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Abstract

Cement has been largely used in the construction industry, specifically as a matrix for concrete. Recently,
a new generation of cement-based composite that greatly increases mechanical properties is replacing
conventional concrete. With periodic advances in the field, researchers considered particles with high-
aspect ratios such as Carbon Nanotubes (CNTSs) to reinforce cement matrices. Although there is not much
literature to draw upon in research, some research on improving tensile strength of cementitious composite
incorporating with CNTs does exist. However, there had been no evidence of investigation into impact

strength until this study.

Most papers presented examined the effect of multi-walled carbon nanotubes, but very few investigated
single-walled carbon nanotubes (SWCNTSs), and none of the research compared SWCNTs with multi-
walled carbon nanotubes (MWCNTS), and hybrid CNTs (50% of MWCNTs and 50% SWCNTS) in

cementitious composites.

The aim of this research is to assess and compare the effect on tensile and impact strength of cementitious
composite of reinforcing cement with functionalized (-COOH) SWCNTs, MWCNTs, and hybrid
CNTs. Additionally, the lack of standard mixing and test procedures for nanomaterials with cement is

considered.

The first objective of this research was to enhance effectiveness of CNTs’ dispersion in water with a
sonicator, and to develop the procedure that can be replicated and perhaps standardized for cementitious
nanocomposite. The most important objective of this research was to assess and compare the effect of
reinforcing cementitious composite with single-walled, multi-walled, and hybrid carbon nanotubes. This
process reveals the best low dosage (less than 1.0%) of MWCNTs and SWCNTSs on energy absorption
under drop-weight impact test. Among several methods of impact testing, two velocity-based impact tests

are classified as low-velocity (quasi-static) and high-velocity (dynamic) tests. The drop-weight test is one



of many low-velocity impact tests in which the velocity of the striking body is lower than 10 m/s. The ACI

544.2R-89 report is followed and modified for this specific nanocomposite.

The third objective of this investigation was to measure tensile splitting strength of the nanocomposites.
The splitting tensile test is incompliance with ASTM 496/ 496M-04 standard However, the specimens are

scaled down and the test procedure is modified for this specific class of nanocomposite.

The energy absorption of cementitious composite reinforced with SWCNTs, MWCNTSs and hybrid CNTs
were measured and compared. Investigation of cementitious composite incorporating CNTs indicated

reduced brittleness throughout, changing diagonal to radial failure mechanism.

Hybrid CNTs’ reinforcement performed outstandingly at decreasing crack propagation and debris spatter
of specimens subjected to impact load. Additionally, the impact strength of cementitious nanocomposite
incorporating 0.4% hybrid carbon nanotubes by weight of cement increased. However, more experiments
should be conducted. Lastly, tensile strength and ductility of hybrid reinforced cementitious nanocomposite

improved, and failure mechanism was investigated.
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CHAPTER 1 INTRODUCTION

1.1 General

Over the last century, researchers have continuously enhanced concrete’s mechanical properties, including
its toughness. Those efforts have resulted in the creation of three main classes of concrete: high-strength,
high-performance, and ultra-high-performance. Despite substantial improvements in engineering
properties, brittleness and insufficient toughness still are two weaknesses of cement-based composites.
Reinforcing cementitious composite with carbon nanotubes (CNTS) is a promising and effective method to

address both problems.

1.2 Scope of Research

This research focused on two main mechanical properties of concrete that are drawbacks for concrete
structures: tensile and impact strength. Additionally, unpredictable concrete failure is problematic for
residents’ safety. The scope of this research involves investigating three main effects of reinforcing cement

mortar:

1. Developing mixing and dispersion process for three types of carbon nanotubes: multi-walled
carbon nanotubes (MWCNTS), single-walled carbon nanotubes (SWCNTSs), and hybrid with ratio

of 50% of multi-walled and single-walled carbon nanotubes (HCNTS).

2. The effect of reinforcing the cement matrix with multi-walled carbon nanotubes, single-walled

carbon nanotubes and hybrid carbon nanotubes on splitting tensile strength.

3. Investigating the failure mechanism of cementitious nanocomposite incorporating multi-walled
carbon nanotubes, single-walled carbon nanotubes and hybrid carbon nanotubes under splitting

tensile and low-velocity impact test under splitting tensile and low-velocity impact test.



1.3 Research Objectives

The aim of this research is to investigate the mechanical properties of concrete with incorporated CNTSs to

focus on tensile strength and impact strength of cementitious nanocomposites. In particular, multi-walled,

single-walled, and hybrid carbon-nanotube concrete specimens were investigated to determine the optimum

CNTs mix proportion and the proper mixing technique. These research objectives encompass the following

steps:

Different mixtures are prepared and tested. The mixtures include three concrete specimens with
0.2, 0.4, and 0.6 percent CNTSs by weight of cement and one control mix. Each test is repeated three
times. The water-to-cement ratio of 0.4 for impact test specimens and 0.5 for tensile test specimens
is used. Cylindrical specimens with 50 mm diameter and 20 mm height are used for impact strength,

and cylindrical specimens with 25 mm diameter and 50 mm height are used for tensile strength.

A dispersion method and a mixing method are developed with step-by-step procedures.

A sonicator is used to disperse multi-walled carbon nanotubes, single-walled carbon nanotubes,

and hybrid carbon nanotubes into water solution.

The fracture sample is observed using a field emission electron microscope to ensure quality of

dispersion.

Low-velocity drop-weight impact test and splitting test are conducted to assess and compare tensile

and impact strengths.

The optimum percentage of multi-walled carbon nanotubes, single-walled carbon nanotubes and

hybrid carbon nanotubes that archives the highest strength is identified.

Research plan flowchart shows the important steps of the experimental program in the figure 1



1.4 Research Plan
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1.5 Organization of the Study

This dissertation consists of six chapters.

Chapter 1 provides introductory information about motivation, scope, and objective(s) of research. This
chapter describes the problem statement and the framework to achieve the experiment’s objectives in a

general step-by-step procedure.

Chapter 2 defines carbon nanotubes, provides background, discusses the potential of carbon nanotubes for
reinforcing concrete, and includes the literature review. An extensive survey of the relevant existing

literature of previous research and technology identifies the knowledge gap that inspired this research.

Chapter 3 provides the materials and describes the mixing procedure to produce cementitious
nanocomposite. It describes the dispersion procedure and specimen preparation for field emission electron
microscope observation. This chapter also explains the morphology of carbon nanotubes in cement mortar,
then discusses and compares previous research on the effect of dispersion. The quality control of carbon

nanotubes’ dispersion is a prerequisite for synthesizing carbon nanotubes in cement matrices.

Chapter 4 focuses on the splitting tensile test procedure and results. This chapter is an assessment and
comparison of different cementitious nanocomposite incorporating multi-walled carbon nanotubes, single-
walled carbon nanotubes, and hybrid carbon nanotubes. Additionally, the failure mechanism is described

and compared to conventional concrete failure mechanism.

Chapter 5 presents low-velocity impact test procedure according to drop-weight test of ACI report. This
chapter also provides the results of an impact test by calculating static energy observation of cementitious
nanocomposites. The failure pattern of the impact test is discussed. Additionally, mathematical analysis by

MATLARB is provided to optimize the percentage of hybrid carbon nanotubes under impact test.



Chapter 6 reveals the results, discusses the research findings, and provides suggestions for future research.

The potential impact of this research for concrete structures is explained in this chapter as well.



CHAPTER 2 LITERATURE REVIEW

2.1 Introduction

Cement has been largely used in the construction industry, specifically as a matrix for concrete.
Conventional concrete turns into High-Strength or High-Performance Concrete (HSC, HPC) by utilizing
smaller particle sizes. Even Ultra-High-Performance Concrete (UHPC) has been introduced. However,
conventional materials are not able to compete with Nano-Engineered Concrete (NEC) due to the evolution
of nanotechnology. Recently, a new generation of cement-based composite that greatly increases

mechanical properties has begun replacing conventional concrete.

For over five decades, fibers of all types have been employed to augment the mechanical properties of
cement-based composites. Traditional fibers include, but are not limited to, steel, glass, carbon, aramid,
basalt, and other natural and synthetic materials. These mechanical properties of conventional cementitious
materials are still relatively low due to cement’s brittleness and poor bond in cement matrices; however,
researchers are trying to enhance tensile strength and impact strength of cementitious composites using a

variety of methods.

Periodic advances in the field have led to the development of decreasingly smaller fibers. Very recently,
researchers considered particles with high-aspect ratios (length over diameter) and their implications for
field. Particles or fibers of miniscule (nanometer) size effectively increased cementitious composite
performance. Carbon nanotubes (CNTSs) became known 25 years ago. The world of concrete will be
revolutionized by this promising material that offers superior mechanical properties. CNTs’ high strength,

flexibility, and low weight contribute to the excellent quality of cementitious nanocomposites.



Carbon nanotubes (CNTSs) became known 25 years ago. The world of concrete will be revolutionized by
this promising material that offers superior mechanical properties. CNTs’ high strength, flexibility, and low

weight contribute to the excellent quality of cementitious nanocomposites.

The application of CNTSs in cementitious materials is a newly emerging field. Therefore, the literature in
the construction industry is still under development. It is justified then to further investigate CNTs
in cementitious nanocomposites. The literature currently available focuses primarily on compression and
flexural strength. Although there is not much literature to draw upon in research, some research exists on
improving tensile strength of cementitious composite incorporating with CNTSs, but there is no evidence of

investigation into impact strength.

CNTs’ hollow structure and high-aspect ratio causes CNTs to buckle when placed under compressive,
torsional, or bending stress. However, standard single-walled carbon nanotubes (SWCNTS) can withstand
pressure up to 25 GPa (3626 Ksi) without plastic or permanent deformation. Therefore, investigation of
CNT composites is crucial in assessment of CNTs mechanical properties. Of the papers available, the vast
majority were presented about the effect of multi-walled carbon nanotubes, but very few investigated
single-walled carbon nanotubes, and none of the research compared SWCNTs with both MWCNTSs and

hybrid CNTs (50% of MWCNTSs and 50% SWCNTSs) in cementitious composites.

2.2 Carbon Nanotubes Definition

A CNT is a miniature cylindrical carbon structure with hexagonal graphite molecules attached at the edges.
CNTs are very thin and long. The diameter is one nanometer (one billionth of a meter) and the length is up
to several nanometers. Nanotubes look like powder or black soot, but they are actually rolled-up sheets of

graphene that form hollow strands with walls that are only one atom thick.


http://whatis.techtarget.com/definition/molecule
http://whatis.techtarget.com/definition/graphene
http://searchcio-midmarket.techtarget.com/definition/atom

2.3 Single-Walled and Multi- Walled Carbon Nanotubes

The two main types of CNTs are Multi-Walled Carbon Nanotubes (MWCNTS) and Single-Walled Carbon
Nanotubes (SWCNTS), both introduced about twenty-five years ago. SWCNTSs came into production less

than two years after the discovery of MWCNTSs [1].

According to the US National Library of Medicine (NLM) and the National Institutes of Health (NIH), the
tensile strength of SWCNT is a hundred times greater than steel. SWCNTs perform very well, even under
enormous pressure. When an SWCNT is under a high compressive load, it bends, twists, kinks and buckles,
but returns to the original structure because of its high elasticity [2]. Three distinct ways in which graphene

can be rolled into tube are known as Armchair, Zig-Zag and Chiral [3].

Multi-Walled Carbon Nanotubes can be structurally rolled in two ways: the Russian Doll model and the
Parchment model (See Figure 2) [2]. In the Russian Doll model, the carbon nanotube has additional interior
carbon nanotube, and thus the outer tube’s diameter is thickened (Figure 2). The Parchment model is similar

to rolling up paper and is shown below.

Parchment model Russian Doll model

Figure 2 Structural Rolling Graphene sheet methods [2]

In civil engineering, newly emerging nanotechnologies have had a significant impact on cementitious

concrete properties [4]. CNTs have become popular over the last decade due to their ultra-high enhancement



of tensile strength. CNTSs also considerably increase mechanical, thermal, and electrical properties. CNTs

have a high-strength stiffness that is three to five times higher than steel.

2.4 Potential of Carbon Nanotubes in Construction Industry

Current applications of carbon nanotubes vary across fields, including uses in water purification systems,
air filters, solar-cells, fire-protection technologies, polyethylene, sports equipment, synthetic muscles, gene
therapy, tissue regeneration, cancer treatment, textiles, and space elevators. Due to the high strength-to-
weight ratio of CNTSs, they are also extensively used in the aerospace, military, medical, and automotive

industries.

CNT use has extended to provide an alternative for rehabilitating existing construction, bridges, and cellular
phone antennas, as well as preventing damage, fatigue, or loss of cross section due to corrosion for both
concrete and steel structures. Thus, CNTs have proven cost-effective solutions in these fields. However,
due to a lack of research, they are not currently applied to cement composites. Thus, the benefits of CNTs
have remained out of reach for those working with cement composites. Yet, in this area, potential

applications of CNTs could be innumerable, especially if combined with typical cementitious products.

2.5 Prior Research Works on Application of CNTs in Construction Industry

In 2012, Sadig Muhammad investigated the reinforcement of Cement-Based Matrices with graphite nano
materials, which included carbon nanotube, nano fiber and graphite nanoplatelet (Figure 3). The aim of
Muhammad’s study was to evaluate mechanical properties, control micro-cracks, and investigate energy
absorption, frictional pull out, and durability of cement nanocomposite. The materials applied were Portland
cement type |, silica fume, crushed silica sand, sand, superplasticizer, and nano-material (CNTs, nano fiber,

and graphite nanoplatelet) [5].
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Figure 3 Carbon nanotubes, carbon nanofiber, and graphene nanoplatelet [5]

Results showed that MWCNTS had the highest elastic modulus, tensile strength, and thermal conductivity.

However, MWCNTS cost more than other nano particles as can be seen in Table 1, below [5].

Table 1. Typical properties of graphite nanomaterials and carbon fiber [5]

)Gr:tphite Length, pm | Dia., | Aspect | Surface | Elastic Tensile Thermal Cost,
Nanomat. nm | Ratio | Area, | Modulus, | Strength, | Conductivity, S/ke
2 * = L
m /g GPa GPa W/m.K

MWNT 20 20 | Looo [ 500 | y.007 | 3350 2800 45
Nanofiber 50 100 | 500 500 240 3 1.950 oo
Nanoplatelet 3 10 | 300 100 1000 | ~(10-20) 250 i
CarbonFiber 1.000 7.000 | 140 16 350 3 600 12

* Property measured in basal plane or along length

** Mid-term price target

*** Measurements are ‘true’ values based on wall cross-sectional area
**** Mid-term price target- Pyrograf Product Inc; a subsidiary of ASZ

***** Mid-term price target- XG Sciences

In 2015, Muhammad Magbool Sadiq’s comprehensive research on cementitious nanocomposite was
patented as “Ultra High-Performance Concrete Reinforced with low cost graphite nanomaterials and

microfibers, and method of production” (patent US 8951343 B2) [6].

Zhito Chen et al (2016), used 0.67% plasma synthesized carbon nanotubes (p-CNTSs) to improve dispersion

and flexural strength of Ultra High-Performance Concrete (UHPC) from 12.5 to 21.2 Mpa. The length of
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MWCNTSs was 10-30 um with an outer diameter of 10-30 um and 90-95% purity (Surface area>140-180
m2/g). Greater surface areas create more bonding with cement matrixes. In order to disperse MWCNTS,
water was used as a solvent in a 30-minute ultrasonic bath. The results indicated that CNTSs stay dispersed

up to 3 days [7].

