry/

korea-lgchem-carbon-nanotube/20220830103053873.html (accessed 

February 2, 2023).

[42] Ding S, Xiang Y, Ni Y-Q, Thakur VK, Wang X, Han B, et al. In-situ 

synthesizing carbon nanotubes on cement to develop self-sensing 

cementitious composites for smart high-speed rail infrastructures. 

Nano Today 2022;43:101438. 

https://doi.org/10.1016/j.nantod.2022.101438.

[43] Kim J-H, Park S-H, Chung C-W. The Properties of Cement Paste 

Incorporating Multi Wall Carbon Nanotube Solution Prepared 

through Bead Mill and High-Pressure Homogenizer Process with 

Polycarboxylate Ester. Constr Build Mater 2022;337:127598. 

https://doi.org/10.1016/j.conbuildmat.2022.127598.

[44] Li Y, Li H, Wang Z, Jin C. Effect and mechanism analysis of 

functionalized multi-walled carbon nanotubes (MWCNTs) on C-S-H 

gel. Cem Concr Res 2020;128:105955. 

https://doi.org/10.1016/j.cemconres.2019.105955.



References

192

[45] Han B, Ding S, Yu X. Intrinsic self-sensing concrete and structures: 

A review. Measurement 2015;59:110–28. 

https://doi.org/10.1016/j.measurement.2014.09.048.

[46] Loos M. Chapter 5 - Fundamentals of Polymer Matrix Composites 

Containing CNTs. In: Loos M, editor. Carbon Nanotube Reinf. 

Compos., Oxford: William Andrew Publishing; 2015, p. 125–70. 

https://doi.org/10.1016/B978-1-4557-3195-4.00005-9.

[47] Lee SH, Kim S, Yoo D-Y. Hybrid effects of steel fiber and carbon 

nanotube on self-sensing capability of ultra-high-performance 

concrete. Constr Build Mater 2018;185:530–44. 

https://doi.org/10.1016/j.conbuildmat.2018.07.071.

[48] Yoo D-Y, Kim S, Lee SH. Self-sensing capability of ultra-high-

performance concrete containing steel fibers and carbon nanotubes 

under tension. Sens Actuators Phys 2018;276:125–36. 

https://doi.org/10.1016/j.sna.2018.04.009.

[49] Dong S, Han B, Ou J, Li Z, Han L, Yu X. Electrically conductive 

behaviors and mechanisms of short-cut super-fine stainless wire 

reinforced reactive powder concrete. Cem Concr Compos 

2016;72:48–65. https://doi.org/10.1016/j.cemconcomp.2016.05.022.

[50] Seo J, Jang D, Yang B, Yoon HN, Jang JG, Park S, et al. Material 

characterization and piezoresistive sensing capability assessment of 

thin-walled CNT-embedded ultra-high performance concrete. Cem 

Concr Compos 2022;134:104808. 

https://doi.org/10.1016/j.cemconcomp.2022.104808.

[51] Qiu L, Dong S, Yu X, Han B. Self-sensing ultra-high performance 

concrete for in-situ monitoring. Sens Actuators Phys 

2021;331:113049. https://doi.org/10.1016/j.sna.2021.113049.



References

193

[52] Le HV, Lee DH, Kim DJ. Effects of steel slag aggregate size and 

content on piezoresistive responses of smart ultra-high-performance 

fiber-reinforced concretes. Sens Actuators Phys 2020;305:111925. 

https://doi.org/10.1016/j.sna.2020.111925.

[53] Rahman ML, Malakooti A, Ceylan H, Kim S, Taylor PC. A review 

of electrically conductive concrete heated pavement system 

technology: From the laboratory to the full-scale implementation. 

Constr Build Mater 2022;329:127139. 

https://doi.org/10.1016/j.conbuildmat.2022.127139.

[54] Rao R, Wang H, Wang H, Tuan CY, Ye M. Models for estimating 

the thermal properties of electric heating concrete containing steel 

fiber and graphite. Compos Part B Eng 2019;164:116–20. 

https://doi.org/10.1016/j.compositesb.2018.11.053.

[55] Abdualla H, Ceylan H, Kim S, Gopalakrishnan K, Taylor PC, 

Turkan Y. System Requirements for Electrically Conductive 

Concrete Heated Pavements. Transp Res Rec 2016;2569:70–9. 

https://doi.org/10.3141/2569-08.

[56] Yehia S, Tuan CY, Ferdon D, Chen B. Conductive concrete overlay 

for bridge deck deicing: Mixture proportioning, optimization, and 

properties. ACI Struct J 2000;97:172–81.

[57] Kang S-H, Lee J-H, Hong S-G, Moon J. Microstructural 

Investigation of Heat-Treated Ultra-High Performance Concrete for 

Optimum Production. Materials 2017;10:1106. 

https://doi.org/10.3390/ma10091106.

[58] Whittington HW, McCarter J, Forde MC. The conduction of 

electricity through concrete. Mag Concr Res 1981;33:48–60. 

https://doi.org/10.1680/macr.1981.33.114.48.



