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EXECUTIVE SUMMARY 

Polymer concrete (PC) overlays are typically used to improve friction in highway bridges 

and parking structures and to protect the structural substrate in steel and concrete 

bridges. Limited bond strength and fatigue failures of PC overlays have been observed 

and pose an expensive maintenance challenges for highway bridges. In spite of its 

superior durability performance, compared with normal concrete overlays, PC overlays 

fracture toughness is slightly higher than normal concrete and thus has limited crack 

propagation resistance. Such criteria limit PC’s ability to resist debonding or fatigue 

damage. During the last two decades, significant improvements to polymer materials 

were made by considering nanomaterials. Research efforts proved the ability of 

nanomaterials to alter polymers and to produce new polymer nanocomposite materials 

with improved strength, stiffness and resistance to degradation. Examples of 

improvement of polymers and polymer composites using carbon nanotubes, nanosilica 

and nanoclay have been reported in the literature. 

This study proposes improving the bond strength, ductility, fracture toughness and 

fatigue life of PC overlays using nanomaterials such as multi-walled carbon nanotubes 

(MWCNTs) or alumina nanoparticles (ANPs). Different contents of each nanoparticle 

were investigated to define the optimal content desired for improved mechanical 

performance. In particular, two types of MWCNTs namely pristine (P-MWCNTs) and 

carboxyl functionalized MWCNTs (COOH-MWCNTs) were investigated. P-MWCNTs 

also resulted in improved electrical conductivity of PC enabling structural health 

monitoring (SHM) by correlating mechanical damage to changes in electrical 

conductivity or electrical resistance. Mechanical characterization methods included 

tensile, compressive and flexural strength tests to evaluate ductility (strain at failure), 

fatigue, toughness and fracture toughness. Further analysis of the bond strength of PC-

steel surfaces was investigated using slant shear method and finite element analysis 

(FEA) using ABAQUS. Microstructural analysis utilizing scanning electron microscope 

(SEM) and Fourier transform infrared spectroscope (FTIR) were used to examine proper 

dispersion and investigate potential chemical reaction between the polymer and the 

nanomaterials. Special fatigue, tension and fracture toughness test apparatuses were 

developed and used to evaluate performance of PC with nanomaterials.  

SEM images of all epoxy nanocomposite reveal that uniform dispersion was achieved 

using shear mixing and ultrasonication. Thus, this method of dispersion was kept 

constant for all PC mixes. The experimental results show that PC provide superior 

ductility over conventional concrete materials. PC exhibit large tensile strengths up to 

11.5 MPa and tensile strain at failure of 1.8%. Incorporating P-MWCNTs resulted in 

small decrease in tensile strength with a minimum appreciable tensile strength of 9 MPa. 

The strain at failure, however, increased to 3.2%. COOH-MWCNTs results show a 

different behavior by increasing the tensile strength up to a maximum of 15.4 MPa with 

a decrease in strain at failure to 0.8%. ANPs showed similar results to that of P-

MWCNTs with a minimum of 9.5 MPa and an improved tensile strain at failure of 4.9%. 
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Thus, incorporating nanoparticles resulted in a maximum decrease of tensile strength 

by 22% countered by a maximum improvement in strain at failure by 91%. The 

significant improvements achieved were clearly reflected with improvements in PC’s 

toughness by a maximum of 80%, and 135% for P-MWCNTs and ANPs respectively.  

P-MWCNTs were solely investigated for fatigue performance as COOH-MWCNTs bond 

with the host polymer matrix and ANPs do not provide a conductive network. Fatigue 

performance of P-MWCNTs PC mixes showed improvements in fatigue life up to 1240% 

at 2.0 wt.% content. Furthermore, the percolation level is achieved at such low content 

allowing mechanical damage to be correlated to the change in electrical resistance of 

PC. Thus, self-sensing of PC is possible enabling the observation of damage 

propagation in PC overlays using electrical measurements. PC samples in all 

mechanical tests exhibited non-linear behavior redeeming linear elastic fracture 

mechanics (LEFM) analysis, often used for concrete, invalid. Quasi-brittle fracture 

mechanics (QBFM) was therefore used for the analysis of the fracture toughness 

parameters of PC with nanoparticles. Total fracture energy parameter combining both 

elastic and J-integral values of fracture toughness was used to describe the fracture 

toughness of PC. Results show that incorporating P-MWCNTs, COOH-MWCNTs and 

ANPs improve the total fracture toughness by 52%, 112%, and 128% respectively. 

Improvements with P-MWCNTs mixes were achieved mainly with plastic fracture 

toughness while ANPs and COOH-MWCNTs achieved improvements in both elastic and 

plastic fracture toughness.  

FEA was utilized to examine the true shear stresses inflicted to PC-steel bond. Analysis 

revealed the true shear stresses are formed at locations of maximum stiffness 

mismatch. At these locations, minimum thickness of PC to steel is present and the shear 

stresses are increased by up to 100%. Nonetheless, PC with nanoparticles provided 

strong bond to steel substrates with improvement in bond strength up to 51%. Finally, 

FTIR spectrographs reveal that both P-MWCNTs and ANPs delay the epoxy 

polymerization and thus reduce PC crosslinking density thus improve ductility. On the 

other hand, COOH-MWCNTs react with the host epoxy matrix forming C=O ester bonds 

that increase the level of crosslinking density and improve strength.  

PC incorporating nanoparticles provide a promising material that can be engineered to 

provide mechanical enhancements in bond strength, ductility, fatigue life and fracture 

toughness. Those parameters not only reduce the required maintenance associated 

with PC overlays but also provide a promising material alternative to conventional 

concrete in structural applications. Finally, field implementation of PC with 

nanomaterials was performed. Field trials at a location used for parking at University of 

New Mexico (UNM) campus was implemented. Field implementation showed the ability 

to perform self-monitoring of PC under standard traffic loading. With the continuous 

decrease in cost of nanomaterials and the low content required to produce PC with 

nanomaterials, we anticipate PC with nanomaterials to be available for industrial 

applications and use in the field in the very near future. 
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INTRODUCTION 

 

Polymer concrete (PC) is a composite material in which a polymer matrix such as epoxy, 

unsaturated polyester (UP) or Poly methyl methacrylate (PMMA) replaces Portland 

cement as a binder to bond aggregate together [1]. PC is used in numerous applications 

including bridge deck overlays, machine foundations, pipes and pipe liners, hazard 

materials storage and architectural panels [1-2]. PC gained worldwide attention in the 

construction field since the 1970s because of its superior durability and attractive 

mechanical properties. Typical mechanical properties of PC incorporate a compressive 

strength of 100-120 MPa, a tensile strength of 8-10 MPa, a flexural strength of 20-24 

MPa and a wide range of modulus of elasticity in the range of 20-40 GPa depending on 

the type of resin and aggregates used [3-4]. Hsu and Fowler [5] showed that PC has 

superior fatigue strength compared with conventional Portland cement concrete. PC has 

also been reported to have excellent bond strength to different substrates including 

concrete and steel [6]. The improved mechanical characteristics of PC stem from a tight 

microstructure which allows PC to have excellent durability as well [7]. The above 

attractive mechanical and durability characteristics promoted the use of PC as overlays 

in bridge decks and parking structures. While PC overlays have been used in numerous 

bridges and parking structures worldwide, they have been reported to suffer fatigue 

cracks that lead to premature debonding [1]. Methods to improve fatigue strength of PC 

have been sought [8]. 

Nanoparticles such as nanoclay, alumina nanoparticles, carbon nanotubes, and carbon 

nanofibers have been recently examined to improve polymer materials. Jo et al. [9] 

reported improved mechanical and thermal performance of unsaturated polyester (UP) 

concrete mixed with montmorillonite (MMT). Moreover, modified nanoclay was added to 

epoxy concrete and improved some mechanical properties, but it decreased tensile and 

flexural strengths [10]. Alumina nanoparticles (ANPs) were successively used with 

cementitious materials to improve strength development of calcium silicate hydrate 

(CSH) gels and to limit the interfacial transition zone (ITZ) between paste and aggregate 

and improve its characteristics [11-13]. Furthermore, the mechanical properties 

including tensile strength and strain of latex modified concrete were reported to be 

significantly improved at low CNTs’ content [14]. CNTs are tabular structure made from 

concentrically rolled single or multiple graphite sheets. CNTs were first introduced as 

single-walled carbon nanotubes (SWCNTs) and proved to have superior mechanical 

properties compared to many other nanomaterials, but they were typically expensive. 

High-purity SWCNTs were synthesized and grown using thermal Chemical vapor 

deposition (CVD) at a growth temperature of and above 700 oC [15].  

Multi-walled carbon nanotubes (MWCNTs) appeared later as a cheaper alternative form 

of CNTs. Using the CVD method, MWCNTs are synthesized at a relatively low 

temperature of 450 oC compared to 700 oC for SWCNTs [16]. In order to generate a 
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chemical bond between CNTs and polymer matrix, CNTs need to be functionalized by 

chemical groups that can react with the polymer matrix. Functionalization is a process 

of surface treatment where a chemically attractive functional group is planted on the 

surface of the nanomaterial. Functionalized nanomaterials proved necessary for good 

dispersion inside polymer matrices [17-18]. Furthermore, surface functionalization 

enables nanomaterials to cross the length scale by generating a chemical bond with the 

polymer matrix and thus altering the original polymer and generating a new polymer 

nanocomposite [19] and by participating as reinforcement (fibers or platelets) that 

hinders chain movement and bridge microcracks to improve mechanical and fracture 

properties of the polymer nanocomposite [20]. Swain et al. [21] reported using saline 

functionalized MWCNTs in producing polymer nanocomposites with improved 

mechanical properties. Soliman et al. [22] showed the significance of carboxylic group 

functionalization on improving the off-axis tensile strength of woven carbon fiber 

composites. Furthermore, wax coated MWCNTs enhanced the electrical conductivity 

and improved the mechanical properties of high-density polyethylene system [23].   

