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ABSTRACT
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by
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Fiber reinforced composites (FRC) with polyvinykcathol (PVA) fibers and
carbon nanofibers (CNF) had an excellent flexuteérgith in excess of 18.5 MPa
compared to reference samples of 15.8 MPa. Itfaasd that the developed, depending
on applied stress and exposure to chloride solsitioamposites exhibit some electrical
conductivity, from 4.20x1%'Q*'m™ to. 4.13x10"Q'm™. These dependences can be
characterized by piezioresistive and chemoresistoefficients demonstrating that the
material possesses self-sensing capabilities. Jdwesitivity to stain and chloride
solutions can be enhanced by incorporating smatiuents of carbon nanofibers (CNF) or
carbon nanotube (CNT) into composite structurendbioted research has demonstrated
a strong dependency of electrical properties of musite on crack formation in moist
environments. The developed procedure is scafabl@dustrial application in concrete
structures that require nondestructive stress rmong, integrity under high service loads

and stability in harsh environments.
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1. Introduction

Concrete is the most used human-made material sx&dyn applied in all for
construction projects. The popularity of the miales due to its relatively low cost, high
compressive strength, and relatively simple corsitn technology. Compared with
other construction materials, concrete can resisbsion and fire, and has a long service
life. The effectiveness of concrete structures toair service life relies heavily on the
reinforcement as most of the reinforcement is utemband deteriorates well before the
concrete. When concrete is properly designed, anixempacted, and cured it has
exceptional service life. Concrete; however, isngrto drying shrinkage cracking and
micro-cracking due to service loading, which camadleto progressive increase in
permeability and deterioration of reinforcemenere life is one of the most important
parameters to consider when designing and buildisgructure—bridges and buildings
are expensive to construct, and when an agingtateutails to function properly, public
expectations and even safety are at risk. Theastrincture of the United States is aging
at an alarming rate. The cost of rehabilitationegisting infrastructure accounts for a
large portion of the Department of Transportatio@T) annual budget while only
about 11% is devoted to major highway constructjdB]. Replacing of aging
infrastructure using conventional materials anchntetogies relies on extensive use of
Portland cement. However, the production of censénker is a large contributor to the
world’s carbon emissions at approximately 0.9 tpeston of cement manufactured. In
1995 cement production was as much as 1.4 billmms tand has been climbing
exponentially since then due to countries like @hand the United Arab Emirates

expanding their cites [44]. The use of high perfance concrete to extend the service



life of transportation infrastructure is based e wf admixtures and supplementary
cementitious materials production a very importask.

The monitoring of infrastructure conditions canowll for higher quality
infrastructure and save on rehabilitation costsiddgs need to be inspected every two
years to ensure that the integrity of the structemains in tact. Visual inspection of
crack formation in structures is expensive, subjectand elements in a structure may be
inaccessible or unsafe to reach. Monitoring aficttire conditions constantly for crack
formation and propagation, as well as detecting dhieride ingress, is an attractive
option which can reduce the inspection costs aockase safety. For example, Structural
Health Monitoring (SHM) systems can be used as@drssed detection and monitoring
of damage in infrastructure. Damage can be defasedny change induced to a system
that has an adverse impact on the current andefyenformance of the system.

The constant monitoring of infrastructure will alldor a more educated approach
to future designs. Currently, the standard apgréa¢he maintenance of infrastructure is
to wait until damage is visual and reactively fhetissues as they arise. Allowing for
constant health monitoring during construction,tisgt and the service life of the
structure will allow for more proactive maintenardesigns that target flawed areas as
well as allow for future infrastructure to be demd to avoid these known flaws, saving

money and resources while also increasing publetysa
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Figure 1 Principle and organization of a SHM systenj45]

Advanced SHM systems can use Fiber Reinforced @tacfFRC) for self
sensing purposes. Commonly, FRCs have better iityatthen compared to reference
concrete due to reduced drying shrinkage, pore, simereasing the electrical
conductivity, increasing flexural strength and tbngss [37]. Common materials used to
make FRC are glass and steel fibers with some naterials such as polyvinyl alcohol
(PVA) fibers, carbon nanofibers (CNF), and carba@amatubes (CNT) just approaching

the field.

1.1 Fiber reinforced concrete (FRC) for self sensmpurposes

The use of admixtures and fibers in concrete mheadps to improve mechanical

properties of concrete. Water reducing agentsasilme, granulated blast furnace slag,



and nano materials, when added to concrete migssjtrin a very dense cementitious
matrix. The dense matrix, in turn, result in iraged strength and durability due to
reducing the capillary pores and improvement &f ithterfacial transition zone (ITZ)
between hardened cement paste and aggregatesITZAhe the area between hydrated
cement and the aggregate. This area is weak hecafisthe wall effect and
crystallization of portlandite. The ITZ can be imaped through the use of supplementary
cementitious materials (SCM) like blast furnacegglslag cement) or silica fume [34].
The capillary pores in concrete create pathwaythé concrete to allow for chloride
penetration. Water transports the chloride iomsugh the concrete and, while chlorides
are not damaging to concrete directly, it causasraeation of the steel reinforcement
[47]. As steel deteriorates, its intended functadrreinforcing the areas under tensile
loading is no longer applicable. Other deteri@matiprocesses include freeze thaw
damage which occurs by water filling the capillgrgres and freezing. The freezing
water expands and creates internal stresses ohattieened cement paste leading to
microcracking and eventually scaling of the coreret

Novel FRC material, Engineered Cementitious ContpddtCC) exhibits better
tensile strength and ductility due to strain handgri22]. Specifically, the addition of
polyvinyl alcohol (PVA) fibers can improve the tédasstrength by 2.5 times and Young's
modulus by 5.8 times of the material compared \thin reference samples [22]. PVA
fibers have been used to improve the response uiteaural loading [22,23], and
cementitious materials containing a combinatiorPMA fibers and carbon nanofibers
had gains both in strength and ductility compardth wplain samples tested under

flexural loading [23]. The improvement in tensdad flexural strength in PVA fiber



composites is due to the fiber's near perfect bionad cementitious matrix. This type of
FRC is a piezioresitive material that changesatsdactivity in proportion to strain [16].
The effects of damage on the volume electricalstiedy in a cementitious structure is
what makes the self-sensing possible. To creaselfasensing material, the use of
electrically conductive materials is not necess&guever, to improve the strain- and
damage-sensing capabilities, the use of electyicahductive materials was proposed
[39].

The addition of electrically conductive fibers iropes the conductivity of a
concrete mixture. Steel and carbon fibers arerdady conductive, which help improve
the conductivity of cementitious materials [7,1863NT and CNF based composites can
serve as strain sensors [11]. The piezioresigtiot conductive fiber-reinforced
cementitious composite (FRC) materials changes stitin. The strain-sensing ability is
caused by the change in the volume electricaltreitysof the concrete under dynamic or
static loading. This is attributed to the fibetlgut caused by increased straining of the
material [11]. Carbon fibers have been used torawvg the mechanical and electrical
properties of concrete [17], especially, to inceefiexural strength, flexural toughness,
and reduce drying shrinkage. Carbon nanofiberéotmly dispersed in a concrete
matrix allow for the bridging of microcracks, whighakes otherwise insulated space
electrically conductive [27].

Proper design and production technology is impofiam‘smart” FRC. This type
of material incorporates the use of small partilesrs that are used to carry load or
current through the concrete matrix. For thisoea# is important to uniformly disperse

the fibers within the mix. Clumping can cause adgeffects to concrete strength and



conductivity and may lead to inaccurate or falseduwtivity readings [10]. There have
been studies conducted to ensure proper dispersfofibers in concrete mixes
[12,14,19,21]. The method of dispersion dependhliion the material to be dispersed.
PVA and steel fibers are easier to disperse thaRsCiid CNT and only require the use
of superplasticizer mixed in water to achieve pragispersion [24]. The dispersion of
PVA and steel fibers and can be achieved using exttional mixing procedures with
minimal effort. CNTs and CNFs, however, are mofe @hallenge to achieve proper
dispersion in concrete applications. The highegrele of difficulty associated with
dispersing CNT is due to the high van der Waalksraudting between the CNT [38].

The fiber content must be kept below the percatatiwreshold to ensure high
compressive strength, workability, and to redueerttaterial costs [46]. The percolation
threshold is the critical fraction of lattice parthat must be filled to create a continuous

path of nearest neighbors from one side to ther ¢he

1.2 Electrical conductivity

While chemical admixtures and fibers are often ddeconcrete to improve the
durability, the use of self-sensing concrete basedarbon nanofibers/nanotubes can add
additional capabilities for nondestructive monibgyiof moisture conditions, chloride
profiles, stresses, and crack propagation in coacteuctures. Self-sensing concrete is an
important component of smart buildings: structutkat can detect possible failures
before reaching the critical deterioration thredhzdn save lives and reduce the financial

burdens for building owners.



Different methods for nondestructive crack detectibave been proposed.
Electrical Impedance Tomography (EIT) was used @tect cracking of cementitious
materials under tension strain [16]; other methaudude the electrical resistance
tomography (ERT) [17], two and four-probe methodbe four-probe method consists of
four electrical contacts on a specimen, which adldov two contacts to pass the electrical
current while the other contacts detect the voltagveen those points [46]. The two-
probe method has two contacts on the specimerp#isatthe current through the cement
matrix. The four-probe method is more accurata tha two-probe method because the
measured resistance does not include the contaistarece [46]. Furthermore,
conductivity measurements can be realized usingrredting current (AC) or direct
current (DC). The AC impedance investigation isvexy reliable technique for
nondestructive monitoring of concrete [1]; howevér,requires more sophisticated
equipment (i.e., network analyzers) to operate.nikdoing electrical conductivity using
DC measurement, even multi-channel, can be easalyzed using relatively simple data
acquisition equipment [46]; however, the electritalld created during DC test leads to
polarization [3]. When the centers of positive aregdjative charges do not coincide, the
electric polarization occurs [3]. The polarizatifield is in the opposite direction of the
applied electric field causing the polarizationibterease with time during resistivity
measurements.  This phenomenon complicates réistmeasurements and is
undesirable [3,41]. Compressive stresses decréaselength of time in which
polarization occurred, and reduce the maximum éxikthis effect in both plain samples

and samples with of electrically conductive fib3S].



Concrete is a nonconductive material and has areigistance to electric current.
Measuring changes in resistivity, an intrinsic pndp of a material, [16], will allow for
the detection of crack formation and propagatiés. a concrete specimen is loaded, the
incurring stress creates cracks in the concretedraatd results in air pockets. These air
voids are electrically insulating and so affect tenductivity, which can be used to

detect the cracks.

Electric properties can be monitored through the wé electrodes. The
application of electrodes can be realized withube of embedded or external electrodes.
Embedded electrodes are utilized through the usteel or electric wiring having been
placed inside the forms prior to concrete beingcgdia This method is effective,
however, once the structure is made, the locatiazleztrodes cannot be altered. These
embedded electrodes are higher in cost and redheeimplementation by trained
professionals to ensure proper installation. Hderelectrodes have the distinct
advantage of being placed after the structure nsady built. While structures with
embedded electrodes cannot be altered once cowestruexternal electrodes can be
placed and changed throughout the service lifdhefstructure. When an electrode no
longer functions properly on a structure with em&drelectrodes, the electrode can be
easily fixed or replaced without the need to damdbe structure. Ease of
implementation and relative cost savings associatigll externally applied electrodes

make it an attractive option for SHM applications.



1.3 Loading on structures

Concrete used as structural elements is exposethaioy types of loading
conditions during its service life. Service loaslgerienced in a structure range from
design loads, fatigue loading, and failure loadifidpe research conducted aimed to study
two loading conditions that were most likely todetn failure. These two conditions
were the fatigue due to repetitive loading and raedtal loading until failure.

Most structures experience repetitive loading teaty over time due to wind
loads or live loads. An example of repetitive lm@don bridges is the dynamic loading
of cars transferring from the approach slab tohieége deck. In this area, there is often
an elevation change that causes the vehicle t@ platynamic load on the structure from
the weight of the vehicle pushing on the strutshef car and transferring this load into
the bridge deck. For this reason, testing sampheker repetitive or cyclic loading was
an initial consideration in the design of this exipent.

Most structures do not ever experience or exceedl#sign loads on a structure
because they are designed with a factor of safetydcount for different loading
conditions that are not accounted for during theigfe process. While the overall
structure may never experience design loads, thesebe certain elements/zones of the
structure that do experience the excessive loadstherefore, experiment was designed
to account for these loadings.

The purpose of this experiment was to determinethdneghe proposed procedure
would lead to the detection of stresses and craclsconcrete element. Loading until
failure for concrete specimens was necessary torersack development and progress.

Under cyclic loading, the specimens were testediwitheir elastic zone so crack
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formation was minimal and, therefore, loading ufdilure was essential in this testing

program.