References

194

[59] Cecini D, Austin SA, Cavalaro S, Palmeri A. Accelerated electric 

curing of steel-fibre reinforced concrete. Constr Build Mater 

2018;189:192–204. 

https://doi.org/10.1016/j.conbuildmat.2018.08.183.

[60] Ramezani M, Kim YH, Sun Z. Modeling the mechanical properties 

of cementitious materials containing CNTs. Cem Concr Compos 

2019;104:103347. 

https://doi.org/10.1016/j.cemconcomp.2019.103347.

[61] Zou B, Chen SJ, Korayem AH, Collins F, Wang CM, Duan WH. 

Effect of ultrasonication energy on engineering properties of carbon 

nanotube reinforced cement pastes. Carbon 2015;85:212–20. 

https://doi.org/10.1016/j.carbon.2014.12.094.

[62] Pierard N, Fonseca A, Konya Z, Willems I, Van Tendeloo G, 

B.Nagy J. Production of short carbon nanotubes with open tips by 

ball milling. Chem Phys Lett 2001;335:1–8. 

https://doi.org/10.1016/S0009-2614(01)00004-5.

[63] Yazdanbakhsh A, Grasley Z, Tyson B, Al-Rub RKA. Distribution of 

Carbon Nanofibers and Nanotubes in Cementitious Composites. 

Transp Res Rec 2010;2142:89–95. https://doi.org/10.3141/2142-13.

[64] Tamimi A, Hassan NM, Fattah K, Talachi A. Performance of 

cementitious materials produced by incorporating surface treated 

multiwall carbon nanotubes and silica fume. Constr Build Mater 

2016;114:934–45. 

https://doi.org/10.1016/j.conbuildmat.2016.03.216.

[65] Chuah S, Pan Z, Sanjayan JG, Wang CM, Duan WH. Nano 

reinforced cement and concrete composites and new perspective 

from graphene oxide. Constr Build Mater 2014;73:113–24. 

https://doi.org/10.1016/j.conbuildmat.2014.09.040.



References

195

[66] Li L, Li F. The effect of carbonyl, carboxyl and hydroxyl groups on 

the capacitance of carbon nanotubes. New Carbon Mater 

2011;26:224–8. https://doi.org/10.1016/S1872-5805(11)60078-4.

[67] Cwirzen A, Habermehl-Cwirzen K, Penttala V. Surface decoration 

of carbon nanotubes and mechanical properties of cement/carbon 

nanotube composites. Adv Cem Res 2008;20:65–73. 

https://doi.org/10.1680/adcr.2008.20.2.65.

[68] Kim SW, Kim T, Kim YS, Choi HS, Lim HJ, Yang SJ, et al. Surface 

modifications for the effective dispersion of carbon nanotubes in 

solvents and polymers. Carbon 2012;50:3–33. 

https://doi.org/10.1016/j.carbon.2011.08.011.

[69] Elkashef M, Wang K, Abou-Zeid MN. Acid-treated carbon 

nanotubes and their effects on mortar strength. Front Struct Civ Eng 

2016;10:180–8. https://doi.org/10.1007/s11709-015-0325-7.

[70] Yu J, Grossiord N, Koning CE, Loos J. Controlling the dispersion of 

multi-wall carbon nanotubes in aqueous surfactant solution. Carbon 

2007;45:618–23. https://doi.org/10.1016/j.carbon.2006.10.010.

[71] Mallakpour S, Soltanian S. Surface functionalization of carbon 

nanotubes: fabrication and applications. RSC Adv 2016;6:109916–

35. https://doi.org/10.1039/C6RA24522F.

[72] Strano MS, Moore VC, Miller MK, Allen MJ, Haroz EH, Kittrell C, 

et al. The role of surfactant adsorption during ultrasonication in the 

dispersion of single-walled carbon nanotubes. J Nanosci 

Nanotechnol 2003;3:81–6. https://doi.org/10.1166/jnn.2003.194.

[73] Sobolkina A, Mechtcherine V, Khavrus V, Maier D, Mende M, 

Ritschel M, et al. Dispersion of carbon nanotubes and its influence 

on the mechanical properties of the cement matrix. Cem Concr 



References

196

Compos 2012;34:1104–13. 

https://doi.org/10.1016/j.cemconcomp.2012.07.008.

[74] Parveen S, Rana S, Fangueiro R, Paiva MC. Microstructure and 

mechanical properties of carbon nanotube reinforced cementitious 

composites developed using a novel dispersion technique. Cem 

Concr Res 2015;73:215–27. 

https://doi.org/10.1016/j.cemconres.2015.03.006.

[75] Luo J, Duan Z, Li H. The influence of surfactants on the processing 

of multi-walled carbon nanotubes in reinforced cement matrix 

composites. Phys Status Solidi A 2009;206:2783–90. 

https://doi.org/10.1002/pssa.200824310.

