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Abstract

Rehabilitation and maintenance of the aging insportation infrastructure are of major
concern in the Province of Ontario. A large portion of this work is related to the durability
of highway bridges around the province. One of the weakest points in a bridge stture
from a durability aspectis the expansionjoints that can allow hamful elements, such as
road salts and contaminants to leak dowifrom the road surface and attackhe supporting
structure of the bridge. Although expansion joints can be eliminated in the design of a new
bridge, such as in an integral abutment bridgethis requires major changes to the supports
and structure of the bridge making it impractical for retrofitting existing bridges. One
effective alternative is the replacement of a traditional expansion joint with a link slatA
link slab is a concrete slalused in place of an expansion joint to make the bridge deck
continuous while keeping the supporting girders simply supported1]. Link slabsmust be
able toresist large force effects both in bending and direct tension while minimizing
cracking[2], one solution is to use the high tensile and flexural strength properties @in
ultra-high performance fibre-reinforced concrete (UHPIRC)[3]. The UHPFRC mixtures are
often proprietary and expensive. The purpose of this research was to evaluate the potential
of using common fibre types with standard concrete ingredients in a fibreeinforced
concrete (FRChasan alternative to UHPFRC in bnk slab.

Using a selection of macro fibrecommonly used in slab on grade applications for crack
control, an optimized FRC mixture was developed following the principals established by
Rossi and Harrouchd4] . This mixture was hen used with a vai ety of fibre types to
evaluate the structural and durability properties of the FRC. Testing was conducted for

fresh mixture properties, compressive, tensile and flexural strength as well as freeg and



thawing resistance, linear shrinkage, environmental and salt exposure along with other
durability tests.

Results showed that the concrete mixture used for an FRC link slab should consist of; an
equal ratio of fineand coarse aggregate by weight ana higher than normal percentage of
cement paste, for optimal workability and a dosagef 1.5% by volume of macro steel
fibres. Hooked-end steel fibresresulted in the best performance increase to the FRC of the
six fibre typestested.Results also showedhat reinforcing cage for an FRC link slab should
be designed to ensure that fibres can evenly reach all areas of the link slab form to give
homogeneousfibre distribution. Although the FRCs created did not perform to the high
level of a UHPFRGhese resuts show a consistent and effective FRC can be created, for use
in a link slab with common filres and standard concrete materials to provide &ess

expensiveand more widely available FRC link slab than UHPFRC.
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1.

Introduction

In the Province of Ontario there are over 2,700 highway bridegs owned and maintained
by the Ministry of Transport alone[5]. The maintenance and repair of these aging
structures is a significant cost to the government each yeadne of the biggest
impediments to long-term durability of bridge structures in the Rovince of Ontario is
the failure of traditional expansion joints.When the seatin a traditional expansion joint
fail, it creates a break in an otherwise continuous bridge deck that will allow water, road
salts and other harmful contaminants from the road surface to penetrate the deck and
deteriorate the supporting structure of the bridge. One solution to the problems of
expansions joints is to replace the joint with a link slabA link slab is a flexible concrete
section that connects the bridge decks in place of an expansion joint and allows for
movement through deformation of the link slab.When a link slab is installed it makes
the surface of the bridge continuous while the supporting girders remain simply
supported. A link slab must be designed to withstand significant force effects with both
bending moment and tendle loads. To resist these loads without cracking a link slab is
commonly designed with a high volume of steel reinforcemenvhich can make
constructing a link slab difficult and costly.

To reduce the need for such a complex steel reinforcement cagesearch has been done
with ultra -high performance fibre-reinforced concrete (UHPFRC) to allow the concrete
to handle higher load effects without cracking3]. The increased flexibility and tensile
resistance of the UHPFRC allvs the amount of steel reinforcement required to prevent
cracking to be reduced, simplifying the construction of a link slab. These UHPFRC

mixtures are often expensive and the materials or mixture designs used are often kept



proprietary. This can become poblematic when working with public sector projects that
do not allow the specification of proprietary, sole source products that could result in
high or unnecessary costs.