1.4 Objectives

1.4.1 Justification

To ensure public safety, structural elements aspdoted on a scheduled basis
with an average frequency of two years. It is omdgt or time effective to inspect the
entire structure so areas of highest concern agested more thoroughly. In service
structures, however, can suffer deterioration analge in areas that are not inspected.
Unexpected damage can be caused by the formaticolajoints, improper construction
practices, or flawed construction materials.

The cost associated with inspections of structigesten the limiting factor for
inspection frequency. Since damage to a structamehappen at any time, the structural
integrity between inspections is often left in gqu@s Developing a method to
continually monitor structures will increase pubsafety as well as save on inspection

costs.

1.4.2Research objectives

The objective of this work was to prove the conagdpthonitoring the changes in
conductivity in structures as a structural healtinitoring (SHM) system. To achieve
this objective, research was conducted on the hehalelectrical current under

mechanical loading. Concrete has the ability todewt electrical current and through the
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use of electrically conductive additives, this #pitan be enhanced. The objectives of

this work were achieved by implementing the follog/iwork tasks.

* Task 1: Research behavior of electrical condugtwitder mechanical
loading.

» Task 2: Research electrode alternatives for mangaronductivity in
samples.

» Task 3: Test the concept under various loadingraoidture
conditions.

» Task 4: Gather and present conculsions.
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2. Literature review

Reinforcing concrete with steel rebar is a standaghnique used in modern
construction. Concrete has high strength whenddad compression; however, when
loaded in tension the strength is assumed to be iredesigns. Steel rebar is strong
under tensile loading and is added to concretentoease span lengths and design
loadings for beams, columns, floor slabs, and ddbreictural elements.

Concrete under flexural tensile loading is subjémt crack formation and
propagation. The standard method for crack maniors through the use of visual
inspection. Bridges need to be inspected biampuallensure the integrity. Visual
inspection is subjective, time consuming, expensaved often dangerous due to the
location of the structural element. Developing aywo monitor concrete conditions

remotely, constantly and in a nondestructive mamarvery attractive option.

Corrosion of steel reinforcement is caused by wated chloride penetration
through the concrete. Corrosion of steel leada toss of strength, and rusting causes
volume changes within the concrete matrix. Theuned changes lead to cracking and
debonding of the steel and concrete. Designs andtsral performance depend on the
bond between concrete and steel to predict strenbiie reduced bond decreases overall
strength and performance of the structure. Coagrhforced with fibers has been used
as an alternative to secondary steel reinforcemERCs which uses non corrosive fiber
materials is considerably lighter than steel raicéd materials, reducing the weight of a

structure.
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2.1 Nondestructive monitoring: current methods

Nondestructive monitoring of concrete has been pmmasearch topic for years.
There are many methods developed for this purposkiding C-scan, x-ray, eddy
current, and coin tapping [35]. These methods, lent@ffective, are often time
consuming, labor intensive, and impractical foservice conditions.

There are two categories of SHMs: Passive Sensgridstics (PSD) and Active
Sensing Diagnostic (ADS) [35]. PDS uses passive®rseneasurements to determine
changes in condition or environment of structuré8DS measurements can identify
damage by analyzing the differences in sensor Edmefore and after the damages are
induced [35].

Of the above mentioned techniques for nondestreiatonitoring of concrete
many fall into the PDS method: coin tapping, x-reagcan, and other methods are types
of PDS monitoring and are conducted onsite to datex extent of damage experienced
during the service life of structure. PDS techesjcan be used on existing structures

and don’t need to be incorporated during constaciind design [35].

2.1.1 Coin tapping

Coin tapping is a method of nondestructive monigrof concrete structures
through the use of acoustic sound response. Ehead be used to detect poor quality
concrete, debonding of overlays or applied compssitorrosion of reinforcement, or
global softening. ASTM D4580 - 03(2007) StandardacBce for Measuring
Delaminations in Concrete Bridge Decks by Soundooyers the evaluation of affected

concrete using sounding techniques [2].
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Acoustic testing of concrete has many application®&NDT on structures. A
major advantage is that it produces immediate t®san near surface defects. While
these results are immediate, the results are higipended on the operator [2]. These
tests cannot be conducted in inaccessible areas@méquire for an inspector being
present in dangerous areas.

There are many methods to conduct acoustic testingoncrete deficiencies.
These tests include coin tap, chain drag, hammag,dand an electro-mechanical
sounding device. Each of these tests utilizes estndctive testing for monitoring of the
concrete; however, the coin tap test is one ofoldest and most widely used methods.
The test requires the inspector to tap on the edagample with a small hammer, coin,
or some other rigid object while listening to theusd resulting from the impact. The
difference between the sounds created during tpeirtg is what allows for the
determination of damage. When concrete creatdsaa iginging sound upon impact, the
test indicates that there is little or no probleithwlamage. Concrete that has issues with
strength or debonding will have a dull or hallowusd when struck with the object. The
difference in sound is due to a change in the effectiffness of the concrete, resulting

in frequencies of an impact differ between areagoaid and poor quality concrete.

2.1.2 Ultrasonic testing
Ultrasonic (sound having a frequency above 20,08fzh testing is another
effective NDT method for concrete testing. Testiofy materials using ultrasonic

techniques utilizes the vibrations of the matethat comprise a given medium [2].
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Ultrasonic testing can used on a variety of maleirecluding, but not limited to:
metals, rock, concrete, liquids, and various noafsetlt can be used for non-destructive
detecting internal damage and deterioration in mec These flaws include
deterioration due to sulfate and other chemicalcé#, cracking, and changes due to
freeze-thaw cycling [2].

The ultrasonic method is used to obtain the praggedf materials by measuring
the time of travel of stress waves through a spletium. Ultrasonic method requires
equipment to emit stress waves through the conastk uses a separate device to
measure the time it takes for the waves to travelugh it. The time it takes for a stress
wave to travel can then be used to obtain the sicouslocity of a given material. The
acoustic velocity can enable inspectors to makegmehts as to the integrity of a

structure [2].

Figure 2 A portable ultrasonic testing device [49].

Ultrasonic monitoring of construction materials idefs reliable readings of the
instu conditions of buildings. This method, howeve time consuming and impractical
for global inspection. It is also not cost effeetidue to the high cost of using trained

professionals to operate the equipment and to enth integrity of the readings.
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Elimination of the need for inspectors to reachcaassible or dangerous areas is not

accomplished in this test method [2].

2.1.3 Electric current induction

This test is an extension of the magnetic fieldyrbation method, also known as
the eddy current method. For this method to wtirk, material being explored needs to
be electrically conductive, but not magneticallymeable. An electric current is induced
between two points and affected areas are idedhtibye recording the magnetic field
signals [2].

This method is not effective as a direct monitorieghnique of NDT. Concrete
is a nonmagnetic material and the use of magnietdsfto identify problem areas has not
proved to be a reliable technique. This techniduosyever, is effective for monitoring

embedded steel or prestressing tendons [2].

2.1.4 Radiography

Radiograph is defined as an image produced oniasesitive surface, such as a
photographic film, by radiation other than visidight. The most common form of
radiation used are X-rays, however, Gamma raysale used. The two forms of
radiation used differ by the wave lengths. Thesensiderably shorter than that of
visible light about 1/10,000 and 1/1,000,000 thegté of visible light waves,
respectively [2] which allows for the penetratioh rmost materials by these waves.
Instruments needed for conducting this test ar@isatopes or X-rays acting as a wave

source and photographic film which acts as a det¢z2j.
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Testing using radiography is a great way to getaaourate portrayal of the
damage that has occurred to a structure. Radibgregponly used in areas that all
surfaces of the structural element are exposedubecaf the need to have the wave
emitter on one end and the film on the receivind. eRor this reason columns and wall
elements are great candidates for this test methodgever, the foundation and floor
slabs can't be tested. This test uses an expeimstr@mentation, requires the use of a
trained professional onsite to handle the equipnaeat make judgments, and also is
limited by accessibility. Due to the radiation ttha emitted during the testing of
construction materials, safety to the inspector tedpublic is a major concern, making

this test impractical in many situations [2].
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Figure 3 Schematics of radiography [2]
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2.2 The use of stress-sensing materials

The construction industry has been going throughange in philosophy. High
rise buildings are becoming more common in largje<with the higher population sizes
and low availability of land. In the past higheriBuildings were built with large columns
and larger ceiling heights. Recently there hasilmeenove to reduce the size of floor
slabs and columns to reduce the need for tallddipgs and increase useable floor space
[24].

To reduce the size of columns and floor slabs #eeai high strength concrete
has been a popular solution. High strength coadras lower permeability than normal
strength concrete for this reason it performs betteler harsh climate conditions. As
concrete gains higher compressive strength, isldseetility. The incorporation of fibers
into concrete mixes allows for reduction size afi@@te elements such as columns and

floor slabs.

2.2.1 Steel fibers

Concrete with steel fiber reinforcement has imptb¥lexural strength, fracture
toughness, thermal shock strength, and resistanderumpact and fatigue loadings.
Cracks that form in the concrete matrix are bridggdthese fibers and are restrained
from propagating [24].

The addition of fibers to concrete results in aslao$ workability. Fluidity of
concrete during placement is important because tiseat need to ensure that the concrete
reaches all parts of the form evenly. Steel rebspgecially in the corners of buildings,
can be packed close together and placing conanetheise areas with an unworkable

concrete may be impossible. There are multipleraaghes that can be employed to
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improve the workability of concrete. Increasingefiaggregate content or adding water
reducing agents are some of the most effective waysnaintain the concretes
workability for construction purposes [26].

Steel Fiber Reinforced Concrete (SFRC) has goodhamecal and electrical
properties. Figure 4 demonstrates that with thditiath of steel fibers, compressive
strength remained mostly unaffected while the poatking behavior was considerably
different. The cracks in the concrete are bridggdhe fibers leading to smaller, more
evenly distributed cracks in the side loaded insiem The failure of SFRC under
flexural loading is not a sudden failure as in plaoncrete, but controlled and delayed
[26]. When used in a structure, the excessiverdeftion before failure would allow for

a greater warning before ultimate failure of theidure.
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Figure 4 (a) Basic concrete load—CTODm diagram: CTOO0 meaning. (b) Load—

CTOD diagram: Ul e U2 determination. [26]

2.2.2 The use of PVA fiber reinforced ECC
The use of polyvinyl alcohol (PVA) fibers in contaéhas been the topic of much
research. In the past, it was believed that iriotd improve the ductility of concrete, the

strength of concrete matrix must be reduced. Wh#h addition of PVA fibers into
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concrete designs, the strength of the material do¢shave to be reduced to improve
ductility.

Once plain concrete suffers initial cracking unflexural loading, the failure is
very sudden. Concrete reinforced with PVA fibeas continue to gain strength after
initial cracking occurs due to strain hardeningtraf® hardening FRC materials are
characterized by their ability to sustain incregdimads after initial cracking [33]. Past
research focused on using large volumes of filigpscally in the range of 10 to 20% by
volume; however, the same performance can be ahiaith only 2% by volume of
PVA fibers [33].

A group of researchers studied the effect thatedbfiit size PVA fibers on the
performance of ECC [19]. Two different PVA fibersese considered. The first had a
diameter of 0.66 mm and a length of 30 mm, whikedbcond had a diameter of 0.10 mm
and a length of 12 mm. Results from this studgeined that the main factor affecting
the properties of the mixtures is the surface afdhe fibers. When the same volume of
fibers is used, the smaller fibers are going toeham overall larger surface area and
therefore have a greater bond with the cementitroafix. This can, in turn, create a

better opportunity for multi-cracking and strairrdening behavior.

2.2.3 Carbon nanofibers

CNFs have been an advanced research subject aiceiscovery. The material
is being considered in many different applicatiahsge to its unquie mechanical and
electrical properties. The mechanical propertie€NFs include a high tensile strength
of 12,000 MPa and a high Young’s modulus of 600 GRamparing the mechanical

properties, CNFs are approximately 10-20 timesnggeo than steel [20]. The great
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mechanical properties have lead to research orrpocating the CNFs into different
materials, including concrete.