[76] Mansouri Sarvandani M, Mahdikhani M, Aghabarati H, Haghparast 

Fatmehsari M. Effect of functionalized multi-walled carbon 

nanotubes on mechanical properties and durability of cement 

mortars. J Build Eng 2021;41:102407. 

https://doi.org/10.1016/j.jobe.2021.102407.

[77] Sharma S, Kothiyal NC. Facile growth of carbon nanotubes coated 

with carbon nanoparticles: A potential low-cost hybrid nanoadditive 

for improved mechanical, electrical, microstructural and crystalline 

properties of cement mortar matrix. Constr Build Mater 

2016;123:829–46. 

https://doi.org/10.1016/j.conbuildmat.2016.07.045.

[78] Manzur T, Yazdani N. Optimum mix ratio for carbon nanotubes in 

cement mortar. KSCE J Civ Eng 2015;19:1405–12. 

https://doi.org/10.1007/s12205-014-0721-x.

[79] Ibragimov RA, Izotov VS. Effect of carbon nanotubes on the 

structure and properties of cement composites. Inorg Mater 

2015;51:834–9. https://doi.org/10.1134/S0020168515080087.



References

197

[80] Amin MS, El-Gamal SMA, Hashem FS. Fire resistance and 

mechanical properties of carbon nanotubes – clay bricks wastes 

(Homra) composites cement. Constr Build Mater 2015;98:237–49. 

https://doi.org/10.1016/j.conbuildmat.2015.08.074.

[81] Sharma S, Kothiyal NC, Chitkara M. Enhanced mechanical 

performance of cement nanocomposite reinforced with graphene 

oxide synthesized from mechanically milled graphite and its 

comparison with carbon nanotubes reinforced nanocomposite. RSC 

Adv 2016;6:103993–4009. https://doi.org/10.1039/C6RA23421F.

[82] Mohsen MO, Al-Nuaimi N, Abu Al-Rub RK, Senouci A, Bani-Hani 

KA. Effect of mixing duration on flexural strength of multi walled 

carbon nanotubes cementitious composites. Constr Build Mater 

2016;126:586–98. 

https://doi.org/10.1016/j.conbuildmat.2016.09.073.

[83] Danoglidis PA, Konsta-Gdoutos MS, Shah SP. Relationship between 

the carbon nanotube dispersion state, electrochemical impedance and 

capacitance and mechanical properties of percolative nanoreinforced 

OPC mortars. Carbon 2019;145:218–28. 

https://doi.org/10.1016/j.carbon.2018.12.088.

[84] Du Y, Yang J, Skariah Thomas B, Li L, Li H, Nazar S. Hybrid 

graphene oxide/carbon nanotubes reinforced cement paste: An 

investigation on hybrid ratio. Constr Build Mater 2020;261:119815. 

https://doi.org/10.1016/j.conbuildmat.2020.119815.

[85] Kim G, Suh H, Cho S, Im S, Nezhad EZ, Seok S, et al. Synergistic 

strengthening mechanism of Portland cement paste reinforced by a 

triple hybrid of graphene oxide, functionalized carbon nanotube, and 

nano-silica. Constr Build Mater 2022;352:129017. 

https://doi.org/10.1016/j.conbuildmat.2022.129017.



References

198

[86] Triana-Camacho DA, Miranda DA, García-Macías E, Mendoza 

Reales OA, Quintero-Orozco JH. Effective medium electrical 

response model of carbon nanotubes cement-based composites. 

Constr Build Mater 2022;344:128293. 

https://doi.org/10.1016/j.conbuildmat.2022.128293.

[87] Akbar A, Liew KM, Farooq F, Khushnood RA. Exploring 

mechanical performance of hybrid MWCNT and GNMP reinforced 

cementitious composites. Constr Build Mater 2021;267:120721. 

https://doi.org/10.1016/j.conbuildmat.2020.120721.

[88] Gao Y, Jing H, Du M, Chen W. Dispersion of Multi-Walled Carbon 

Nanotubes Stabilized by Humic Acid in Sustainable Cement 

Composites. Nanomaterials 2018;8:858. 

https://doi.org/10.3390/nano8100858.

[89] Gao Y, Jing H, Zhao Z, Shi X, Li L. Influence of ultrasonication 

energy on reinforcing-roles of CNTs to strengthen ITZ and 

corresponding anti-permeability properties of concrete. Constr Build 

Mater 2021;303:124451. 

https://doi.org/10.1016/j.conbuildmat.2021.124451.

[90] Gao Y, Jing H, Zhou Z, Chen W, Li L, Shi X. Graphene oxide-

assisted multi-walled carbon nanotube reinforcement of the transport 

properties in cementitious composites. J Mater Sci 2020;55:603–18. 

https://doi.org/10.1007/s10853-019-04040-3.

[91] Chen SJ, Wang W, Sagoe-Crentsil K, Collins F, Zhao XL, 

Majumder M, et al. Distribution of carbon nanotubes in fresh 

ordinary Portland cement pastes: understanding from a two-phase 

perspective. RSC Adv 2016;6:5745–53. 

https://doi.org/10.1039/C5RA13511G.