Alumina nanoparticles (ANPs) provide a different approach to altering the mechanical 

properties of polymers and other materials. While MWCNTs are classified as two 

dimensional nanoparticles, ANPs are three dimensional nanoparticles with significantly 

higher surface area allowing high chemical reactivity [24]. Li et al. [11] examined the 

elastic modulus and compressive strength of cement concrete including ANPs at 3, 7 

and 28 days of curing and reported 143% increase in mortar elastic modulus using 5% 

ANPs after the 28 days curing period. However, no increase in compressive strength 

was reported [11]. In order to obtain eco-efficient cements, Campillo et al. [12] used 

agglomerated dry alumina and colloidal alumina in hydrated belite cements. The 

addition of two types of ANPs increased the 7-day compressive strength of the mixes. 

Hosseini et al. [13] investigated the effect of different kinds of nano-particles including 

SiO2, Al2O3, clay and CaCO3 on performance of cementitious materials. As a result, 

they pointed out that with the addition of nano-particles flexural strength of the mixes 

was improved [13]. To improve polymers, Dorigato and Pegoretti [25] used ANPs 

dispersed in epoxy to investigate thermo-mechanical behavior of the ANPs- epoxy 

mixture. It was shown that ANPs could effectively improve the stiffness, adhesion 

strength, and fracture toughness of epoxy [25]. Furthermore, Zabihi et al. [26] 

synthesized epoxy nanocomposites with various weight content of ANPs and showed 

that inclusion of ANPs significantly affects the thermal degradation kinetics of the epoxy 

nanocomposites [26].  

In the last two decades, additives have been added to the PC binder system or replaced 

some of the aggregate to enhance one or more of the mechanical or chemical 

properties. These additives included polymeric wastes such as recycled plastic bottles 

[27], recycled PC [28], rubbers and electrical cable wastes [29]. Prior work also included 

replacing aggregate filler in PC by fly ash [30]. Moreover, nanoscale inorganic particles 

such as nanoclay, carbon nanotubes, and carbon nanofibers were added to polymer 

matrices to manufacture polymer nanocomposites. With homogeneous dispersion of the 
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nanoscale particles in polymer matrices, polymer nanocomposites experience improved 

properties compared with pure polymer matrices [31-32]. New generation of latex 

modified concrete with enhanced properties was also produced by incorporating Carbon 

Nano-Tubes (CNTs) in the polymer matrix during PC fabrication [33]. Here we suggest 

altering polymer concrete using multi-wall carbon nanotubes.  

Many researchers have studied the effects of carbon nanotubes on tensile properties of 

hardened epoxy samples through various sample dimensions and various mechanical 

tests namely; direct tension, flexural and through dynamic modulus analyser (DMA) 

tests [34-42]. The content introduced often ranged between 0.1 and 2.0 wt.% content 

[34-36, 39-43] with few divergent up to 5.0 and 10.0 wt.% [38, 44] and as low as 0.01 

wt.% [37]. The inclusion of MWCNTs reported improvements in tensile strength in the 

range of 9 to 51% of epoxy and PMMA composites [34-43]. An increase of tensile 

strength was observed with the increase of content but in a decaying fashion. Wang et 

al. showed that parallel aligned single walled CNTs improve the tensile strength as CNTs 

contents increase up to 168% [44]. Alignment in the perpendicular direction however 

showed smaller improvements and further a decrease in strength beyond 2.0 wt.% 

content [44]. The variation in the reported results therefore is attributed to the random 

orientation of CNTs resulting in non-uniform strengthening mechanisms as well as the 

different chemical interaction between epoxy and MWCNTs.    

Literature on fracture toughness of epoxy polymer systems is often incomplete and is 

most often limited to the critical stress intensity factor (KIc) [45-51]. For instance, while 

the vast majority of literature show an increase in fracture toughness [45-57] and further 

improvements with the increase in content [45-47, 58], Ma et al. and Opelt et al. showed 

a decrease of KIc with the increase in content of pristine MWCNTs [58, 59]. The 

inclusion of significantly stiffer materials to a polymer matrix (1 TPa compared to ~1-10 

GPa) along with the change in chemical bonds and crosslinking density alters the 

material’s stiffness and strength. For example, the elastic modulus has been shown to 

increase due to the incorporation of MWCNTs by 3 – 26% [48, 50, 53-56, 59-60]. 

Therefore, reports on the critical energy release rate (GIc) or the critical J-integral (JIc) 

provide more thorough fracture toughness representation. In fact, researchers found 

greater increase in fracture toughness in the range of 56 – 138% measured by GIc 

compared to 27-51% measured by KIc [52-55, 57-58]. The content of nanotubes 

examined to induce improvements in fracture toughness often ranged between 0.05 and 

1.5 wt.% content [45-46, 48-50, 52-53, 56-57, 59]. Yu et al. and Ma et al. examined 

higher contents up to 3.0 and 5.0 wt.% respectively [47, 59]. The polymer-nanotubes 

chemical interaction occurs differently based on the content of nanotubes and the type 

of polymer used. This is reflected for example at 1.0 wt.% content of pristine MWCNTs 

where White and Sue showed a 42% increase in KIc compared to 27% by Tang et al. 

On the other hand, Zhou et al. showed similar improvements to Tang et al. of 30% at 

much lower content (0.3 wt.%) while Yu et al. reported parallel 33% improvements 

however at much higher content (3.0 wt.%) [47-48, 54]. The nano-induced chemical 

effects alter polymers chemically modifying the material’s stress transfer mechanism. 
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This is apparent as MWCNTs epoxy samples show a change in the glass transition 

temperature (Tg) as it was reported to increase [46, 54-55, 58] or a decrease [53, 56].  

On the other hand, MWCNTs provide significantly high aspect ratio that lead to 

microfiber-like crack arresting mechanisms such as fiber pull-out or bridging [53]. As a 

result, analysis of the effects of MWCNTs of fracture toughness are only valid when 

establishing both mechanical and chemical features. Only then the crack energy 

consumption mechanisms can be identified and the change of fracture behavior caused 

by nanotubes is identified. 

EXPERIMENTAL METHODS 

 

Materials 

1. Polymers 

The polymer used is polysulfide epoxy including silane.  This epoxy is usually used as 

an overlay material for repair of bridge decks.  The epoxy consists of two components, 

epoxy resin and epoxy hardener. The resin is mixture of Bisphenol A/Epichlorohydrin 

Epoxy Resin including silane. The hardener is Diethylenetriamine (DETA), Phenol, 4,4’-

(1-methylethylidene)bis-, and Tetraethyllenepentamine. 

 
2. Filler 

In all mixes crystalline silica (quartz) and ceramic microspheres powder was used as 

mixing filler to produce the slurry to be cast and harden. 

 
3. Nanomaterials 

Pristine and functionalized with carboxyl group MWCNTs namely P-MWCNTs and 

COOH-MWCNTs respectively were provided by Cheap Tubes, Inc.  Both have an outer 

dimension of 20-30 nm, an inner dimension of 5-10 nm, and a length of 10-30 μm. The 

Alumina nanoparticles (ANP) used is Alumina Oxide (Al2O3) Nano-particles of 50 nm 

maximum particle size provided by Sigma Aldrich Inc. 

Procedure for synthesis and mixing of polymer nanocomposite 

For the neat polymer, the required amount of resin and hardener were mixed together 

for 2-3 minutes using a low speed mixer, after which the required aggregate filler was 

added.  Mixing continued for 2-3 minutes until the mixture was uniform. For the 

nanocomposite mix, the nanoparticles (e.g. MWCNTs) were added to the required 

amount of the resin, the mix was stirred for 2 hours at 110 oC using magnetic stirring.  

This relatively high mixing temperature was used to reduce the resin viscosity and 

improve the dispersion of nanomaterials.  The mix was then sonicated for 2 additional 

hours at 60 oC.  During the sonication, sound waves are generated from the transducer 

and radiate through the liquid causing high and low pressures.  At the low pressure 
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stage, millions of microscopic bubbles are formed; during the high pressure stage, the 

previous bubbles collapse releasing high amount of energy and improving the dispersion 

of the nanoparticles. Fig. 1 shows the mixing process for the polymer nanocomposite.  

The polymer resin nanocomposite was left to reach room temperature and then mixed 

with the hardener for 2-3 minutes. The required aggregate was then added and mixing 

continued for 2-3 additional minutes until the mixture looked uniform. Table 1 provides 

the neat (control) mix and PC mixes incorporating nanomaterials as percentage of the 

epoxy resin by weight.  

 

Figure 1: Technique for mixing PC incorporating MWCNTs: Magnetic stirring of 
MWCNTs in the epoxy resin (first dispersion step). The ultrasonication of that resin (the 

second and last dispersion step).  Mixing the resin incorporating MWCNTs with the 
hardener and aggregate to produce PC 
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Table 1: Mix proportions for polysulfide siloxane epoxy nanocomposites kg/m3 (lb/ft3). 