Mohamed O. Mohsen et al (2016), investigated the effect of mixing duration on flexural strength of non-
treated MWCNTS (0.03, 0.08, 0.15, or 0.25%) cementitious composites. The length of the MWCNTSs were
10-30 um, the outside diameter, 10-20 um, and the surface area, greater than 200 m2/g, with 95% above
purity. Mixing time durations of 1.5, 15, 30, and 60 minutes were implemented. The results also indicated
that the specimen with 0.25% MWCNTSs to cement weight fraction with 60 minutes mixing duration
provided the greatest increase in flexural strength. SEM pictures provided more detail regarding decreased

void in cementitious composite [8].

B.S. Sindu et al (2014), conducted research on the effects of adding MWCNTSs [0.093, 0.22, 0.42, 0.72, and
1.2% by weight of cement (%)] with a diameter of 0.1296 um (E=9.382 TPa and Poisson ratio of 0.3) into
cementitious composite (Figure 4). The mixture included Portland cement, water, and MWCNTS. The aim
of this numerical (Finite Element Method) research was to analyze cementitious composite for a simply

supported beam of 165x26mm, where mechanical properties enhancement was measured [9].

12



Figure 4 Quarter model of RVE of cement reinforced with four CNTs [9]

Mehdi Eftekhari et al (2015), studied the dynamic fracture behavior of CNT Reinforced Concrete under an
impact load. This numerical study proved an increase of energy absorption under dynamic load as well as
increases in compressive strength (26%), and tensile strength (32%). The depth of projectile penetration

was noticeably reduced when CNTs were added to reinforced concrete [10].

In 2012 S.K. Annamalai, researched the effects of using CNTs to seal cracks (Figure 5) and holes in
buildings. In a cube sample of concrete, cracks were sealed with two, four, and eight grams of CNT additive,
shown in Figure 6. The optimum amount of CNTs was 20% of total sealant. The compressive strength of

cube was enhanced up to 37.5% [11].

Figure 5 Experimental set up for testing of cubes for compressive strength [11]
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Figure 6. Comparison of compressive strength of different sealants [11]

H. Shen et al investigated the impact of functionally graded CNTs composite on Carbon Nanotube
Reinforced Concrete (CNTRC) in 2015. Both nonlinear bending behavior and the buckling and vibration
response were computationally studied. The results showed that adding 20% CNTs to total mixture

improves CNTRC responses to nonlinear bending, buckling, and vibration [12].

H. K. Kim et al (2014), reported that adding 0.1, 0.3, and? or? 0.5% CNTs to cement mortar while
decreasing water/cement ratio improves the stability of piezo-resistance (conductivity resistance) under a
cyclic load (Figure 7). The mixture included cement, silica fume, crushed sand, water, super-plasticizer,

and CNTs [13].
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Figure 7. Conductivity test [13]
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In 2016, G.M. Kim et al investigated the effect on the heating element when CNTs were added to

cementitious composite. In this study, 0.1, 0.3, 0.6, 1, and 2% CNT, silica fume, and poly-carboxylic acid

base super-plasticizer were mixed. The results showed that using up to 0.6% of CNTs improves heating

conductivity. Additionally, the electrical resistivity of CNT embedded cementitious composite related to

heat generation capacity. Beyond 0.6% of CNTs, additive electrical resistivity rapidly decreased [14].

Table 2. Summary of test results in previous studies on electrically conductive concretes [14]

Steel fibers Stainless
Conductive filler and steel S_teel Carbon | steel fibers | CNT CNT 2%
. fibers | products and 0.6%
shavings .

graphite
Electrical resistivity (Q cm) 7500 748.33 5100 400 145.2 68.1
T (°C)* 38.7 41.3 47 25 34.6 67.8
Heating rate (°C/min) 0.83 1.8 1.2 0.41 2.41 7.98

TI (°C): temperature increase from ambient temperature to terminal temperature within 1 hou

Heyong-Ki Kim (2015) indicated the use of CNTs in cement composite and RC decreases chloride

penetration in Figures 8 and 9. The mixture included cement, water, silica fume, super-plasticizer and 0,

0.3, and 0.6% CNT, tested in saturated and dry conditions. The results showed 0.6% CNTs mixture in dry

conditions (Figure 10) has minimal conductivity [15].
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Figure 9. Specimens for evaluating the effect of reinforcement on conductivity of CNT/cement composites in concrete structure:
(a) schematics and (b) actual shapes [15]
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Figure 10. Relative conductivities of CNT/cement composites embedded in cement mortar with reinforcement [15]

H.K. Kim, 2014, conducted research on the effect of improving dispersion of CNTs by adding silica fume.
The findings indicated an enhancement in mechanical and electrical properties in cement composite. The
mixture contained CNTSs that were 0, 0.15, 0.3% by weight of cement and 0, 10, 20, and 30% silica fume

by weight of cement [16].

Rafat Saddique et al, 2014, reported a review paper on CNTs properties compared to plain cement paste.
The summary of collected papers discussed the improvements of CNT composite (either cement mortar or
concrete) compared to other classes of concrete. The CNT composite demonstrated denser micro-structure
to control shrinkage and provided higher Young’s modulus, higher flexural strength, higher compressive
strength under high strain loading, and a good interaction between CNTs and fly ash in cement matrix as a

filler [1].

Peter Synoski et al, 2015, investigated the improvement of mechanical fracture of cement mortar containing
Portland cement, silica fume, and plain MWCNTs, MWCNTSs treated (Length of 0.5-40 um and diameter

of 20-40 um), and silica carbon nanotubes groups. The silica functional groups increased cement hydration

17



in the first 24 hours. Moreover, fracture toughness and frictional bond between matrix and reinforcement

was enhanced [17].

LW. Nam et al, 2012, investigated the influence of Silica Fume (SF), nylon fiber, and super-plasticizer
incorporated with MWCNT cement composites on Electromagnetic Interference Shielding (EMISE).
Electromagnetic Interference (EMI) is concerned with the amount of electromagnetic waves that are either
absorbed or reflected. It causes the growth of tumors in the human body, so the composite material in the
study provides protection from harmful electromagnetic waves. The frequency range of 45 MHz-18 GHz
was used in the study. MWCNTSs with 0, 0.3, 0.6, and 1% weight of cement and purity of 96.2% and SF of
0, 10, 20, and 30% by weight of cement SF were tested. The results in Figure 11 showed that adding 0.6

wt% of MWCNT and 20 wt% of SF to cement matrix improves EMISE [18].

Frequency (GHz)
(.t S0 ih 5.0

-14 —SFi —§F10
-1 —SE2( S

EMI Shiclding Effectiviness (dB)

18

Figure 11. EMI shielding effectiveness of specimens where 0~30% SF has been added to cement matrices to which 0.6 wt. %
MWCNT has been added [18]

Kean-Khoon Chew et al, 2011, conducted research on the reinforcement of Calcium Phosphate Cement

(CPC) composite with MWCNTSs and Bovine Serum Albumin (BSA) for injectable bone. The MWCNTSs

were functionalized CNTs (MWCNTs-OH and MWCNTs—COOH, diameter of 30-50 nm and length of

~30 um). CPC incorporated with 0.5wt% MWCNTs and BSA showed the highest compressive strength. In

this paperthe authors investigated compressive strength, among other mechanical properties, but structural
18



characterization tests included scanning electron microscopy (SEM), X-ray diffraction (XRD) analysis, and
Fourier transform infrared (FTIR) spectroscopy was used to determine crystalline structure of composite,

specific surface functional groups in Figure 12.

In order to measure how injectable the composite matrix was, a 10-mm syringe was filled with CPC paste.
Injectability was qualitatively assessed and evaluated by extruding the paste through a disposable syringe,

and then calculated from the equation below:

Percentage of CPC extruded paste= Mass of extruded CPC paste/ Original mass of CPC paste inside the

syringe *100[%].
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Figure 12. The comparison of compressive strength value of CPC/MWCNTs/BSA composites containing different percentages by
weight of pristine MWCNTs. All composites have a BSA content of 15 wt%. Data are presented as mean + 1 standard deviation
[19]

After injection of the composite paste, bone defects and miniscule pores and cracks were filled. The results

demonstrated that the mechanical properties of the composite were significantly improved. Not only did

matrix injectability improve, but compressive strength of the composite increased to 16.3 Mpa. Pristine
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MWCNTSs, hydroxylated MWCNTs (MWCNTs-OH), and carboxylate MWCNTs (MWCNTs-COOH)

with a diameter of 30—50 um and length of =30 wm were used in the test [19].

Mehdi Eftekhari et al, 2016, conducted numerical research on the nonlinear behavior of CNT -reinforced
Calcium Silicate Hydrate (C-S-H) composite with a focus on its structure. The CNT models used were
Armchair and Zigzag, where the study showed that the tensile, compressive, and shear strengths of the
Armchair CNTs are higher compared to Zigzag CNTs. However, the Armchair has less interfacial
resistance than Zigzag CNTs (Figure 13). Higher interfacial resistance between CNTs and composite allows

efficient bridging behavior between cement and CNT reinforcements and prevents crack propagation.
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Figure 13. Stress—strain curves of CNT, (a) tensile, (b) compressive, (c) shear. (For interpretation of the references to colour in this

figure legend, please refer to the web version of this article.) [20]

Table 3. Mechanical strengths for the CNT [20]

Muodels Tenslle strength Compressive strength.  Shear strength
(Gpa) (Gpal (Gpa)
Armchair e : ;
: y 1
(6.6) 12671 05,96 831
Figzag 4,
(10,04 10474 18574 1494
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The numerical analysis determined tensile strength of composite in the Z direction to be up to 6 GPa, which
allows CNTs’ bridging to function efficiently (Figure 14 and 15). CNTs composite bridge cracks can be
seen in the Figure 14. Additionally, shear strength in a silicate layer plan is twice as strong as any other
plan. However, in higher ranges of compressive stress (compressive strain about 0.025), local buckling

occurs to CNT particles. This is caused by a compressive strength reduction [20].

Crack Bridging

Figure 14. CNT crack bridging behavior in CNT-reinforced C— Figure 15. Local shell buckling of CNT in the C—S—H medium
S—H. (For interpretation of the references to color in this (the C-S—H atoms are removed for clarity). (For interpretation
figure legend, refer to the web version of this article.)[20] of the references to color in this figure legend, refer to the
web version of this article.)[20]
Mehdi Eftekhari et al, 2014, investigated the hydration model of CNT-reinforced concrete through
numerical research. The findings (Figure 17-19) indicated that fracture energy of concrete with longer

CNTs increased. Moreover, the propagation of cracks was lower (Figure 16), while the Modulus of

elasticity and Poisson’s ratio did not improve [21].
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Table 4. Geometrical properties of CNTs [21]

Type
Armehar (10, 10)
Zigzag (17, 0)

Armchar (10, 1015 15
digzag (17, B)/(26, 0)

Length of CNTs < 1 pm

Diameter (A) Length/diametar

G678 14.75
G.65 15.04
1097 §.83
10.18 9.82

Length of CNTs < 5 pm

Figure 16. Crack pattern in samples with different CNT length [21]
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2.6 Previous Research on Scanning Electron Microscope

Improving properties of cementitious nanocomposite for mechanical engineering purposes is influenced by
the quality of carbon nanotube dispersion. The more uniformly the carbon nanotubes are dispersed, the
stronger the engineering properties of the composite. However, it is challenging to assess uniformity of
carbon nanotube dispersion. Therefore, the dispersion of CNT in cementitious nanocomposite should be
evaluated before producing a specimen. In this research, to ensure minimum CNT agglomeration and

maximum dispersion, two prototype samples were made for assessment by a non-destructive test.

Two classes of electron microscopes include Scanning Electron Microscope (SEM) and Field Emission
Electron Microscope (FESEM). However, FESEM provides images with higher resolution and
magnification especially for cementitious nanocomposite as CNTs are dominated by cement crystals, and

so that class of microscope was used.
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Figure 19 SEM image showing CNT Figure 21. SEM images of different
holding cement compounds [22] Figure 20. SEM micrographs of fracture samples. a: CPC power of sample 2; b:

surface of (a) cement/CNT composite fracture surface of CPC sample 9 after
containing 0.05 wt% original CNTs; (b) setting; ¢, d: morphology of RGO on the
cement/PVA/a-CNT composite fracture surface of sample 2 after
containing 0.05 wt% a-CNTs and 0.5 wt% setting,; e: morphology of RGO on the
PVA; (c) Zoomed SEM image of the box fracture surface of sample 6 a[22]
region in (b) (W/C = 0.3 and maintain
[22]

Figure 23. SEM image of 0.03% Figure 24.SEM image of dispersed
CNT/cement specimen [8] MWCNTs in water [26]
I:?"g'fo”’i?:;“T ST = e =

i

Figure 25. MWCNT agglomeration in
cement hydrates [26]

Figure 27.Close spacing of nanomaterials

Figure 26.(a) SEM and (b) TEM images o
g (a) (b) ges of within the matrix [5]

MWCNTs [25]
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Figure 28. Dense matrix [5]

Figure 29.Uniform dispersion of Figure 30. Arrest and deflection of a
nanotubes within the matrix [5] micro-crack by a bundle of cnfs within
the cementitious [5]

. 1. Bridai . ks b Figure 32. Functionalized MWCNT B, and Figure 33.(a) 0.1% CNF Cement
Figure ‘?d' i -‘!’”g ;’f rglcro—c,: ‘,JC s by SEM images of the fractured surface of a  composite with 0.5 w/c and (b) 0.2% CNF
acid-f unct/.onq lzed grap ! te cementitious matrix with 0.04 vol.% of cement composite with 0. 5w/c [24]
nanomaterials introduced into functionalized MWCNT [5]

cementitious matrices at 0.08% volume
fraction [5]

Figure 35. (a) 0.1% CNF Cement
composite with 0.40 w/c and (b) (b) 0.2%

Figure 34 (a) 0.1% CNF Cement CNF cement composite with 0.40w/c.
composite with 0.45 w/c and (b) 0.2% Mohanam, [24]
CNF cement composite with 0.45w/c.
Mohanam, [24] Figure 36 SEM images of 28-day crushed

[23]
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Figure 38 CNTs dispersion within cement
matrix [23]

Figure 37 CNTs dispersion within cement
matrix [23]

1um
I

Figure 39 CNT embedded in cement matrix. [22]

Figure 40 Dispersion of a 1%
CNTs in cement matrix [22]
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2.7 Literature Review Summary and Gaps

The above literature review indicates:

1. Preliminary studies show the potential of CNTSs in increasing mechanical properties of cement-
based composites. However, not all aspects of nanocomposites have been investigated. Some

research consists of basic studies with an emphasis on improving cementitious composite.
2. Almost all studies focused on MWCNT, not SWCNT.

3. Much numerical research used Final Element Method (FEM), but was not validated through
experimentation. Instead, the models were simulated using a simple cubic model or beams with

rebar.
4. None of the research has examined a hybridization of MWCNT and SWCNT.
5. Dispersion is a serious issue in mixing CNTSs, but it was neglected in the literature.

6. Particle size, distribution, and the amount of super plasticizer is not emphasized in any of the

studies.