The use of CNFs in concrete is a relatively newagagh. CNF has had limited
applications due to the high production costs aateat with the material. Recently,
however, the production costs have been reduced tdubetter techniques being
developed for production of larger quantities of CMaterial and so the use of CNFs

became a feasible option in reinforcing concretgue 5).
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The leading cause of steel corrosion varies by iggabc regions. To corrode
steel, the pH is needed to be reduced. This cppemadue to carbonation of concrete in

some areas of the country while chloride attackiedrby water through the concrete is
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the leading cause of steel corrosion in other ggugc regions. Chlorides can travel

directly to the steel reinforcement through capyllpores created by cement hydration.
The pores affects on concrete durability can beiged through the use of smaller

particles the filling of voids created by interfalciransition zone (ITZ) between larger

cement particles with smaller particles or by redgdhe water to cement ratio. CNFs

are perfect for this because of their size andesh&NFs have diameters that range from
tens of nanometers to 200 nanometers allowinghesd small pores to be filled creating
a denser concrete matrix [20]. Advantages gaineitieé concretes performance include
increasing in the tensile and flexural strengtlesstie ductility and flexural toughness,

and decreases the drying shrinkage [41]

Electrical properties of CNFs make it an ideal d¢datt in the use of
nondestructive monitoring of structures. When adde concrete, CNFs give the
material a strain-sensing ability also called selfising concrete [41, 46]. Self-sensing
concrete is made possible by the decreased ebdatesistivity caused by the addition of
the electrically conductive CNFs. Since concreteai semi-conducting material, a
decrease in resistivity occurs even when fibersatra volume below the percolation
threshold [41]. Damage to concrete creates are@ser in resistivity by increasing the
void size in the concrete matrix [46]. Void spaees electrically insulating areas and
lead to an increase in resistivity which can besuead and interpreted as damage. Short
CNFs are preferred to long CNFs because of theenh@eed to keep material costs low,

increase workability, and ensure high compressiangth [41].
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Figure 6 SEM of CNF [28]

2.2.4Carbon nanotubes

In addition to steel and carbon nanofibers, canmmotubes are a great candidate
to improve the properties of concrete. CNTs weasealered by lijima in 1991 [47].
The material is being considered in many diffeigpplications due to its mechanical and
electrical properties. There are two main type€£NIfTs, single wall carbon nanotubes
(SWCNT) and multi wall carbon nanotubes (MWCNT).

CNTs act much like CNFs when added to concrete snixghe fibers allow for
the bridging of microcracks, the reduction in pasgsreduction in shrinkage cracking,
and control the cracks in concrete at the nanodd&le The MWCNTSs can strongly
modify C-S-H and reinforce the nanostructure of ¢kenentitious matrix by increasing
the amount of stiffness [14].

There are many differences between the two typ€\dfs. The differences stem
from the production process between the two CNEgsygreating basic or more advanced
structures. SWCNT have many properties that ateertteem a great candidate for the
inclusion in concrete designs. Due to their omeatisional, all carbon structure

SWCNTSs have great mechanical, thermal, and eletpioperties [38]. SWCNTs are
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typically bundled mixtures due to strong inter-tuidaa der Waals interactions and
hydrophobic interactions. These fibers have af@otential for composite applications
for self sensing capabilities [38]. MWCNT give di&n results as SWCNTs when added
to concrete. Both types have excellent mechaaitdlelectrical properties, the
differences between the two types come more fraptbduction and the physical
formation of the tubes themselves. Mechanical grtigs of SWNT usually exceed those
of MWNT; therefore, measurements of Young's modgius results in the range of

1,000 GPa and 500 GPa, respectively [32].

2.2.5 The dispersion of fibers/ nano materials

Fiber reinforced concrete has many advantages wbepared to plan concrete.
These advantages include improvements in mechaaiwlelectrical properties when
mixes include CNF/CNT. When fibers are added toceete, two major problems are
observed, workability of concrete is lowered arzefs tend to agglomerate. Numerous
research studies were conducted to reduce or @tmthese limitations.

The dispersion of fibers into concrete elementeci$f the properties of the
composite. Poor dispersion of fibers can leaddweese effects in the performance and
so limiting the efficiency of the fibers in the mat[12]. These defect sites are areas of
lower strength and also create a discontinuity a&trix affecting both the mechanical and
electrical properties of the concrete.

The dispersion of steel and PVA fibers can be agien little time with minimal
effort. CNF and CNTs, however, are more of a @mgé to achieve proper dispersion in
concrete applications. The higher degree of diffic associated with dispersing

CNF/CNT is due to a high aspect ratio [29] andhigh Van der Waal forces interacting
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between the CNF/CNT [38] making them prone to egitement and bundling. The
adjacent CNTs can have an interaction energy ob0@.eVum of tube—tube contact
[29]. The strong interactions between the indigidiibers create a need to break these
bonds before the dispersion is achieved.

There are many methods to properly disperse fibveos concrete. Dispersion
techniques include both chemical and mechanicaloagpes [29]. Mechanical methods
include using high-shear, high speed or ultrasomigng, and ball milling.

The production of various fibers causes an entamght of fibers that must be
corrected before proper dispersion can be realji26d The destruction of attractive
forces can be achieved through mechanical methads as ultrasonication or ball
milling the fibers [14]. This method is effectiVer dispersing the fibers; however, the
fibers become fractured and broken. Ball millimgl aultrasonification will help to break
the Van der Waal forces by creating shorter, fragew tubes that have less strong
natural attractions by reducing their aspect rabaspersion using this technique leads to
an unstable, poorly dispersed product [29].

Chemical methods for fiber dispersion are an aitracmethod for creating a
uniform dispersion in concrete. Enhancing the raaatal properties of materials such as
strength, toughness, reduction in porosity, andilityoccan be achieved through the use
of surfactant admixtures that are used to disp#reefibers into concrete. Creating a
method that optimizes the combination of admixtuaed fibers in the concrete is the
most important consideration in CNF/CNT based FRChemical processing of fibers
include, but are not limited to: use of superptasér, acid treatments and addition of

silica fume.
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The first method is to use surfactants such asrplgsticizer in order to disperse
the fibers in concrete. Superplasticizers charige durface energies to reduce the
attractive forces between fibers helping to keee fibers suspended [29]. Those
amphiphilic molecules, compounds having both patat apolar groups, act to reduce the
surface tension. The surfactants structure cansistwo parts, the head and the tail

(Figure 7).
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Figure 7 The general strategy for encapsulating SWNWlthln shells of amphiphilic
block copolymer PS-b-PAA [32]

The head is known as the hydrophilic region whie tail is known as the
hydrophobic. The tail portion of the surfactantaiyy consists of hydrocarbon chains.
Surfactants are classified according to the chafgtheir head groups, thus cationic,
anionic, or nonionic [32]. The surfactants usedndd completely disperse the fibers
alone in water, so using ultrasonic mixing is atiapto facilitate the dispersion [29]. A
surfactant's property of accumulation at surfacasterfaces has been widely utilized to
promote stable dispersions of solids in differeetdra The second option is to use silica
fume in addition to superplasticizer to help bregiart the attractive forces between

particles to create a more uniform dispersionic&ilume has a particle size around 100-
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500 nm and, when added to concrete, improves thsitge(filler effect) and therefore
causes the permeability to decrease [30]. Thectemuin permeability improves the
corrosion resistance of embedded steel rebar [41].

The method of acid treatment is also effectivetfar dispersion of CNT. CNTs
can be dispersed in water using a couple of diffeeeids. The two acids used most
often for the surface treatment of fibers are sidfacid and nitric acid. During the
reaction of the acid and CNTs, oxygen atoms froenabid react with the carbon atoms
on the nanotubes. The reactions are more commdémeatnds, curvatures, and defect
sites on the CNT. Negatively charged carboxylisugs will be introduced on the CNT
surfaces as a result of the oxidation. The repulfbrces between the negative charges
that are associated with the individual CNT aredusedisperse the fibers without the use

of surfactants [47].

after acid treatment. Untreated (left) and Treated(right) [47]

2.3 The use of AC and DC for NDT

NDT can be realized using a wide range of diffetechniques. The technique
used in this research relies on the changes inuobivgty of the material. NDT can be

accomplished using stress-sensing materials throdgta acquisition systems to
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continually monitor the cracking through condudiivi Cracks are void space in the
concrete system that are electrically insulating areate a change in conductivity that
can be monitored [46]. Alternating Current (AC)daBirect Current (DC) testing
techniques can be utilized for NDT with smart mater

Investigating conductivity can be realized usingCjfor (DC). Sensing by AC
impedance measurement is less popular than DGQaesesmeasurement because the DC
method is easier for implementation [46]. The Afipedance investigation is a very
reliable technique for nondestructive monitoringcoincrete [1]; however, it requires
more sophisticated equipment (i.e., network anabjze operate. More sophisticated
equipment is more expensive to produce, own, angtab® a SHM system. The

additional costs often lead to this technique toh@implemented.

2.3.1 Techniques used

The NDT technique that is being tested in thisaedeinvolves passing electrical
current through concrete and monitoring its chamgger mechanical loading. Different
techniques that have been studied in the past E@ri€al Impedance Tomography
(EIT), used to detect cracking of cementitious make under tension strain [16], the
two-and four-probe methods, and electrical rescgdaomography (ERT) [17].

The EIT technique has been studied by Tsung-Chin BEiothe University of
Michigan, Ann Arbor. This technique was proposed heasuring the internal strain
fields of concrete on the boundary of the structuldis technique works well in both
two dimensions (2D) and three dimensions (3D) faasuring the strain fields in a

concrete element. Reductions in conductivity ar@pped and imaged through this
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technique. EIT is designed to work both with plaoncrete as well as FRC. Another
advantage to this technique is that it can be wseeXxisting structures since it uses
external electrodes to take its readings. Thishotebf testing uses alternating current
and requires that AC excitations be greater th&hHD[16].

The ERT method of monitoring changes in condugtiist an effective way to
probe for crack formation. This method applies At into the specimen to gain a 3D
image of the damage. Electrodes are attachecetsutiace of the concrete specimen to
measure the voltage across the surfaddese boundary measurements are used for
reconstructing the internal conductivity distrilmutitaking into account the geometry and
the spatial variations of the conductivity [17Figure 9displays the ERT set up for a
tested sample. Embedded in the sample is an ieldbtrinsulating material which is
used to produce a contrast in the material in @sjgeconductivity. This figure shows
how even though the sample is comprised of conanesdl other areas, the conductivity
is not consistent. This is due to the porosityhef concrete. The pores are not of equal
size or distributed so different factor,s such asstare absorption, are not consistent
throughout the sample causing differences in camdtyc The EIT and ERT techniques
require sophisticated equipment to conduct andiadd professional to monitor the tests,

significantly increasing the installation and opena costs



30

x (cm)

a b
Figure 9 a) A specimen with attached electrodes. Bhe ERT reconstruction. [17]

The two and four probe methods are effective atatively simple methods for
monitoring conductivity in concrete specimens. Twr-probe method consists of four
electrical contacts, which allows for two contaiigpass the electrical current while the
other contacts detect the voltage between thosagppi6]. The two-probe method has
two contacts at the end of the specimen that pessurrent through the cement matrix.
The four-probe method is more accurate than the-pnebe method because the
measured resistance does not include the contaistarece [46]. Furthermore,
investigating conductivity can be realized usinteralating current or direct current.
When DC is applied to a specimen, the conducticéym be calculated through the

following equation [16].
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Where:

L: Electrode Spacing (m)
w: Specimen Width (m)
h: Specimen Height (m)
I: Electrical Current (amp)
V: Voltage Drop (Volts)

It was found that the compressive stress in a ed@specimen greatly reduced
the extent of electric polarization in samples [3%]olarization occurs in the sample as
well as at the contact areas of the electrodesesf&teffects are also different when

comparing the two and four probe methods [41].

{a) Y J'_(DC or AC) (b} ) . !—-.l i{DC or AC)
'h'/ | r ’ v
Cement—based AN Seclion 1 Cement-based | Section
S specimen ; A-A Electrode specimen . A—A
Y | ’ L]
- A | - A

- L Ll - W e - L - > Wl

Figure 10 Conductivity meésurement based upon a) @eint and b) 4-poiht probe
technique [16]

When polarization occurs at the interface betweement and the electrical
contact, the two probe method is used to limit ¢heBects. The four probe method is
used when the polarization occurs within the ceneritmit the polarization effects [3].
Polarization effects are reduced with the increasemperature. This reduction is due to
the activation energy involved in electrical conlut [3]. Increased compressive

stresses decreased the length of time in whichripateon occurred, and reduced the
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maximum extent of this effect in both plain sampdesl samples with the addition of

electrically conductive fibers [35].

2.3.2 Electrodes: Embedded vs. External

Electrodes are used to measure the conductivitysaaoncrete specimens for the
nondestructive monitoring of concrete structur&tectrodes can be made with different
materials including, but not limited to stainlesee$ [46]. The electrodes can be
embedded in the concrete or attached to the suofa@especimen. Embedded electrodes
have the advantage of being protected from ther@mwient from the concrete cover;
however, they cannot be added once the structweniplete. External electrodes can be
fixed or replaced if an electrode is damaged asleske Another advantage to using
external electrodes over embedded electrodes isttiey can be added to existing
structures easily and in a cost effective manfdre electrodes can measure the changes
in conductivity from any initial reading. The measments cannot analyze existing
damage, but it can analyze new damage formationpaogagation from mechanical

loading.



3 Experimental Procedure: Materials and methods

3.1 Materials

3.1.1 Cementitious materials
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The cement used for this experiment is Type | podl cement produced by

Lafarge North America. The chemical and physicapprties of the cement are listed in

Table 1.