Mix designation Resin Hardener Filler Nanomaterials Nano 
content 

PC-Neat 288 (18) 128 (8) 1570 (98) None 0.00 (0.00) 

PCNP-0.1 288 (18) 128 (8) 1570 (98) P-MWCNTs 0.29 (0.018) 

PCNP-0.25 288 (18) 128 (8) 1570 (98) P-MWCNTs 0.72 (0.045) 

PCNP-0.5 288 (18) 128 (8) 1570 (98) P-MWCNTs 1.44 (0.09) 

PCNP-0.75 288 (18) 128 (8) 1570 (98) P-MWCNTs 2.16 (0.135) 

PCNP-1.0 288 (18) 128 (8) 1570 (98) P-MWCNTs 2.88 (0.18) 

PCNP-1.5 288 (18) 128 (8) 1570 (98) P-MWCNTs 4.32 (0.27) 

PCNP-2.0 288 (18) 128 (8) 1570 (98) P-MWCNTs 5.76 (0.36) 

PCNP-3.0 288 (18) 128 (8) 1570 (98) P-MWCNTs 8.64 (0.54) 

PCNC-0.5 288 (18) 128 (8) 1570 (98) COOH-MWCNTs 1.44 (0.09) 

PCNC-1.0 288 (18) 128 (8) 1570 (98) COOH-MWCNTs 2.88 (0.18) 

PCNC-1.5 288 (18) 128 (8) 1570 (98) COOH-MWCNTs 4.32 (0.27) 

PCNC-2.0 288 (18) 128 (8) 1570 (98) COOH-MWCNTs 5.76 (0.36) 

PCNA-0.5 288 (18) 128 (8) 1570 (98) ANPs 1.44 (0.09) 

PCNA-1.0 288 (18) 128 (8) 1570 (98) ANPs 2.88 (0.18) 

PCNA-2.0 288 (18) 128 (8) 1570 (98) ANP 5.76 (0.36) 

PCNA-3.0 288 (18) 128 (8) 1570 (98) ANP 8.64 (0.54) 

PC-Neat-90F 288 (18) 128 (8) 1410 (88) None 0.00 (0.00) 

PCNP-2.0-90F 288 (18) 128 (8) 1410 (88) P-MWCNTs 5.76 (0.36) 

PCNA-2.0-90F 288 (18) 128 (8) 1410 (88) ANP 5.76 (0.36) 

ANALYSIS 
Flexural Testing 

 

Three-point bending test under static loads were performed to investigate the behavior 

of the PC overlay using a MTS Bionex servo hydraulic machine. Static loading 3-point 

bending was conducted on 25 x 25 x 150 mm specimen as displacement control test 

with a loading rate in the range of 0.20-0.45 mm/min. Throughout the test, time, load, 

and displacement were recorded using MTS® 793 data acquisition system with a 

sampling rate of 1 Hz. Five specimens of each PC mix were tested under flexural load 

until failure. The results show that incorporating MWCNTs in the PC can increase the 

flexural load capacity of PC at certain percentages. Mixes incorporating COOH-

MWCNTs provided an overall improvement in modulus of rupture (MOR) while P-
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MWCNTs and ANPs averaged lower MOR. Figures 2, 3 and 4 show the results of MOR 

for all mixes. The improvements in MOR ranged from 21% to 42% for COOH-MWCNTs, 

1% to 9% for P-MWCNTs and 0 to 30% for ANP. The drop on the other hand was 

insignificant with -13% to -19% for P-MWCNTs, -14% for COOH-MWCNTs, -4% to -17% 

for ANP. Nonetheless, all mixes incorporating showed significant increase in ductility as 

the maximum deflection increased as reflected as well in direct tension test discussed 

later.   

 

Figure 2: Flexural strength of PC with and without P-MWCNTs showing change from -
19% to 9% from PC-Neat. 

  

Figure 3: Flexural strength of PC with and without COOH-MWCNTs showing change 
from -14% to 42% from PC-Neat. 
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Figure 4: Flexural strength of PC with and without ANPs showing change from -17% to 
30% from PC-Neat. 

 

Tension Testing 

 

The tensile strength of nanocomposite PC (NCPC) was evaluated using direct tension 

test on standard dumbbell-shaped samples. The test was performed using a MTS 

Bionex servo hydraulic machine. The test was performed according to ASTM D638-14. 

In order to produce NCPC type III samples, specific molds were designed to cast 

samples ready for testing. Figure 5 shows both type III dimensions and their specific 

molds. NCPC samples were treated as rigid samples with a loading rate of 3.75 mm/min. 

Strain recording extensometer was used to measure tensile strain at the mid-section of 

samples were maximum strain is often observed. In order to produce NCPC with high 

strain and strength, samples were heat cured at 60℃. Also, samples containing reduced 

filler at 90% of the original mix were tested. Five samples per mix were used and the 

average of all is shown in Figures 6, 7, 8, 9,10 and 11 for tensile strength, maximum 

strain, maximum displacement, stress-strain curves and toughness respectively. 
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Figure 5: Tension sample molds, dimensions and sample. 

 

Figure 6: Tensile strength of PC mixes using different nanomaterials as well as 90% 
filler content. 
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Figure 7: Tensile strain at failure of PC mixes using different nanomaterials as well as 
90% filler content. 

 

 

Figure 8: Tensile displacement at failure of PC mixes using different nanomaterials as 
well as 90% filler content. 
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Figure 9: Stress-strain diagrams for NCPC mixes in tensile test. 
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Figure 10: Stress-strain diagrams for NCPC mixes in tensile test. 

 

 

Figure 11: Toughness of PC and NCPC in tensile test. 
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NCPC mixes containing 100% filler: 

The results above show evidently nominal curing conditions for the PC samples at 60℃. 

All mixes reached sufficiently high tensile strength with a maximum of 11.30 MPa for 

PC-Neat. Such tensile strength is significantly higher than that of ordinary concrete (OC) 

and ordinary cementitious materials used in construction. OC samples will be prepared 

for comparison at a later stage. The addition of nanomaterials showed a change of 

tensile strength in the range of -5% to -22% for P-MWCNTs, -8% to 36% for COOH-

MWCNTs, -4% to -16% for ANPs. Mixes containing P-MWCNTs content ≤ 0.5 wt.% 

showed larger drop than those of higher contents. COOH-MWCNTs samples were the 

only samples to show improvement of tensile strength at 1.5 and 2.0 wt.% content. This 

is attributed to the functionalization of MWCNTs that enables nanotubes to perform 

chemical bonds with the host polymer matrix. The tensile strength of ANPs mixes 

decrease similarly to P-MWCNTs with slightly less decrease from that of nanotubes. 

Nonetheless, the tensile strength of all NCPC is significantly higher of OC at the range 

of 9-15.4 MPa. On the other hand, improvements in strain at failure and toughness were 

observed due to the incorporation of nanomaterials. Specifically, samples containing 3.0 

wt.% ANPs content reached 4.9%. P-MWCNTs showed two distinct behaviors however 

at contents ≤ 0.75 wt.% compared higher contents. At low contents, the tensile strain at 

failure was firmly in the range of 2.3-2.9% with no clear impact of the content of 

nanotubes. At 1.0 wt.% content, the strain at failure drops from that of lower contents to 

1.6%. The addition of higher contents of nanotubes then corresponds to improvement 

in tensile strain. In fact, at 2.0 wt.% content, NCPC shows similar strain at failure of that 

of lower contents. In contrast, mixes containing COOH-MWCNTs shows a decrease of 

tensile strain at failure with the increase in content. This is in agreement with the findings 

of tensile strength as higher content results in increased reactivity increasing the 

crosslinking of the polymer. Nonetheless, appreciable strain is achieved in the range of 

0.8-1.9%. Therefore, it’s evident that the addition of nanomaterials significantly increase 

the ductility of PC. 

To further investigate the ductility, the area under the stress-strain curves of the tension 

test were measured representing toughness. Significant increase is observed for all 

mixes ranging from -4% to 80% for P-MWCNTs, -50% to -4% for COOH-MWCNTs, and 

83% to 135% for ANP. P-MWCNTs results showed trends similar to those found in the 

results of strain at failure. However, at 0.1 wt.% content the increase in toughness is 

significantly different that those at contents in the range of 0.1-0.75 wt.%. At 1.0 wt.% 

the toughness is lower than that at lower content but a general increase is observed with 

the increase of content up to 2.0 wt.% content where it reaches similar increase to that 

observed at lower contents. Mixes incorporating COOH-MWCNTs showed a decrease 

in toughness with the increase in content of nanotubes. These results agree with the 

findings of strength and strain at failure confirming the increase in cross linking. 3.0 wt.% 

content of ANPs provides the highest increase in toughness and strain at failure. 
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Microstructural investigation is aimed to explain the differences in findings for all 

nanomaterials used.  