The purpose of this research was to determine if a fibreeinforced concrete (FRC)
mixture could be developed, from readily available, norproprietary materials, which
could be used in a link slab with significanstructural and constructability benefit with
minimal additional cost. Using the common concrete ingrednts available in the
Province of Ontario, a concrete matrix was developed to test multiple macro fibre types
available on the market for their structural properties and durability, as well asthe fresh
properties of the FRCs they produce. Although not all fibre types could bested, a
variety were selected to represent the majority of possite options in the market to

demonstrate what fibre types were the best options foran FRQink slab.



2. Literature Review
2.1.Link slabs

A fundamental problem with any large span bridge is expamon and contraction of
the materials. To deal with this, most bridges employ one or more expansion joint
to allow the materials to move freely. The problem with these expansion joints is
that they become weak points in the deck structure allowing for det@ration to
begin [6]. This weakness is due to expansion joints being a break in an otherwise
continuous bridge deck surface. When a gap in the deck forms at an expansion
joint, it allows water and road salts from the road surdce to leak down onto the
supporting structure of the bridge. Once the under structure of the bridge is
exposedto this destructive environmentit will start to cause damagd1], one

example of which can be seen iRigure 2.1.

Figure 2.1 z Deterioration under failed expansion joint[1]

Once these contaminants start to damage the structure of the bridge it can become
a serious problem UWhlike the deck surface that can easily be replaced, if the
structure of the bridge is severely damaged it can be a major project to repair.
Although expansion joints are highly problematic, they arghe most common
approachto allow for the expansion and contraction of the bridge due to thermal

volume changes and shrinkage over tim&.o avoid this weakness, an alternative to
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traditional expansion joints needs to be considered; one such alternative is a
concrete link slab. A link slab can be used to convert an existing, simply supported
bridge design to a bridge with a continuous deck over its full lengtf6] or installed

in a new construction application. Although the bridge deck is made to be
continuous, the girders remain simply supported making this an easy option for

retrofitting existing structures [7] as shown inFigure 2.2.

Bridge Deck C onventional Expansion Joint

\ \ \

Dwrable ECC Link Slab

Figure 2.2 z Diagram of conventional expansion joint (top) replaced with a link
slab (bottom) [8]

To compensate for expansion and contraction of the bridge, a link slab is added in
place of a traditional expansion joint. This relatively flexible concrete section is
designed to allow the bridge to move and bend undende loads and as the bridge
expands and contracts with thermal changg?]. The current method for desigmg

a link slab involves a heay steel reinforcement cage throughout the link slab. This
reinforcement is needed to controlcracking in the link slab due to the high forces
and moments generated in this are¢9]. The addition of fibrereinforced concrete
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(FRC) can be used to reduce the amount of reinforcement required to handle the
load as well as réluce the crack propagation and expansion throughout the link
slab[3]. This reduction in tradtional steel reinforcement canmake link slabs
easier and less expensivéo construct, and the crack controlling properties of FRC
wil | make link dabs more durable over the longterm. FRC should provide smaller
crack widths under service loads than regular concretas well asgiving the

concrete a ductilelike behaviour after cracks have formed10].

2.2.Fibre-reinforced concrete
The properties of Fibre-reinforced concrete can vary greatly based on the type and
amount of fibre in the mixture. Some common advantages fibre-reinforced
concrete over traditional concrete are (i) a higher impact resistancgl1] [12], (ii)
improved strength and toughnesq13], (iii) better tensile and flexural resistance
[14],and (iv) crack width reduction [15]. The fibres act similarly to traditional
reinforcing steel but on a smaller scale, evenly distributed through the concrete
increasing tensile and flexural strengti14]. Fibres also bridge crackrestraining
growth and propagationthroughout the matrix, thereby increasing the toughress
and giving the concrete betteresistance to cracking15]. Thisevenly distributed
reinforcement also strengthens the cocrete by holdng it together undertensile
and compressive loadsThe addition of fibre to the concrete mixture caphowever,
increase the voids in the concrete matrix.fitoo many voids are presentit can
weaken the concrete and redue the effectiveness of the fibreas they are no