Table 1 Properties of portland cement and ASTM C150equirements

CHEMICAL | PHYSICAL
Spec. Test Spec. Test
ltem Limit Result ltem Limit Results
Si02%  ----—--- 20.6 Air content, % (C-185) 12max 7.5
Blaine fineness, m2/kg
AL203 %  ---—---- 4.7 (C-204) 260 min 380
Autoclave expansion, %
Fe203%  -------- 2.7 (C-151) 0.8 max 0.02
CaO%  -—--—---- 63.9| Compressive Strength, MPa
MgO % 6.0 max 2.3 lday — --—----- 12.4
SO03% 3.0 max 2.4 3days 12.0 min 21)
Ignition loss % 3.0 max 2.1 7 days  19.0 min 27)6
0.75
Insoluble residue % max 0.36 28 days 28.0 min 37.9
Free lime %  -------- 1.1 Time of setting, minutes
CO2%  -------- 1.3 Initial 45 min 110
Limestone %  -------- 34 Final 375 max 225
CoCO03 in limstone Heat of hydration at 7 days,
% - 93.0 kdlkg e 411
Percent Passing 325 Mesh
Potenial, % (C-430) e 95.4
C3S% - 55.0
C2S%  -----—--- 17.6
C3A% - 8.0
C4AF %  -------- 8.2
C3AF+2(C3A) % -------- 24.2
C3S+4.75(C3A) % --—------ 93.0
Na20equi % 0.6 max 0.55
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3.1.2 Chemical admixtures

To improve the workability of the mixture while méining the low water and
cement ratio, a high-range water-reducing admix{podycarboxilate PCE from Handy
Chemicals Montreal, Canada) was added to the nexdtia dosage of 0.125% by weight

of cement.

3.1.3 Fibers

There are two different types of reinforcement usedhis research: PVA and
CNF/CNT. All samples that were tested contained\R¥ers. Kuralon K-1l PVA fibers
from Kuraray Japan have the dimensions of RECSnix6 The fibers mechanical and
geometric properties are summarized in Table 2 filders were added to the concrete in

the proportion of 3 percent by volume for the adistudy.

Table 2 Properties of PVA fibers

Youngs'’s Tensile

Fiber Length Thickness Diameter Modulus Strength
(mm) Length (mm) (dex) (mm) (kKN/sg. mm) (GPa)
RECS 7x6 mm 6 7 0.027 39 1.6

While reference samples contain only PVA fibergesknental samples contain
other typs of fibers. The two different kinds dfdrs studied include carbon nanotubes
and carbon nanofibers. The carbon nanofibers BF2482XT-PS and are produced from
Pyrograf Products while the carbon nanotubes wesdyzed by Eden Nanomaterials.
The additions of these fibers were incorporateth¢oease the electrical conductivity and
increase the flexural strength. The CNTs and CMé&i® added to the mix in the ratio of
0.2 percent by volume. Table 3 and Tablsu#nmarize the mechanical and geometric

properties of the types of the CNF and CNT respelsti
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Table 3 Properties of Carbon Fibers PR-24-XT-PS

Fiber
Diameter, | CVD carbon Dispersive Polyaromatic
nm overcoat Surface surface hydrocarbons
(average): present on area, energy, Moisture, mg PAH/gm
fiber m2/gm: mJ/m2: wit%: Iron, ppm: fiber:
100 Slight 45 85 <5 < 14,000 <1

Table 4 Properties of Carbon Nanotubes
Diameter (nm) Purity (% carbon by mass) Bulk DenéitcnT)
20-30 95 0.107

3.1.4 Standard silica sand

Standard graded silica sand conforming to ASTM Ca&i 8 AASHTO 106 was
used in the research program. This sand is gradedeen No. 30 and No. 100 sieves
and was supplied by US Silica Co, Ottawa, IL. pi€al grading values for this silica

sand can be seen below (Table 5).

Table 5 Typical grading of standard silica sand

Typical Values
USA STD Sieve size % Retained % Passing
Mesh Millimeters Individual Cumulative Cumulative
16 1.180 0.0 0.0 100.0
30 0.600 2.0 2.0 98.0
40 0.425 28.0 30.0 70.0
50 0.300 45.0 75.0 25.0
100 0.150 23.0 98.0 2.0
PAN 2.0 100.0 0.0

3.2 Mixture proportions
The water to cement ratio (w/c) used for the expental mixtures was 0.3. This

was done to keep a dense concrete with little idadiy insulating air voids to allow for
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the free flow of electrical current in the syste®ilica sand was used at a sand-to-cement

ratio of 0.5.

Table 6 Mixture proportions used in the preliminary study.

Composition Reference FRC CNF PVA-FRC
w/C 0.3 0.3
S/C 0.5 0.5
SP, % w cement 0.125 0.125
PVA fibers, % vol 3 3
Carbon nanofibers, %vol 0 0.2

3.3 Mixing procedures

3.3.1 Mixing procedure for PVA-ECC

The mixing procedure for PVA-ECC mix with CNT/CN§& important. Avoiding
the agglomeration of fibers can yield the highasilidy specimens possible. Different
mixing procedures were conducted to determine wwatld lead to the least
agglomeration of fibers in the samples. Samplesewaxed in a 20 quart Hobart HL-
200 mixer (Figure 11). Common mix procedures tethe fibers clumping up into a ball

so to avoid this, the mix procedure was adjustetiedollowing.

The dispersion of the CNFs/CNTs was done in waidr RCE (and silica sand)
as listed in 3.3.2 and 3.3.3. Portion (75%) of weder was added to the bowl of the
Hobart mixer with silica sand and mixed at low gpg207 rpm) for 30 seconds. After
the sand and water were mixed, half of the PVArEbeere added and mixed for 30
seconds at low speed. Once that was completedegheof the fibers were added and

mixed at the same speed for an additional 30 secohtlf of the portland cement was
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added to the mix for 30 seconds at low speed, i@tb by the second half at the same
speed. The rest of the water, PCE, and CNF (or)anE added and mixed at low speed
for 30 seconds then for another 30 seconds at mme¢iid8 rpm) speed. The workability

of the mix was tested on the flow table and thenixed for an additional 30 seconds at

medium speed before being placed into molds.

Figure 11 Mixing of PVA-ECC using Hobart mixer

Once the ECC was mixed, the specimens were casto t¥pes of specimens
were used for compressive and flexural testing.e $phecimens cast for compressive
testing were cast into cube molds that had the mmnas of 50.8 x 50.8 x 50.8 mm and
the specimens tested for flexure were cast inta 20 x 160 mm. The molds used are

pictured in Figure 12.
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The molds were first sprayed with release agent {#UPto prevent damage
during the removal of samples from the molds. Samere placed into the molds in
two layers. Each layer was compacted by at rubdraper (dimensions 13 x 25 x 152
mm). After compaction, samples were compacted ®yddps on a jolting table and

vibrated for 30 seconds on a vibrating table (Fegl®).

B g

ibratihg tabl -‘(ILéf.t) éd I‘t'ing< tablé(righf) used for compaction of EéC

e -

Figure 13 V
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After the samples were compacted, the samples evgesl in molds for 24 hours
at 23 C and 95% relative humidity. After 24 hours, gemples were demolded and
cured in a lime water at 23 for 14 days. Prior to testing, specimens wereddat 90C

for 24 hours.

3.3.2 Mixing procedure for CNF

Even distribution of carbon fibers within the cernigous matrix is important for
realizing the proposed concept; improper disperBesan adverse effect on the strength
of the sample and the matrix with inconsistent cmtigtity. Preliminary tests
demonstrated that it was impossible to properhypealise nano fibers in water under
ultrasonic treatment. Figure 14 demonstrates thaesncy of the dispersion of CNF in

water using an ultrasound mixer and the water &ous amounts of time.

a) ~ b
Figure 14 Clumps of carbon nanofibers in water afteultrasound for: a) 10 min, b)
30 min, and ¢) 60 min (100x magnification)

Dispersion of the CNFs was achieved by using PC&udactant and ultrasound
treatment. The superplasticizer was first mixethwrater at 2000 rpm for 2 min using a
high-speed mixer (Silverson L5M-A). The CNF wemrded and dispersed using the
ultrasound processor (Hielscher UIP1000hd) at 75%e maximum power (750 W) at

20kHz for 20 minutes. A sample with CNF was dispdrfor at 5, 10, 15 and 20 minutes
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and analyzed by the optical microscope (OlympusBHt 100x magnification. Figure

15 shows the dispersion of the CNF at various dsspe times.

o d)
Figure 15 Dispersion of carbon fibers in water usig surfactant: ultrasonification
for a) 5 min, b) 10 min, b) 15 min, and c) 20 min(100x magnification)

3.3.3 Mixing procedure for CNT

Production of uniform dispersions CNTs proved tdhbeder than the CNFs. The
same mixing procedure used for the CNFs was atenpith the CNTs, however, after
mixing, the CNT remained clumped. The strong ativa forces between surrounding
CNTs need to be broken to reduce the agglomerafldms was not possible through the
use of PCE and ultrasonification alone. Figuresh6ws the agglomerated fibers and
Figure 17 shows the fibers under the optical mmope (Olympus BH-2) at 100x

magnification at 5, 10, 15, and 20 minutes of glbrac mixing.
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Figure 16 Agglomerated CNTs

Figure 17 CNTs disperééd by ultrasound a) 5 min 0 min ¢) 15 min d) 20 min

Proper dispersion was achieved through the usdicd sand to the. Silica sand
was added to the mixture of PCE and CNTs in theumtnof 5% of total sand used
before ultrasonification. The quantity of sand edlavas taken from the total sand in the
mix design to help break up the particles to impralre dispersion. The CNT were
added and dispersed using the ultrasound procéssdscher UIP1000hd) at 90% of the
maximum power (900 W) at 20kHz for 20 minutes. afnple with CNT was collected at
5, 10, 15 and 20 minutes and analyzed under theabphicroscope (Olympus BH-2) at
100x magnification. Figure 18 shows the fibersermithe optical microscope (Olympus

BH-2) at 100x magnification at 5, 10, 15, and 2@ues of ultrasonic mixing.
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Figure 18 Dispersion of CNTs after the addition okilica sand: ultrasonification for
a) 5 min b) 10 min ¢) 15 min d) 20 min

3.4 Testing of ECC

Specimens were tested to evaluate their mechaaniudl electrical properties.
Evaluations were made both in their fresh and heedestate. The fresh concrete was
tested for workability. The hardened concrete tested to determine the flexural and

compressive response as well as the conductivityeofamples.

3.4.1 Flow of fresh mixtures
The workability was tested using a 254 mm (10 infdbyv table (Figure 19) as

per ASTM C230 standards.
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3.4.2 Four point flexural testing

Ordinary portland cement has poor strength whedddan flexure or in tension.
To improve the strength under these loading camsti PVA and CNT/CNF fibers were
used in the mix design. To test the samples &uflal strength, four-point bending test
was conducted using a universal testing machirsgr@in 3369). The samples used for in
this test had the dimensions of 14 x 40 x 160 mhhe top-point loading rollers was
placed 40 mm apart, while the bottom loading relere spaced at 120 mm. Figure 20

shows the setup of the experiment.
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Figure 20 Eperimental stup for 4 point bending ad electrical measurements

To observe the change in conductivity of the samjgled detect cracking, the
samples were tested until failure at a loading Gfted.2 mm per minute. The data
acquisition recorded the conductivity of the saraptefour second intervals (HP 34970A

from Hewlett-Packard).

3.4.2.1 Testing procedures for cyclic loading

Samples were tested for polarization effects beffloeemechanical testing at each
exposure condition. To reduce the effects of tbirration at rest, samples were
allowed to depolarize for an additional 30 minutesfore the cyclic testing was
conducted.

Cyclic testing was conducted on an Instron 3369@ression machine under four
point bending. On the tension face of the concsperimens, rollers were spaced at 120
mm while the rollers on the compression face wpsesd 40 mm apart. A load cell with
a capacity of 44.5 kN was placed on top of thel stdkers on the compression (top) side

to measure the load applied to samples. The sitefs were covered with electrically
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insulating tape to prevent short cuts for the eleait current which would affect accurate
readings. To maintain the moisture content ingbecimens throughout the duration of
the testing, the samples were placed in a sealkestiplbag with a wet cloth to help
maintain humidity. This helped to prevent wateamration from the sample. The set
up for the experiment is shown in Figure 20.

After the samples were placed on the Instron maghhrey were then hooked up
to the data acquisition for resistivity measurersenthe data acquisition was turned on
and allowed to measure the resistivity for 10 mesuwithout the influence of mechanical
loading. After the initial 10 minutes of monitogmeadings, the load was applied for an
additional 10 minutes without the influence of ertdly applied voltage. The samples
were loaded in their elastic range to allow foretéfve loading on the samples. To
ensure the loading was within the elastic zoneditan was limited to 20% of the
maximum load. Loading during cyclic conditions ged from 10 to 150 N and was
applied at a rate of 0.56 kN/min. After the fi& cycles of testing, the samples were
tested again under the same loading conditionsuibdiéer external applied voltage. The
9V DC power supply was turned on and the influemezes measured by the data
acquisition. After the 20 cycles were completéd sample was allowed to depolarize
for 20 minutes and the procedure was repeated .twice

All samples were tested under the cyclic loadingditions regardless of the time
of humidity exposure the sample experienced. Sesrplat were exposed for 24 hours in
water were also tested under cyclic loading witloRthe applied force (300N). The
above procedure was repeated after the first Igachmditions were applied allowing

first for 30 minutes of depolarization. Samplesewmechanically loaded from 10 to 300
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N for ten cycles. The change in resistivity wasasweed with and without the

application of external voltage following the tesfiprocedure for the first cyclic testing.