NCPC mixes containing 90% filler: 

The reduction in filler content resulted in an increase in tensile strength by 21%, 

decrease in strain at failure by -52% and a decrease in toughness by -11%. This is 

explained by the increase in the crosslinking of the polymer chains that are less 

interrupted with lower content of aggregate filler. Also, the decrease in filler content 

results in an increase in particle density distribution eliminating part of the larger 

particles. Therefore, the results with 90% filler showed demolished effect of 

nanomaterials on PC-Neat when compared to 100% Filler. Tensile strength increased 

by 7% and 10% for P-MWCNTs and ANPs at 2.0 wt.% content respectively. While the 

effect of P-MWCNTs on strain and displacement is insignificant, ANPs had showed low 

increase in strain and displacement by 51% and 10% when compared with PC-Neat-

90F. The change in toughness is also negligible for P-MWCNTs with an increase of 18% 

but more significant with ANPs at 120%. As mentioned earlier, the effect of 

nanomaterials at 90% filler is demolished as moving the increase in toughness, for 

example, from 550% to 120% for ANP. 

 

Compression Testing 

 

Compressive testing of PC and NCPC was performed using 2inØ x 4 in cylinders. 

Samples were casted and cured in similar fashion to tension samples using 60℃. 

Testing of PC showed significant deformation prior to reaching the compressive strength 

of the samples as shown in Figure 12. Figure 13 shows the compressive strength of all 

mixes discussed previously in the tension testing section. At 100% filler, the inclusion of 

nanomaterials decreases the compressive strength of PC-Neat by 18% and 22% for 

MWCNTs and ANP. On the other hand, at 90% filler, the compressive strength for the 

mixes incorporating MWCNTs and ANPs showed an increase of 35% for both.  
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Figure 12: Compression cylinders: Tested sample (right) with untested (left). 

It seems the effect of nanomaterials on the materials strength (in compression or 

tension) is reduced by the addition of nanomaterials. However, the strain of the material 

is significantly improved. At lower content of filler, the effect of nanomaterials in 

improving ductility is decreased but strength is gained. The percentage of tensile 

strength to compressive strength of PC and NCPC seems significantly different of that 

of OC. Figure 14 shows such relationship PC and NCPC tensile capacity is significantly 

close to its compressive strength. Nanomaterials improve the tensile capacity of PC 

more significantly than its compressive strength. Therefore, the percentage of tensile 

strength to compressive strength for both neat samples is higher than that of NCPC. 

Future work will discuss different curing conditions, filler content and nanomaterials 

percentage incorporated as well OC testing to correlate the results of PC-Neat. 

 

Figure 13: Compressive strength of PC and NCPC. 
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Figure 14: Percentage of tensile strength to compressive strength of PC and NCPC. 

Electrical Monitoring and Damage Feature 

 

Electrical conductivity measurement was recorded for PCNP-2.0 to PCNP-3.0 and 

damage feature λ(t) was calculated using Equation 1. The damage feature λ(t) 

represents the change in electrical resistance with 𝑅(𝑡) and 𝑅(𝑡0) as the electrical 

resistance of the PC beam at time 𝑡 and 𝑡0. A quantification of the mechanical damage 

evolution was performed for all tests through measurements of the change in flexural 

rigidity. Equation 2 and 3 show the details of this measurement. where EI(i) is the 

specimen flexural rigidity at any cycle, E is the modulus of elasticity, I is the cross 

sectional second moment of inertia, ∆P(i) is the difference between maximum and 

minimum loads at the same cycle, ∆(i) is the corresponding difference between 

displacements, L is the span length of 175 mm, D(i) is the fatigue damage in %, and 

EI(0) is the initial flexural rigidity. 

λ(𝑡) =
𝑅(𝑡)−𝑅(𝑡0)

𝑅(𝑡0)
                                                                                                         (1) 

𝐸𝐼(𝑖) = (
5

288
) ∗

∆ P(i)∗L^3

∆ (i)
                                                                (2) 

𝐷(𝑖) = 1 −
𝐸𝐼(𝑖)

𝐸𝐼(0)
                                                                           (3) 

However, the resistance of Neat, PCNP-0.5 and PCNP-1.0 were too low to record 

conductivity/resistivity changes quantifying damage during flexural testing. However, by 

incorporating 2.0 wt.% MWCNTs the change in electrical resistance of the PC beams 

was successfully recorded with a typical source meter. However, it is worth noting that 

NCPC-3.0 with 3.0% P-MWCNTs was challenging to produce due to the significantly 
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high viscosity. Nonetheless, PCNP-2.0 and PCNP-3.0 provided sufficient damage 

monitoring. The increase of load during static flexural loading corresponds to an 

increase in microcrack development at the interface and then within the matrix. Such 

cracks are then intersected by the high content of well-dispersed MWCNTs. This is 

shown by an increase in resistivity of the PC beam with the increase in load. Figure 15 

shows the test set-up used for monitoring damage propagation in PC under static 

loading. Figure 15 also depicts the superior ductility/deformability of PC incorporating 

MWCNTs (this case for 2.0% P-MWCNTs). Figure 16 and 17 show the relationship 

between the load-damage feature λ(t) and load-displacement of PCNP-2.0 and PCNP-

3.0 respectively. It is evident incorporating P-MWCNTs in PC matrix prior to fabrication 

allows monitoring damage evolution during static flexural loading to failure.  

 

Figure 15: Test set-up for monitoring damage evolution in PC under flexural static 
loading. Figure shows the extreme deformability of PC incorporating P-MWCNTs. Red 
connectors are connected to silver tape painted on around PC to measure change in 

electrical resis 
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Figure 16: Electrical damage, mechanical damage and strain with respect to stress for 
PCNP-2.0 showing the ability of monitoring static damage evolution in PC with 

MWCNTs using electrical conductivity. 
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Figure 17: Electrical damage, mechanical damage and strain with respect to stress for 
PCNP-3.0 showing the ability of monitoring static damage evolution in PC with 

MWCNTs using electrical conductivity. 
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Fatigue testing of PC overlays with and without nanomaterials 

 

There is no standard fatigue test for concrete. This is attributed to the difficulty to conduct 

the fatigue test on concrete with repeatable results. We therefore suggest borrowing the 

standard fatigue test for asphalt overlay AASHTO T321- 07 [61] and modifying it to allow 

testing of the PC overlay. The fatigue test proposed is a four-point bending displacement 

controlled cyclic test. In this test, the displacement will be ramped up from zero to 2.0 

mm in 1 minute, then test specimens will be cycled between 1.0 and 2.0 mm using a 

sinusoidal waveform with a frequency of 1.0 Hz. Five prisms of each mix will be tested. 

Each prism is 25 x 25 x 200 mm. The test will be conducted on an MTS® Bionix servo 

hydraulic system in the PI’s lab (please see facilities section). A new test fixture has 

been designed and produced by the PI as shown in Figure 18. The new set-up allows 

holding two linear variable differential transducers (LVDTs) at the centre line of the test 

specimen in order to record the displacement. Through the test, time, load and 

displacement will be recorded and at a sampling rate of 10 Hz. The recorded time 

(number of cycles), load and displacement will allow for determining the fatigue strength 

and damage propagation in the specimen. Following the AASHTO standard [61], failure 

point is considered when the cycle experienced 50% reduction in the initial flexural 

rigidity.  

 

Figure 18: New fatigue test set-up developed by the PI showing the loading frame and 
the source meter connected to measure change in electrical resistance to monitor 

fatigue damage evolution in PC. 

Testing showed that incorporating MWCNTs can significantly improve the electrical 

conductivity of PC and thus enabled monitoring fatigue damage propagation in PC. 

Figure 19 shows an example result for monitoring fatigue damage as the change in 

electrical resistance in PC. It is interesting to note the significant improvement of PC 

fatigue life incorporating 1.0% MWCNTs increased fatigue life of PC under the same 

cyclic loading from 75,000 cycles to 300,000 cycles representing 300% increase in 
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fatigue life of PC. It is also apparent that the change in electrical conductivity/resistivity 

follows the classical damage propagation modes of initial, steady-state to tertiary 

confirming the ability of the proposed technique to monitor damage propagation in PC. 

We note that measurements of PC incorporating less than 2.0% MWCNTs did not show 

improvement of electrical conductivity. Further testing by the PIs confirmed that 2.0% to 

be the percolation limit for this type of MWCNTs. 

 

Figure 19: Change in electrical resistance in PC with and without MWCNTs. Figure 
shows the non-conductive nature of PC neat and the ability to measure electrical 

conductivity of PC incorporating 2.0% MWCNTs. 

Test results of PC-Neat, PCNP-0.5, PCNP-1.0, PCNP-2.0 and PCNP-3.0 showed an 

increase in number of cycles to failure criteria described previously (50% reduction in 

initial flexural rigidity) by incorporating MWCNTs. Fatigue life test results are presented 

in Figure 20.  

 

Figure 20: Fatigue life of PC incorporating MWCNTs showing the increase of fatigue 
life for PC incorporating 1-2% MWCNTs. (% values above bars represent change 

compared with neat PC). 
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Fracture toughness testing of PC overlays with and without nanomaterials 

 

Fracture toughness of PC with and without nanomaterials was determined using four-point 
bending. The test set-up developed is a notched beam test to obtain a bilinear approximation of 
the complete stress-crack opening displacement (COD) curve following the procedure 
presented in ACI 446 [62], which follows the original work of Guinea et al. [63]. In this test a 
beam is notched and is loaded in three-point bending and feedback is provided using Crack 
Mouth Opening Displacement (CMOD) measurement. Load rates were determined through trial 
testing with based on displacement control samples to ensure reaching the peak in timely 
fashion and record the softening curves of the tested specimen. ACI 446 [62] provides a detailed 
description of the test specimen preparation, loading set-up and test procedure. A standard 
beam 25 x 25 x 150 mm test is used. The test enables extracting standard stress-COD curves 
and thus fracture toughness KIC and fracture energy GF. All this information is essential for 
predicting fatigue strength of PC and for modeling PC.  
 