longer securely anchored14]. The nodern use of fibrereinforced concrete has



primarily been limited to controlling cracks from thermal and drying shrinkage in
on grade floor slabq16]. More recently, FRCs are being used and investigated for
their structural and durability benefits. These two types of applications have very
different approaches to the concrete mix design. Floor slabs often have little
alterations to mix design and lav fibre dosagesof 0.5% by volumeand lower [17].
The exent of the mix design for thistype of FRC can be as little as the addition of a
bag of fibres to a standard concrete mixture once the truck arrives on site, followed
by the addition of a superplasticizer(high-range water-reducing agent) until the
mixture reaches an acceptable consisten@nd workability [12]. On the other end

of the spectrum, mixtures that take advantage of FRCs structural befits, often
referred to as ultra-high performance fibre-reinforced concrete (UHPFRC), have
highly developedand strictly specified concrete mixtures that are usually kept
proprietary [18]. These UHPFRC mixtures can contain megdte to high volumes

of fibre, typically from 1% to 3% and abovd13], with little or no coarseaggregate
[18]. They often contain other admixtures such as silica fume and fly ash to further

modify the properties of the FRG19].

2.2.1. Fibre options
Most of the basic differences between FRC and standard concrete are common
amongst all fibre types but, depending on what material is used as the fibre,
different properties of the concrete can be altered and improvedASTM
International has set a standard for the production of FRC that defines all the

materials and processes used in production. This standard is C1116/C1116M



Standard Specification for FiberReinforced Concretg20]. ASTM breaks down

FRC in four concrete types based on the kind of fibre used in each type.

Type | refers to concretethat is made with steel fibresincluding stainless steel
or carbon steel. Steel fibres are one of the most common fibre types and have
been used in modern construction for many yearf21]. Type | fibres are also
governed by the ASTM Standard A820. ASTM further claféss steel fibres into
five types based on the method used torpduce them. The five types ar§22]:
Type I: colddrawn wire z Fibres made from wire that is cut to a specific
length
Type II: cut sheetz Fibres cut from sheets obteel
Type lll: melt-extracted z Fibres drawn from molten steel and rapidly
cooled
Type IV: mill cutz Fibre mill cut from sheets of steel similar to Type Il
Type V: modified colddrawn wire z Type | fibres that have an added

surface pattern for betteranchorage

ASTM AB820 describes the requirements for all steel fibres. Type | and type Il
fibres are specified by the measured dimensions, diameter or thickness and
width, respectively, of the parent material before they are cut, where type lIlI, IV
and V ae specified by the equivalent diameter of the actual fibres after
production. All fibre types are required to pass both tension and bending tests,

each on ten randomly selected samples per 4500 kg of material. The tension test



requires that the average tesile strength of the ten samples iat least345 MPa
and that no sample has a tensile strength less than 310 MPa. The bending test
requires that at least nine of the ten samples can be bent around a 3.2 mm
diameter pin to an angle of 90 degrees without braking. Additionally, ten
samples from every 4500 kg are measured to make sure that 90% of the
samples do not vary from the nominal dimensions. Variations allowances are
+10% for length and equivalent diameter and:15% for aspect ratio. The
manufacturer isrequired to perform and provide proof of the above test unless

otherwise specified in the purchase.