References

199

[92] Jung M, Park J, Hong S, Moon J. Electrically cured ultra-high 

performance concrete (UHPC) embedded with carbon nanotubes for 

field casting and crack sensing. Mater Des 2020;196:109127. 

https://doi.org/10.1016/j.matdes.2020.109127.

[93] Pegel S, Villmow T, Pötschke P. Quantification of dispersion and 

distribution of carbon nanotubes in polymer composites using 

microscopy techniques. Polym. Nanotube Compos., Elsevier; 2011, 

p. 265–94. https://doi.org/10.1533/9780857091390.2.265.

[94] Mendoza O, Sierra G, Tobón JI. Influence of super plasticizer and 

Ca(OH)2 on the stability of functionalized multi-walled carbon 

nanotubes dispersions for cement composites applications. Constr 

Build Mater 2013;47:771–8. 

https://doi.org/10.1016/j.conbuildmat.2013.05.100.

[95] Chen SJ, Zou B, Collins F, Zhao XL, Majumber M, Duan WH. 

Predicting the influence of ultrasonication energy on the reinforcing 

efficiency of carbon nanotubes. Carbon 2014;77:1–10. 

https://doi.org/10.1016/j.carbon.2014.04.023.

[96] Standard A. ASTM C109-standard test method for compressive 

strength of hydraulic cement mortars. ASTM Int West 

Conshohocken PA 2008.

[97] Meng W, Khayat KH. Improving flexural performance of ultra-high-

performance concrete by rheology control of suspending mortar. 

Compos Part B Eng 2017;117:26–34. 

https://doi.org/10.1016/j.compositesb.2017.02.019.

[98] Dils J, Boel V, De Schutter G. Influence of cement type and mixing 

pressure on air content, rheology and mechanical properties of 

UHPC. Constr Build Mater 2013;41:455–63. 

https://doi.org/10.1016/j.conbuildmat.2012.12.050.



References

200

[99] Feys D, Verhoeven R, De Schutter G. Why is fresh self-compacting 

concrete shear thickening? Cem Concr Res 2009;39:510–23. 

https://doi.org/10.1016/j.cemconres.2009.03.004.

[100] Roussel N. A thixotropy model for fresh fluid concretes: Theory, 

validation and applications. Cem Concr Res 2006;36:1797–806. 

https://doi.org/10.1016/j.cemconres.2006.05.025.

[101] Park J-S, Hong S-G, Moon J. Controlling hydration and setting of 

UHPC incorporating waterglass at different times of addition. J 

Build Eng 2022;50:104198. 

https://doi.org/10.1016/j.jobe.2022.104198.

[102] Diamantonis N, Marinos I, Katsiotis MS, Sakellariou A, 

Papathanasiou A, Kaloidas V, et al. Investigations about the 

influence of fine additives on the viscosity of cement paste for self-

compacting concrete. Constr Build Mater 2010;24:1518–22. 

https://doi.org/10.1016/j.conbuildmat.2010.02.005.

[103] Khayat KH, Meng W, Vallurupalli K, Teng L. Rheological 

properties of ultra-high-performance concrete — An overview. Cem 

Concr Res 2019;124:105828. 

https://doi.org/10.1016/j.cemconres.2019.105828.

[104] Batiston E, Gleize PJP, Mezzomo P, Pelisser F, Matos PR de. Effect 

of Carbon Nanotubes (CNTs) aspect ratio on the rheology, thermal 

conductivity and mechanical performance of Portland cement paste. 

Rev IBRACON Estrut E Mater 2021;14. 

https://doi.org/10.1590/S1983-41952021000500010.

[105] Aïtcin P-C, Flatt RJ. Science and Technology of Concrete 

Admixtures. Woodhead Publishing; 2015.



References

201

[106] Kim JH, Ferron RP, Shah SP. Fresh concrete and its significance for 

sustainability. J Sustain Cem-Based Mater 2012;1:16–23. 

https://doi.org/10.1080/21650373.2012.726821.

[107] Roussel N. A Theoretical Frame to Study Stability of Fresh 

Concrete. Mater Struct 2006;39:81–91. 

https://doi.org/10.1617/s11527-005-9036-1.

[108] Russell HG, Graybeal BA, Henry G. Russell Inc. Ultra-high 

performance concrete : a state-of-the-art report for the bridge 

community. 2013.

[109] Megid WA, Khayat KH. Effect of structural buildup at rest of self-

consolidating concrete on mechanical and transport properties of 

multilayer casting. Constr Build Mater 2019;196:626–36. 

https://doi.org/10.1016/j.conbuildmat.2018.11.112.

[110] Voss M, Torres E, Alrashidi RS, Riding K, Hamilton T. Evaluation 

of Bond Strength of Joints in Hybrid UHPC and SCC Members. Int 

Interact Symp Ultra-High Perform Concr 2019;2. 

https://doi.org/10.21838/uhpc.9659.