Two setups were used in executing the four point bending tests. Figures 21 and 22 show the 
initial and the final setups with proof of the excessive deformation leading to developing the new 
setup. Due to the ductile nature of PC and the extensive displacement and CMOD exhibited with 
cracking, special clip gauge was also used to capture CMOD values up to 14 mm. The initial 
setup used allowed confirmation of capturing the fracture toughness parameters of PC with four-
point bending. The new setup had to be developed to capture the significant deformations as 
well as the effect of the large fracture process zone. The new setup confirms to ACI 446 
recommendations on the fracture testing of concrete as well as it adapts to the ductile nature of 
PC. Figure 23 shows the schematics of all the parts and design drawings of the new setup. The 
new setup allows for testing different fracture samples at different lengths. This allows the PI to 
produce samples with overhangs that counter the self-weight; hence, eliminating the moment at 
the crack location. The new fixture also allows the rotation of one of the supports and the loading 
heads with±10°. The new fixture drawings are shown in Figure 24.  
 

 
Figure 21:Initial load setup by the PI to examine the fracture toughness of PC 
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Figure 22: Modified fracture toughness test setup per ACI446 used to capture all tests. 

 

 
Figure 23: Schematics of the setup presented in Figure 21 clarifying all test features. 
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(a) Loading head: Top part (b) Loading head: Bottom part 

 

 
(c) Loading head: Loading plate (d) Loading head: Intermediate plate 

  
(e) Loading frame: Left support (f) Loading frame: Right support 
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(g) Loading frame: Loading plate 

  

(h) Reference frame: Top part – First 
support 

(i) Reference frame: Top part – 
Second support 

 
(j) Reference frame: Bottom part 

Figure 24: Shop drawings for fracture test setup including loading and reference 
frames. 

Analysis of the data was based on work by Guinea et al. [63] and Chapman [64] for 

using principles of LEFM to identify the bilinear stress-COD curves and thus fracture 
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toughness KIC and fracture energy GF. Principles of this analysis are presented in 

Figures 25 and 26 and are summarized by Equations (4) to (8). With all variables 

defined in Figure 23. Sensitivity analysis was conducted to identify the cut-off limit of 

the asymptotic part of the load-CMOD curves to accurately determine the fracture 

toughness of PC with and without P-MWCNTs when using LEFM. The results are then 

used to confirm the application of LEFM and determine the accuracy of method of 

analysis.  

𝑑 =
S∗𝑤𝑐

4 
                                                            (4) 

𝑇 = 𝐵 ∫ 𝑓(𝑤(𝑧))𝑑𝑧
𝑑

𝑧=0
                                                                   (5) 

𝑆

4
(𝑃 +

𝑚𝑔

2
) = 𝐾0 𝑇𝑑              as    𝑃(𝛿) = 𝑃 +

𝑚𝑔

2
    thus  

𝑃(𝛿)𝑆

4
= 𝐾0 𝑇𝑑         (6) 

𝑇 = 𝐵 ∫ 𝑓(𝑤)
𝑑

𝑤𝑐
𝑑𝑤

𝑤𝑐

𝑤=0
    and      𝐺𝐹 = ∫ 𝑓(𝑤) 𝑑𝑤

𝑤𝑐

𝑤=0
    thus    𝑇 = dB

𝐺𝐹

𝑤𝑐
       (7) 

𝑃(𝛿) =
1

4
𝐵𝑆𝐾0 𝐺𝐹𝑤𝑐                                                                          (8) 

 

With B, S, K0, wc being constants for an LEFM material, the fracture toughness GF can 

be determined based on the load value P() occurring when the COD reaches it critical 

value wc. 

 

Figure 25: Basic principles used for analysis of notched beam set-up data to extract the 
bilinear fracture curve of PC after Chapman [64]. 
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Figure 26: Schematics of the methods prescribed to translate the test data from three-
point bending to direct tension test as prescribed by Chapman. 

Results of load-CMOD curves are shown in figure 27 for samples containing 0.5, 1.0, 

1.5 and 2.0 wt.% MWCNTs and Neat Namely PCNP-0.5, PCNP-1.0, PCNP-1.5, PCNP-

2.0 and PC-Neat respectively. The bilinear approximation curves generated per the 

previous discussion are shown in figure 28. Analysis of those curves allowed the 

calculation of the fracture toughness parameters and evaluate the effect of incorporating 

MWCNTs. Those results show a general increase in the fracture toughness of PC due 

to the incorporation of MWCNTs in the range of 24-73% as shown in figure 29. Tension 

tests allowed the extraction of the modulus of elasticity and the yield strength of PC. 

Two parameters that along the fracture toughness are needed to confirm the 

applicability of LEFM analysis. Equation (9) was used to measure the analysis’s least 

sample dimension required for LEFM analysis and the results are shown in table 2. 

l≥ 2.5 (
K1C

σy
)

2

=2.5 (
√GFE

σy
)

2

 
(9) 

 

Figure 27: Load-CMOD curves for PC samples with and without MWCNTs. 
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Figure 28: Schematics of the methods prescribed to translate the test data from three-
point 

 

Figure 29: Schematics of the methods prescribed to translate the test data from three-
point 
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Table 2: Linear elastic fracture mechanics least dimension parameter values. 
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E (GPa) 
14.2 6.07 11.2 9.37 5.53 

G
F
 (kN/m) 

4.09 6.77 5.06 7.08 5.80 

𝝈𝒚 (MPa) 
16.1 8.9 10.7 10.6 10.2 

l (mm) 
560 1287 1231 1490 772 

The previous shows that LEFM is not an applicable analysis method since the least 

sample’s dimension is 8 mm (representing the length of the crack) which is an order of 

magnitude lower than the limit discussed in table 2. Hence, it was confirmed that PC 

with and without MWCNTs exhibit Quasi-Brittle like material behavior and requires 

further investigation to better quantify their fracture toughness parameters. The effective 

crack modulus method of analysis was chosen based on prior work by the PI on Quasi-

Brittle Fracture Mechanics (QBFM) analysis [65]. This method of analysis was selected 

due to the presence of large fracture process zone in which it increases the consumption 

of fracture energy as shown in figure 30 and equation (10). Equations (11) and (12) 

describe the effective elastic modulus of both the elastic and the critical limits 

respectively. Equations (11) and (12) were used in support with (13) - (18) to calculate 

all other parameters. A total fracture energy (TIc) was introduced per equation 19 that 

combines the fracture energy from both the J-integral and the energy release rate. 

Figure 31 shows the for-loop process performed on a Matlab code to determine the 

critical crack depth used to measure QBFM fracture toughness parameters.  

𝐺𝐼 = 𝐺𝐼𝑐 + ∫ 𝜎(𝐶𝑇𝑂𝐷)𝑑(𝐶𝑇𝑂𝐷)
𝐶𝑇𝑂𝐷𝑐

0

 (10) 
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1

𝑏𝑑𝛿𝑐
(

13𝑤𝑙4

32𝑑2
+

3𝑃𝑐𝑙3

4𝑑2
+

3(1 + 𝜐)𝑃𝑐𝑙

4
+

9𝑃𝑐𝑙2

2𝑑
𝐹(𝛼𝑖𝑐)) (11) 

𝐸 =
1

𝑏𝑑𝛿𝑒
(

13𝑤𝑙4

32𝑑2
+

3𝑃𝑒𝑙3

4𝑑2
+

3(1 + 𝜐)𝑃𝑒𝑙

4
+

9𝑃𝑒𝑙2

2𝑑
𝐹(𝛼𝑖𝑒)) (12) 

𝐹(𝛼𝑖) = ∫ 𝛼 𝑔2(𝛼)𝑑𝛼 
𝛼𝑖

0

 (13) 

𝑔(𝛼) = 𝑔1(𝛼)√𝜋 , 𝛼 =
𝑎

𝑑
 (14) 
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𝑔1(𝛼) = 1.122 − 1.4𝛼 + 7.33𝛼2 − 13.08𝛼3 + 14.0𝛼4 (15) 

𝐾𝐼 = 𝑔1(𝛼)𝜎√𝜋𝑎 (16) 

𝐺𝐼𝑐 =
𝐾𝐼𝑐

2

𝐸
 (17) 

𝐽𝐼𝑐 =
2

𝐻𝑐𝑏
(𝐴𝑁 − 𝐴𝑈𝑁) (18) 

𝑇𝐼𝑐 = 𝐺𝐼𝑐 + 𝐽𝐼𝑐 (19) 

 
Figure 30: Model of Quasi-Brittle Fracture materials showing the increase in stress due 

to the fracture process zone [66]. 
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Figure 31: QBFM analysis for-loop using the effective crack modulus [65]. 

 

The results of QBFM analysis are presented according to the three different material 

parameters as shown in figures 32 – 35. The fracture toughness parameters per QBFM 

define the fracture toughness energy to be of two parts: one consumed through elastic 

deformation creating new surfaces and another consumed at the fracture process zone. 

Those parts present the LEFM and J-integral parameters. Hence, the combination of 

those two parameters determine the effect of nanoparticles on the fracture toughness. 