Type Il FRC is concrete that is made with @ss fibres known as glas$ibre-
reinforced concrete (GFRC). GFRC is often used in the production of external
cladding panels for buildings. Because of the higher tensile and bending
strength [23] of the GFRC, the panels can be made thinner with the same
effectiveness. This often makes the precast panels much lighter in weight than
the standard concrete alternatives, making them easier to install and more cost
effective. Glass fibres naturally have a low resistance to highly alkaline
environments like concrete and will dissolve rapidly. Because of thialkali
resistant glass fibres wee developed to improve the longterm performance in
concrete, but these only slow the degradation of the glass fibrd24] so

durability can still be a concern



Type lll is concrete reinforced with synthetic fibres such as nylon,
polypropylene, polyethylene orcarbon. Polypropykene-fibre-reinforced

concrete is used in many applications, including decorative precast elements
but can also be used in structural situations to make thin wall elements for
buildings or storage tanks[25]. Polyethylene is often used as a replacement for
asbestos fibre reinforcement due to its similar properties while being less toxic.
These synthetic fibres are made by extruding the material and chopping it into
the desiredlength. S metimes the surface of the strands is reworked giving
them a rougher surface to adhere to the concrete matrix bettd25]. If the fibres
consist of a chopped polyolefin, such as polypropylene or polyethylene, they are
required to meet the ASTM standard D7508 Standard Specification for
Polyolefin Chopped Strands for Use in Concref26] . This standard states that
micro fibres must be 3z 50 mm in length with an equivalent diameter less than
0.3 mm, while macro fibres can be 12 65 mm in length with an equivalent
diameter of 0.3 mm or larger . Macro fibres must have a breaking strength of at
least 344 MPa. The most common application of these polyolefin fibres is for
prevention of shrinkage cicks in large slabg12] or where watertight concrete
is required [27]. Another polymeric fibre that is gaining use in the market is
polyvinyl alcohol (PVA). This fibre is often used in UFPFRC for sttural
applications. PVA fibres haveenshown to have a strong bond with the
concrete matrix and allow for an extremely flexible and ductile FR28].

Another kind of FRC in the tpe Ill category is carbonrfibre-reinforced concrete

(CFRC). CFRC has extremely high strength in both bending and tension and has



been used in high strength structural elements such as exterior curtain walls.
The first implementation of this on a lage scale was in Tokyo wher@anels
were able to be me third lighter than even the lightweight precast concrete

counterparts [29].

Type IV fibres are any fibres of natural or organic origin. These fibres can come
from many natural sources such as wood fibres or plant material@rganic

fibres that are made of cellulose material must meet the ASTM standard D7357
Standard Specification for Cellulose Fibers for FibeReinforced Concretd30].
Cellulose fibres must specify what organic material they arigom, if unknown

that must be specified, as well as what processing the material has undergone.
Other materials must meet the specifications laid out in C1116 Standard
Specification for FiberReinforced Concretg20] to prove that they are
adequately resistant to deterioration within the concrete. In addition to plant
fibre, animal fibres such as feathers have also been experimented with recently
[31]. Natural fibres were often used as reinforcement iancient times in some

of the earliest forms of concrete. Many ancient cultureare known to have used
natural fibres like straw and grass in building materials like adobe or clay bricks
[21] . Although, natural fibres are not wilely used in modern concrete
construction, they are 4dill often used in less developedtountries where
traditional building methods are used or where modern fibres are not easily

accessiblg32].
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2.2.2. FRC mixture proportioning
Only a few studies have been conducted on how to proportion an FRC mixture
and little has been done to develop a standard method for scientifically
developing an appropriately proportioned mixture. Very few guidelines exist for
the design of FRC. Some recommaations involve reducing the amount of
aggregate used in the mixturg13]. Most commonly the large aggregate is
reduced but these studies offer no exact way to determine how much aggregate
should be removed. Others state that emugh paste must be added to the
mixture to thoroughly cover all the fibres as well asthe aggregates to obtain

adequate strength for the mixture[33].

One study with a moresystematicapproach was conducted by P. Rossi and N.
Harrouche[4]. The design method that they developed involved two stages to
optimize the mixture for FRC. A standard concrete mixture with no fibres is
selected as a starting pait for the optimization. The desired quantity of fibres is
added to the mixture and a workability measurement is taken. The mixture is
then repeated but with the ratio offine aggregate tocoarseaggregate, or the
sand to gravel ratio (S/G ratio), changeavhile keeping the total volume of
aggregate the same. The S/G ratio is varied until a peak workability of the
mixture is observed. Once the optimal S/G ratio is found the workability of the
mixture can then be modified to achieve a desired workability fothe mixture

by increasing or decreasing the amount of paste within the mixturehereby
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changing the workability without changing the water cement ratio or addinga

superplasticizer[4].