7. Thereis little research on the effect of CNTs on mechanical properties of cement-based composites,

while there are a large number of studies on the thermal and electrical conductivity of CNTs [58].
8. Some of literature compares different nano-fibers and MWCNT.
9. Comparisons were made between different treated MWCNTS.
10. The only hybrid system studied used MWCNTSs and microfibers.

11. The optimum percentage of CNTSs varied from 0.01% to 2.00% in previous studies
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CHAPTER 3 PROCEDURE

Phase | Study: Dispersion Procedure of Carbon Nanotubes, Cementitious
Nanocomposite Mixing Method, Prototype Sample Assessment with FESEM

3.1 Introduction

Despite the exceptionally high strength and outstanding mechanical properties that CNT additives provide
for cement-based composite, there are still two obstacles that must be overcome to reach maximum

potential strength of carbon nanotubes reinforcement.

The first issue is that CNTs tend to bundle and adhere together because of Van der Waals forces. The second
issue is that CNTSs are considered hydrophobic material and do not disperse in water because they are not
able to interfacial bond with cement matrix. Therefore, the most challenging part of producing cementitious
nanocomposite is dispersion of carbon nanotubes in water and bonding water and carbon atoms to achieve

a homogeneous liquid for the cement matrix.

Contemporary methods for simultaneously achieving high dispersion and de-agglomeration includes using
ultrasonic technique and using functionalized CNTs. Many researchers used Carboxylate acid
functionalized carbon nanotubes, various solvents; centrifuge stirring CNTSs, and heating after sonication
of CNT to increase dispersion effectiveness and enhancement. In fact, the covalent bond between CNTSs’
sidewall and chemical functionalization increases bonding between CNTs and the composite matrix. In this

research both methods were utilized to discern the best outcome.
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3.2 Materials Used

Single-Walled and Multi-Walled Carbon Nanotubes:

In this study, Single-Walled (SWCNTSs) and Multi-Walled Carbon Nanotubes (MWCNTS) for Research
and Development (R&D) were used because compared to R&D CNTSs, the higher tendency of entanglement
for commercialized CNTs causes the CNT dispersion process to be more challenging. The SWCNTs’ and

MWCNTSs’ properties are shown in Table 5.

Table 5. Physical attributes of all SWCNT and MWCNT

Type of Carbon Nanotubes SWCNTSs MWCNTSs Dimension
OD (outside diameter) 1-4 30-50 nm
Length 5-30 10-20 nm
Purity >90wt% >95wt% -

Ash <1.5wt% <1.5wt% -
SSA (specific surface area) >407 >60 m~2/g
EC (electrical conductivity) 102 102 s/cm

Figure 41. Transmission Electron Microscopy (TEM) image of MWCNTs with purity of greater than 95wt % with 30-50 nm OD
(Source: Cheap Tubes)
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Figure 42. Transmission Electron Microscopy (TEM) image of SWCNTs with purity of greater than 90wt % with 1-4 nm OD
(Source: Cheap Tubes)

To assess the effect(s) of MWCNTSs and SWCNTSs and to eliminate other contributors’ additives in nano-
cementitious composite’s mechanical properties, neither additives nor superplasticizer was added to the

matrix.

Nanotubes with aspect ratio >>1 are considered one of the best reinforcements to compensate for strength
reduction. By using graphene to enhance mechanical properties makes carbon nanotubes the best candidate
for cementitious-composite reinforcement [28]. Carbon nanofibers also offer a bridge effect, incorporating

carbon nanotubes to facilitate conductivity within the composites [29-31].

Mixing Cement:

Ordinary Type | Portland (ASTM C150) cement was used in this experiment. The cement was stored in the
lab in an air-tight plastic container to avoid hydration of cement in the lab. Type | cement contains 50%

C3S, 24% C2S, 11% C3A, and 8% C4AF.

Mixing water

For this experiment, filtered water from the Science and Engineering Building at the University of Nevada,

Las Vegas was used as water mixture.
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3.2 Mixing Technique

To achieve high dispersion and stabilization, modification of the dispersion process occurs throughout the

making of quality control samples. The following steps demonstrate the dispersion procedure:

Scale materials

The small amount of CNTs should measure accurately due to light weight of CNTs and usage percentage.
The scale used to measure CNTs was METER AE 200, which was calibrated with analytical balances

division of 0.0001gram. The calibration process and tools are shown in Figure 43.a and 43.b.

(b)

Figure 43. a) Scale CNTs with METER AE 200 b) Tools to measure the small amount of water and CNTs

Mixing carbon nanotubes with water

Water was scaled separately (Figure 44a), and then required CNTs were added gradually (Figure 44b). A
water-to-cement ratio of 0.4 was used for impact test specimens, and one of 0.5 was used for tensile test

specimens.
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(b)

Figure 44. (a) Cement, water, and multi-walled carbon nanotubes were scaled (b) MWCNTs were gradually added to water

Stirring and Functionalized CNTs

Manual stirring of SWCNTs and MWCNTSs with water creates an unstable mixture as shown in Figure 46a;
after a few minutes, the carbon nanotubes are deposited Figure 46b. The CNTs used in this research are
COOH (carboxylate group) functionalized CNTSs provide a hydrophilic surface for CNTs, which makes for
better dispersion in water [31]. Additionally, after dispersion of COOH-group CNTSs, the matrix is stable

for a longer time.

(@) (b)

Figure 45. Manual stirring CNTs within water (a) After mixing (b) After 5 minutes
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3.4 Dispersion Method

The most challenging part of producing cementitious nanocomposite is dispersion of carbon nanotubes,
especially SWCNTs compared to MWCNTS, because of Van der Waals forces among them. In theory,
uniform dispersion of MWCNTs and SWCNTSs is required to achieve high potential of carbon nanotubes.
However, there is no standard procedure to disperse carbon nanotubes. The most commonly used method
is to produce well-dispersed carbon nanotubes using ultrasonic vibration energy [32] to split up bundles of
carbon nanotubes. Therefore, mechanical agitation is needed for proper CNT dispersion. Ultrasonic high-
frequency sound waves were used with programmable QSONICA Q500 [33-36] sonicator (Fig 46).
Sonication of CNTs overcomes the bonding force and break down intermolecular bonds and allow water
to react with CNTs. However, excessive use of ultrasonic energy may damage the carbon nanotubes

structures and decrease CNTs’ desirable properties.

Sonicator

Ice Bath

Figure 46. Sonicators (QSONICA Q500)
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The chemical reaction of CNTs and water under ultrasonic mixture generate considerable heat energy.
Therefore, an ice bath is required to prevent rapid evaporation of mixture during sonication process (Figure

47a).

(@ (b) (©

Figure 47. (a) Ice bath (b) and (c) Adjusting sonicator probe

3.4.1 Program Sonicator

Time and amplitude were set to 20 minutes and 30% relatively. The total time of sonication was an hour
(three 20-minute cycles). Due to high energy of the sonicator, the ice bath must be replaced regularly. An
adjustable pulse time was programmed to be on for three seconds and off for two seconds to prevent
excessive heat buildup. An elapsed time indicator recorded the amount of time the dispersion process took

to complete (Figure 48).

35



[Tine o: 10000 '
." 02 B3 Arel 3@'/.]

L LA R A L0
Ba 700800 90 100%:

Figure 48. Misonix Q500 sonicator adjust energy, pulse, amplitude and time

Before all the ice in the ice bath has melted, a new ice bath is applied during sonication of carbon nanotubes.
The sonicator probe must be under water to disperse the carbon nanotubes (Figure 48b and c). As ice begins
melting during the sonication process, the probe may be placed outside the matrix, especially when a larger
amount of carbon nanotubes disperses (Figure 49). Additionally, SWCNTSs release more heat energy during
the sonication process, and an ice bath may need to be applied several times. The final dispersion product

is a homogeneous black liquid that is stable for approximately three days (Figure 50).

Figure 49. Melted ice bath and application of new ice bath
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Figure 50. Dispersed multi-walled carbon nanotubes after an hour sonication at amplitude of 30%

3.4.2 Mixing Cement with Dispersed Carbon Nanotubes

Adding carbon nanotubes decreased the setting time for cementitious composite due to accelerating cement
hydration. The specimens of this experiment scaled down so mechanical mixtures could not be utilized.
Additionally, a standard mix procedure from ASTM and/or ACI has not provided a procedure for
nanocomposite. Manual mixing of dispersed carbon nanotubes and cement had to be completed in 1to 2
minutes due to the quick hardening of cementitious nanocomposite matrix. Additionally, a control mix was

produced without any CNTS for comparison purposes.

Figure 51. Mixing disperse carbon nanotubes with cement
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3.4.2.1 Molding procedure:

In accordance with ASTM C 109, after casting the cement mortar, the side of the cement mortar was tapped
lightly to allow air bubbles to raise to the surface of cement mortar and break to avoid any void in the
hardened cement mortar. The impact mold was cylindrical, with a 50-mm diameter and 20 mm height. The
tensile mold was also cylindrical, with a 25-mm diameter and 55 mm height. The cementitious
nanocomposite matrix was placed into a mold in two equal levels for impact specimens and three equal
levels for tensile specimens. Air bubbles in carbon nanotube mixtures cause void and diminish strength in
cementitious nanocomposites, so to remove air bubbles through the cement matrix, a small steel rod was
jabbed into each layer, and the molds were tapped 3to 4 times after each layer was jabbed. The top of

cementitious nanocomposite cylinder was struck off with the rod.

3.4.2.2 Orbital shaker:

To shake, stir, and make the cementitious nanocomposite mix homogeneous, an orbital shaker VWR OS-
500 (Figure 52a) was used for 10 minutes at a speed of 4. This shaker facilitated air bubble travel to the

composite surface (Figure 52b and c).

(@)

(b)

Figure 52 (a) Shaker VWR OS-500 (b) air bubble came to the mixture surface (c) shaking nano-cementitious specimens orbitally
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3.4.2.3 Curing Procedure:

All molds were capped, marked, and placed in ambient temperature until the cementitious nanocomposite

mix was set up. After 24 hours, the specimens were unmolded in compliance with ASTM C 192 [34-35].

Figure 53. Impact and tensile cementitious nanocomposite specimen curing

3.5 Sample Preparation for Field Emission Scanning Electron Microscopic

Step 1-Desiccating Process

Sample preparation is one the most important aspects of microscopy investigation. Peroration of fractured
guality control samples of cementitious nanocomposite with desiccator were completed before FESEM.
This process helps to remove all air molecules out of the electron’s path during FE scanning with an electron
microscope. When the specimen contains moisture in some spots, the FESEM image is darker, as shown in

Fig. 54a, but Fig. 54b captured a clear image from a dried sample.
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Figure 54. a) Fractured specimen b) drying in desiccator

Additionally, to check the dispersion in hardened prototype specimen for the FESEM test, the specimen
should be fractured in small pieces because a broken surface provides a better absorption opportunity for

CNTs. Cement crystals often grow on the surface of specimen (Figure 56).
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Figure 55. FESEM of cementitious composite surface crystals (a) contained some moisture (b) dried nano sample

Step 2-Gold Coating of Specimen

The electron microscope is based on electron discharge; therefore, the specimen must be dried to produce
a clear image. Non-conducting materials such as cement generate a charge on the surface and disturbs image
clarity, and when electrons hit cement, they cannot penetrate it. However, a CNT is a conductive material

that allows electrons move inside it. To avoid surface charging, coating the sample with conductive material
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is the best solution to provide a path for electron flow. Silver, copper, and gold are the best conductive

metals. Gold coating the prototype sample should be done prior to FESEM.

The Super Cressington 108 auto sputter coater utilizes ionization of argon to deposit gold atoms as an
extremely thin layer onto the fractured specimen (Figure 56). The coating process consists of charge
deduction and allows the FESEM scanning electron microscope to generate a clear image because gold
coating creates a path for electrons within the specimen. Note that a thick layer of coating also leads to an
obscured image and will prevent the capture of the finest details. In this research deposition, gold-coating

time was 20 seconds, and the measurement range was from 0-35mA/mbar.

Figure 56. Coating the sample with gold for better electron discharge (Cressington 108 auto sputter coater)
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Step 3-Place Specimen in FESEM

Figure 57. FESEM scanning electron microscope (JEOL) JSM-6700F

Figure 58. Placing sample for scanning electron microscope
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3.6 Quality Control Sample Preparation

Improving the mechanical engineering properties of cementitious nanocomposite is influenced by the
quality of carbon nanotubes’ dispersion. The better the carbon nanotubes are dispersed, the stronger the
engineering properties of composite. However, it is challenging to assess the uniformity of carbon nanotube
dispersion. Therefore, the dispersion of CNT in cementitious nanocomposite should be evaluated before
producing a specimen. In this research, to ensure minimum CNT agglomeration and maximum dispersion,

two prototype samples were assessed by a non-destructive test.

The prototype sample was made with cement, 0.2% multi-walled carbon nanotubes by weight of cement,
mixed with water to a cement ratio of 0.4 (Table 6). Complying with ASTM C 109, after casting the cement
mortar, the sides of the mold were tapped lightly to allow air bubbles to enter the cement mortar surface
and avoid voiding in the hardened cement mortar. The specimen was kept in an oiled mold for 24 hours in

moist conditions.

Next, the specimens were demolded and immersed in water until the day before the sample was dried and
coated with a thin layer of gold. The Field Emission Scanning Electron Microscope (FESEM) image test

was implemented for 7 days.

Table 6. Mix Design for Quality Control Sample

Materials Weight Unit
Cement 112.38 gr
Water 44,95 gr
MWCNTSs (0.2%) 0.22 gr
Cement Mortar 157.55 gr

Sonication process time was two 30-minute sessions (total of 60 minutes), with amplitude of 20%, and a

one-minute break interval between the two sonications. In this mix, due to low w/c ratio, more water was
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added to the mixture to improve workability. MWCNTSs cannot disperse in water without sonication.
Therefore, the MWCNTSs cannot be recognized in the FESEM images and cementitious crystals dominate
the mixtures. Additionally, there is not sufficient bond with MWCNTS and cement crystals. In addition, the

thin gold-coating layer was not applied for this sample.

Figure 59. Quality control sample for FESEM

3.7 Filed Emission Scanning Electron Microscope for Quality Control Sample

The FESEM chamber requires a small sample. Therefore, the first specimen was fractured and tested in the
FESEM instrument. To dry the specimen, a desiccator was used. The sample stayed in the desiccator for
24 hours to ensure it was dry enough to allow FESEM electrons to go through the specimen. This sample
was not coated. The results indicated CNT agglomeration due to uniform dispersion and poor connection

between cement crystal and multi-walled carbon nanotubes.
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Figure 60. The CNT was not dispersed uniformly. Growing cement crystal and agglomerated MWCNTs

Two classes of electron microscopes include Scanning Electron Microscope (SEM) and Field Emission
Electron Microscope (FESEM). However, FESEM provides images with higher resolution and
magnification especially for cementitious nanocomposite, as CNTs are dominated by cement crystals (Fig.

60).

The FESEM is composed of high-vacuum equipment that allows electrons to move through the specimen
and provide high resolution pictures. FESEM indicates the morphology and crystallography of cement-
based nanocomposite. In this research, the FESEM instrument was used instead of SEM due to high-
magnification images that FESEM provides. Additionally, SWCNTSs are finer than MWCNTS, and FESEM

provides high-quality images.