Figure 32 shows the effect of all nanoparticles at different contents on the critical stress 

intensity factors (KIc). P-MWCNTs showed a change in the range of -6% to 20%, COOH-

MWCNTs showed an increase of 21% to 39% and ANPs showed -14% to 155%. 

However, the effect of nanoparticles on such parameter don’t provide the complete 

effect of quasi-brittle materials and the effect on energy consumption is the critical 

parameter. Figures 33-35 display the effect of each nanoparticle on the energy release 

rate. Specifically, Figure 35 shows the total effect while figures 33 and 34 show the 

components in which each nanoparticle at specific content provides improvements. For 

P-MWCNTs, two different behaviors appear as discussed previously with tension 

results. At 0.5 wt.% content, a total improvement of 56% is achieved strictly from J-
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integral energy. At 1.0 wt.%, the results show that the total fracture energy is reduced 

by 31%. This reduction is greatly affected by the critical energy release rate rather than 

J-integral. At 1.5 wt.% content, similar reduction in critical energy release rate is 

observed but with rather significant improvements in the J-integral values resulting in a 

total increase in total fracture energy of 52%. At 2.0 wt.% content, the reduction in critical 

energy release rate is diminished while maintaining significant improvements in J-

integral netting a 47% increase in total fracture energy. Therefore, P-MWCNTs improve 

the fracture toughness of PC at 0.5, 1.5 and 2.0 wt.% with 47% to 56% while at 1.0 wt.% 

decrease the fracture toughness with -31%. COOH-MWCNTs on the other hand follow 

mostly a consistent pattern between their content and their impact on fracture toughness 

up to 1.5 wt.%. The increase in total fracture energy decrease from 112% at 0.5 wt.% to 

64% at 1.5 wt.%. at 2.0 wt.% content the total fracture energy increase again by 81%. 

The increase in fracture toughness due to J-integral remains between 110% and 140% 

for all mixes including 2.0 wt.%. On the other hand, the increase in critical energy release 

rate decrease with increasing the content. In fact, at 1.5 and 2.0 wt.% content the critical 

energy release rate decreases by 20% and 34% respectively. Nonetheless, COOH-

MWCNTs prove more effective in improving the fracture toughness of PC than P-

MWCNTs by achieving a maximum improvement of 112% at 0.5 wt.% COOH-MWCNTs 

content compared to 56% at similar P-MWCNTs content.  

Both types of MWCNTs overall showed a decreased efficiency in improving the fracture 

toughness of PC with increasing their content. In fact, for both types of nanoparticles the 

highest improvement was reported at 0.5 wt.% content. ANPs on the other hand 

provided improved total fracture energy with increasing their content. The improvements 

continue from 45% in total fracture energy at 0.5 wt.% content up to 128% at 3.0 wt.% 

content. However, the mechanisms in which these improvements are achieved differ 

greatly. From 0.5 wt.% content up to 2.0 wt.%, the fracture energy from J-integral 

increase from 54% to 171% while the elastic energy drops down from 29% at 0.5 wt.% 

content to -14% at 2.0 wt.%. At 3.0 wt.% content however, the J-integral fracture energy 

increase is less effective as it drops from 171% at 2.0 wt.% to 113%. The elastic fracture 

energy however increases dramatically reaching an improvement of 155%. 

Because of their extreme small dimensions, nanoparticles provide significantly large 

area at very low contents. By increasing their content, their polymer interactive abilities 

and mechanism differ greatly. Such abilities can be separated into chemical and 

mechanical in which they manipulate mechanical properties. In order to evaluate the 

overall effect of incorporating nanoparticles on improving the fracture toughness, the 

difference in these mechanisms can be ignored and their effectiveness can be evaluated 

with an overall total fracture energy parameter. With such parameter, it can be 

concluded that ANPs and COOH-MWCNTs both were able to provide a significant 128% 

and 112% increase in total fracture energy. Those improvements however were 

observed at the maximum content examined for ANPs of 3.0 wt.% content and the 

minimum COOH-MWCNTs content of 0.5 wt.%. P-MWCNTs still provided good 

improvements of 56% at 0.5 wt.% content as well. On the other hand, all nanoparticles 
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at all contents (with the exception of 1.0 wt.% content of P-MWCNTs) provided 

improvements in J-integral fracture energy. It can be assumed that J-integral fracture 

energy is generated by the nanoparticles mechanical properties. Thus, a general trend 

of either an increase in J-integral energy with the increase in content or a steady 

increase can be observed with between 0.5 wt.% and 1.5 wt.% for P-MWCNTs and 

COOH-MWCNTs and 0.5 and 2.0 wt.% for ANP. Increasing the content beyond these 

limits however result in a decrease from their previous maximum. This decrease can be 

correlated to a noticeable drop in flowability. Those changes are caused by the 

increased difficulty in obtaining dispersion which results in reduced viscosity and 

flowability. Chemical changes are described further using microstructural analysis and 

FTIR results.  

 

Figure 32: The critical stress intensity factor per QBFM analysis 

 

Figure 33: The critical energy release rate per QBFM analysis 
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Figure 34: The critical J-integral values per QBFM analysis 

Figure 35: The critical total fracture energy per QBFM analysis 

 

Finite element modeling of PC overlays with steel substrate 

 

Finite element analysis was proposed to be developed to similar the behavior of PC 

overlay under flexural loading. In which, a representative volume element model to 

similar the behavior of PC under flexural stress and to also predict the change in PC 

electrical conductivity as a result of microcrack development. A snapshot from some 

preliminary finite element modeling by the PI of PC-steel deck overlay is shown in Figure 
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36. The finite element model developed in an ANSYS/ABAQUS environment and 

individual materials can be classified and the interface between layers can be described 

using interface elements. Results of flexural testing provided promising results and great 

improvements due to incorporating nanoparticles. Therefore, this section’s focus was 

shifted towards only finite element modeling of the bond strength of PC with steel 

substrate which requires further investigation. Bond strength of PC to steel substrate is 

most suitably examined through slant shear testing. In those tests, PC is placed on top 

of a steel substrate sandblasted to a minimum of 4.0 mil (0.1016 mm) clean. The steel 

surface is inclined at 60° with the horizontal as shown in figure 37. Experimental tests 

were performed in order to evaluate the apparent shear strength as given in equation 

20 as well as validate the finite element models.  

𝜏 =
𝑃 sin (60)

𝐴 /𝑐𝑜𝑠(60)
=

𝑃

𝐴
sin(60) 𝑐𝑜𝑠(60)       (20) 

 

Where P is vertical applied load and A is the cross-sectional area of the cylinder. 

 

 

Figure 36: Preliminary finite element model of orthotropic bridge deck with PC overlay 
showing example model to be developed to determine the stress state in PC overlay. 
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Figure 37: Slant shear test schematics and an actual specimen showing both 
substrates. 

 

Finite element analysis of the slant shear test configuration was conducted using 

ABAQUS modeling software. PC was defined as a nonlinear elastic-plastic material 

using the constitutive stress-strain response measured in the uniaxial compression 

tests.  The steel was assumed to be elastic perfectly plastic material. Convergence 

studies used two different types of built-in elements: 8-node linear hexagonal and 6-

node linear triangular. These element types are capable of producing computationally 

inexpensive solutions for stress calculations. For each element type, different mesh 

sizes were used varying from 9,480 elements to 74,524 elements. Boundary conditions 

fixed the steel part from the bottom and prevented lateral deformation of the assembly. 

Figure 38 (a) shows the boundary conditions as applied on the model. Figure 38 (c) 

shows the meshed model using 6-node linear triangular elements. Displacement was 

applied to the top of PC to simulate slant shear tests. Load-displacement curves were 

extracted from the simulations and compared to those observed in the slant shear tests.  

 

 

Figure 38: FE model using ABAQUS simulation environment: (a) Boundary conditions 
(b) Bilinear shear stress-slip relation where Kt is shear contact stiffness, GII is mode II 

fracture energy and τu is maximum shear stress (c) Meshed model using 74,524 
elements. 
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In order to define contact between PC and steel, a zero-thickness cohesive 

contact element was defined. Bilinear shear stress-slippage relationship was used to 

describe the contact element as shown in Figure 38 (b) [67, 68]. This relationship is 

based on pure in-plane shear fracture mode (mode II) and is defined in ABAQUS using 

damage and cohesive behavior interaction [69]. The cohesive element characterizes the 

initial slope of the stress-slip curve (Kt) which is governed by the interfacial stiffness 

between the two slant shear test parts. The damage element on the other hand is 

prescribed using three components; initiation, evolution and stabilization. Firstly, 

damage initiation represents that maximum nominal stress in shear fracture mode (τu) 

characterized by the peak of the stress-slip curve. Secondly, damage evolution in this 

model was used based on the critical energy release rate in mode II (GII) which denotes 

the area under the stress-slip curve. Finally, damage stabilization represents the energy 

dissipation module and is governed by the viscosity coefficient (V). In general, lower 

values of V signify rapid energy release and since failure in slant shear test is sudden, 

a constant low value of 0.001 was selected for all models. The values of τu, GII, V and 

Kt were determined through experimental validation of the FE simulation and back-

solving for those parameters [70]. This was performed using a trial and error for-loop 

were the values of the cohesive and damage model were estimated and the resultant 

load-displacement curve of the simulation was matched with the experimental. Our 

objective is to use the validated FE model to realize the local shear stresses developed 

at failure of the slant shear test. Table 3 summarizes the contact interaction properties. 