2.2.3. Challenges with mixing, deliveryand installation
One of the most welknown problems with FRC is the problem of placing and
finishing the mixtures [12]. When fibres are added to a standard concrete
mixture, they have a detrimental impact on the workability otthe fresh
concrete. This &fect can often be as large a150 mm decrease of slump when
working with some fibre types[34]. To combat the loss of workability,
superplasticizer should be used to increase the slump rather than ¢haddition
of water, so that the water cement ratio is not increased and the strength of the
matrix is not reduced[12]. If the reduction in workability is not solved, it can
cause the finished concrete to have poor consolidatip causing strength and
durability problems [35]. It is recommended that, when placing FRC, tools such
as rakes not be usehs to not artificially orient the fibres in any direction. f
vibration is needed, to use an externalairce of vibration soas to not disturb

the uniformity of the fibres [36].

Another problem with FRCs centres on the addition and mixing of the fibres.
Some recommendations call for the fibres to be premixed with th@ggregates
before addition to the truck[36] but this process is not feasible for most
concrete batching facilities as existing plants are not setp for this procedure

[37]. Often the fibres are addd to the truck once it arrives on sitg36] . This can

12



cause problems with quality control if an inexperienced operator, who has not
worked with FRC before, over or under mixes the FRC or adds water to the mix
in place of superpasticizer. If an FRC is undemixed the fibres will not be given
a chance to distribute evenly throughout the mixture, leaving areas of higher
and lower fibre content and causingvarying properties throughout the finished
concrete[36]. Conversely, if the fibres are ovemixed, similar problems can be
created if the fibres begin to tangle and clump causing there to be areas of the
FRCthat are almost exclusively filve with little concrete matrix to hold the FRC
together [36]. If fibres are not evenly distributed throughout the mixture there

will be observable losses in compressive and tensile strength.

2.2.4. FRC Testing
For the most part testing of FRC is similar to that of regular nefibre concrete.
No gecial requirements for FRC are specified by ASTM for compressive
cylinder testing [38], splitting tensile testing[39], air content testing[40] or
slump testing[41]. One test that has been specifically designed to be used to test
the properties of FRC is ASTM C1609 Flexural Performance of Fitheginforced
Concrete (Using Beam With ThirePoint Loading)[42]. This test was developed
to determine the postcracking flexural strength of an FRC. This test uses four
point bending in a closed loop system that runs at a constant rate of midpoint
deflection. The resultant load and deflection are recorded up to, and yend,
cracking. Withsomefibre types and a high enough fibre content, the post

cracking responses can exhibit strain hardening and reach a higher load than

13



the initial cracking load. @Qher FRCs can exhibit high levels of sustained load

long after the initial cracking of the concretg42].
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3. Experimental procedure

The research approach for this study was divided into three categorieas shown in

Table 3.1. The first section was devoted to developing an FRC mixture suitable for use in

a FRC link slab. This mixture needed to use commonly available fibres and standard

concrete mixture ingredients. The secondectionwas to evaluate as rany fibre types as

possible forstructural benefits to the FRC mixture. The last stage was designed to test

the long-term durability properties of the concrete, ensuring that the resulting FRC

would perform at least as well astandard concrete over the lifespan of the bridge.