3.4.2.2 Failure loading

After testing of the samples under cyclic loadingnditions, samples were
allowed to depolarize for an additional 30 minutefore being loaded until failure.

Samples were loaded under four point bending €edtiire using an Instron 3369
compression machine. On the tension face of thecrete specimens, rollers were
spaced at 120 mm while the rollers on the compradsice were spaced 40 mm apart. A
load cell with a capacity of 44.5 kN was placed top of the steel rollers at the
compression (top) side to measure the load apptiesthmples. The steel rollers were
covered with electrically insulating tape to pretvehorts for the electricity to follow
which would prevent accurate readings from occgrrifio maintain the moisture content
in the specimens throughout the duration of théingsprocedure, the samples were
placed in a sealed plastic bag with a wet clothelp maintain humidity. This helped to
prevent the evaporation of fluids from the sample.

After the samples were placed on the Instron maghhrey were then hooked up
to the data acquisition for resistivity measurersenthe data acquisition was turned on
and allowed to measure the resistivity for 10 mesuwithout the influence of mechanical
loading. After the initial 10 minutes of testirtpe loading machine was turned on and
loaded until failure at a constant rate of 1.2 mer minute. The data acquisition

recorded the conductivity of the samples, as welktiess and strain. Samples were
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tested past ultimate loading to test the abilitglebect cracking after the initial cracking
of samples.

When analyzing the results it was important to ems$kie analysis was conducted
to eliminate the effect of specimen size dimensiansl ensure the easy transition
between experimental results and practice. Towallee information gathered to be
easily relatable to standard design practices,a$ wnportant to use stress and strain
conversion that conform to industry standards. [Ris&on machine used output the data
collected in terms of extension and load, so it masessary to convert the extension and
load to strain and stress, respectively usingdhewing equations.

6*P*a
T o d? [2]

_ 3*A*a*d
S {mafrera-y) o

Where:

o. Stress (MPa)

g: Strain (mm/mm)

P: the applied load (N)

A: the measured deflection (mm)

a: the distance from the end of the sample to pipdiexd load (mm)
d: the depth of the sample (mm)

b: the width of the sample (mm)

L: total length of the specimen (mm)

To collect the resistance readings during the exysrts a data acquisition device
was used. The equipment used in this work wadHfhe84970A from Hewlett-Packard

which directly recorded the resistance of the samplThe resistance reading needed to

be converted to resistivity and then to condugtita consider the dimensions of the
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individual specimen and location of the electrod&ke following equations were used to

convert resistance to resistivity (4) and to congityg (5).

_ R*h*t

Rs (4]

C= [5]

1
R
Where:

R: resistance (ohm)

h: height (mm)

t: thickness (mm)

I: electrode spacing (mm)

Rs: resistivity Qm)

C: Conductivity Qm)™*
3.4.3 Compressive tests

The compressive strength is often used to judgepdr®rmance of a concrete
that has been placed in the field. Compressivis i®sre conducted on both reference
samples and CNT/CNF-PVA-FRC to determine the efibers. Compressive tests were
performed on 50.8 x 50.8 x 50.8 mm cubes in acecm&avith ASTM C109. The
specimens were loaded at a rate of 0.9 kN/sec wwmn@dDR-Auto ELE (Figure 21)

compression machine. The maximum load and maxiroompressive stress was then

recorded.



49

Figure 21 ADR-Auto ELE compression machine

3.4.4 Tension testing

Through the method proposed for monitoring conditgtin concrete specimens,
it was determined that cracks can be detected wat goint bending test. Cracks are
developed more uniformly under tensile loading wlwempared to bending, for this
reason it was important to load the samples unelesian. To test the samples under
tension, the preparation method of samples hae edusted.

Samples prepared for this type of testing is sintibathe sample preparation for
the samples tested under four point bending. THEmptes used for this test had the
dimensions of 14 x 40 x 160 mm. A universal tegtimachine (Instron 3369) loaded the
samples under tension at a rate of 0.6 mm/minuterutension. Samples were loaded
into the grips that tightened as the load increadédure 22 shows the set up for tensile

loading of samples.
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LR 11111 STAVER

Figure 22 Experimental setup for tensile testing

This set up allows for the specimens to be loadebtutensile loads only and will
allow for samples to experience multiple cracksobeffailure. The grips used for this
type of loading are electrically conductive elensesuid create an electrical bridge across
the element making accurate readings for crackctiete impossible. To avoid the
electrical short cut, samples were coated in etatly insulating epoxy (Smooth-On
MT-13 White epoxy adhesive cement). The epoxy cantevo parts and needed to be
mixed in equal parts to ensure optimum performaotehe materials. The two
components of epoxy were batched at equal quantiel mixed thoroughly in a glass
container. After mixing, the epoxy was appliedhe surface of samples to insulate the
rear ends of samples.

The grips used to apply the tensile loads alsoiegh@ compressive force to the
face of the sample. To help distribute the loags @ larger surface area, the epoxy was

applied over the area with the dimensions of 406xn8n (for direct contact with the
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grips). It was important to ensure a smooth, umfgurface of epoxy coating allowing
for the load transfer from grips of the loadingnfia without slipping. After the epoxy
was applied to the surface of the sample, teflategl with dimensions of 40 x 55 mm
were placed on the specimen. Teflon was used beaz#its ability to be easily removed
from the surface of the sample without bondingh® €poxy coating. After the Teflon
and epoxy were placed, a piece of plastic was glaser the sample and a 20 pound
weight was placed on the samples to apply congtassure to the surface of the sample.
The epoxy was allowed to harden for 24 hours befbeeweight and the plates were
removed from the samples. Each face of the speciimg came in contact with grips
while loaded in tension was covered with epoxy tsuge complete the insulation.

Figure 23 shows the samples with the epoxy coating.

- N ’:“-:'
Figure 23 Epoxy coated zones of samples

Predicting the location of crack formation in saegplloaded under tension
presented a challenge. In preliminary tests mampdes tested in tension had cracks
form near the grips, which were outside of the tetete range, therefore, it was necessary
to ensure the samples cracked between the elestrod&tress concentrators were
introduced into the samples to ensure the crackndtion occurred between the
electrodes. To create the stress concentrations were made in the samples on either

side of the sample at the midpoint. The cuts hatedsions of 5 x 5 mm for initial
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testing. The cuts in the samples were made diteretectrodes were attached to the
surface of the samples extra care was taken taemise integrity of the electrodes was

not compromised. Figure 24 demonstrates the samppégpared for testing.

Figure 24 Prepared samples for nsile testing indl (left) and final (right)

Monitoring the change in conductivity to determineack formation was an
essential part of this experiment. When using fihe point bending test, it was
necessary have multiple locations for electrodesalhe side loaded in tension. The
grips, as stated before, act as an electrical érahgl do not allow for the electrodes to be
placed in these areas. Two channels of the extelmetrodes were placed on either side
of the sample located at 20 mm (channel 1) andah#h (channel 2). Figure 25 shows

the external electrode placement for samples lofateiénsile testing.
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RATNNOE ) AR, = 32\
Figure 25 External electrode placement

3.5 Electrodes

The specimens were prepared for two- and four-preleetrical resistance
measurements. For the reported experiment theptoaloe DC testing method was
chosen because of the simpler instrumentation asd ef implementation in the field
[27, 46]. The electrical resistance data werectlyeneasured for particular channel and

recorded using data acquisition (HP 34970A from ld&wPackard).

3.5.1 External electrodes

The external electrodes were added to the samfilstiaey had been allowed to
cure. The electrical contacts were glued usingréAGlue” (Anders Products) to the
surface of the specimen on both the tension andoeession sides. A coating of latex
(Daraweld, from WR Grace) and rubber mastic weaegd over the dried glue to make
the waterproof connection. The electrodes werelai to the samples in pairs (Figure

26). Three pairs of the electrodes were attachethe tension side of the specimen,
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while the fourth set (Channel 1) was placed onttpe of sample in the compression
zone. The electrodes were attached in pairs tostigate the electrical drop over the
distance between the electrodes. The power supgdyredes were placed on the tension
side of the sample 140 mm apart. The Channel 23agléctrodes were placed 40 mm
and 120 mm apart on the tension side, respectivdlge Channel 1 electrodes were
placed 20 mm apart on the compression side ofghwke (Figure 26). In this research,
external power was not applied, and the two-prokéhod was used; the resistance was

measured directly by data acquisition (Channel Asueements are not reported).

l
|

|
|

_‘

!l

|
i,‘

Z 1suueyn
€ jauuey)
Jemod

|
|

|
|

Figure 26 Electrode placement and channel coding

3.5.2 Embedded electrodes
External sensors have the issue of being expostuttenvironment due to a lack
of concrete cover. Embedded sensors are placekeirforms before the concrete is

placed and cannot be altered. The sensors fonitiik are 26 gage stainless steel cut to
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the dimensions of 5 x 100 mm. The steel is bemt @0angle between 44 and 50 mm
from each end (Figure 27). This creates a U-skizgaeallows for one end to stick out the
top of the sample and the other end to remain eddzbth the sample. The extruding

electrode was used for the connection to the dagaisition and of electrical resistivity.

Figure 27 Design of stainless steel electrodes: Uit (bottom) and Bent (top)

Embedded sensors must be placed securely in the tm@nsure that the sensors
have not moved during the placement of the concrdte control the placement, the
embedded sensors were attached to a fiberglass(swggblied by a local distributer) and
placed in the mold. To ensure proper concretercalie height of the mesh was limited
to 36 mm and to allow for the mesh to cover alkesi@f the sample the length of the
mesh was cut to 350 mm. Mesh was stretched to keepmesh in position and
electrodes in the correct locations. This was dpnplacing 40 mm plastic tubes on the
ends of the mold and wrapping the mesh aroundubestallowing 40 mm of overlap.
Electrodes were attached into the mesh to ensopeptocations. Four electrodes were
placed in the concrete at 20 mm and 60 mm fromeeiémd of the sample. Figure 28

shows the mesh and location of electrodes.
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Figure 28 Embedded electrodes assembly

3.6 Resistivity measurements

Polarization is an important parameter to conswieen DC is used to probe the
self-sensing materials. Polarization interferethwesistivity measurements [40,46], and
it continues to grow over the time of measurementil it reaches a plateau, at which the
readings can be attributed to “saturated” cond#iamd used as an indication of the
stresses experienced by the sensor. The piezbvégi and conductivity of PVA-FRC
materials change in proportion to strain. Thestesty was measured by the data
acquisition after each level of moisture exposurthout the influence of mechanical
loading. To eliminate the influence on conducgiviteasurements, samples were placed
on an electrically insulating material. Resistivieadings were monitored by the data
acquisition that was connected through a serieslagftrodes attached to the specimens

(Figure 29).

Figure 29 Set up for monitoring sample resistivity
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The data acquisition was turned on and allowedéasure the resistivity for a ten
minute period. After the initial readings were danted, the 9V DC power supply was
switched on and the resistivity of the material emelxternal current was recorded for an
additional ten minutes. At the end of this stape, data acquisition and power supply
were disconnected and samples were allowed to aepelfor 20 minutes. After the rest
period, the samples were tested an additionalitwestfollowing the same procedure.

Samples exposed to moisture experience a changenguctivity. Dry samples
have higher resistivity than those exposed to mast Increased conductivity in samples
was achieved while exposing samples to differentstace conditions due to the
conductive nature of the water and Na chloride ured. The moisture conditions did
not prevent the polarization effects in the samfiles occurring and, therefore, need to

be analyzed to consider these effects.

3.6.1 Change in conductivity

Materials exhibit electrical characteristics basedheir dimensions and physical
properties. Changes to the physical structure hef materials change the overall
conductivity. Concrete does not conduct electricatent, however, it is not completely
insulating. Monitoring the change in electricaihdactivity due to air void formation
through the developments of cracks under loadinglead to crack detection. Direct
readings of conductivity are not ideal due to paktron experienced by concrete due to
the applied electrical current. Two methods foalgring the raw data of conductivity

gathered by the data acquisition are proposed.
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The piezioresistivity and conductivity of PVA-FRC atarials change in
proportion to strain and so the proposed relatvedactivity method allowed for crack
detection of FRC. When comparing the data forréiative conductivity C/gwith the
stress-strain curve, the strong correlation betwien cracking of the FRC and the

relative change in conductivity can be observed.