Figure 39 shows load-displacement curves for both FE model and slant shear test for 

the selected mixes namely PC-Neat, PCNC-0.5, PCNA-0.5, PCNA-2.0. 

 

 
 

(a) (b) 
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(c) (d) 
Figure 39: Load-displacement curves of PC with different nanomaterials as measured 
experimentally during slant shear test and extracted using the finite element method for 

(a) PC-Neat, (b) PCNC-0.5, (c) PCNA-0.5, (d) PCNA-2.0. 

Apparent shear/bond strength results of slant shear tests of PCN and steel are shown 

in Figure 40. All test specimens failed at the adhesion interface and no cohesive failure 

was observed as shown in Figure 41. As explained later interpreting the results of FEA, 

the samples failed when the fracture energy criteria GII was reached. Hence, sudden 

failure was observed in the mechanical testing of slant shear where as FEA explored 

the critical location over the shear interface where the fracture criteria was satisfied. 

PCNs showed a significant increase in apparent bond strength compared with neat PC. 

Results of mixes incorporating COOH-MWCNTs at 0.5, 1.0 and 2.0 wt.% showed a 

similar increase of 7% in apparent bond strength compared with neat PC. This result 

suggests no advantage with respect to apparent bond strength by using COOH-

MWCNTs beyond 0.5 wt.%. An increase in ANPs content corresponded to increase in 

apparent bond strength: apparent bond strengths of 20, 23 and 51% above neat PC with 

0.5, 1.0 and 2.0 wt.% of added ANPs, respectively. This result may be attributed to the 

possible chemical reactions of ANPs with -OH groups formed on sand blasted steel 

surface leading to higher bond strength. 



39 

 

 

Figure 40: Apparent shear strength of all PC mixes (MPa) 

 

Figure 41: Slant shear fracture surface post-failure for all PC mixes showing complete 
adhesion failure. 
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Finite element analysis results of shear stress are shown in Figure 42 and were also 

used to examine the interfacial shear stress contours at the PC-steel interface. Figure 

43 shows the load-displacement of neat PC extracted from the FE model with magnified 

slippage in the assembly at vertical displacements of 0.720 mm, 0.802 mm, and 0.837 

mm. At each of these points, shear contours on the interface were plotted showing the 

maximum local shear stress to reach 40 MPa. Locations of maximum local shear stress 

concentration on the interface are shown in Figure 43. Maximum local shear stress only 

develops at the location of minimum height of PC before reaching ultimate load as 

shown in Figure 43 and Figure 44 (a). As slippage occurs, the maximum local shear 

stress moves along the interface. The maximum local shear stress path follows the 

height of PC from minimum to maximum as shown in transition in Figure 44 from (a), 

(b) and (c). Slant shear tests show that complete slippage occurs after the ultimate load 

due to release of energy as a result of bond failure. 

 

Figure 42: Shear strength for different PC incorporating nanomaterials interpreted using 
apparent shear strength (average stress based on slant shear standard) and maximum 

local shear stress using the finite element model. The % difference shown is the 
difference 

 



41 

 

 

Figure 43: Load-displacement extract from finite element analysis of neat PC showing 
magnified slippage at 0.720mm, 0.802mm, and 0.837mm. 

 

Figure 44: Shear contours showing locations of maximum local shear stress during 
slippage at vertical slip of (a) 0.720 mm (b) 0.802 mm and (c) 0.837 mm 

 

Microstructural Analysis 

 

Microstructural analysis consisted of Scanning electron microscope (SEM) as well as 

Fourier Transform Infrared Spectroscopy (FTIR). SEM were designated to examine the 

effectiveness of dispersion of all nanoparticles at different contents. The device used is 

Hitachi S-5200 Nano SEM which is capable of magnification within the range of 100-2 
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million with a resolution of 1.7 nm at 1 kV and 0.5 nm at 30kV. Due to the polymeric 

nature of the epoxy, charging hindered the use of high voltage measurement and all 

scans were collected at 2.0 and 5.0 kV. In order to better understand the chemically 

induced effects, FTIR scans were acquired for all nanoparticles at different contents. 

Scans were acquired using a horizontal Attenuated Total Reflectance (ATR) and a 

DiComp Crystal made of a diamond ATR with Zinc Selenide focusing element were used 

to collect 4000 scans at a resolution of 4 cm-1. The samples were of 25.4 cm2 and 2 mm 

thickness of similar mixes to those discussed in DMA and SEM.  Analysis of scans were 

performed using PerkinElmer FTIR with Universal ATR (UATR) accessory. The scans 

were converted to absorbance using Kramers-Kronig equations [71]. 

SEM scans are collected for 0.5 and 2.0 wt.% content of P-MWCNTs and COOH-

MWCNTs as shown in figure 45 and 46 and 0.5 and 3.0 wt.% content of ANPs as shown 

in figure 47. Scans of neat samples were also collected as reference for all scans as 

shown in figure 48. Those scans provide both extremes of the contents examined during 

mechanical testing. All previous scans show that sufficient nanoparticles dispersion is 

achieved using the described dispersion technique. Scans with P-MWCNTs further 

examined the networking abilities of those particles that enable electrical conductivity 

described earlier in fatigue and SHM. Those networks however didn’t appear in scans 

of 0.5 wt.% content and only were noticeable at 2.0 wt.% confirming percolation limit. 

Those networks aid in increasing the resistivity of PC samples up to measurable levels 

that can aid in quantifying mechanical damage. COOH-MWCNTs chemically interact 

with polymeric chains and hence don’t develop such network as those observed with P-

MWCNTs. ANPs are similar to P-MWCNTs as they don’t interact with the polymer 

matrix. However, unlike MWCNTs, ANPs are of a smaller dimension and their scans 

can only show embedment of the nanoparticles into the epoxy polymer matrix. 

(a)   
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(b)   

Figure 45: SEM scans for hardened epoxy containing (a) 0.5 wt.% content P-MWCNTs 
and (b) 2.0 wt.% content P-MWCNTs. 

 

Figure 46: SEM scans for hardened epoxy containing 0.5 wt.% COOH-MWCNTs (left) 
and 2.0 wt.% COOH-MWCNTs (right). 
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Figure 47: SEM scans for hardened epoxy containing (a) and (b) 0.5 wt.% ANPs and 
(c) and (d) 3.0 wt.% ANPs. 

 

Figure 48: SEM scans for neat hardened epoxy. 
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FTIR spectrographs of neat epoxy and epoxy with 0.5 and 2.0 wt. % of P-MWCNTs are 

shown in Figure 49. The characteristic peaks of the synthesized siloxane-epoxy/P-

MWCNTs samples appeared at 3330–3500 cm−1 (O-H), 2750–2940 cm−1 (C-H), 1460 

cm−1 (C-H, CH2 and CH3), 1039–1100 cm−1 (Si-O-Si and C-O-C), 1250–828 cm−1 (C-

H in Si-CH3), 560 cm−1 (Si-O-Si) [17-19]. A peak appears near 1605 cm−1 due to Si–

C6H5 vibrations [23]. The remaining epoxy groups (oxirane ring) appeared at 940 cm−1. 

The spectrographs of the three MWCNTs show no different and thus do not indicate any 

chemical interaction with P-MWCNTs because non-functionalized MWCNTs was used 

in the preparation of the PC composite. The ability of the relatively low content of P-

MWCNTs (0.5 wt. %) to alter the mechanical properties might be attributed to the 

interaction between the nanoscale MWCNTs and epoxy. FTIR peaks in the 

spectrographs show that the peaks of the epoxy compounds in epoxy incorporating 0.5 

wt. % P-MWCNTs is higher than that of the neat epoxy. More interestingly, FTIR peaks 

of epoxy incorporating 2.0 wt.% P-MWCNTs is lower than that of neat epoxy. The above 

observation can be explained by considering the ability of nanotubes to hinder epoxy 

reaction. At a low P-MWCNTs content < 0.5 wt.%, it seems that MWCNTs inhibit epoxy 

reaction resulting in lower cross-linking than that of neat epoxy. This in its turn results in 

reducing PC strength and improving PC strain at failure and fracture toughness. 

 

Figure 49: Results of neat PC, 0.5 and 2.0 wt.% MWCNTs FTIR spectrograph 

 

On the other hand, increasing the P-MWCNTs content gradually results in reducing that 

effect of inhibiting epoxy reaction. That might be to the fact that MWCNTs will tend to 

agglomerate and entrap air which would reduce the strength. However, the relatively 
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large MWCNTs content helps in maintaining the integrity of PC and allows it to slightly 

improve the strength and strain at failure. It is apparent that the significance of MWCNTs 

on strength and fracture can be explained based on its chemical effect at relatively low 

content< 0.5 wt.% but the explanation becomes extremely complex with many 

interdependent factors at high P-MWCNTs content. Further research is warranted to 

measure the cross-linking density of epoxy incorporating the different amount of 

MWCNTs. 

 

To compare the effect of functionalization of MWCNTs with carboxyl groups (COOH), 

scans of samples containing 0.5 wt.% of both P-MWCNTs and COOH-MWCNTs were 

examined. Figure 50 shows the respective spectrograph. With COOH-MWCNTs, a new 

band appears at 1750 cm-1. This new band is attributed to the C=O stretching which is 

due to the ester group being formed as a result of the esterification reaction between 

the epoxy resin and the carboxylic group of the functionalized COOH0MWCNTs as 

reported by Zou et al. [72] and Kim et al. [73]. This reaction, specifically at higher 

MWCNTs content, will result in increasing epoxy crosslinking and thus creating a stiffer 

and stronger PCNC compared with PC-Neat. 