3.8 FESEM Results

The FESEM is a powerful device in nanoscience and nanotechnology that enables researchers to observe
and analyze nanomaterials [36-41]. Recent progress in hanomaterials has utilized FESEM as a controlling

instrument to check the fine structure of multi-walled and single-walled carbon nanotubes.
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After 28 days of curing the specimens, a crushed specimen was prepared for FESEM imaging to assess the
uniformity of CNT distribution within the cement matrix. This is necessary to evaluate the sonication
process before producing more cementitious nanocomposites. Once the sonication process indicated fair
CNT dispersion, that procedure was applied to all specimen preparation. CNT agglomeration leads to lower
strength in cementitious nanocomposite. However, FESEM images were used as quality control assessment

in this research to ensure effectiveness of CNT integration in the cement matrix.

Morphological analysis throughout FESEM indicated uniform dispersion of MWCNTS in the matrix and

bounding between MWCNTSs and cement crystals (Fig 61).
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Figure 61. Percolation of dispersed MWCNTs within matrix and micro-crack bridge by multi-walled carbon nanotubes/bundle of
MWCNTs within the cementitious matrix

At the fractured edge, MWCNTSs were pulled out from specimen. The MWCNTSs bridged with cement

crystals (Fig. 63).
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Figure 62. Image is on the age of fractured surface of sample

Air void residing in cementitious nanocomposite is one of the challenges as carbon nanotubes are added to
the cement matrix. A small amount of entrapped air void in cementitious nanocomposite substantially
reduces the composite mechanical properties of hardened cementitious nanocomposite. Carbon nanotubes
in both multi-walled and single-walled classes significantly add air void due to microstructural change in
the cement matrix. Additionally, all classes of carbon nanotubes accelerate setting time of fresh cement
paste. Therefore, the entrapped air voids created in fresh cement paste reduce the engineering properties of
hardened cementitious nanocomposite. The mixing techniques of this research significantly decreased
entrapped air void. As can be seen in Figure 64, the air void is on the order of a nanometer (129.60nm).

Integrity of cementitious matrix offered ultra-higher strength as will be discussed in the next chapter.

Another challenge is crack propagation across entrapped air voids as load is applied. With proper CNT
dispersion, cracks and trapped air voids still interrupt load transfer when cementitious nanocomposite is
tested mechanically. The failure mechanism of cementitious nanocomposite was influenced by micro and

nano voids. Cracks quickly propagated through the composite where these air bubbles occurred [42].
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Figure 63. The nano-scale void in cement-based nanocomposite
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Figure 64 Crack propagation across air void after impact load transferee within cementitious nanocomposite incorporating 0.2
wt% MWCNTs
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Figure 66. Scanning electron microscope images of multi-walled carbon nanotubes cementitious composite paste (pulled-out
MW(CNTs on crack surface)

49



CHAPTER 4 TENSILE TEST RESULTS

Phase Il Study: Tensile Experimental Analysis to Investigate the Behavior of
MWCNTS, SWCNTS, and Hybrid Reinforced in Cementitious
Nanocomposites

4.1 Introduction

Concrete requires reinforcement with steel rebar and/or various classes of synthetic and natural fibers to
compensate for its low tensile strength and ductility. However, steel rebar and steel fibers are vulnerable to
corrosion and cause crack propagation along rebar. Additionally, these types of reinforcements are costly
and add more weight to the concrete structure. Replacing such traditional reinforcements with Carbon
Nanotube (CNT) reinforcement is a novel alternative for innovative and durable concrete structures. Nano-
cement-based composites incorporating carbon nanotubes with advanced fabricating technology offer

higher tensile splitting strength.

4.2 Effect of Scaling Down of Specimens

According to tensile ASTM C496/C496M-04 standards [50-63,63], the height-to-diameter ratio for
splitting a tensile test specimen requires at least 2.0. In this experiment, the specimens for the tensile test

were scaled down to cylinder with 25 mm diameter and 25 mm height.

Table 7. Cylindrical tensile test sample geometry

Tensile Sample Geometry

d 25 mm

h 50 mm
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The effect of scaling down should be taken into consideration because as the specimen becomes smaller
the accuracy of data will be affected. However, CNTSs are currently an expensive material, and this class of
nanocomposite experiment is under development. Additionally, test procedures and standards have not yet
been developed. Therefore, the aim of this experiment was to assess the possibility of utilizing CNTSs as

the next generation of reinforcement.

4.3 Cementitious Composite with Different Mix Proportion

Splitting-tensile test matrices were reinforced by multi-walled carbon nanotubes (MWCNTS) and water
cement ratio of 0.5. MWCNTSs sonicated for an hour. Three samples incorporating 0.2wt%, 0.4wt%, and

0.6wt% of multi-walled carbon nanotubes were mixed as shown in the following table.

Table 8. Mix design for cementitious nanocomposite incorporating multi-walled carbon nanotubes (all materials calculated
based on weight of cement)

No. MWCNTSs | Materials Sample (gr) 3 Specimens
A-1 0.00wt% | Cement 54.98 131.95
B-1 MWCNTSs 0.00 0.00
C-1 Water 27.49 65.97
A-2 0.20wt% | Cement 54.98 131.95
B-2 MWCNTs 0.11 0.26
C-2 Water 27.49 65.97
A-3 0.40wt% | Cement 54.98 131.95
B-3 MWCNTs 0.22 0.53
C-3 Water 27.49 65.97
A-4 0.60wt% | Cement 54.98 131.95
B-4 MWCNTSs 0.33 0.79
C-4 Water 27.49 65.97
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Splitting-tensile test matrices were reinforced by single-walled carbon nanotubes and water cement ratio of
0.5. Single-walled carbon nanotubes sonicated for an hour. Three samples weighing 0.2wt%, 0.4wt%, and

0.6wt% of single-walled carbon nanotubes were mixed as on Table 9.

Table 9. Mix design for cementitious nanocomposite incorporating single-walled carbon nanotubes (all materials calculated
based on weight of cement)

No. SWCNTs | Materials Sample (gr) 3 Specimens
A-1 0.00wt% | Cement 54.98 131.95
B-1 MWCNTSs 0.00 0.00
C-1 Water 27.49 65.97
A-2 0.20wt% | Cement 54.98 131.95
B-2 MWCNTs 0.11 0.26
C-2 Water 27.49 65.97
A-3 | 0.40wt% | Cement 54.98 131.95
B-3 MWCNTSs 0.22 0.53
C-3 Water 27.49 65.97
A-4 0.60wt% | Cement 54.98 131.95
B-4 MWCNTSs 0.33 0.79
C-4 Water 27.49 65.97

Splitting-tensile test matrix was reinforced by 50% multi-walled carbon nanotubes and 50% single-walled
carbon nanotubes (hybrid) by weight of cement, and water cement ratio of 0.5. Hybrid CNTS sonicated for
an hour. Three samples weighing 0.2wt%, 0.4wt%, and 0.6wt% of hybrid carbon nanotubes were mixed as

shown in the following table.
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Table 10. Mix design for cementitious nanocomposite incorporating hybrid carbon nanotubes (all materials calculated based on
weight of cement)

No. MWCNTS | SWCNTs | Materials Sample (gr) 3 Specimens
A-1 0.00wt% 0.00wt% | Cement 54.98 131.95
B-1 MWCNTSs 0.00 0.00
C-1 Water 27.49 65.97
A-2 0.10wt% | 0.10wt% | Cement 54.98 131.95
B-2 0.1319gr | 0.1319gr | MWCNTs 0.11 0.26
C-2 Water 27.49 65.97
A-3 0.20wt% | 0.20wt% | Cement 54.98 131.95
B-3 0.2638gr | 0.26389gr | MWCNTSs 0.11 0.26
C-3 Water 27.49 65.97
A-4 0.30wt% | 0.30wt% | Cement 54.98 131.95
B-4 0.3958gr | 0.3958gr | MWCNTSs 0.16 0.40
C-4 Water 27.49 65.97

4.4 Splitting-Tensile Strength of Composite

Three distinct locations of cylindrical specimens were measured by an angle of 120°. Additionally, diameter
was measured at top, bottom, and middle of cylindrical specimens. The average value of length and

diameter were recorded for splitting tensile strength calculation.

Figure 67. Splitting-tensile nanocomposites specimens
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The splitting tensile test was performed by an electromechanical TNIUSTQDISER machine, with capacity
of 5,000 for specimens (reinforced MWCNTs and SWCNTSs) with lower tensile strength. However,
specimens with hybrid reinforcement exceed the capacity of a compression machine, so the load cell was
replaced with a higher capacity of 50,000Ibf. Machine software operator recorded the results (Figure 70-

71).

The cylindrical splitting specimens with a height of 50 mm and diameter of 25 mm were tested after 28
days of curing in water. The procedure of splitting tensile strength test was in compliance with ASTM C
496/C496M-04 “Standard Test Method for Splitting-Tensile Strength of Cylindrical Concrete Specimens,”
which is applicable for cylindrical concrete specimens. The tensile test for cementitious nanocomposite
specimens was scaled down. The plywood bearing strip with a length of 70 mm, a width of 20 mm, and a
thickness of 1.15 mm were placed on the top and bottom of cementitious nanocomposites (Figure 69). The
loading rate (displacement velocity) was 0.35 inch per minute until the specimen reached maximum tensile
strength, and continued loading until complete specimen failure. The specimen’s crack propagation and
failure mechanism were monitored. The CNT reinforcements mitigated more ductile behavior of

nanocomposites.
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Figure 68. Schematic test setup for splitting-tensile test and specimen test set up before applying load

The maximum tensile strength was calculated as following equation.

2p

fe =1

Where

f¢ = Splitting-tensile strength of the cementitious nanocomposite, MPa (psi)
P= Ultimate load, KN(Ibf)

L= Length of the cylindrical specimen, mm (in)

D= Diameter of the cylindrical specimen, mm (in)
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Figure 69. Load cell with 5,000Ibf capacity for Figure 70. Load cell with 5000Ibf capacity for nanocomposites
nanocomposites incorporating hybrid CNTs incorporating MWCNTs and SWCNTs

4.5 Control Samples Failure Mechanism

Failure mechanism differences were detected between cement mortar specimens and specimens reinforced
with MWCNTs, SWCNTs, and hybrid CNTs. The required load for ultimate failure of nanocomposite
reinforced with hybrid CNTs exceeds the capacity of load-cell. Therefore, the load-cell was replaced with

a new test set up, illustrated in Figure 71.

Figure 71. Cement mortar sample failure mechanism in splitting tensile test (sudden cement mortar failure)
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4.6 Failure Mechanism of CNT-Reinforced Cementitious Nanocomposite

Comparing the failure mechanism of cement mortar (Figure73) under spiriting tensile test with CNT-
reinforced cementitious nanocomposite presented considerable enhancement in ductility of the concrete
[63-64]. Reinforcing cement mortar with hybrid CNT resulted in the most ductile failure pattern. As shown
in the following pictures of failure mechanism of nanocomposite with hybrid CNT reinforcement (Figure

73), the crack developed under applied load in alignment with axial load.

This pattern of failure is similar to that of cement mortar, in which a crack initiates in the middle of the
cross section, followed shortly afterward by specimen failure. In other words, in the sudden failure of
concrete or cement mortar under flexural or tensile load, the load capacity of concrete is negligible after
initiating the first crack [43-46]. Concrete is reinforced by rebar not only to transform sudden failure to
predictable failure, but also to add tensile strength where concrete is in tension stress. Structural design for
reinforced concrete is based on predictable failure where the concrete capacity in tension is negligible and

rebar carries the entire tension forces.

However, cement mortar reinforced with carbon nanotubes offers tensile strength for concrete and
transforms concrete’s sudden failure to predictable failure. This is one of the vital components for structural

health monitoring with enhancing durability of concrete structure.

As can be seen in Figure 73, after the first micro crack initiated and developed, nanocomposite incorporating
0.6wt% carbon nanotubes carried the load for a long time until it reached maximum strength. The

uniqueness of this nanocomposite property generates a new class of advanced concrete reinforcement.

Another significant result of the figure 73 compared to conventional cement mortar is failure mechanism
after maximum stress. The majority of concrete types are designed for compression because concrete
materials are brittle. Fracturing occurs immediately after ultimate strength (maximum stress in the graph).

However, in the nanocomposite, the failure mode was transformed to ductile materials. In other words, after
57



ultimate stress, the nanocomposite was still capable of carrying applied load. However, more experiments

should be conducted with actual specimen’s size and more test repetition to ensure the same pattern occurs.

Stress vs. Displacement percenta Hybrid

1600 Maximum Stress

1400

1200

1000

800

Ft (Psi)

600

400

200

Initial Microcrack Appears

0 2 4 6 8 10 12 14 16 18 20
AD / DO (%)

eee++0.6% Hybrid ——Mortar

Figure 72. Stress verses displacement percentage for nanocomposite reinforced by 0.6wt% hybrid carbon nanotubes

In figure 72, DO is the initial vertical distance between the underneath of load cell and the fixed table of
Tinius Olsen Tensile Testing Machine which includes the diameter of the specimen (in vertical direction)
and thickness of plywood strips, and D denotes the instantaneous value of this distance. Hence, AD/DO
does not measure the strain accurately; neither is it an accurate measurement of the vertical deformation of
the specimen under the tensile load. However, it is helpful to compare the energy absorbed by different

specimens qualitatively. Given that the same procedure is followed in conducting all tests and knowing that
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the energy absorption is proportion to the area under the stress-strain curve, it can be concluded that the

more the area under the Ft versus AD/DO graph is the greater the energy absorption.

The failure pattern after developing the initial crack provides additional time before ultimate failure occurs
in cement-based nanocomposites. The evolution of crack propagation on cementitious nanocomposite
surface until ultimate specimen failure during splitting-tensile test was assessed in this experiment (Fig.

73).

The evolution of crack propagation on the nanocomposite surface until ultimate specimen failure during
splitting-tensile test is presented in the Figure 74. The fracture mode did not occur after developing the first

crack in the axial of cylindrical specimen. The vertical cracks repeated with applied load alignment.

The left part of the specimen had fallen apart exactly where an air void existed which indicated the
importance of the mixing process of the composite to reach the maximum potential of carbon nanotubes
reinforcement. The same pattern occurred through impact tests: Where air voids existed, cracks propagated

(Figure 73).
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Figure 73. Nanocomposite incorporating 0.4wt % hybrid carbonb nanotubes failure mechanism in splitting tensile test (ductile
failure)
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4.7 Transformed Nanocomposite from Circular to Overall Shape

Another important finding of this experiment is that the nanocomposite failure mode was initiated from
central axial aligned with applied load, but cementitious nanocomposite load capacity increased after the
first crack initiated and propagated through vertical cross section axial. The deformation of cross section
from circle to oval shape augmented tensile strength by 50% in cementitious nanocomposite incorporating

hybrid carbon nanotubes when compared to conventional cement mortar.

Load Load
Supplementry Steel Bar Supplementry Steel Bar
I ./
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25x50 Comentitios
25x50 Cementitios Mortar T~ Nanocomposite Cylinder

Cylinder Specimen

.,

&4

L

Figure 74. Schematic fracture pattern of hybrid nanocomposite
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Figure 75. Nanocomposite incorporating 0.4wt % hybrid carbon nanotubes failure mechanism in splitting tensile test (ductile
failure and deformation of cross section from circular to oval shape)

4.8 Comparison of Tensile Strength

This section compares the area under each graph to indicate how cementitious nanocomposite incorporating
CNTs absorb more energy qualitatively. In other words, this section compares the toughness of each

composte with a control sample to emphasize the improvement in failure mechanism.