Table 3.1 z Research Approach

Test

Method

Objective

Mixture
optimization

Mixture optimization

Adjustment of S/G
ratio and paste %

High workability and
reliably consistent

Compressive and
tensile grength

Compressive and
splitting tensile

Ensure optimized
mixture has structural

Structural
properties

testing cylinder tests potential
Compressive strength| Compressive cylinder | Evaluatecompressive
testing tests strength of FRCs
Tensile strength Splitting tensile Evaluate tensile
testing cylinder tests strength of FRCs
Flexural testing of | ASTM C160% 4 point Flexural strength,
FRC flexural test for FRC stiffness, ductility

Flexural testing of
FRC beams with steel
reinforcement

FRC beams with steel
reinforcement tested
in flexure

Flexural strength and
stiffness, crack control

Material
durability
properties

Outdoor exposure
strain samples

Strain gaugedsamples
in environmental

Evaluate thermal and
long-term volume

conditions changes
Linear shrinkage Length change of FRQ Evaluate potential
testing samples shrinkage problems

Freezing and thawing
testing

ASTM C66& FRC
samples exposed to
300 cycles of +# C to
-18°Cto +#C

Evaluatelong-term
durability when
reputedly exposed to
winter conditions

Rust staining
observation

FRCs with carbon
steel or stainless steel
fibres exposed to road

salt solution

Evaluate stainless
steel as a potential
alternative when rust
staining is important
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3.1. Mixture design
There are two distinct options when choosing a mixture design for FRChere are
highly engineered ultra-high performance fbre-reinforced concretes (UHPFRC) for
structural applications, and then there are FRCs made by adding low doses of
fibres to a standard concrete mixture to reduce shrinkage cracking. The problem
with the first of these is they often come with a higltost and proprietary or secret
ingredients, making them less than ieal for widespread use. On the other hand
adding low doses of fibres in standard mixtures may reduce crackingut typically
cannot be relied upon for increased mechanical properties. For this reasgm
selection of common fibres were combined with availale concrete mixture
materials to developan FRGhat would have significant increases in mechanical
properties while retaining the ability to be produced at an average Ontario ready
mix or precast concrete plant withoutany major modifications.
3.1.1. Fibre types
The fbres selectedfor the study were primarily chosen based on those
commonly used in Ontario. Othg less common fibre types, specificallythe
polyvinyl alcohol and stainless steel fibres, were added to the study to
investigate their potential benefis. Only macro fibres were selected for the
study, due the need for them to bridge large cracks and provide greater
beneficial properties in structural applications. All fibresselectedconform to
ASTM C111420], are either Typel or Type lll fibres for use in concrete and are
commercially available products. Details of all fibre types are shown ifiable

3.3.
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3.1.1.1. Polypropylene polyethylene fibre

The polypropylene polyethylene fibre is a Type Il synthetic fibre as
described in ASTM C1116. The fibre was supplied by Euclid Chemical
and is marketed as TUFSTRAND SF®. This fibre is a macro synthetic
fibre made from a polypropylene polyethylene copolyner. The addition
of the polyethylene to the fibre gives the fibre additioal anchorage in
the concrete. As the fibre is mied into the concrete the polyethylene
beginsto fibrillat e or fray from the main fibre creating a larger surface

area to bond withthe concrete. This fibre is shown irFigure 3.1.

3.1.1.2. Crimped steel fibre

The crimped steel fibre is classified as a Type | steel fibre under ASTM

C1116 and is further clasified by ASTM A820 as a Type Il sheet cut

OOAAT FEEAOAS8 )OAEAOCAAPAAGATHAA AODUBDET x
3.2. Samples of this fibre were supplied by both Eudl and Propex. The

fibres from the two suppliers were dimensionally and compositionally
indistinguishable. A summarized version of the composition obtained

with X-ray fluorescence (XRF) is shown ifable 3.2.

Table 3.2 7z Crimped steelfibre composition analysis from XREweight %)

Supplier Alloy Mo Fe Mn Cr S P Si
Propex Iron/CS | <LOD|[98.739( 0.883 [ 0.009 [ 0.022 | 0.027 | 0.263
Euclid Iron/CS | 0.008 [98.742| 0.809 [ 0.074 | 0.030 | 0.025 | 0.186

3.1.1.3. Hooked-end steel fibre

The hookedend steel fibre is classified as a Type | steel fibre under

ASTM C1116 and a Type | drawn wire fibre under ASTM A820. This
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3.1.1.4.

3.1.1.5.