The relative conductivity is defined as:
C, -C
AC/ =t >0 6
%:0 C, (6]
Where
AC- change in conductivity(m)™*

Co- initial conductivity, @m)™
C; - conductivity at a testing time Qm)™

The differential change conductivity can be defiasd

AC/ _C-Cis 7
C, C [7]

Where:
C.- conductivity value at a testing time®rf)™*
Cuas- conductivity at a testing times , @m)*

AC; - change in conductivity at sampling rate, @m)™
As — Sampling rate

3.7 Exposure to moisture/Na chloride solutions

Before testing, samples were immersed in wate@Na chloride solution for 24
hours to simulate the effect of different expostoaditions. The absorption of water and
Na chloride solution for reference PVA-FRC 3.8 a&@% respectively. Specimens of

CNF-PVA-FRC had slightly higher 24 hour absorpti®ry and 3.7% for water and
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chloride solution, respectively. The stress-steaid electrical resistance of the reference
PVA-fiber composite specimens was compared with &N fiber composite; one
group of specimens was exposed to water while theravas exposed to chloride (2%)
water. The two exposures allowed investigationhef $ensitivity of composite to detect
the presence of chlorides; therefore, the repatguriment was designed to observe the

change in relative conductivity of CNF-based speciswunder flexural conditions.

Table 7 Experimental Plan

Exposure type
Specimen type Water 2% NacCl2
24h 24h
Reference PVA-FRC + +
CNF-PVA-FRC + +
CNT-PVA-FRC + +

The procedure used in the initial study for expgsihe samples to moisture
conditions was adjusted to meet ASTM testing remments. The procedure in ASTM
C1202-09 was referenced when determining the fatigwprocedure. The ASTM
procedure requires that all the tested materialsubgected to a vacuum (at a pressure of
30 in Hg) for 3 hours before coming in contact wdttaerated water.

It was important that samples are saturated inedated conditions described by
the ASTM. To de-aerate the specimens, tap water alawed to boil and cool to
ambient temperatures in a sealed container beforeng into contact with the samples.
Once the water was prepared, it was placed in dacwn attached to the air tight
container containing the prepared samples. To veradl the air trapped in the pores of
the samples, the samples were placed under a vatuanpressure of 30 in Hg for 3

hours. After 3 hours, water was allowed to ertterchamber under the applied pressure
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for an additional hour. After the hour had lapstée pressure was removed from the
chamber and the samples remained submerged fodditioaal 18 hours. After the
procedure was completed, samples were tested &rndat the effect of moisture
conditions on the conductivity of concrete samplésgure 30 displays the set up for

described procedure.

Figure 30 Chamber set up of vacuum
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4 Preliminary Research Results

To determine the parameters of the study an ingigderiment was conducted.
The initial study was used to determine specimepamation methods as well as loading
styles and various other conditions. The parameaitthe study include; PVA fiber and
superplasticizer content, mixing procedures, magpgration, exposure time to water

and Na chlorides, loading of the samples, andteegie measurement and analysis.

4.1 Exposure time

Conductivity is affected by moisture. Pure water d poor conductor of
electricity; however, interpore water in portlangiment concrete/composite is saturated
with Ca(OH)» and often alkalis. Furthermore, water that theccete structures are
exposed may have different contaminants. Waténenenvironment may contain metal
ions and other contaminants that allow it to con@lectric current. One pollutant that is
common on roadways is sodium chloride originatingnt deicing salt. Water that
contains dissolved sodium chloride has a highedgotivity. When salts dissolve in
water, they break into the ions, allowing for etmity to be easily conducted over this
medium.

There are many other pollutants that occur natumlbur environment that may
affect the electrical conductivity of water. Thi®rk focused only on chlorides in water
due to the commonality of these ions in roadwayeguats. Deicing salts do not directly
affect the concrete, but corrode the reinforcirggkt When steel corrodes, it undergoes a
volume expansion which leads to an increase inrnatestresses in the concrete and

causes local and global failures in the structufer this reason, the progression of Na
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chlorides into the concrete is an important paramegpoverning the service life of
reinforced concrete structures.
Samples were tested mechanically under differemideof exposure to water and

Na chloride solutions. In the study, samples wested at two exposure times that

included the 0 and 24 hours. Samples were expeitedr tap water or a 2% sodium
chloride (NaCl) solution by mass of tap water. draerstand how conductivity in the

specimens were effected by moisture exposure, dngples were monitored without

mechanical loading for 3 minutes.

2.00E-02 .
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0
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Figure 31 The conductivity of Reference-PVA-FRC saples with various moisture
exposures (channel 2).
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Figure 32 The conductivity of CNF-PVA-FRC samples with variols moisture
exposures (channel 2).
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Figure 33 The conductivity of CNT-PVA-FRC samples \wth various moisture
exposures (channel 2).

Figure 31, Figure 32, and Figure 33 demonstrate dhange in measured
conductivity for samples exposed to different maistconditions for a given time period.

In these figures, the samples were not mechanitzdlyed which allowed for the effects
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of moisture on the samples to be monitored direciiyie three mix designs considered
were monitored for conductivity at plotted agaitiste after the given exposure time.
When samples were exposed to water or Na chloraetiens, the corresponding
conductivity, depending on the exposure time, iaseel significantly. Dry samples had
the lowest measured conductivity while conductiwitysamples that were exposed for 24
hours increased by 7.64x1®'m™* and 1.07x18? for reference-PVA-FRC samples
exposed to water and Na chlorides respectivelye imhrease in conductivity correlates
to a decrease in resistivity in samples. Tableispldys the conductivity of samples

tested under given moisture conditions.

Table 8 Effect of moisture conditions on conductivy

Conductivity Q'm™)
Reference-PVA-FRC CNF-PVA-FRC CNT-PVA-FRQ
Dry 4.13x10™ 4.20x10™ 7.25x10™
Water 8.06x1%° 9.49x10% 1.15x10%
Na Chlorides 1.12x1% 1.22x10% 1.84x10%

4.2 Current- voltage characteristics

The effect of water and NaCl exposure on curreftige characteristics of FRCs
was investigated. It can be observed that alete§iRC had an almost linear response
within the tested range from -15 to 15V. It cancbacluded that the conductivity of dry
CNF-PVA-FRC is slightly higher than that of refecenmaterial, 4.20xI1#Q*m™ vs.
4.13x10Q™m™, respectively. 24 hour exposure to water of itigased FRC resulted
in significant increase in conductivity to 9.49XF0™m? vs. 8.06x10°Q'm?,

respectively. Surprisingly, the type of exposure. (presence of chlorides) had a little
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effect on conductivity (Figure 34), probably to yedense cementitious matrix and

difficulties for chloride ions to penetrate theiemspecimen.
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Reference PVA-FRC Water
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Figure 34 Current-Voltage characteristics of invesgated FRCs (Channel 2).

4.3 Cyclic loading
Using the relative analysis for analyzing the carthity data this method

demonstrated the ability of CNF-PVA-FRC to act astrass sensor. In Figure 36 and
Figure 37 the change in conductivity was due tohaewal loading on the samples. The
cycles are clearly defined and follow the loadiragtern shown in Figure 35. Due to the
lack of negative loading, the stresses in the sasnptcumulated and the samples did not
return to their original, undeformed shape whichseal the strain to increase from cycle
to cycle in both loading cases. Also, due to ppddion, the conductivity was shown to
decrease over time. Polarization effects on sasrgle displayed in Figure 56 to Figure
61 in the appendix. Through the conductivity measients, it was shown that detecting

the loading response of samples was possible. wiilp for the detection of loading is



66
useful for monitoring traffic volumes as well asveg the possibility to detect and

monitor the weight of vehicles on bridges or roagsva Since samples were only

measured in their elastic zone, crack formation ma&bserved in these tests.
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Figure 35 Cyclic loading pattern
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Figure 36 Conductivity of CNF-ECC samples (reversscale channel 2) under cyclic
loading (150N)
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Figure 37 Conductivity of CNF-ECC samples (reversscale channel 2) under cyclic
loading (300N)
4.4 Test results: flexural loading

In the four point bending test, the conductivitgpense of FRP changes its slope
after a first major crack at a strain of 0.0019 mmmv (Figure 38). A similar response
was demonstrated by the CNF-PVA based FRC (Figdye Before the samples cracked,
the conductivity response had a relatively low, thistinctive slope; after first crack the
slope of relative conductivity was drastically ched, indicating post-cracking response
(dependent to electrode spacing).

The differential conductivity method for data arsadyallowed for crack detection
as shown in Figure 38 and Figure 39 for referené®C Fand CNF-PVA-FRC,
respectively. When comparing the data for thetivaal change in conductivity with the
stress-strain curve, there is a match between gheiraen cracking and the fractional

change in conductivity. When the first major cragpears in the reference FRC at a

strain of 0.0019 mm/mm, the differential condudtivhas a spike at the same strain
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(Figure 38). Cracks are voids in the concrete imand act as electrical insulators
decreasing conductivity [15]. The strong spikethe reference sample for the initial
crack is more defined than the following cracksegignced by the sample at 0.0036 and
0.0044 mm/mm (Figure 38), because of progressireyced conductivity of the PVA-
FRC composite. There are less-defined spikes mdwttivity at larger strains that

correlate with the formation of multiple cracks.

Figure 39 shows the performance-electrical respoh&NF-PVA-FRC material.
The CNFs were used to increase the self-sensidgyabi the cement matrix. The
relative conductivity was observed to decrease wsiithss at a very low rate until the first
crack formed at a strain of 0.0018 mm/mm (Figurg 38ter the first crack, there is a
significant change in relative conductivity raterretated with the response of cracked
matrix. The following major cracks at strains 0@@1 and 0.0024 mm/mm (Figure 39)
are better defined compared with the reference MR1G;h is probably due to the carbon
fibers bridging the cracks in the concrete, lowgrihe defect sizes and increasing the

local conductivity of samples.

The change in differential conductivity of FRC doecracking was more definite
in specimens containing CNF. The smaller changesonductivity of CNF-PVA-FRC
after the main cracking could be attributed to micracking. The smaller cracks led to a
smaller change in conductivity and were less ddfitiean the major cracks. These
changes are important for detecting micro-cracksl, atherefore, nondestructive
monitoring of structures. There also appearedeta lcorrelation between the change in
conductivity and chloride ingress. When compatimg differential conductivity method

in Figure 39a and Figure 39b there is a largertisaal change in conductivity when
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chlorides are present. Samples with sodium chdoegposure has higher conductive
capabilities and because of these properties, etcthck occurrence, the change in
conductivity is larger, causing the difference rhonitored. Figure 38a and Figure 38b
also demonstrate this ability, however, it is mliess defined than samples containing

CNFs.

There are distinct differences in conductivity tbe two channels used in this
work. Channel two had the higher changes in caintyc experience for both the
relative and differential methods of conductivityadysis defined by equations 6 and 7,
respectively. The conductivity could be affecteae do crack formation and added
stresses. When samples are loaded under four penting, cracks first appear at the
area of highest moment. In this work, the cracksewbridged by either PVA fibers or a
combination of PVA/CNF fibers that had large temsktrength causing the sample to
crack again in another location instead of propagat The introduction of multiple
cracking caused the conductivity, over the longsns to decrease due to the higher
number of void spaces. The conductivity of the gasiwas also lower in channel 3
because of the longer distance the electrons h&@vel. The energy used to transport
the electrons over the medium would be lost to Heatto the resistance of the concrete.
The longer span between the electrodes is morefarethe electrons to travel which

leads to a loss in conductivity for channel 3.
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Figure 38 The stress-strain performance and relatie conductivity (reversed scale)
of reference FRC/ECC: after 24h exposure to a) tapvater; and b) 2% Na chloride

solution
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4.5 Test results: tensile loading

Samples were loaded under tension to verify thatpitoposed method of crack
detection would provide valid results under punesien. For the initial testing, plain
PVA-FRC samples with external electrodes were test@amples tested were submersed
in water for 24 hours before being loaded untiluf@. Plain samples, samples without
CNFs/CNTs, proved to have self sensing abilitiedenrthis loading condition. When the
sample experienced initial cracking, the samplepeggnced a large change in
conductivity indicating crack formation. At thealding rate used and due to crack

inducing precut, only the crack that lead to td&lure was observed (Figure 40). This
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work is interested in detecting the multiple crathat, therefore, the loading rate was

reduced to 0.56 mm/minute to allow for better crdekection.
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Figure 40 Reference-PVA-FRC under tensile loadingdte 1.2mm/minute)
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5 Main Research Results

5.1 Mechanical properties

To improve the tensile properties of the concrgtecsnens tested, PVA, CNF,
and CNT materials were added to the mix design. addition to the improved
mechanical properties of samples, the additionilré to the matrix creates a denser,
less permeable concrete. In this work PVA, CNTd &NF fibers were added in
different proportions to the mortar mix to determimow these fibers affect the strength
under various loading conditions. The various ingdconditions considered were 4

point bending, tensile, and compressive loadinge @omposition of the samples tested

is listed in the Table 9.