[111] MacLeod AJN, Collins FG, Duan W. Effects of carbon nanotubes on 

the early-age hydration kinetics of Portland cement using isothermal 

calorimetry. Cem Concr Compos 2021;119:103994. 

https://doi.org/10.1016/j.cemconcomp.2021.103994.

[112] Carriço A, Bogas JA, Hawreen A, Guedes M. Durability of multi-

walled carbon nanotube reinforced concrete. Constr Build Mater 

2018;164:121–33. 

https://doi.org/10.1016/j.conbuildmat.2017.12.221.

[113] Yoo D-Y, You I, Zi G, Lee S-J. Effects of carbon nanomaterial type 

and amount on self-sensing capacity of cement paste. Measurement 



References

202

2019;134:750–61. 

https://doi.org/10.1016/j.measurement.2018.11.024.

[114] Jung M, Lee Y, Hong S-G, Moon J. Carbon nanotubes (CNTs) in 

ultra-high performance concrete (UHPC): Dispersion, mechanical 

properties, and electromagnetic interference (EMI) shielding 

effectiveness (SE). Cem Concr Res 2020;131:106017. 

https://doi.org/10.1016/j.cemconres.2020.106017.

[115] Yu X, Kwon E. A carbon nanotube/cement composite with 

piezoresistive properties. Smart Mater Struct 2009;18:055010. 

https://doi.org/10.1088/0964-1726/18/5/055010.

[116] Wallevik OH, Wallevik JE. Rheology as a tool in concrete science: 

The use of rheographs and workability boxes. Cem Concr Res 

2011;41:1279–88. https://doi.org/10.1016/j.cemconres.2011.01.009.

[117] Gomis J, Galao O, Gomis V, Zornoza E, Garcés P. Self-heating and 

deicing conductive cement. Experimental study and modeling. 

Constr Build Mater 2015;75:442–9. 

https://doi.org/10.1016/j.conbuildmat.2014.11.042.

[118] Qiao B, Xie N, Meng J, Yan T, Feng L, Zhong J. Percolation effect 

on the piezoresistivity of carbon nanotube/cement composite as a 

stress self-sensing material. J Test Eval 2016;44:2261–9. 

https://doi.org/10.1520/JTE20150033.

[119] Singh AP, Gupta BK, Mishra M, Govind, Chandra A, Mathur RB, et 

al. Multiwalled carbon nanotube/cement composites with 

exceptional electromagnetic interference shielding properties. 

Carbon 2013;56:86–96. 

https://doi.org/10.1016/j.carbon.2012.12.081.

[120] Shi T, Li Z, Guo J, Gong H, Gu C. Research progress on 

CNTs/CNFs-modified cement-based composites – A review. Constr 



References

203

Build Mater 2019;202:290–307. 

https://doi.org/10.1016/j.conbuildmat.2019.01.024.

[121] Edri E, Regev O. pH Effects On BSA-Dispersed Carbon Nanotubes 

Studied by Spectroscopy-Enhanced Composition Evaluation 

Techniques. Anal Chem 2008;80:4049–54. 

https://doi.org/10.1021/ac800124x.

[122] Krause B, Mende M, Pötschke P, Petzold G. Dispersability and 

particle size distribution of CNTs in an aqueous surfactant dispersion 

as a function of ultrasonic treatment time. Carbon 2010;48:2746–54. 

https://doi.org/10.1016/j.carbon.2010.04.002.

[123] Yazdanbakhsh A, Grasley Z. The theoretical maximum achievable 

dispersion of nanoinclusions in cement paste. Cem Concr Res 

2012;42:798–804. https://doi.org/10.1016/j.cemconres.2012.03.001.

[124] Konsta-Gdoutos MS, Metaxa ZS, Shah SP. Highly dispersed carbon 

nanotube reinforced cement based materials. Cem Concr Res 

2010;40:1052–9. https://doi.org/10.1016/j.cemconres.2010.02.015.

[125] Ramezani M, Kim YH, Sun Z. Mechanical properties of carbon-

nanotube-reinforced cementitious materials: database and statistical 

analysis. Mag Concr Res 2020;72:1047–71. 

https://doi.org/10.1680/jmacr.19.00093.

[126] Al-Dahawi A, Sarwary MH, Öztürk O, Yıldırım G, Akın A, 

Şahmaran M, et al. Electrical percolation threshold of cementitious 

composites possessing self-sensing functionality incorporating 

different carbon-based materials. Smart Mater Struct 

2016;25:105005. https://doi.org/10.1088/0964-1726/25/10/105005.

[127] Kim GM, Yang BJ, Cho KJ, Kim EM, Lee HK. Influences of CNT 

dispersion and pore characteristics on the electrical performance of 



References

204

cementitious composites. Compos Struct 2017;164:32–42. 

https://doi.org/10.1016/j.compstruct.2016.12.049.

[128] Kim HK, Nam IW, Lee HK. Enhanced effect of carbon nanotube on 

mechanical and electrical properties of cement composites by 

incorporation of silica fume. Compos Struct 2014;107:60–9. 

https://doi.org/10.1016/j.compstruct.2013.07.042.