 

Figure 50: Results of PC-Neat and 0.5 wt.% P-MWCNTs and COOH-MWCNTs FTIR 
spectrograph 
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Comparing the O-H stretching bands of all epoxy-ANPs nanocomposite spectra with 

that in the neat specimen shown in figure 51, it is noticed that O-H bands of epoxy- 

ANPs nanocomposites show lower absorption height with broader bands than that of 

the neat epoxy sample. This observation might be attributed to the effect of ANPs on 

the O-H 13 association. It is well known that the broad complex band of the hydroxyl 

stretching vibration region at about 3200–3600 cm−1 is attributed to the combined effect 

of the differently associated hydroxyl groups, i.e. hydrogen bonding between hydroxyl 

and hydroxyl/carbonyl groups of different strength and hydrogen bonding of water 

molecules. In addition, a matrix having O–H groups could undergo two modes of 

hydrogen bonding: inter- and intramolecular hydrogen bonds between O–H groups [74]. 

Overall, the O–H band broadening and intensity lowering can be attributed to 

redistribution in the arrangement of the hydroxyl group association due to the different 

geometry caused by the lowered cross-linked matrix. Consequently, the authors 

hypothesize that incorporating ANPs in the epoxy matrix reduced 295 epoxy 

crosslinking. Lowering the crosslinking bonds consequently changed the ratios of 

hydrogen bonding modes, which lead to different geometry with different force constants 

and consequently broadened O-H bands with lower absorption values as those 

observed in Figure 51. The above microstructural analysis explains the ability of ANPs 

to produce PC with appreciable strength, superior ductility and improved fracture 

toughness. The ability of ANPs to reduce epoxy matrix crosslinking intensity enables 

producing PC with significantly higher ductility than that observed by neat epoxy PC. 

 

Figure 51: Results of PC-Neat and 0.5, 2.0 and 3.0 wt.% ANPs FTIR spectrograph 
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Field implementation of PC incorporating nanomaterials 

In this task, one mixtures of PC incorporating 3.0 wt.% P-MWCNTs was down-selected 

from the top list of PC mixtures discussed in Stage 1.  The field implementation was 

located at University of New Mexico (UNM) campus in Albuquerque, New Mexico. The 

selected site is a concrete slab used as a parking area and designed to resist truck 

loads. The area is also exposed to normal service conditions including freeze-thaw, 

wetting and drying and combined thermal and humidity conditions. Two top cover of 1.0 

in (25 mm) 1.5 in (38 mm) of the existing slab were stripped off to produce two samples 

with different thickness. The existing concrete surface was prepared to standard 

roughness as per ACI guidelines [4]. Copper electrodes were embedded in the PC 

during placement to enable later connection to electrical conductivity measurements 

during field testing.  

The two PC overlays were cast beside each other with each strip being 12-inch (300 

mm) width and 16 in (400) long separated from each other by a spacing of 8 ft (2.5 m). 

A total of two strips including two PC with P-MWCNTs. The detailed process in making 

the PC samples with nanomaterials is described in Figure 52. The field samples were 

heat cured at 65°C for 48 hours to ensure the polymerization and establish the 

conductivity of PC. However, it is important to note that such heat curing is not necessary 

as PC will reach such level of polymerization and conductivity after 14 days of cast. The 

PC strips were left to be exposed to natural weather and cycles of wetting and drying at 

that field location for a time period of 12 months prior to field measurements.  

 
Figure 52: Procedure for field preparation of PC field samples. 
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Figure 53: Two PC field samples after one year of weather exposure. 

The two PC field samples after being subjected to weather exposure in Albuquerque for 

12 months are presented in Figure 53. The dimensions of sample P1 is 12 in wide, 16 

in long and 1 in thick and sample P2 is 12in wide, 16 in long and 1.5 in thickness. Copper 

electrodes that were previously placed inside the PC samples were connected to a 

Keithley 2612B source meter to measure the electrical conductivity/resistivity of the PC 

field sample before and after loading. A Ford F-150 pickup truck was used to load the 

two field samples as shown Figure 54. Both field samples P1 and P2 were loaded using 

the wheel load three times. Electrical resistivity measurements were recorded before 

and after loading. Electrical resistivity measurements are presented in Table 3. 

Table 3: Electrical resistivity measurements of field samples before and after loading  

ID* 
Reading 

# 
Electrical resistance (𝑀Ω) 

  
Before Loading After Loading 

P1 

1 1.64 1.63 

2 1.61 1.59 

3 1.61 1.59 

P2 

1 15.15 14.98 

2 14.86 14.83 

3 14.76 14.68 
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The measurements in Table 3 shows that both field samples are conductive and 

electrical measurements can be performed in the field. It is important to note that regular 

PC is non-conductive, and its electrical resistance will be orders of magnitude higher 

than what was measured here. The difference in electrical resistance of P1 and P2 is 

attributed to thickness difference. It is also noted that there is negligible change in the 

electrical resistivity of the material before and after loading. This can be attributed to the 

limited stress caused by the loading truck and the fact that no cracking occurs in the PC 

field sample during loading. The premise is if cracking to take place, electrical 

conductivity measurements would change significantly. A detailed loading procedure 

with readings for both P1 and P2 field specimens is shown in Figure 55 and Figure 56. 

 

Figure 54: Ford F-150 truck wheel loading on the sample and conductivity measurements 
collected using source meter 

 

Figure 55: Electrical resistivity reading while loading the sample P1 
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Figure 56: Electrical resistivity reading while loading the sample P2 

The above results clearly indicate that the PC with nanomaterials can be used in the 

field and will enable the proposed self-sensing. After 12 month of field and weather 

exposures including wetting, drying and temperature cycles, the PC field samples were 

conductive and were able to provide a proof for the material ability to perform expected 

functionality in the field. 

CONCLUSIONS 

The above experimental investigations show that it is possible to improve the bond 

strength, ductility, fracture toughness and fatigue performances of PC using 

nanomaterials such as multi-walled carbon nanotubes (MWCNTs), or alumina 

nanoparticles (ANPs). Incorporating P-MWCNTs resulted in small decrease in tensile 

strength with a minimum appreciable tensile strength of 9 MPa. The strain at failure, 

however, increased to 3.2%. COOH-MWCNTs results show a different behavior by 

increasing the tensile strength up to a maximum of 15.4 MPa with a decrease in strain 

at failure to 0.8%. ANPs showed similar results to that of P-MWCNTs with a minimum 

of 9.5 MPa and an improved tensile strain at failure of 4.9%. Thus, incorporating 

nanoparticles resulted in a maximum decrease of tensile strength by 22% countered by 

a maximum improvement in strain at failure by 91%. The significant improvements 

achieved were clearly reflected with improvements in PC’s toughness by a maximum of 

80%, and 135% for P-MWCNTs and ANPs respectively.  
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P-MWCNTs were solely investigated for fatigue performance as COOH-MWCNTs bond 

with the host polymer matrix and ANPs do not provide a conductive network. Fatigue 

performance of P-MWCNTs PC mixes showed improvements in fatigue life up to 1240% 

at 2.0 wt.% content. PC samples in all mechanical tests exhibited non-linear behavior 

redeeming linear elastic fracture mechanics (LEFM) analysis, often used for concrete, 

invalid. Quasi-brittle fracture mechanics (QBFM) was therefore used for the analysis of 

the fracture toughness parameters of PC with nanoparticles. PC incorporating P-

MWCNTs, COOH-MWCNTs and ANPs improve the total fracture toughness by 52%, 

112%, and 128% respectively. Improvements with P-MWCNTs mixes were achieved 

mainly with plastic fracture toughness while ANPs and COOH-MWCNTs achieved 

improvements in both elastic and plastic fracture toughness. PC with nanoparticles 

provided strong bond to steel substrates with improvement in bond strength up to 51%. 

Self-sensing of PC incorporating P-MWCNTs using electrical conductivity/resistance 

measurements is possible. The percolation level of P-MWCNTs is achieved at such low 

content (about 2%) allowing mechanical damage to be correlated to the change in 

electrical resistance.  

SEM images of all epoxy nanocomposite reveal that uniform dispersion was achieved 

using shear mixing and ultrasonication. FTIR spectrographs reveal that both P-

MWCNTs and ANPs delay the epoxy polymerization and thus reduce PC crosslinking 

density thus improve ductility. On the other hand, COOH-MWCNTs react with the host 

epoxy matrix forming C=O ester bonds that increase the level of crosslinking density 

and improve strength.  

Finally, field implementation of PC with P-MWCNTs was executed on two field 

specimens. The field two specimens were produced in a parking area at UNM campus. 

The two field specimens were left to typical traffic and weather exposures including 

thermal cycles and wetting and drying conditions for 12 month prior to field testing. Field 

test under truck loads showed the two specimens to be electrically conductive and to 

enable measurements during loading.  

It is evident from the above investigation that PC incorporating nanoparticles provide a 

promising material that can be engineered for improved mechanical enhancements in 

bond strength, ductility, fatigue life and fracture toughness. PC incorporating 

nanoparticles also has self-sensing capabilities. The proposed nanomaterials can be 

used to improve performance and prolonging service life of PC overlays.  
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