Table 9 Mixture proportions of investigated CNF/CNT/FRC.

Composition Reference FRC | CNF PVA-FRC |CNT PVA-FRC
w/C 0.3 0.3 0.3
S/C 0.5 0.5 0.5
SP, % w cement 0.175 0.175 0.236
PVA fibers, % vol 2 2 2
Carbon nanofibers, %vq| 0 0.2 0
Carbon nanotubes, %val 0 0 0.2




5.1.1 Compressive strength

Compressive strength of concrete is in an imporfaoperty for construction
purposes. Most construction projects require thatmaterial placed meets a minimum
compressive strength before construction can coeatinFor this reason, it is important
that the admixtures in the mix design have limiteel effects on compressive strength at
all stages of cement hydration.
under compression to determine the effects of cartlamotubes/nanofibers to the mix on
the overall compressive strength. Compressivagtinetesting was conducted at the age

of 1, 7, and 28 days after the samples were CHsé& results of the tests are summarized

in Table 10 and graphically in

Figure 41.

The three mix giesiused in this work were tested

Table 10 Compressive Strength of Specimens
Compressive Strength (MPa)
Sample 1 Day 7 Day 28 Days
Reference-PVA-FRC 37.28 69.05 91.57
CNF-PVA-FRC 36.91 83.62 82.29
CNT-PVA-FRC 32.07 61.88 81.11
100
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@ B CNF-PVA-FRC
= 80-
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Figure 41 Compressive strength of specimens

Testing Time (Days)
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The addition of CNT and CNF into the FRC reduced performance of the
material under compressive loading. The referemegerial performed better under
compressive loading than the samples with CNT oF @ all the time periods observed
excluding the CNF-PVA-FRC at a time of 7 days. rEhwas a loss of compressive
strength observed for all samples containing caramofibers or carbon nanotubes at the
age of 1 and 28 days. Samples containing CNTsaHasls of 14% and 11% for 1 and 28
days age, respectively while the samples contai@iN§s had a loss of 1% and 10% for
1 and 28 days age, respectively when comparedetoetierence samples. At the 7 day
age, samples containing CNF had a 21% increaseompressive strength when
compared to reference materials, while samplesaging CNT had a 10% reduction in
compressive strength.

The addition of carbon fibers to FRC in this wosduced the compressive
strength; carbon nanotubes and carbon nanofibersdearease the porosity of the
samples by filling the voids that are created dygement hydration; however, the tested
samples do not contribute to the compressive cppatithe samples possibly due to
imperfect mixing. The CNFs and CNTs used have hegisile properties having failure
modes through fiber pullout instead of breakingtied fiber due to their high tensile

capacities [8]; however, do not contribute to thenpressive strength of the material.

5.1.2 Flexural strength
Concrete is often used as girders in bridge desang the structural floor
systems of buildings. These elements often spag dlistances without bracing causing

large stresses to occur at the midspan of the men@encrete has a smaller capacity for
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the tensile stresses experienced at these locatiodsmust be reinforced to provide
sufficient capacity at these areas. Due to the ¢dapacity in these regions, concrete
members often form flexural cracks under low logdiausing the steel reinforcement to
be exposed and increase the risk of degradatiaeoflexural reinforcement. These
areas are often the most critical to observe fepa&ators on projects. To determine the
flexural capacity of the mix designs used, samplege tested under four point bending.
Testing was conducted using a universal testinchinadInstron 3369) at a loading rate
of 1.2 mm/minute following the procedure in secti®8@.2. The maximum flexural

stresses achieved are summarized in Table 1Figude 42.

Table 11 Flexural Strength of Specimens

Flexural Strength (MPa)
Sample Without fiberglass mesh With fiberglass imes
Reference-PVA-FRC 13.33 18.60
CNF-PVA-FRC 10.54 19.39
CNT-PVA-FRC 12.45 14.19

20 -
B Reference-PVA-FRC
B CNF-PVA-FRC
O CNT-PVA-FRC

=y
W
L

Flexural Stress (MPa)

Samples Without Fiber Glass Mesh Samples With Fiber Glass Mesh
Figure 42 Flexural strength of specimens



77

Reference specimens containing only PVA fibers Itae highest flexural
capacity. Due to the high tensile capacity of @dFs and CNTs, the reduction in
flexural capacity was unexpected. The reductiothia capacity is probably due to an
unequal distribution of the CNF/CNT in the mortaaitnix and excessive air entrainment.
Without proper alignment of the CNTs and CNFs, ¢hesmterials may not have been

able to contribute the strength of the system asebed.

5.1.3 Tensile strength

Tensile testing of samples was conducted to deterihie capacity of the material
under these loading conditions. Testing of samplas conducted using a universal
testing machine (Instron 3369) at a loading rateO&® mm/minute following the
procedure in 3.4.4. A slower loading rate was usearder to initiate multiple cracking
points before failure due to the abrupt failurecohcrete due to its brittle behavior. To
create a localized stress concentration at the Imioidthe specimen, the cuts at the top
and bottom of the sample with dimensions of 1 xrd mas made. This allowed for the
specimen to fail between the electrodes, so thedwdivity characteristics of the
specimen could be observed. The maximum tensésssts achieved are summarized in

Table 12 and Figure 43.

Table 12 Tensile Strength of Specimens
Tensile Strength (MPa)

Sample Without fiberglass mesh With fiberglass mes
Reference-PVA-FRC 4.14 6.53
CNF-PVA-FRC 4.27 5.27
CNT-PVA-FRC 4.09 5.86
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Figure 43 Tensile strength of specimens

As with flexural capacity of specimens containinglyo PVA fibers had the
highest tensile capacity. The properties of theF€Nind CNTs would lead to the
conclusion that the inclusion of these materialgh® mix would increase the tensile
capacity of a specimen. The decrease in tenspactty could be linked to improper

dispersion of CNFs and CNTs and excessive air intent into to the mortar matrix.

5.2 Conductivity study

Concrete has a natural ability to conduct eledyriciThe ability of the material to
conduct electricity, however, is dependent on mogstcontent of the concrete. To
increase the ability of the concrete to conduatteldty, CNTs and CNFs were added to
the mix design. Using the data acquisition (HP 78#9 from Hewlett-Packard) the
resistance of the concrete was measured for tlmeditons: dry, 24h exposure to water,
and 24h exposure 2% to NaCl solution. Measuremgate made across two channels

of electrodes and the averages are displayed ile Tl&b
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Table 13 Conductivity of Samples

ConductivityQ™*m™*
Channel 1 Channel 2
Sample Dry Water NaCl Exposure Dry Water NaCl Exposure
exposure exposure
Reference-PVA-ERG 7.42E-04 7.60E-03 7.21E-03 7.35E-04 9.47E-03 1@BE-
CNE-PVA-ERC 6.42E-04 8.86E-03 1.15E-02 6.66E-04 1.11E-02 1@2E-
CNT-PVA-ERC 1.39E-03 8.66E-03 1.16E-02 7.92E-04 1.12E-02 168E-

5.2.1 Effects of carbon nano fibers/nanotubes on krductivity

Observing the effects of adding CNFs and CNTSs istregident in the dry state.
When comparing dry samples, only the materialsradtbility to conduct electricity is
observed. All of the samples tested were ableaiedact electricity; however, the
samples that contained CNT conducted electricityenedficiently.

The CNFs/CNTs used in this work increased the coimdty of the material by
reducing the materials resistivity, especially @MT-PVA-FRC. The conductivity of the
dry material increased by 1.87% and 1.08% for Chlnd and 2 respectively when
compared to the Reference-PVA-FRC. Table 13 suimesathe electrical conductivity

of samples.

5.2.2 Effect of moisture exposure
After exposing the samples to the intended moistarglitions, it was necessary
to test the absorption of the samples. Table &glays the average water absorption for

the samples.
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Table 14 Average absorption

Moisture absorption (%)
Sample Water Na Chlorides
Reference-PVA-FRC 1.30 1.57
CNF-PVA-FRC 2.98 2.74
CNT-PVA-FRC 2.83 3.40

The samples tested absorbed similar amounts of wéieen comparing both
NaCl exposures and water exposures. The samglealiborbed the least amount of
moisture under both exposures were the referemoplea. This result was somewhat
unexpected due to the increase in matrix densigytdyarticle packing. Reference
samples had the same amount of PCE as samplesntogt@NF; however, the addition
of CNF reduced the workability of the sample. Rstotun in workability could have lead

to more void spaces and, therefore, a higher abesaorpf water.

5.2.2.1 Effects of moisture on conductivity

Samples were exposed to water for 24 hours to meterthe effect of water
exposure on the conductivity in the samples tesigosing the samples to the different
moisture conditions increased the conductivitynaf samples for all samples tested. Due
to water exposure, the conductivity increased hg$8,216.62, and 23.55% for reference-
PVA-FRC, CNF-PVA-FRC, and CNT-PVA-FRC, respectively The increased
conductivity was more evident in the presence ofF€RNTs. Samples containing
CNTs increased conductivity of samples showing ttiedse materials have higher

electrical conductivity than both CNFs and refeeentaterials.
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5.2.2.2 Effects of Na chlorides on conductivity

Samples that were exposed to 2% NaCl solution #rh@urs increased the
conductivity for all samples tested. Exposing themples to chloride conditions
increased the conductivity by 19.77, 27.69, an®d4%. for reference-PVA-FRC, CNF-
PVA-FRC, and CNT-PVA-FRC, respectively. The in@ead conductivity was more
evident in the presence of CNFs and CNTs. Sangaetaining CNTs had the largest
increase in conductivity which was expected dueth® higher electrical properties
associated with CNTs compared to CNFs. Increasaductivity of CNTs is due to the

production process of the material.

5.3 Crack detection

Samples were loaded until failure using a univetssating machine (Instron
3369). Two loading conditions were used to testgloposed method of NDT testing.
Loading conditions considered are flexural anditedsading. Changes in conductivity
were observed during loading to aid in the detaatibcrack formation.

Crack detection was found to be possible through nvethods of data analysis.
The two methods used are known as the relativediffetential response methods as
defined in section 4.1.4. The piezioresistivitydasonductivity of PVA-FRC materials
change in proportion to strain so the proposedivelaconductivity method allowed for
crack detection of FRC. When comparing the datahie relative conductivity C/Gwith
the stress-strain curve, the strong correlationveen the cracking of the FRC and the

relative change in conductivity can be observed.
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5.3.1 Tensile loading
Testing samples under tensile loading to determwiether cracks can be

observed was a focus in this study. The testinggaure for tensile loading is described

in section 3.4.4.

5.3.1.1 External electrodes

In the tensile loading test, external electrodewipled a useful tool for the crack
detection through monitoring the changes in condiigt Samples were first analyzed
using the relative method for conductivity analysiBhe conductivity response of FRC
remains constant until it suffers its initial crafck all sample compositions. Before the
samples cracked, the conductivity had a relatil@ly, but distinctive slope. The slope
of conductivity, however, changes drastically & torresponding strain once the sample
suffers its first crack, indicating post-crackingsponse. The relative and differential
conductivities are shown in Figure 44, Figure 4% Rigure 46 for reference FRC, CNF-
PVA-FRC, and CNT-PVA-FRC, respectively.

When comparing the data for the fractional chamgsonductivity with the stress-
strain curve, there is match between the matrixking and the fractional change in
conductivity. When the first major crack appearsthe reference FRC at a strain of
0.004 mm/mm, the differential conductivity has akepat the same strain (Figure 44).
Cracks are voids in the concrete matrix and actlastrical insulators decreasing
conductivity [15]. The strong spike in the refezersample for the initial crack is more

defined than the flowing cracks experienced bysample at 0.01 mm/mm (Figure 44),
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because the fibers holding the PVA-FRC compositer ahe cracks are effective

insulators reducing the ability of the matrix tandoict current.

Figure 45 shows the performance of CNF-PVA-FRC nmedte The CNFs were
used to increase the self-sensing ability of thenere matrix. The conductivity was
observed to remain constant with stress until tfs¢ €rack formed at a strain of 0.0013
mm/mm (Figure 45). After the first crack, thereaisignificant change in conductivity
rate correlated with the response of cracked maifixe following major cracks at strains
of 0.015 and 0.017 mm/mm (Figure 45) are betteinddfcompared with the reference
FRC, which is due to the carbon fibers bridging ¢hecks in the concrete, lowering the

defect sizes and increasing the local conductfityamples.

Figure 46 shows the performance of CNT-PVA-FRC miate The conductivity
was observed to increase with stress at a veryr&bgvuntil the first crack formed at a
strain of 0.008 mm/mm (Figure 46). After the ficsack, there is a significant change in
conductivity rate correlated with the response raicked matrix. The following major
cracks at strains of 0.01 and 0.014 mm/mm (Fig@é)eade better defined compared with
the reference FRC, which is due to the carbon nméest bridging the cracks in the

concrete, lowering the defect sizes and increasiadocal conductivity of samples.