The hybrid nanocomposites showed more ductile behavior compared to conventional concrete that is

extremmly brittle. Concrete failure mechanism under static and dynamic load is identified as the first crack

62



occurs because shortly after that concrete collapses. However, in cementitious hanomaterilas, as shown in

Figure 76, after the first crack happens approximately at 600 psi, the composite stress raises to 1500 psi.

Figure 76 shows that nanocomposite incorporating 0.6wt% hybrid carbopn nanotubes reached the
maximum tensile strength compared to nanocomposites with 0.2wt% and 0.4wt%. This composite

increased the tensile strength by approximetly 50% compared to cement mortar.
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Figure 76. Stress verses displacement percentages for nanocomposite reinforced by hybrid carbon nanotubes 0.2wt%, 0.4wt%,
and 0.6wt%
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Hybrid carbon nanotubes (0.2wt %) had significantly better performance compared with the same ratio of

SWCNTs and MWCNTS as shown in figure 77.
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Figure 77. Stress verses displacement percentages for nanocomposite reinforced by 0.2wt% hybrid carbon nanotubes, SWCNTs,
and MWCNTs.
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Hybrid carbon nanotubes (0.6wt %) had significantly better performance compared with the same ratio of

SWCNTs and MWCNTS s as shown in figure 78.
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Figure 78. Stress verses displacement percentages for nanocomposite reinforced by 0.6wt% hybrid carbon nanotubes, SWCNTs,

and MWCNTs
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Hybrid carbon nanotubes (0.4wt %) had significantly better performance compared with the same ratio of

SWCNTs and MWCNTSs as shown in Figure 79. In summary, all volume fractions of hybrid carbon

nanotubes indicated the maximum splitting tensile test.
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Figure 79. Stress versus displacement percentages for nanocomposite reinforced by 0.4wt% hybrid carbon nanotubes, SWCNTs,

4.9 Tensile

and MWCNTs

Test Results and Statistical Analysis Discussion

Table 11 summarizes the data collected from tensile strength tests. These data are illustrated in Figure 81,

which shows that cementitious hanocomposites, especially those reinforced by hybrid CNTSs, withstand

higher tensile loads. However, Figure 81 clearly demonstrates that the ultimate tensile strength of each
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composite varies widely from one specimen to another. These observations might be better understood

through statistical analysis.

Average, Maximum, Minimum, and standard deviation of the ultimate tensile strength of all composites
are tabulated in Table 12 in which STD stands for standard deviation. Following facts can be inferred on

Table 12,

The average ultimate tensile strength of each and all composites is greater than that of plain mortar. The
increment varies from 2 % (MWCNT 0.2 %) up to 36 % (Hybrid 0.4 %). The ratio of standard deviation to
the average ultimate tensile strength varies from 0.1 % (MWCT 0.6 %) to 31 % (Hybrid 0.6 %). This ratio
for plain mortar is 8.9 %. Increasing the dosage of CNT reinforcement does not necessarily enhance the

tensile strength of the composite.

The average ultimate tensile strength is demonstrated using a column chart in Figure 81 where error bars
demonstrate the standard deviation. Regarding the high standard deviations, the t-Test was conducted using

Microsoft Excel software to determine whether or not the experimental results are statistically convincing.

The null hypothesis of this statistical analysis is that there is no meaningful difference between the average
of ultimate tensile strength of the composite and that of the plain mortar. In the first step, the F-test was
conducted to determine if the standard deviation of each composite equals the STD of the mortar. Then the
outcome of each F-test is used to determine the suitable t-Test method for each composite. Lastly, two-
sample t-Tests are conducted for Alpha = 0.05. The results of F-tests and t-Tests are summarized in Table
13. On each table, variable 1 with 9 observations denotes plain mortar, while variable 2 with only 3

observations refers to composite.
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Table 11. Summary of tensile strength (psi) for nanocomposite reinforced by different ratio and type of carbon nanotubes

Specimen CNT CNT % D(in) L(in) P(lb.f) Ft (psi)
B-1 None 0.0% 1.045 2.260 3132.8 844.9
C-1 None 0.0% 1.038 2.211 2756.3 765.0
D-1 None 0.0% 1.042 2.200 3274.2 909.7
E-1 None 0.0% 1.044 2.255 3280.0 887.4
F-1 None 0.0% 1.037 2.300 3695.1 986.8
I-1 None 0.0% 1.043 2.216 3442.2 948.6
C-1 None 0.0% 1.063 2.165 2650.0 733.4
D-1 None 0.0% 1.063 2.087 2978.8 855.2
B-1 None 0.0% 1.046 2.130 2928.2 837.1
A-2 MWNT 0.2% 1.043 2.135 3147.6 901.2
B-2 MWNT 0.2% 1.043 2.155 3191.5 904.4
C-2 MWNT 0.2% 1.040 2.130 2877.6 827.4
A-3 MWNT 0.4% 1.043 2.130 3734.8 1070.8
B-3 MWNT 0.4% 1.038 2.090 4155.9 1220.2
C-3 MWNT 0.4% 1.042 2.194 3520.9 981.0
B-4 MWNT 0.6% 1.035 2.137 3485.6 1004.3
C-4 MWNT 0.6% 1.043 2.158 3541.1 1002.1
A-2 SWNT 0.2% 1.045 2.125 3103.9 890.3
B-2 SWNT 0.2% 1.047 2.144 3948.6 1120.4
C-2 SWNT 0.2% 1.038 2.160 3958.3 1124.5
A-3 SWNT 0.4% 1.043 2.157 3550.4 1005.2
B-3 SWNT 0.4% 1.041 2.239 3341.7 913.2
C-3 SWNT 0.4% 1.049 2.224 3004.0 820.1
A-4 SWNT 0.6% 1.045 2.255 3232.8 873.8
B-4 SWNT 0.6% 1.030 2.238 4047.0 1118.2
C-4 SWNT 0.6% 1.036 2.214 3695.9 1026.3
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A-2 Hybrid 0.2% 1.027 2.24 4505.4 12171
B-2 Hybrid 0.2% 1.047 2.252 3759.4 1039.7
C-2 Hybrid 0.2% 1.025 2.247 3683.4 1018.3
A-3 Hybrid 0.4% 1.035 2.226 2768.0 765.3
B-3 Hybrid 0.4% 1.036 2.226 5587.1 1543.1
C-3 Hybrid 0.4% 1.040 1.972 4418.8 1222.0
A-4 Hybrid 0.6% 1.040 2.137 4867.3 1394.9
B-4 Hybrid 0.6% 1.043 2.122 3209.5 923.7
C-4 Hybrid 0.6% 1.042 2.158 2296.5 650.5
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Table 12 Average, Maximum, Minimum, and Standard deviation of ultimate tensile strength of composites.

Composition | Percentage | Average Maximum | Minimum STD
Mortar 0.0% 863 987 733 7
— 0.2% 878 904 827 36
5 0.4% 1,001 1,220 981 99
% 0.6% 1,003 1,004 1,002 1

- 0.2% 1,045 1,124 890 109
5 0.4% 913 1,005 820 76

(% 0.6% 1,006 1,118 874 101
0.2% 1,092 1,217 1,018 89

§ 0.4% 1,177 1,543 765 319

= 0.6% 990 1,395 651 307
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Figure 80. Summary of stress verses displacement percentages for nanocomposite reinforced by different ratio and type of
carbon nanotubes

70



Tensile Strength (psi)

1,600
1,400
- 1,200
‘D
=2
< 1,000
(@]
3 800
= = Mortar
= 600 = Multiwall
e .
R m Singlewall
400 .
= Hybrid
200
0 0.2 0.4 0.6
= Mortar 863 863 863
® Multiwall 878 1,091 1,003
m Singlewall 1,045 913 1,006
» Hybrid 1,092 1,177 990

Figure 81. Summary of tensile strength (psi) for nanocomposite reinforced by different ratio and type of carbon nanotubes

A two-tail test was conducted for each composite. If |tgse| > toricicar tWo-tail, we reject the null
hypothesis. This is the case for MWCNT 0.6 %, Hybrid 0.2 %, and Hybrid 0.4 %. Therefore, in these three
cases the observed difference between the samples’ means is statistically convincing enough to conclude
that the average ultimate strength of composite and plain mortar differs significantly. In contrast, in
MWCNT 0.2 %, MWCNT 0.4 %, all SWCNT-reinforced composites, and Hybrid 0.6 %, the observed data
are not statistically convincing. More precise testing methods should be utilized to reach more repeatable
results and lower the standard deviation of collected data. Moreover, the number of tests for each composite

should be increased.
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Table 13. F-Test and t-Test of ultimate tensile strength of CNTs-reinforced composites compared to plain mortar.

MWCNT 0.2 % MWCNT 0.4 %

Variable 1 | Variable 2 Variable 1 | Variable 2
Mean 863 878 Mean 863 1091
Variance 6611 1897 Variance 6611 14602
Observations 9 3 Observations 9 3
df 8 2 df 8 2
F 3.484 F 0.453
P(F<=f) one-tail 0.242 P(F<=f) one-tail 0.172
F Critical one-tail | 19.371 F Critical one-tail | 0.224

Equal Variances Unequal Variances

MWCNT 0.6 % SWCNT 0.2 %

Variable 1 | Variable 2 Variable 1 \Z/ariable
Mean 863 1003 Mean 863 1045
Variance 6611 2 Variance 6611 17969
Observations 9 2 Observations 9 3
df 8 1 df 8 2
F 2803.978 F 0.368
P(F<=f) one-tail 0.015 P(F<=f) one-tail 0.126
F Critical one-tail 238.883 F Critical one-tail 0.224

Unequal Variances Unequal Variances




SWCNT 0.4 % SWCNT 0.6 %
Variable 1 Variable 2 Variable 1 | Variable 2
Mean 863 913 Mean 863 1006
Variance 6611 8560 Variance 6611 15243
Observations 9 3 Observations 9 3
df 8 2 df 8 2
F 0.772 F 0.434

P(F<=f) one-tail | 0.326

P(F<=f) one-tail 0.162

F Critical one-

tail 0.224 F Critical one-tail | 0.224
Unequal Variances Unequal Variances
Hybrid 0.2 % Hybrid 0.4 %

Variable 1 | Variable 2 Variable 1 | Variable 2
Mean 863 1092 Mean 863 1177
Variance 6611 11906 Variance 6611 152807
Observations 9 3 Observations 9 3
df 8 2 df 8 2
F 0.555 F 0.0433
P(F<=f) one-tail 0.226 P(F<=f) one-tail 0.0005
F Critical one-tail | 0.224 F Critical one-tail | 0.2243

Unequal Variances Equal Variances
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Hybrid 0.6 % MWCNT 0.2 %
Variable 1 | Variable 2 Variable 1 | Variable 2
Mean 863 990 Mean 863 878
Variance 6611 141814 Variance 6611 1897
Observations 9 3 Observations 9 3
df 8 2 Pooled Variance 5668
F 0.0466 |I;|/I)cla|[a)1(r)1trl]Dei?‘lfze(:c(jnce 0
P(F<=f) one-tail 0.0006 df 10
F Critical one-tail 0.2243 t Stat -0.290
Equal Variances P(T<=t) one-tail 0.389
t Critical one-tail | 1.812
P(T<=t) two-tail 0.778
t Critical two-tail | 2.228

t Stat is less than t Critical two-tail
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MWCNT 0.4 % MWCNT 0.6 %

Variable 1 | Variable 2 Variable 1 | Variable 2
Mean 863 1091 Mean 863 1003
Variance 6611 14602 Variance 6611 2
Observations 9 3 Observations 9 2
Hypothgsized 0 Hypothgsized 0
Mean Difference Mean Difference
df 3 df 8
t Stat -3.040 t Stat -5.1628
P(T<=t) one-tail 0.028 P(T<=t) one-tail 0.0004
t Critical one-tail 2.353 t Critical one-tail | 1.8595
P(T<=t) two-tail 0.056 P(T<=t) two-tail 0.0009
t Critical two-tail 3.182 t Critical two-tail | 2.3060

t Stat is less than t Critical two-tail

t Stat is greater than t Critical two-tail
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SWCNT 0.2 % SWCNT 0.4 %
Variable 1 | Variable 2 Variable 1 | Variable 2

Mean 863 1045 Mean 863 913
Variance 6611 17969 Variance 6611 8560
Observations 9 3 Observations 9 3
Hypothesized Mean 0 Hypothgsized 0
Difference Mean Difference
df 3 df 3
t Stat -2.219 t Stat -0.830
P(T<=t) one-tail 0.057 P(T<=t) one-tail 0.234
t Critical one-tail 2.353 t Critical one-tail 2.353
P(T<=t) two-tail 0.113 P(T<=t) two-tail 0.467
t Critical two-tail 3.182 t Critical two-tail 3.182

t Stat is less than t Critical two-tail

t Stat is less than t Critical two-tail

SWCNT 0.6 % Hybrid 0.2 %
Variable 1 | Variable 2 Variable 1 | Variable 2
Mean 863 1006 Mean 863 1092
Variance 6611 15243 Variance 6611 11906
Observations 9 3 Observations 9 3

Hypothesized Mean

Hypothesized Mean

Difference 0 Difference 0

df 3 df 3

t Stat -1.875 t Stat -3.333
P(T<=t) one-tail 0.079 P(T<=t) one-tail 0.022

t Critical one-tail 2.353 t Critical one-tail 2.353

P(T<=t) two-tail 0.157 P(T<=t) two-tail 0.045

t Critical two-tail 3.182 t Critical two-tail 3.182

t Stat is less than t Critical two-tail

t Stat is greater than t Critical two-tail

Hybrid 0.4 %

Hybrid 0.6 %
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Variable 1 | Variable 2 Variable 1 | Variable 2
Mean 863 1177 Mean 863 990
Variance 6611 152807 Variance 6611 141814
Observations 9 3 Observations 9 3
Pooled Variance 35850 Pooled Variance 33651
Hypothesized Mean 0 Hypothgsized 0
Difference Mean Difference
df 10 df 10
t Stat -2.485 t Stat -1.035
P(T<=t) one-tail 0.016 P(T<=t) one-tail 0.163
t Critical one-tail 1.812 t Critical one-tail 1.812
P(T<=t) two-tail 0.032 P(T<=t) two-tail 0.325
t Critical two-tail 2.228 t Critical two-tail 2.228

t Stat is greater than t Critical two-tail

t Stat is less than t Critical two-tail

4.10 Tensile Strength Mathematical Optimization

The data represented in the previous three graphs can be summarized in a 3D graph by introducing a new

parameter. SW/ (SW+MW) denotes the amount of Single-Walled CNTs in the whole reinforcements added

to the cement. When pure SWCNTSs are used to reinforce the cement, this parameter equals unity. When

pure MWCNTSs are used to reinforce the cement, this parameter equals zero. In case of a 50% — 50% hybrids

of CNTs that is investigated in this research, the SW/ (SW+MW) equals 0.5. To find the optimum mixture

of MWCNTSs and SWCNTSs, which result in the optimum tensile strength, numerous cases between these

three numbers are interpolated and the results are graphed. The numerical analysis is done using MATLAB

software and the relevant code is presented in the appendices.
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Figure 82. Tensile strength of the full range of CNTs reinforced cementitious nanocomposites
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This graph shows that maximum tensile strength is achievable in a region around point (0.5, 0.5), which
means the measured maximum tensile strength indeed provides the greatest toughness achievable with the
materials used in this research. However, since Single-Walled CNTSs are considerably more expensive than
MWCNTS, one can mix 35% of SWCNTs with 65% of MWCNTSs and reach almost the same toughness
while saving about 13% in the cost of materials. The top view of this 3D graph illustrated in next picture

clearly illustrates the optimum region.
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Figure 83. Top view of tensile strength of the full range of CNTs reinforced cementitious nanocomposites
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4.11 Summary

In conclusion, the nanocomposite reinforced by 0.4 wt. % hybrid carbon nanotubes showed the maximum
ultimate splitting tensile test. Failure mechanism also revealed more ductile behavior compared to other
mixes. More importantly, after the first crack occurred, the specimens still carried load, which allowed more
predictability of collapse for concrete structures--one of the superior mechanical properties of this
nanocomposite. Statistical analysis, however, showed that in two-thirds of composites, the collected data
are not convincing enough to conclude a significant difference between the ultimate tensile strength of the
composite and that of plain mortar. To summarize, the results show considerable potential for enhancing
the tensile strength of concrete by adding CNTSs as reinforcement. However, more precise testing methods
should be utilized to reach more repeatable results and lower the standard deviation of collected data.