[129] Confocal Raman Microscopy. n.d.

[130] Jung M, Hong S, Moon J. Ozone treatment on the dispersion of 

carbon nanotubes in ultra-high performance concrete. Mater Des 

2020;193:108813. https://doi.org/10.1016/j.matdes.2020.108813.

[131] Gamsjaeger S, Masic A, Roschger P, Kazanci M, Dunlop JWC, 

Klaushofer K, et al. Cortical bone composition and orientation as a 

function of animal and tissue age in mice by Raman spectroscopy. 

Bone 2010;47:392–9. https://doi.org/10.1016/j.bone.2010.04.608.

[132] Zhang J, Perrin ML, Barba L, Overbeck J, Jung S, Grassy B, et al. 

High-speed identification of suspended carbon nanotubes using 

Raman spectroscopy and deep learning. Microsyst Nanoeng 

2022;8:1–9. https://doi.org/10.1038/s41378-022-00350-w.

[133] Green MJ. Analysis and measurement of carbon nanotube 

dispersions: nanodispersion versus macrodispersion. Polym Int 

2010;59:1319–22. https://doi.org/10.1002/pi.2878.

[134] Park S-H, Hwang J, Park G-S, Ha J-H, Zhang M, Kim D, et al. 

Modeling the electrical resistivity of polymer composites with 

segregated structures. Nat Commun 2019;10:2537. 

https://doi.org/10.1038/s41467-019-10514-4.

[135] García-Macías E, D’Alessandro A, Castro-Triguero R, Pérez-Mira 

D, Ubertini F. Micromechanics modeling of the electrical 

conductivity of carbon nanotube cement-matrix composites. Compos 



References

205

Part B Eng 2017;108:451–69. 

https://doi.org/10.1016/j.compositesb.2016.10.025.

[136] Khare HS, Burris DL. A quantitative method for measuring 

nanocomposite dispersion. Polymer 2010;51:719–29. 

https://doi.org/10.1016/j.polymer.2009.12.031.

[137] Baek S-J, Park A, Ahn Y-J, Choo J. Baseline correction using 

asymmetrically reweighted penalized least squares smoothing. The 

Analyst 2015;140:250–7. https://doi.org/10.1039/C4AN01061B.

[138] Torres-Carrasco M, del Campo A, de la Rubia MA, Reyes E, 

Moragues A, Fernández JF. In situ full view of the Portland cement 

hydration by confocal Raman microscopy. J Raman Spectrosc 

2019;50:720–30. https://doi.org/10.1002/jrs.5574.

[139] Picture Thresholding Using an Iterative Selection Method. IEEE 

Trans Syst Man Cybern 1978;8:630–2. 

https://doi.org/10.1109/TSMC.1978.4310039.

[140] Polavaram KC, Garg N. Enabling phase quantification of anhydrous 

cements via Raman imaging. Cem Concr Res 2021;150:106592. 

https://doi.org/10.1016/j.cemconres.2021.106592.

[141] Loh H-C, Kim H-J, Ulm F-J, Masic A. Time-Space-Resolved 

Chemical Deconvolution of Cementitious Colloidal Systems Using 

Raman Spectroscopy. Langmuir 2021;37:7019–31. 

https://doi.org/10.1021/acs.langmuir.1c00609.

[142] Higl J, Köhler M, Lindén M. Confocal Raman microscopy as a non-

destructive tool to study microstructure of hydrating cementitious 

materials. Cem Concr Res 2016;88:136–43. 

https://doi.org/10.1016/j.cemconres.2016.07.005.



References

206

[143] Black L. Raman spectroscopy of cementitious materials. Spectrosc. 

Prop. Inorg. Organomet. Compd., 2009, p. 72–127. 

https://doi.org/10.1039/B715000H.

[144] Dresselhaus MS, Dresselhaus G, Saito R, Jorio A. Raman 

spectroscopy of carbon nanotubes. Phys Rep 2005;409:47–99. 

https://doi.org/10.1016/j.physrep.2004.10.006.

[145] Ferrari AC, Meyer JC, Scardaci V, Casiraghi C, Lazzeri M, Mauri F, 

et al. Raman Spectrum of Graphene and Graphene Layers. Phys Rev 

Lett 2006;97:187401. 

https://doi.org/10.1103/PhysRevLett.97.187401.

[146] Du M, Jing H, Gao Y, Su H, Fang H. Carbon nanomaterials 

enhanced cement-based composites: advances and challenges. 

Nanotechnol Rev 2020;9:115–35. https://doi.org/10.1515/ntrev-

2020-0011.

[147] Taylor HFW. Cement chemistry. 2nd ed. London: T. Telford; 1997.

[148] Hassan NM, Fattah KP, Tamimi AK. Modelling mechanical 

behavior of cementitious material incorporating CNTs using design 

of experiments. Constr Build Mater 2017;154:763–70. 

https://doi.org/10.1016/j.conbuildmat.2017.07.218.