The change in differential conductivity of FRC doecracking was more definite
in specimens containing CNF or CNT. The smalleanges in conductivity of CNF-
PVA-FRC and CNT-PVA-FRC after the main cracking ldobe attributed to micro-
cracking. The smaller cracks led to a smaller gbam conductivity and were less
defined than the major cracks. These changesrgreriant for detecting micro-cracks

and, therefore, nondestructive monitoring of stiues.
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Figure 44 The stress-strain performance and relatie conductivity (reverse scale) of
reference FRC samples after 24h exposure to a) tayater and b) 2% Na chloride
solution under tensile loading.
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Figure 45 The stress-strain performance and relatie conductivity (reverse scale) of
CNF-PVA-FRC samples after 24h exposure to a) tap wer and b) 2% Na chloride
solution under tensile loading.
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Figure 46 The stress-strain performance and relatie conductivity (reverse scale) of
CNT-PVA-FRC samples after 24h exposure to a) tap wear and b) 2% Na chloride

solution under tensile loading.

5.3.1.2 Embedded electrodes

Embedded electrodes had much of the same resuléh wbmpared to the

external electrodes. This proves that both metHod®lectrode placement are viable

options for conductivity readings for the use iaat detection.

Reference-PVA-FRC,

CNF-PVA-FRC, and CNT-PVA-FRC all demonstrated thaility to detect crack

formation through the use of embedded electrodesbéh relative and differential

methods of conductivity analysis. Figure 47, Fegd8B, and Figure 49 display the results

for relative and differential methods for referefd®C, CNF-PVA-FRC, and CNT-PVA-

FRC, respectively.
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In general, samples using embedded electrodes bhdrae in slope when there
was a fracture of the concrete matrix when anatymsamples for relative changes in
conductivity. Some samples using this method @¢éat®mn had a harder time making
these observations probably due to the fact trainthterials were attached to the fiber
glass mesh. The mesh may not have had a perfadtwith the surrounding concrete
and could have had some slipping action when loadeter tension. However, this
behavior was only observed in one sample so it's expected to be a common

occurrence.

The differential method of monitoring changes imduoctivity lead to crack
detection in all samples monitored. The sampled Were the most sensitive were
samples containing CNTs. The increased sensitiistyrelated to the increased
conductivity that is observed with samples containihese materials. The conductive
CNTs bridge crack that form in the concrete matrhile allowing for less interruption in
electrical conduction. For this reason, smalleicks are more defined in these samples
than reference samples. Figure 49 shows the peafice of CNT-PVA-FRC material.
The conductivity was observed remain constant gfitess until the first crack formed at
a strain of 0.01 mm/mm (Figure 49). After thetficgack, there is a significant change in
conductivity rate correlated with the response raicked matrix. The following major
cracks at strains of 0.02 and 0.018 mm/mm (Figudg ate also represented in the

differential measurements.

When comparing the data for the fractional changsonductivity with the stress-
strain curve, there is match between concrete trgcknd the fractional change in

conductivity. When the first major crack appearshe reference FRC at a strain of 0.01
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mm/mm, the differential conductivity has a spiketla¢ same strain (Figure 47). The
strong spike in the reference sample for the indtiack is more defined than the flowing
cracks experienced by the sample at 0.025 mm/mmui&i47), because the fibers
holding the PVA-FRC composite over the cracks dfectve insulators reducing the

ability of the matrix to conduct current.

The change in differential conductivity of FRC doecracking was more definite
in specimens containing CNF or CNT. The smalleanges in conductivity of CNF-
PVA-FRC and CNT-PVA-FRC after the main cracking ldobe attributed to micro-
cracking or slipping of the fiberglass mesh. Theion fiber mesh used in this work was
included to keep the steel fibers in place durhegplacement of the concrete. The mesh
provided additional strength to the sample of theppse of monitoring samples loaded
in tension; however, it also may have lead to @olthtl readings to occur due to the
damage done to the mesh or the debonding of thé exe$ mortar due to the tensile

applied load.
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Figure 47 The stress-strain performance and relatie conductivity (reverse scale) of
reference FRC samples after 24h exposure to a) tayater and b) 2% Na chloride

solution under tensile loading.
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Figure 48 The stress-strain performance and relatie conductivity (reverse scale) of
CNF-PVA-FRC samples after 24h exposure to a) tap wear and b) 2% Na chloride
solution under tensile loading.
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Figure 49 The stress-strain performance and relatie conductivity (reverse scale) of
CNT-PVA-FRC samples after 24h exposure to a) tap wear and b) 2% Na chloride
solution under tensile loading.

5.3.2 Flexural loading

Through the testing of the samples under flexwadling (loading rate of 1.2

mm/minute) it was observed that the loading styié @ectrode type did not affect the

materials ability to detect cracks. The two methddscribed for monitoring crack

formation through measuring the changes in conditicthrough the mortar matrix

yielded results that strongly correlate with forioat
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Section 4.4 describes how the process was condtctetalyze the materials

under flexural loading using external electroddsgure 50, Figure 51, and Figure 52

represent the measurements made for crack formaticder flexural loading for

reference, CNF, and CNT samples, respectively kbereal electrodes.

In the main

study, it was confirmed that the changes in condigtcorrelated with crack formation

under flexural loading as concluded in the prelanynstudy.
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Figure 50 The stress-strain performance and relatie conductivity (reverse scale) of
reference FRC samples after 24h exposure to a) tayater and b) 2% Na chloride
solution under flexural loading.
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Figure 51 The stress-strain performance and relatie conductivity (reverse scale) of
CNF-PVA-FRC samples after 24h exposure to a) tap war and b) 2% Na chloride

solution under flexural loading.
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Figure 52 The stress-strain performance and relatie conductivity (reverse scale) of
CNT-PVA-FRC samples after 24h exposure to a) tap wear and b) 2% Na chloride
solution under flexural loading.

5.3.2.2 Embedded electrodes

Embedded electrodes loaded under flexural loadieghahstrated the same
abilities to detect crack formation. Under fledulaading, the samples experienced
changes in conductivity that correlated crack fdrams. The changes in conductivity
are due to the void spaces formed due to crackifigure 53, Figure 54, and Figure 55
represent samples with embedded electrodes. A& #rgnge in conductivity in the final
cracking event for CNF-PVA-FRC exposed to tap wateyated issues in comparing

conductivity changes in samples exposed to NaGhersame scale. Figure Btludes
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an additional graph for with an adjusted scale iewwvcrack formations under flexural

loading for CNF-PVA-FRC exposed to NacCl.
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Figure 53 The stress-strain performance and relatie conductivity (reverse scale) of
reference FRC samples after 24h exposure to a) tayater and b) 2% Na chloride
solution under flexural loading.
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CNF-PVA-FRC samples after 24h exposure to a) tap wer and b) 2% Na chloride

solution under flexural loading.
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Figure 55 The stress-strain performance and relatie conductivity (reverse scale) of
CNT-PVA-FRC samples 24h exposure to a) tap water ab) 2% Na chloride
solution under flexural loading.

5.4 Effects of exposure type on conductivity

Exposing samples to moisture affected the mategiaility to conduct electricity.
Tap water has the ability to conduct electricityedw the impurities in the water’s
composition. The 2% NaCl by weight of tap wates kize ability to conduct electricity
due to the presence of chloride ions. This abilias demonstrated in the charts for both
the external and embedded sensors shown in se@&i8rk and 5.3.2. The differential
conductivity was observed to have higher diffe@nthanges in conductivity for all

samples observed except the reference materiehfbedded sensors.
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The samples exposed to chlorides and water is caupa determine how the
exposure type affects the conductivity. ReferenC&lF, and CNT samples were
compared to determine differences in conductivityew comparing chlorides to water
exposure are 1.12, 1.00, and 0.16% for externatreldes. For the embedded electrodes
the difference in conductivity for reference, CNiad CNT were 0.50, 0.76, and 0.60%
respectively. The increase in conductivity wasabl show that this method is effective

for chloride detection in mortar.
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6 Conclusions

The idea to have safe and constant monitoring o€m@te structures is not a new
concept. Past research has yielded nondestrutgsteniques for monitoring crack
formation in concrete structures that are expensind limited in their use. The
developed concept allows for the constant NDT naooimig of concrete structures in a
cost-effective manner.

Cost reduction for the proposed NDT system waseaeti in multiple ways. The
largest cost savings achieved by allowing thisesystio be included in a structure without
the need to change the construction process thanhtlustry has become accustomed to.
This includes using standard formwork for concrstectures as well as standard rebar
layouts and other standard construction techniqdéss applies for both embedded and
external electrodes used for conductivity measunesne Embedded electrodes can be
simple strips of stainless steel, as used in tkjgeement, limiting the inclusion of
additional materials in a formwork that may alred@ycrowded. The external electrodes
do not require a change in construction philosogince the electrodes would be
included after the construction of the structuri@nent was finished or added to an
existing structure. Furthermore, the developed FRaZerial can be used in a form of
stress sensing skin with thickness of 2 — 15 mrarjperated into existing concrete.

The proposed technique saves in cost when compautier techniques while in
service in addition to the savings during constamct This technique does not require
the use of expensive equipment for the monitorihgtuctural elements. Conductivity

readings are conducted through the use of a sidgike acquisition system connected to
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simple electrodes. The proposed concept has ewsigs in that it does not require a
trained professional to make the observationsten si

Through the experimental work, it was determineat #track detection through
the monitoring of conductivity is a viable NDT tethue. Concrete, especially PVA-
FRC, has the ability to make the required obsesuatwithout the inclusion of CNTs or
CNFs. For this reason, the inclusion of this NBEhnique can be done years after the
initial construction of the structure through theewf external electrodes. Embedding the
sensors in concrete can help to protect the sanfdas environmental damage when
included in the design of a concrete structure.

Increasing the sensitivity of measurements was iarifyr in this work. To
increase the sensitivity of the material to detameick formation and propagation, the
addition of electrically conductive fibers suchcasbon nanotubes and carbon nanofibers
to the concrete matrix was used. The CNFs/CNTased to bridge cracks that form in
the mortar matrix to allow for the formation of diea cracks through the concrete
structure increasing the strength of a sample tiir@train hardening. The multi-crack
forming will increase the ductility of the materiahd decrease the possibility of a brittle
failure in the structural element.

In addition to the PVA fibers, the electrically acttive CNFs and CNTs were
used to improve the response of the material. IChbaiclging by electrically conductive
fibers improved the detection of the change in catigity vs. PVA fibers.

Polarization in electrical readings is a limitingcfor in most techniques for
conductivity monitoring. This work allowed for thexclusion of effects of polarization

effects by analyzing the change in conductivityteasl of monitoring the conductivity.
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Direct measurements of conductivity would includdapization and would make the
detection of cracks much challenging. Compariregliregs to previous readings allowed
for polarization effects to be neglected and craates directly measured through the
differential and relative techniques proposed is tork.

The fibers used in this work are often hard to elisp within the mix. Dispersion
of CNFs and CNTs was greatly improved through the af ultrasonic mixing combined
with the use of superplasticizer. To break upatiditional Van der Waals forces holding
CNTs, the inclusion of a small portion of the samcteased the ability of the material to
be dispersed in a given medium.

The monitoring of NaCl penetration to a mortar edamthrough conductivity
measurements was shown to be feasible throughwbr&. The electromechanical
response of reference FRC subjected to water anchidades was similar to CNF-PVA
and CNT-PVA based FRC. PVA based FRC exposed ¢o20h NaCl solution
demonstrated higher changes in differential condiiztthan those exposed only to
water. This change in relative conductivity canobserved most definitively at the first
crack in the concrete matrix and can be used flaridke detection. Generally, samples
exposed to Na chlorides had a steeper slope diveelaonductivity than the sample
exposed only to water. The results of this stuemadnstrated the ability of self-sensing
CNF/CNT-PVA based FRC to provide safe, systematiy nonbiased monitoring of

concrete structures.
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Future work

The reported project has demonstrated the feagibiflimonitoring structures for
the formation of cracks and chloride penetratianulgh the use of conductivity
measurements. It would be beneficial to this mtojeould be to prove the penetration of
chloride ions to the concrete matrix through Scagiitlectron Microscope (SEM) and
Energy Diffraction Scattering (EDS). Future workwid also include using SEM to
prove the equal dispersion of CNT and CNF to thecoete matrix. The work done with
this technique has been included in small sampipssed only to loads subjected to
failure. Including this technique in a future stiwre or attaching electrodes to monitor
existing structural elements would prove the pcatt@pplicability to improve structural

integrity and reduce the inspection costs.
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Appendix: Sample polarization
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Figure 56 Polarization in dry samples (external elgrodes)
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Figure 57 Polarization in samples exposed to tap wex (external electrodes)
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Figure 59 Polarization in dry samples (embedded et&rodes)
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Figure 60 Polarization in samples exposed to tap wex (embedded electrodes)
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