Moreover, the number of tests for each composite should be increase
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CHAPTER 5 RESULTS OF IMPACT TEST

Phase I11 Study: Impact Experimental Analysis to Investigate the Behavior of
MWCNTSs, SWCNTSs, and Hybrid Reinforced in Cementitious
Nanocomposites

5.1 Introduction

Mortar, or cement paste, is a brittle material. However, it can carry a large amount of static load during
structure service life, especially in compression cases. However, the behavior of cement mortar under high
strain rate over a short period of time has not been fully investigated. Over the last few decades, adding
fibers to cement matrix has changed the behavior of cement-based composite under dynamic loads and high
strain rate tests. A review of the literature indicates that the behavior of carbon nanotube cementitious
composites under impact loading has not yet been investigated. In this study, two issues were addressed,

including the geometry of specimens, and the test standards of any adjusted procedure.

American Concrete Institute report (544.2R-89: Measurement of Properties of Fiber Reinforced Concrete
(Reapproved 2009)) suggests a method to measure the mechanical properties of Fiber Reinforced Concrete
(FRC) under impact loading [50-53]: ACI 544.2R-89 was initially developed for steel, glass, polymeric,
and natural fibers cementitious composites. However, in the absence of standards specifically for CNT-
reinforced cementitious composites, the ACI 544.2R-89 procedure could be followed. These standard lists

are acceptable impact test methods for concrete specimens as follows:
o Weight pendulum (Charpy-type test)
o Drop weight test (singular/repeated impact)

e Constant strain test
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e Projectile impact test

o Split-Hopkinson bar test

e Explosive test

e Instrumented pendulum impact test

Drop-weight test is the best method to measure small specimens. This test is based on the number of blows
to appear in the specimen’s initial visible crack. Additionally, the number of blows that cause the
specimen’s ultimate failure should be measured. The number of blows should be compared to determine
different specimens’ energy absorption. The cementitious composite with carbon nanotubes investigated in
this study demonstrate the optimum percentage of CNTSs that provided higher performance in general, but

not necessarily the maximum impact strength.

5.2 Summary of Impact Test Literature Review

A summary of ACI-Committee 544 report [51-53] and four research papers, which followed the same
procedure, is presented in the following table. This test was conducted, but one of drawback of ACI-
Committee 544 is scattered results. Cement-based composite incorporating carbon nanotubes are expected
to absorb an elevated level of energy due to its enhanced ductility compared to conventional cementitious

composite [54].
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Table 14. Summary of Impact Test Literature Review for cementitious composite reinforced by fibers

Drop Weight Test
Cementitious Charpy
No | Standard/ Procedure Composite Fibers Geometry Hammer Test
Diameter Height Wight Diameter Drop Height
Cementitious 2" 53/64" 3.31b. 53/64" 6"
1 ACI-Committee 544 composite with NA
CNTs (50mm) (21mm) (1.51 kg) (21 mm) (152 mm)
Concrete, fiber 6" 21/2" 10 1b 21/2" 18"
2 ACI-Committee 544 r(lezllglz?rcetd clon(I:rete . NA
(FRC), steel, glass, (152 mm) (63.5 mm) (4.54 kg) (63.5 mm) (457 mm)
polymeric, natural
3 Not mentioned, but it Short discrete jute 137/64" 6 11/16" 4.41b 137/64" 6 11/16" NA
looks scaled down fiber (natural fiber) (40mm) (170mm) (2kg) (40 mm) (170mm)
High-performance
Followed ACI- reinforced cement 5 29/32" 21/2" 9.9 Ib 2" 18"
4 Committee 544 composite NA
incorporating (150mm) (64mm) (4.5 k) (50mm) (457 mm)
polypropylene fiber
Steel ribbons 220x60%20 mm
Glass fiber & steel Repeatedly
5 - NA NA NA blow until
ribbons .
failure

Glass fibers 100x10x10 mm
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The Charpy and drop weight machine figures that other researchers used for cementitious composite with
different fibers are shown below.

5.3 Suggested Impact Test Procedure

In this experiment, (ACI 544.2R-89) was used, but the geometry was scaled down from a 6-inch diameter

and a 2-inch height, as shown in Table 15, below.

Table 15. Suggest impact test procedure for cementitious nanocomposite

Drop Weight Test
No Standard/ Material Specimen Hammer
Procedure 5
. . . . rop
Diameter Height Weight Diameter Height
Modified "
3 Cementitious 2” 25/32" 1.36Ib 53/64" 4"
ACI )
1 C itt Composite
0"5‘2: €€ | with CNTs (50mm) | (20 mm) (620 gr) (21 mm) | (100 mm)

1. Cast the cementitious composite incorporating CNTSs in a 25x50 cylinder mold which is oiled prior

to pure the cement mortar

2. Keep it in moist room for 24 hours to be hardened

3. Remold the specimen and keep it in moist room for 28 days

4. After 28 days the specimen reaches its ultimate strength and is ready for impact test

5. The impact load is applied with a 20-mm diameter steel hemispherical tub, 620 gr mass from 100

mm height

6. The number of blow is recorded until rupture. The first crack occurs to develop deterioration

7. The impact energy for each blow is calculated by the following equation
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5.4 Impact Energy Equation

In compliance with the ACI 544 committee report, the static impact energy on a disk specimen for a hammer
of 620 gr weight from 100 mm height is employed. The number of blows that induced failure was recorded

and converted to energy using the following equation [51-53].

E;, = mgHN
Where
El — Impact energy (N-m)
m — Drop hammer mass
H — Height of drop mass

N — Number of blows at ultimate failure
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5.5 Impact Strength Test (Modified ACI 544.2R-89)

77777777 T Z7777]

| 4]

620 gr (1.361b) Steel Rad Mass

100 mm (4 1n) Drop Weight

21 mm (6in) Diameter Steel Rod

50 mm (2 in) Diameter and 21 mun (0.83 in)
Cementitious Composite Specimen

TR

o™

Figure 84. Schematic diagram of general layout of the drop-weight tower for impact test
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5.6 Cementitious Composite with Different Mix Proportion

In this experiment, the specimens for the drop-weight impact test were scaled down to a cylinder with a 50-

mm diameter and a 20-mm height.

Low-velocity impact test for cement matrices reinforced by multi-walled carbon nanotubes and water

cement ratio of 0.4. MWCNTSs sonicated for an hour. Sample A incorporated 0.2wt.% of MWCNTS; Sample

Table 16. Cylindrical drop-weight impact test sample geometry

Impact Sample Geometry

50

mm

20

mm

B, 0.4wt%, and Sample C, 0.6wt%. Samples were mixed as shown in Table 17.

Table 17. Mix design for cementitious nanocomposite incorporating multi-walled carbon nanotubes (all materials calculated

based on weight of cement)

No. MWCNTSs | Materials Sample (gr) 3 Specimens
A-1 0.00wt% | Cement 87.96 303.48
B-1 MWCNTs 0.00 0.00
C-1 Water 35.19 121.39
A-2 0.20wt% | Cement 87.96 303.48
B-2 MWCNTSs 0.18 0.61
C-2 Water 35.19 121.39
A-3 0.40wt% | Cement 87.96 277.09
B-3 MWCNTSs 0.35 111
C-3 Water 35.19 110.84
A-4 0.60wt% | Cement 87.96 271.81
B-4 MWCNTSs 0.53 1.63
C-4 Water 35.19 108.72
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Table 18. Mix design for cementitious nanocomposite incorporating single-walled carbon nanotubes (all materials calculated

based on weight of cement)

No. SWCNTs | Materials Sample (gr) | 3 Specimens
A-1 0.00wt% Cement 87.96 263.89
B-1 SWCNTs 0.00 0.00
C-1 Water 35.19 105.56
A-2 0.20wt% Cement 87.96 263.89
B-2 SWCNTs 0.18 0.53
C-2 Water 35.19 105.56
A-3 0.40wt% Cement 87.96 237.50
B-3 SWCNTs 0.35 0.95
C-3 Water 35.19 95.00
A-4 0.60wt% | Cement 87.96 237.50
B-4 SWCNTs 0.53 1.43
C4 Water 35.19 95.00
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Table 19. Mix design for cementitious nanocomposite incorporating hybrid carbon nanotubes (all materials calculated based on
weight of cement)

No. SWCNTs 'SVIWCNT Materials (S;erle 3 Specimens
A-1 0.00wt% | 0.00wt% | Cement | 87.96 211.12
B-1 CNT 0.00 0.00
C-1 Water 35.19 84.45
A-2 0.10% 0.10% Cement | 87.96 211.12
B-2 0.0880gr | 0.0880gr | SWCNTSs

C-2 0.2639 0.2639 Water 35.19 84.45
A-3 0.20% 0.20% Cement | 87.96 211.12
B-3 0.1759gr | 0.1759gr SSWCNT

C-3 0.5278 0.5278 Water 35.19 84.45
A-4 0.30% 0.30% Cement | 87.96 211.12
B-4 0.2639 0.2639 SSWCNT

C-4 0.7917 0.7917 Water 35.19 84.45
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Table 20. Raw data for cementitious nanocomposite incorporating SWCNTs, MWCNTs and hybrid carbon nanotubes under drop-weight impact test with calculation of energy
absorption of each specimen

No. | Name. | Specimen | CNT% | Number of Drop | Energy (J) Specir?rt:]rrln\sgolume ?npaescsir(réer;l Ener(%%g;ume Ene(r\]%g)nass
1 A-1 Co 0% 2 1.22 4.09E-05 88.3 30 13.8
2 B-1 Co 0% 20 12.15 4.29E-05 92.7 283 131.0
3 C-1 Co 0% 5 3.04 4.29E-05 92.7 71 32.8
4 A-2 MWwW1 0.20% 1 0.61 4.09E-05 88.3 15 6.9
5 B-2 MWwW1 0.20% 28 17.01 4.09E-05 88.3 416 192.6
6 C-2 MWwW1 0.20% 22 13.37 4.09E-05 88.3 327 151.3
7 A-3 MW2 0.40% 55 33.42 4.29E-05 92.7 779 360.3
8 B-3 MW2 0.40% 85 51.65 4.29E-05 92.7 1,204 556.8
9 C-3 MW2 0.40% 6 3.65 4.29E-05 92.7 85 39.3
10 | A4 MW3 0.60% 300 226.03 4.32E-05 93.4 5,232 2420.2
11 B-4 MW3 0.60% 4 4.19 4.32E-05 934 97 449
12 C-4 MW3 0.60% 2 1.22 4.52E-05 90 27 135
13 | A-2 Swi 0.20% 310 188.36 4.42E-05 84.5 4,264 2229.1
14 B-2 Swi 0.20% 15 9.11 3.93E-05 77 232 118.4
15 C-2 Swi 0.20% 4 243 4.32E-05 85.5 56 28.4
16 | A-3 SW2 0.40% 59 35.85 4.32E-05 83.5 830 429.3
17 B-3 SW2 0.40% 7 4.25 4.42E-05 84 96 50.6
18 C-3 SW2 0.40% 5 3.04 4.09E-05 76.5 74 39.7
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19 | A4 SW3 0.60% 453 275.24 4.12E-05 78 6,675 3528.8
20 | B4 SW3 0.60% 155 94.18 4.42E-05 84 2,132 1121.2
21 | C4 SW3 0.60% 9 5.47 3.93E-05 75.5 139 72.4
22 | A-2 HB 1 0.20% 6 3.65 4.12E-05 78.5 88 46.4
23 | B-2 HB 1 0.20% 179 108.76 4.52E-05 86.5 2,408 1257.3
24 | C-2 HB 1 0.20% 253 153.72 4.42E-05 85.5 3,480 1797.9
25 | A3 HB 2 0.40% 987 599.70 4.71E-05 91 12,726 6590.1
26 | B-3 HB 2 0.40% 8 4.86 4.22E-05 81.5 115 59.6
27 | C-3 HB 2 0.40% 3 1.82 4.32E-05 85 42 21.4
28 | A4 HB 3 0.60% 147 89.32 4.12E-05 87 2,166 1026.6
29 | B4 HB 3 0.60% 2 1.22 4.52E-05 80 27 15.2
30 | C4 HB 3 0.60% 13 7.90 4.32E-05 81 183 97.5
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Table 21. Raw data for geometry of cementitious nanocomposite incorporating SWCNTs, MWCNTs and hybrid carbon nanotubes
under drop-weight impact test

No. | Name. | Specimen | CNT% ';Ifugrzeg (mtm) (mDm) (mhm) maDsrsO(Zr)
1 A-1 Co 0% 2 20 51 100 620
2 B-1 Co 0% 20 21 51 100 620
3 C-1 Co 0% 5 21 51 100 620
4 A-2 Mw1 0.20% 1 20 51 100 620
5 B-2 MWw1 0.20% 28 20 51 100 620
6 C-2 MWwW1 0.20% 22 20 51 100 620
7 A-3 MW2 0.40% 55 21 51 100 620
8 B-3 MW?2 0.40% 85 21 51 100 620
9 C-3 MW2 0.40% 6 21 51 100 620
10 | A4 MW3 0.60% 300 22 50 122.5 620
11 B-4 MW3 0.60% 4 22 50 172.5 620
12 | C4 MW3 0.60% 2 23 50 100 620
13 A-2 Swi1 0.20% 310 22.5 50 100 620
14 B-2 Swi 0.20% 15 20 50 100 620
15 C-2 Swi 0.20% 4 22 50 100 620
16 A-3 SW2 0.40% 59 22 50 100 620
17 B-3 SW2 0.40% 7 22.5 50 100 620
18 | C-3 SW2 0.40% 5 20 51 100 620
19 A-4 SW3 0.60% 453 21 50 100 620
20 B-4 SW3 0.60% 155 22.5 50 100 620
21| C4 SwW3 0.60% 9 20 50 100 620
22 A-2 HB 1 0.20% 6 21 50 100 620
23 B-2 HB 1 0.20% 179 23 50 100 620
24 C-2 HB 1 0.20% 253 22.5 50 100 620
25 A-3 HB 2 0.40% 987 24 50 100 620
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26 | B-3 HB 2 0.40% 8 21.5 50 100 620
27 | C-3 HB 2 0.40% 3 22 50 100 620
28 | A4 HB 3 0.60% 147 21 50 100 620
29 | B-4 HB 3 0.60% 2 23 50 100 620
30 | C4 HB 3 0.60% 13 22 50 100 620
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Table 22 F-Test and t-Test of impact toughness of CNTs-reinforced composites compared to plain mortar4