[149] Polavaram KC, Garg N. High-fidelity and high-resolution phase 

mapping of granites via confocal Raman imaging. Sci Rep 

2021;11:8022. https://doi.org/10.1038/s41598-021-87488-1.

[150] Gouadec G, Bellot-Gurlet L, Baron D, Colomban Ph. Raman 

Mapping for the Investigation of Nano-phased Materials. In: Zoubir 

A, editor. Raman Imaging Tech. Appl., Berlin, Heidelberg: Springer; 

2012, p. 85–118. https://doi.org/10.1007/978-3-642-28252-2_3.

[151] Chernenko T, Matthäus C, Milane L, Quintero L, Amiji M, Diem M. 

Label-Free Raman Spectral Imaging of Intracellular Delivery and 



References

207

Degradation of Polymeric Nanoparticle Systems. ACS Nano 

2009;3:3552–9. https://doi.org/10.1021/nn9010973.

[152] Cronholm P, Karlsson HL, Hedberg J, Lowe TA, Winnberg L, Elihn 

K, et al. Intracellular Uptake and Toxicity of Ag and CuO 

Nanoparticles: A Comparison Between Nanoparticles and their 

Corresponding Metal Ions. Small 2013;9:970–82. 

https://doi.org/10.1002/smll.201201069.

[153] Dorney J, Bonnier F, Garcia A, Casey A, Chambers G, J. Byrne H. 

Identifying and localizing intracellular nanoparticles using Raman 

spectroscopy. Analyst 2012;137:1111–9. 

https://doi.org/10.1039/C2AN15977E.

[154] Wang Y, Yu Z, Dufresne A, Ye Z, Lin N, Zhou J. Quantitative 

Analysis of Compatibility and Dispersibility in Nanocellulose-

Reinforced Composites: Hansen Solubility and Raman Mapping. 

ACS Nano 2021;15:20148–63. 

https://doi.org/10.1021/acsnano.1c08100.

[155] Lewandowska AE, Eichhorn SJ. Quantification of the degree of 

mixing of cellulose nanocrystals in thermoplastics using Raman 

spectroscopy. J Raman Spectrosc 2016;47:1337–42. 

https://doi.org/10.1002/jrs.4966.

[156] Karavas E, Georgarakis M, Docoslis A, Bikiaris D. Combining 

SEM, TEM, and micro-Raman techniques to differentiate between 

the amorphous molecular level dispersions and nanodispersions of a 

poorly water-soluble drug within a polymer matrix. Int J Pharm 

2007;340:76–83. https://doi.org/10.1016/j.ijpharm.2007.03.037.

[157] Gordon KC, McGoverin CM. Raman mapping of pharmaceuticals. 

Int J Pharm 2011;417:151–62. 

https://doi.org/10.1016/j.ijpharm.2010.12.030.



References

208

[158] Srivastava S, Garg N. Tracking spatiotemporal evolution of 

cementitious carbonation via Raman imaging. J Raman Spectrosc 

n.d.;n/a. https://doi.org/10.1002/jrs.6483.

[159] Mi T, Li Y, Liu W, Li W, Long W, Dong Z, et al. Quantitative 

evaluation of cement paste carbonation using Raman spectroscopy. 

Npj Mater Degrad 2021;5:1–7. https://doi.org/10.1038/s41529-021-

00181-6.

[160] Pelletier MJ. Quantitative Analysis Using Raman Spectrometry. 

Appl Spectrosc 2003;57:20A-42A. 

https://doi.org/10.1366/000370203321165133.

[161] Zhang K, Yio MHN, Wong HS, Buenfeld NR. Optimising confocal 

Raman microscopy for spectral mapping of cement-based materials. 

Mater Struct 2022;55:131. https://doi.org/10.1617/s11527-022-

01979-9.

[162] Richardson IG, Black L, Skibsted J, Kirkpatrick RJ. Characterisation 

of Cement Hydrate Phases by TEM, NMR and Raman Spectroscopy. 

Adv Cem Res 2010;22:233–48. 

https://doi.org/10.1680/adcr.2010.22.4.233.

[163] E13 Committee. Test Method for Limit of Detection of Fluorescence 

of Quinine Sulfate in Solution. ASTM International; 2015. 

https://doi.org/10.1520/E0579-04R15.

[164] Allen AJ, Thomas JJ, Jennings HM. Composition and density of 

nanoscale calcium–silicate–hydrate in cement. Nat Mater 

2007;6:311–6. https://doi.org/10.1038/nmat1871.

[165] Bohn JE, Etchegoin PG, Le Ru EC, Xiang R, Chiashi S, Maruyama 

S. Estimating the Raman Cross Sections of Single Carbon 

Nanotubes. ACS Nano 2010;4:3466–70. 

https://doi.org/10.1021/nn100425k.



References

209

[166] Miller JN, Miller JC. Statistics and Chemometrics for Analytical 

Chemistry. Pearson/Prentice Hall; 2005.