MWCNT 0.2 % MWCNT 0.4 %
Variable 1 | Variable 2 Variable 1 | Variable 2
Mean 128 253 Mean 128 689
Variance 18516 44454 Variance 18516 319025
Observations 3 3 Observations 3 3
df 2 2 df 2 2
F 0.417 F 0.058
P(F<=f) one-tail 0.294 P(F<=f) one-tail 0.055
F Critical one-tail | 0.053 F Critical one-tail | 0.053
Unequal Variances Unequal Variances
MWCNT 0.6 % SWCNT 0.2 %
Variable 1 | Variable 2 Variable 1 | Variable 2
Mean 128 1785 Mean 128 1517
Variance 18516 8912605 Variance 18516 5664030
Observations 3 3 Observations 3 3
df 2 2 df 2 2
F 0.002078 F 0.00327
P(F<=f) one-tail 0.002073 P(F<=f) one-tail 0.00326
F Critical one-tail | 0.052632 F Critical one-tail | 0.05263

Equal Variances

Equal Variances
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SWCNT 0.4 % SWCNT 0.6 %
Variable 1 | Variable 2 Variable 1 | Variable 2
Mean 128 334 Mean 128 2982
Variance 18516 184914 Variance 18516 11222073
Observations 3 3 Observations 3 3
df 2 2 df 2 2
F 0.100 F 0.001650
P(F<=f) one-tail 0.091 P(F<=f) one-tail 0.001647
F Critical one-tail | 0.053 F Critical one-tail | 0.052632
Unequal Variances Equal Variances
Hybrid 0.2 % Hybrid 0.4 %
Variable 1 | Variable 2 Variable 1 | Variable 2
Mean 128 1992 Mean 128 4294
Variance 18516 3004915 Variance 18516 53320106
Observations 3 3 Observations 3 3
df 2 2 df 2 2
F 0.00616 F 0.0003473
P(F<=f) one-tail 0.00612 P(F<=f) one-tail 0.0003471
F Critical one-tail | 0.05263 F Critical one-tail 0.0526316

Equal Variances

Equal Variances
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Hybrid 0.6 %
\1/ar|able Variable 2

Mean 128 792
Variance 18516 1422337
Observations 3 3
df 2 2
F 0.0130
P(F<=f) one-tail 0.0129
F Critical one-tail | 0.0526

Equal Variances

MWCNT 0.2 %

Variable 1 | Variable 2
Mean 128 253
Variance 18516 44454
Observations 3 3
Hypothesized Mean 0
Difference
df 3
t Stat -0.862
P(T<=t) one-tail 0.226
t Critical one-tail 2.353
P(T<=t) two-tail 0.452
t Critical two-tail 3.182

t Stat is less than t Critical two-tail
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MWCNT 0.4 % MWCNT 0.6 %
Variable 1 | Variable 2 Variable 1 | Variable 2

Mean 128 689 Mean 128 1785
Variance 18516 319025 Variance 18516 8912605
Observations 3 3 Observations 3 3
lld/l)(/eg?lﬂlgei?‘ifﬁgnce 0 Pooled Variance 4465561
a z e
t Stat -1.674 df 4
P(T<=t) one-tail 0.118 t Stat -0.961
t Critical one-tail | 2.920 P(T<=t) one-tail 0.196
P(T<=t) two-tail 0.236 t Critical one-tail 2.132
t Critical two-tail | 4.303 P(T<=t) two-tail 0.391

t Stat is less than t Critical two-tail t Critical two-tail 2.776

t Stat is less than t Critical two-tail
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SWCNT 0.2 % SWCNT 0.4 %
Variable 1 | Variable 2 Variable 1 Variable 2

Mean 128 1517 Mean 128 334
Variance 18516 5664030 Variance 18516 184914
Observations 3 3 Observations 3 3
Pooled Variance 2841273 gmg;tgﬁgézed Mean 0
e a z
df 4 t Stat -0.789
t Stat -1.009 P(T<=t) one-tail 0.256
P(T<=t) one-tail 0.185 t Critical one-tail 2.920
t Critical one-tail 2.132 P(T<=t) two-tail 0.513
P(T<=t) two-tail 0.370 t Critical two-tail 4.303
t Critical two-tail 2.776 t Stat is less than t Critical two-tail

t Stat is less than t Critical two-tail
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SWCNT 0.6 % Hybrid 0.2 %
Variable1 | Variable 2 Variable 1 | Variable 2

Mean 128 2982 Mean 128 1992
Variance 18516 11222073 Variance 18516 3004915
Observations 3 3 Observations 3 3
Pooled Variance 5620295 Pooled Variance 1511715
Hypothesized Mean 0 Hypothesized Mean 0
Difference Difference
df 4 df 4
t Stat -1.474 t Stat -1.857
P(T<=t) one-tail 0.107 P(T<=t) one-tail 0.068
t Critical one-tail 2.132 t Critical one-tail 2.132
P(T<=t) two-tail 0.214 P(T<=t) two-tail 0.137
t Critical two-tail 2.776 t Critical two-tail 2.776

t Stat is less than t Critical two-tail

t Stat is less than t Critical two-tail
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Hybrid 0.4 % Hybrid 0.6%
Variable 1 | Variable 2 Variable 1 | Variable 2

Mean 128 4294 Mean 128 792
Variance 18516 53320106 Variance 18516 1422337
Observations 3 3 Observations 3 3
Pooled Variance 26669311 Pooled Variance 720427
Hypothesized Mean 0 Hypothesized Mean 0
Difference Difference
df 4 df 4
t Stat -0.988 t Stat -0.958
P(T<=t) one-tail 0.190 P(T<=t) one-tail 0.196
t Critical one-tail 2.132 t Critical one-tail 2.132
P(T<=t) two-tail 0.379 P(T<=t) two-tail 0.392
t Critical two-tail 2.776 t Critical two-tail 2.776

t Stat is less than t Critical two-tail

t Stat is less than t Critical two-tail

To have a better sense of the impact test results, the data recorded in the previous table were statistically

analyzed and tabulated as follows.
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Table 23. Average, maximum, minimum and standard deviation for cementitious nanocomposite impact toughness of cement
mortar and cementitious nanocomposite incorporation MWCNTs, SWCNTs and hybrid CNTs (0.2wt%, 0.4wt%, and 0.6wt% CNTs)

Cement Mortar
CNTs Average Maximum Minimum Standard Deviation
0.0% 128 283 30 111
Multi-Walled
CNTs Average Maximum Minimum Standard Deviation
0.20 wt.% 253 416 15 172
0.40 wt.% 689 1,204 85 461
0.60 wt.% 1,785 5,232 27 2,438
Single-Walled
CNTs Average Maximum Minimum Standard Deviation
0.20 wt.% 1,517 4,264 56 1,943
0.40 wt.% 334 830 74 351
0.60 wt.% 2,982 6,675 139 2,735
Hybrid
CNTs Average Maximum Minimum Standard Deviation
0.20 wt.% 1,992 3,480 88 1,415
0.40 wt.% 4,294 12,726 42 5,962
0.60 wt.% 792 2,166 27 974

In the next step the average, maximum, and minimum impact toughness were reorganized and graphed.
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Table 24. Average low-velocity impact toughness comparison for cementitious nanocomposite reinforced by MWCNTs, SWCNTs

and hybrid CNTs
CNTs Average Low-Velocity Imact Toughness (kJ/m?)
Percentage Multi-Walled Single-Walled Hybrid
0.20 wt.% 253 1,517 1,992
0.40 wt.% 689 334 4,294
0.60 wt.% 1,764 2,982 792
Average Low-Velocity Impact
Toughness (kJ/m3)
4500
4000
3500
3000
2500
2000
1500
1000
500
0
Multi-Wall Single-Wall Hybrid
Mortar 0.20% m0.40% 0.60%

Figure 85. Average low-velocity impact toughness comparison for cementitious nanocomposite reinforced by MWCNTs, SWCNTs
and hybrid CNTs
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Figure 86. Average low-velocity impact toughness with error rebar comparison for cementitious nanocomposite reinforced by
MW(CNTs, SWCNTs and hybrid CNTs

The error rebars on the impact test graph demonstrate STD on upper limit, and minimum value on the lower
limit.

Figure 88 illustrates the average low-velocity impact toughness of cementitious nanocomposites
reinforced by multi-walled (MWCNTSs), single-walled (SWCNTs), and hybrid (50-50) (HCNTs) carbon
nanotubes compared to the plain cement mortar. In general, this graph shows that while both MWCNTSs
and SWCNTs enhance the impact toughness of cementitious composite, a hybrid of these two types of
CNTs increases the impact toughness considerably more than either of them singly. A possible explanation
for this quality lays in the size and shape of CNTs. Although MWCNTSs are on average 2.3 times longer than
SWCNTSs, their average outer diameter is 6 times greater than that of SWCNTs. Considering the range of

length and OD, the range of aspect ratio of the two types of CNTs are calculated as following table.
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Table 25. Type of carbon nanotubes

Type of Carbon Nanotubes SWCNTs MWCNTSs
OD (outer diameter) 1-4 30-50
Length 5-30 10-20
Aspect Ratio 1.25-30 15-5

While the average aspect ratio of MWCTs is 3.25, that of SWCNTSs is 15.62. Hence, from a fibers
categorization point of view, MWCNTSs are indeed short fibers in contrast with SWCNTSs which can be

categorized under long fibers class.

Given that difference in fiber length, the mechanism of reinforcement by multi-walled CNTSs is more or
less close to particle reinforcements. SWCNTSs on the other hand, work as long fibers and hence expectedly
provide higher mechanical properties compared to MWCNTs as the same weight percentage of
reinforcements. A hybrid of both types of CNTs apparently benefits from both mechanisms and hence is
more successful in controlling the failure mechanism. This results in HCNTSs’ superior impact toughness

compared to either MWCNTSs or SWCNTSs.

Figure 88 illustrates the maximum of low-velocity impact toughness of cementitious nanocomposites
reinforced by multi-walled, single-walled, and hybrid (50-50) carbon nanotubes in comparison to the plain
cement mortar. In general, this graph shows similar patterns to those found in Figure 3. The 0.40 wt.%
hybrid CNTs nanocomposite set a record of 45 times stronger than plain cement mortar in this graph, which
indicates that the maximum energy absorbtion achievable by this type of cementitous nanocomposite is up

to 45 times greater than the maximum energy absorption of plain cement mortar.
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Table 26. Maximum low-velocity impact toughness (kJ/m3) for cementitious nanocomposite reinforced by MWCNTs, SWCNTs

and hybrid CNTs
CNTs Maximum Low-Velocity Imact Toughness (kJ/mq)

Percentage Multi-Walled Single-Walled Hybrid

0.20 wt.% 416 4,264 3,480

0.40 wt.% 1,204 830 12,726

0.60 wt.% 5,232 6,675 2,166

Maximum Low-Velocity Impact Toughness
(kJ/m3)
14,000
12,000
10,000
8,000
6,000
4,000
2,000
0
Multiwall SingleWall Hybrid
m0.20% W0.40% m0.60% M Mortar

Figure 87. Maximum low-velocity impact toughness comparison for cementitious nanocomposite reinforced by MWCNTs,
SWCNTs and hybrid CNTs

In contrast to the average and maximum toughness, the minimum toughness of MWCNTs, SWCNTs, and

hybrid CNTs are very close and comparable to plain cement mortar. This observation might be explained

by referring to the inhomogeneity of cementitious nanocomposites. Indeed, reinforcements are barriers that

block the movement of dislocations and hence delay the growth of fracture. But regardless of the causes of

the inhomogeneity, its result is to create regions and planes in the matrix composed of plain cement mortar
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with no reinforcement. Micro cracks can easily nucleate in such regions and rapidly grow and propagate
along the weakest planes (i.e., those containing no reinforcements). In brief, in such cases, there are pure

cement mortar regions that fail under impact load long before other regions even approach failure.

Table 27. Minimum Low-Velocity Impact Toughness (kJ/m3) for cementitious nanocomposite reinforced by MWCNTs, SWCNTs

and hybrid CNTs
CNTs Minimum Low-Velocity Imact Toughness (kJ/m?3)
Percentage Multi-Walled Single-Walled Hybrid
0.20 wt.% 15 56 88
0.40 wt.% 85 74 42
0.60 wt.% 27 139 27

Minimum Low-Velocity Impact Toughness
(kJ/m3)

140
120
100
80
60
40
20

Multiwall SingleWall Hybrid

m0.20% m0.40% m0.60% M Mortar

Figure 88. Minimum low-velocity impact toughness comparison for cementitious nanocomposite reinforced by MWCNTs,
SWCNTs and hybrid CNTs
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Regarding the high standard deviations, t-Test was conducted using Microsoft Excel software to discern
whether the experimental results are statistically convincing or not. The null hypothesis of this statistical
analysis is that there is no meaningful difference between the mean impact toughness of the composite and
the plain mortar. At the first step, the F-test was conducted to determine if the standard deviation of each
composite equals the STD of the mortar. Then the outcome of each F-test was used to determine the suitable
t-Test method for each composite. Lastly, two-sample t-Test was conducted for Alpha = 0.05. The results
of F-tests and t-Tests are summarized in Table 7. At each table variable 1 with 9 observations denotes the
plain mortar while variable 2 with only 3 observations refers to the composite. A two-tail test was conducted

for each composite.

If |tsesel > terivicar tWo-tail, we reject the null hypothesis, so, despite the considerable increase in the
toughness of concrete, the observed data are not statistically convincing. More precise testing methods
should be utilized to reach more repeatable results and lower the standard deviation of the collected data.

Moreover, the number of tests for each composite should be increased.

5.7 Impact Test Mathematical Optimization

The data represented in the previous three graphs can be summarized in a 3D graph by introducing a new
parameter. SW/(SW+MW) denotes the amount of Single-Walled CNTSs in the whole reinforcements added
to the cement. When pure SWCNTSs are used to reinforce the cement, this parameter equals unity. When
pure MWCNTSs are used to reinforce the cement, this parameter equals zero. In case of a 50% — 50% hybrids
of CNTs, which is investigated in this research, the SW/ (SW+MW) equals 0.5. To find the optimum
mixture of MWCNTs and SWCNTSs, which result in the optimum impact toughness, humerous cases in
between these three numbers were interpolated and the results were graphed. The numerical analysis was

done using MATLAB software and the relevant code was presented in the appendices.
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Figure 89. Low-velocity impact toughness of the full range of CNTs reinforced cementitious nanocomposites
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This graph shows that maximum toughness is achievable in a region around point (0.5, 0.5) which means
the measured maximum impact toughness is indeed the best toughness achievable with the materials used
in this research. However, since the Single-Walled CNTSs are considerably more expensive than MWCNTS,
one can mix 35% of SWCNTs with 65% of MWCNTSs and reach almost the same toughness while saving
about 13% in the cost of materials. The top view of this 3D graph illustrated in next picture clearly illustrates

the optimum region.
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Figure 90. Top view of low-velocity impact toughness of the full range of CNTs reinforced cementitious nanocomposites
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CHAPTER 6 CONCLUSION AND
RECOMMENDATIONS

6.1 Conclusion

The idea of fabricating carbon nanotubes and creating high-strength nanocomposites has attracted scholars
and research professionals in various engineering disciplines as well as in medicine since the discovery of
CNT 25 years ago. However, the application of carbon nanotubes in the construction industry is a newly

emerging field of study that, in several aspects, has the potential to develop further.