초 록

210

초   록

기능성 초고성능 콘크리트를 위한

탄소나노튜브 분산에 대한 정량적 평가

박 지 슬

서울대학교 건축학과 대학원

이 논문은 우수한 역학적 성능과 내구성, 작업성을 보유한 초고성능

콘크리트 (Ultra-high performance concrete, UHPC)에 독특한 전기적, 열적

특성과 화학적 안정성을 지닌 탄소나노튜브 (Carbon nanotube, CNT)를

혼입하였다. 이를 통해 보수/보강과 동시에 발열 양생, 융설/융빙, 균열

감지, 교통흐름 감지 등의 기능성을 통합한 차세대 건설 재료의

개발이 가능하다.

이에 CNT의 농도와 분산을 주요 변수로 하여 UHPC의 레올로지

특성, 역학적 성능, 전기 및 열적 특성을 조사하였다. 물-바인더 비가

매우 낮은 UHPC에 고농도의 CNT를 효율적으로 분산하는 방법으로

건식 혼합이 제안되었다. 미세한 크기의 실리카 흄, CNT, 모래를 일정

시간 혼합하여 모래에 실리카 흄과 CNT로 얇게 코팅하였다. 기존의

초음파 분산 처리에 비해 더 낮은 침투 임계점을 달성할 수 있고, 

초음파 분산 및 상용 분산액에 비해 강도 저하를 최소화할 수 있어,

경제적이고 에너지 효율이 높은 방식으로 평가되었다. 그러나 임계

농도 이상에서 CNT의 물과 감수제 흡수로 인해 작업성 확보가
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어려우므로 시멘트 중량 대비 0.5%에서는 물과 감수제의 비율 조정이

불가피한 것으로 판단되었다.

침투 임계점 이상의 CNT를 상용액을 이용하여 균일하게 분산시킨

경우 시멘트 중량 대비 0.8%까지 첨가하였을 때, 공극률, 자기 수축,

압축 강도, 전기 및 열적 특성이 모두 기존 UHPC에 비해 향상되었다.

그러나 침투 임계점 농도에 해당하는 0.5% 이상에서는 작업성 저하와

과도한 CNT의 일부 응집으로 인해 향상 정도가 미미하였다. 시멘트

중량 대비 1.4%의 고농도 CNT의 첨가는 UHPC의 전기저항을

현저하게 낮추어 20V 내외의 저전압에서 발열 양생이 가능했으며

기존 성능의 저하는 발견되지 않았고 오히려 압축강도, 휨 변형 경화

등의 기계적 성능이 향상되었다. 또한, 휨 응력 하에서 뛰어난 균열

감지 능력을 발현하여 보수/보강과 스마트 특성의 통합이 실현될 수

있음을 보였다.

경화된 시멘트 매트릭스 내부의 CNT 분산 품질 및 농도의 비파괴

검사법 개발을 위해 공초점 라만 현미경 (confocal Raman micro-

spectroscopy, CRM)을 활용하였다. 수백 나노미터의 매우 높은 공간적

분해능으로 수백 마이크로미터의 영역을 스캔하여 각 지점의 라만

신호를 획득하였다. 기저 분석을 통해 다상의 수화한 시멘트 페이스트

내부에 존재하는 미반응 클링커와 수화물을 구별할 수 있었으며 높은

감도로 CNT의 존재를 탐지할 수 있었다. 이를 상대 엔트로피 개념을

적용하여 CNT의 공간적 분포를 정량적으로 평가하는 지표를

개발하여 다양한 분산 방법의 평가법을 제시하였다.

개개의 탄소나노튜브 다발로 존재하는 잘 분산된 상용액을 여러

농도로 첨가하여 시편을 제조하고 동일 방법으로 라만 맵핑을

수행하였다. 또한 주요 클링커 및 수화물의 라만 산란 민감도 (Raman 

sensitivity)를 레이저 강도를 높여가며 실험적으로 산정하였다. 이를
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통해 한 지점에서 획득한 라만 신호에서 각 상의 라만 산란 민감도를

반영하여 CNT의 부피 농도를 나타내는 라만 신호 정규화를

시도하였다. 넓은 영역에서 정규화 된 CNT 라만 신호의 평균값과

CNT 첨가 농도는 로그 관계를 가졌으며 높은 상관계수를 보였다.

이를 이용하면 경화된 시멘트 내부의 CNT 농도 정량이 가능하다.

결론적으로 목적에 따라 적절한 양의 CNT를 UHPC에 혼입하면

노후화된 건물과 기반 시설의 일부를 보수/보강함과 동시에 현장 발열

양생, 균열 감지 등의 스마트 구조체로 활용이 가능하다. 또한 CRM을

이용한 라만 정량 분석을 통해 CNT의 첨가 농도와 분산 품질의

비파괴 정량 검사가 가능하여, 향후 현장에서의 품질 관리 및

검사법으로 활용이 가능하다.

주제어 : 초고성능 콘크리트, 탄소나노튜브, 분산, 기능성 콘크리트,

공초점 라만 현미경, 비파괴 검사, 라만 정량 분석.

학  번 : 2017-23536
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