To maximize the outstanding properties of carbon nanotubes when synthesizing them with other materials,
the procedure of CNT dispersion and mixing dispersed CNTs with matrix materials plays a key role.
Concrete structural stability and durability are among essential parts of any design that is rooted in physical,
chemical and mechanical properties. In terms of seismic design, lightweight materials with higher energy
absorption are the best candidates. Cementitious nanocomposites offer ultra-high strength and outstanding

performance with considerably lower weight compared to conventional cement mortar.

Two main classes of CNT include Multi-Walled and Single-Walled Carbon Nanotubes. The main objective
of this research was to investigate the effect of reinforcing cement mortar with 0.2wt%, 0.4wt%, and
0.6wt% of SWCNTs, MWCNTSs, and hybrid CNTs (50% SWCNTSs and 50% MWCNTS). A total of nine
mixes of CNTs and one control sample were made. Each test was repeated three times for each batch. The
water-to-cement ratio was 0.6 for specimens that were prepared for tensile strength, and 0.4 for specimens

that were prepared for impact strength. Water was used as the CNTs’ solvent.

The sonication process to disperse all mixes was performed by a tip sonicator at 30% amplitude for one
hour, with a 2-second pulse on and a 1-second pulse off. After the dispersing process, CNTs dispersed in

water were added to cement for the final product. The prototype samples were tested with a Field Emission
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Scanning Electron Microscope (FESEM) to ensure qualitatively sufficient dispersion as cement crystals

grew with CNTs. The morphology of the composite changed.

After 28 days of curing the experimental splitting tensile and drop-weight impact test (low velocity), results

provided the following important conclusions:

1.

2.

Cementitious nanocomposite incorporating 0.4wt% of hybrid carbon nanotubes showed the
maximum impact toughness (kJ/m®) under the drop-weight (low velocity) test after 28 days of
curing. The average impact toughness of hybrid cementitious nanocomposite is approximately 10

times greater than that of cement mortar.

Adding more than 0.4wt% of hybrid carbon nanotubes reduced the impact strength of cementitious
nanocomposites, but when 0.6wt% of MWCNTSs was added impact strength increased. SWCNTSs
behaved differently than MWCNTSs. Lab observation indicated that SWCNTSs require less setting
time. This might be the reason for impact strength deterioration when more than 0.4wt% of
SWCNTSs were added: Because the cementitious nanocomposite hardened before proper mixing, it

trapped more air in the composites.

Cementitious nanocomposites reinforced by 0.4wt% of hybrid carbon nanotubes showed the
ultimate tensile strength, which increased by 50%-80% compared to cement mortar. In of all mixes
(0.2wt%, 0.4wt%, and 0.6wt %), hybrid CNTs mixes had noticeably higher ultimate tensile strength

compared to SWCNTs and MWCNTSs.

Sudden concrete failure is due to inelastic deformations of concrete subjected to tension. However,

synthesizing nanomaterials as concrete reinforcements significantly impacts cement-based composites’

failure mechanisms. Nanomaterial morphology bridges micro cement crystals as homogeneous and ductile

matrices. Failure mechanisms showed considerable cementitious nanocomposite ductility throughout the
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splitting tensile test compared to cement mortar. Additionally, after an initial crack developed the failure

pattern provided additional time before ultimate failure occurs in cementitious nanocomposites.

The evolution of crack propagation on cementitious nanocomposite surfaces through ultimate specimen
failure during the splitting-tensile test was assessed. The failure mode was initiated from central axis aligned
with the applied load, but cementitious nanocomposite load capacity increased after crack propagation
through vertical cross section axial. The deformation of the cross section from circular to ovate augmented
tensile strength by approximately 50% in cementitious nanocomposite compared to conventional cement

mortar.

All CNTs’ composition showed increases in ductile behavior when compared to extremly brittle
conventional concrete. Concrete failure mechanisms under static and dynamic loads was identified as the
first crack occurred because shortly after the first crack appears the concrete collapses. However, for
cementitious nanocomposites the first material crack happened at approximately 600 psi, while the

composite tensile stress increased to 1500 psi.

The outstanding performance of all types of carbon nanotube reinforcement decreased crack propagation
and debris spatter of the specimen when the specimen was subjected to the impact load. Failure mechanism

showed less brittleness throughout, changing from a diagonal to a radial failure pattern.

The FESEM images indicated non-uniform dispersion, but as sonication and mixing processes improved,
dispersion did as well. The first prototype sample showed agglomoration of CNTs and poor bridge among
CNTs and cement. However, sonication of CNTs for one hour offered the highest tensile and impact

strength.

During the sonication process approximatly 1.0wt% of water was evaporated from the constant water-to-

cement ratio. Therefore, the amount of evaporated water was replaced. Additionally, due to the increased
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setting time required by CNTSs, a higher wi/c ratio was used for impact and tensile test specimens: 0.4 and

0.5 respectivly.

Another sonication improvement that influenced water evaporation throughout sonicating with ultrasonic
waves involved splitting the sonication time into three intervals. Therefore, the ice bath was replaced with
fresh ice every 20 minutes to cool the chemical reaction between CNTs and water. Because the specimen
was small and adding CNTs expedited the hardening process, orbital vibration was applied to release
trapped air and create a homogenious matrix. However, orbital vibration might not be an effective method

for conventional concrete as it may cause aggregate segregation.

Results proved that specimens had higher tensile and impact strength when orbital vibration was applied
compared to standard vibrating with a tapping rod. During orbital vibration, air bubbles came to the surface
of the cement matrix and disappeared. This was one important issue in producing cementitious
nanocomposite. Reaching the maximum potential of CNTs to enhance mechanical properties is not only
dependent on the quality of CNTs’ dispersion, but also on the throughness of mixing with cement. This
method showed improvement, and less air remained trapped in nanoscale, as one FESEM image of

cementitious nanocomposite showed.

Despite the considerable increase in the toughness of concrete, the observed data are not statistically
convincing. More precise testing methods should be utilized to reach more replicable results and lower the

standard deviation of collected data. Moreover, the number of tests for each composite should be increased.

The collected data for the splitting tensile test of MWCNT 0.6%, Hybrid 0.2%, and Hybrid 0.4 % suggest
that the observed difference between the sample means is statistically convincing enough to conclude that
the average ultimate strength between composite and plain mortar differ significantly. In contrast, in
MWCNT 0.2 %, MWCNT 0.4 %, all SWCNT-reinforced composites, and Hybrid 0.6 % the observed data

are not statistically convincing.
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6.2 Research Limitation

This research was primarily conducted to shed light on and characterize two properties of a new generation

of cementitious hanocomposites incorporating multi-walled, single walled, and hybrid carbon nanotubes.

However, there were some limitations that might affect the results and thus need to be addressed in future

research:

10

11

Published research on this generation of cementitious nanocomposite has been limited since CNTs
were discovered 25 years ago. Additionally, the application of this class of nanocomposite is a newly
emerging field in civil engineering that it is still limited to a few laboratories trying to address some

specific aspect of the nanocomposite.

The morphology of CNT dispersion is not clear after mixing with cement, and there is not yet a standard

procedure to be followed for achieving the best results.

Quality control of the dispersed CNTSs in water cannot be checked before mixing with cement due to

the limitations of electron microscopes on dried specimens.

As CNTs are still expensive materials, the specimen cannot be as large as conventional concrete.
Therefore, scaling down the specimen might affect the accuracy of data. As can be seen from result of

this research, a high standard deviation was reported after impact testing.

The impact test was implemented manually. Therefore, the specimen may not be have been aligned
with drop hammer. Consequently, it may have affected the impact test result with scattered data.
However, the tensile test results have smaller STD because it was done with an automated machine

with a constant applied load.

There is a lack of ACI or ASTM standards for cementitious nanocomposites and modifying the

procedure, which might have affected the results.
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12 The number of test repetitions was limited to three, which makes it challenging to determine conclusive

results.

6.3 Future Research

This experimental research has advanced the state-of-art for synthesizing multi-walled, single-walled, and
hybrid carbon nanotubes to reinforce cementitious composite. The cementitious composite thus syhtesized
offers ultra-high impact strength and remarkable tensile strength. However, investigation of all physical,
chemical, and mechanical properties requires further research to fully study the single-walled, multi-walled,
and, especially, hybrid carbon nanotube reinforcements to create a new generation of nanocomposites
suitable for structural stability and durability under applied static and dynamic loads. The most important

recommendations that would help future research development are listed below:

1 The cost of carbon nanotubes is still greater than all other reinforcements available to the
construction industry. Single-walled carbon nanotubes are very expensive. However, the excellent

engineering properties that SWCNTSs offer may justify the cost.

2 Creating cementitious nanocomposites with hybrid carbon nanotubes showed outstanding
properties. However, it should be more efficient and economical when the optimum percentage is
found. Synthesizing less than 50% SWCNTSs may produce a nanocomposite with higher mechanical
properties without scarifying the effectiveness of SWCNTSs, and simultaneously reduce the

disadvantages of SWCNTSs such as increased setting time and air void.

3 Other mechanical properties of hybrid and SWCNTSs need evaluation and comparison with current

research results.

4 The chemical process of combining SWCNTs and MWCNTS should be studied.
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5 These classes of nanocomposite are costly. Therefore, the effect of scaling down should be taken

into consideration.

6 Although this research illuminated the potential of CNT reinforcement, comprehensive laboratory
research is needed before utilizing this class of nanocomposite in field applications. The samples

should be scaled up for more accurate results.

7 Morphology of a different type of carbon nanotube should be clarified to realize optimum
dispersion of carbon nanotubes. A standard method of dispersion is needed to ensure uniform
dispersion to maximize the superior properties of carbon nanotubes reinforcement, and should be
developed. Further micro-structural research is necessary as nanomaterials bridge with cement

crystals while cement is hydrating.

8 Asthe specimens were scaled down, the ACI 544.2R-89 for drop-weight impact test was modified.

It is worthwhile to consider implementing additional impact test methods.

9 Optimum hybrid carbon nanotubes are 0.4wt% in this experiment. However, percentages of 0.3

and 0.5wt% hybrid CNTs should be tested to determine maximum optimization.

10 Failure mechanism should be tracked to discover the potential of health monitoring systems in real
time beginning when the initial crack develops until ultimate stress occurs. It is vital to be able to

predict nanocomposites’ failure in structural applications.

11 Numerical analysis can be conducted to find mathematical models for cementitious hanocomposite

behavior.
12 A standard procedure can be developed to enhance the quality of mixing, vibrating, and curing

cementitious nanocomposites.

6.4 Impact of the Research Effort
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This research was pioneering and innovative in terms of investigation of cementitious nanocomposites
incorporating hybrid carbon nanotubes. The results provided convincing evidence of the importance of this
product, especially under impact load and the splitting tensile test. The behavior of this hybrid cementitious
nanocomposite and failure mechanism made this class of composite uniquely applicable where structural
health monitoring should be predictable and trackable. This research offers ultra-high impact resistance
cement mortar without adding any aggregate, additive, or superplasticizer. The results indicated this
cement-based nanocomposite has at least twicethe average impact toughness compared to available fiber-
reinforced concrete products [35]. Hybrid carbon nanotubes make important contributions to producing
ultra-high- strength and ultra-high-performance cement-based composites with outstanding ductility

properties.

This experimental research provided the hybrid system with SWCNTs and MWCNTSs. Additionally, it was
found that the optimum percentage of hybrid CNTs (0.4wt %) enhances impact and tensile strength of

cement-based nanocomposites while other research pointed out the range of 0.01-2.00 wt%.

The dispersion method of CNTs developed in this experiment prevented unnecessary ultra-sonic energy
that damages CNTSs, but provided yet enough energy to disperse CNT and incorporate the superior
mechanical properties of nanocomposites. The dispersion method in this research reduced the amount of
water evaporation during sonication process. More importantly, the process of mixing dispersed CNT in
water with cement to produce a homogeneous matrix was modified with an innovative vibration process to
release air bubbles trapped in the cement mortar before completing cement hydration process and beginning

the hardening phase.
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APPENDIX



APPENDIX 1 MATLAB CODE FOR MATHEMATICAL
OPTIMIZATION OF ULTIMATE TENSILE
STRENGTH

clc
clear

%
[X,¥] = meshgrid(e:.2:90.6,0:0.5:1);
% X axis demonstrates the percentage of nanoparticles.
% ¥ axis shows the ratio SW/(SW+MW). When pure single
% walled CNT is used Y = 1, when 58 % of SW and 50% of MW is used
% Y=0.5 and when pure multy-walled CNT is used Y = @
Z = [B869,878,1091,1003;869,1092,1177,990;869,1045,913,1006] ;

Aq = 8:0.01:0.6; Yq = ©:0.82:1;

[Xg,Y¥q] = meshgrid(Xq,Yq);

Zq = interp2(X,Y,Z,Xq,Yq, 'cubic');

figure

surf(Xq,Yq,29);

hold on;

plot3(X,Y,Z,".", 'MarkerSize",40, 'markeredge', 'm")
xlabel('CNTs content [% weight of cement]')
ylabel( 'SW/ (SW+MW) ")

zlabel('Ultimate Tensile Strength [psi]‘)

legend

title('Tensile Strength of CNTs-reinforced Cementitious Nanocomposites')
format short

Max_Tensile = max(max(Zg));

%

%
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APPENDIX 2 MATLAB CODE FOR MATHEMATICAL
OPTIMIZATION OF IMPACT TOUGHNESS

cle
clear

[¥, 71 = meshgrid(@:.2:0.6,0:9.5:1);

¥ ¥ anis demanstrates the percertage of natoparticlies.

B Y aniz shows the ratilo SHACSHAHKY . When pure single

B owalled CNT 45 dzetl Y = 1, when S8 % of SW and 8% of MW I3 use=d
B oYW= S ant when pure multy ~ealled CNT 45 Ussd Y =8

I = [128,253, 689, 1785; 128,1992,4204, 792;128, 1517, 334, 2982];

g o= @10.01:0.6; Yo = @:0.02:1;

[KqJ\'J';l] = meshgrid{¥g,Yq);

Ig = InterpZ(X,Y,Z, X0, a, 'spline’ );

figure

surfiha, o, 29}

hold ong

plot 30X, Y, 2, ' 'y 'Harkersize' 35, 'markeredge’, ')
xlabel'{"Per'centage of CHTs [%]')

ylabel (| “SH/ [ SHHHM) ")

zlabel( '‘Impact Toughnsss [k1/m3]')

legend
titlel ' Inpsct Toughness of CHTs-refrforcsd Cemertitious Nanpcomposites')

Format short
Haz Toughness = maximax| Ig i;
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