3.1.1.6.

fibre was supplied by Propexand is marketed under the name Novacon
1050%®. The fibre has the appearance of steel wire with bent up ends to
anchor it in the concrete as shown ifrigure 3.3.

Deformed carbon steel fibre
The deformed carbon steel fibre is classified as a Type | steel fibre
under ASTM C1116 and is further classified by ASTM A820 as a Type Il
sheet cut steel fibre. This fibre was supplied by Fibercon International
Inc. and is sold undethe name CAR25CDM. The fibre has a flat straight
shape with stamped deformations along its length as show #rigure 3.4.
This fibre was selected due to its dimensiaal similarity to the following
stainless steel fibre supplied by the same company.

Deformed stainless steel fibre
The deformed stainless steel fibre is classified as a Type | steel fibre
under ASTM C1116 and Type Il sheet cut steel fibre under ASTM A820.
This fibre is dimensionally the same as CAR25CDM from Fibercon
International Inc., but is made from a 430 grade stainless steel instead
of low carbon steel. This fibre is shown ifrigure 3.5.

Polyvinyl alcohol (PVA) fibre
The PVA fibre is classified by ASTM as a Type Il synthetic fibre. The
fibre is made from polyvinyl alcohol and has an appearance as shown in

Figure 3.6. This fibreis produced byNycon and is called PVA& RF 4000.
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Figure 3.1 z Polypropylene polyethylene fibre

Figure 3.2 z Crimped steel fibre
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Figure 3.3 Z Hooked-end steel fibre

Figure 3.4 z Deformed carbon steel fibre
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Figure 3.5 7 Deformed stainless steel fibre

Figure 3.6 z Polyvinyl alcohol (PVA) fibre

Table 3.3 z Fibre properties (as reported by manufacturer)

Specific

Name Length (mm) | Aspect Ratio Gravity
Polypropylene polyethylene 51 74 0.92
Crimped steel 50 45 7.7
Hooked-end steel 50 50 7.7
Deformed carbon steel 25 41 7.7
Deformed stainless steel 25 41 7.7
Polyvinyl alcohol (PVA) 30 45 1.3
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3.1.2. Mixture optimization
Initially , two commonly available fibres were selead for the mixture
optimization: the crimped steel fibre and the polypropylene polyethylene
fibre. An initial mixture design was selected from a common highway bridge
concrete mixture used in Ontario. This mixture was then modified following a
method based on tlat outlined by P. Rossi ad N. Harrouche[4], where an
initial mixture with fibre added is chosen and then incrementally modified to
optimize the workability. This is done by first holding constant the
cementitious content,total aggregate contem, fibre volume and
water/cementitious (w/c) ratio while varying the ratio of fine aggregate to
coarse aggregate, or the ratio of sand to gravel (S/G). The workability is then
determined by aslump test and the optimum ratio is selected as that
exhibiting the highest workability. To further adjust the workability, the
amount of cement paste in the mixture is adjusted until the desired
workability is achieved. This adjustment is made by increasing or decreasing
the amount of water and cementitious materialadded to the mixture, while
keeping thew/c ratio and the optimum S/G ratio constant. This mixture
optimization procedure was carried out for 1% and 2% by volume of the
crimped steel fibre and polypropylene polyethylene fibres and a no fibre
control mixtur e. Shown inTable 3.4 is a sample mixture optimization for the
1% polypropylene polyethylene FRQ@vith the selected S/G ratio in bold face.
All mixtures carried out in the optimization procedure are shown in

Appendix A
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Table 3.4 z Optimization mixtures for the 1% polypropylene polyethylene FRC (per cubic

metre)
S/G ratio Paste percentage (%)

Units 0.7 1 15 2 26.75| 30.0 | 325 | 35.0
Gravel kg 1042 | 886 709 591 709 677 653 629
Sand kg 730 886 | 1063 | 1181 | 1063 | 1016 | 980 944
GU cement kg 263 263 263 263 263 295 320 345
Slag kg 88 88 88 88 88 99 107 115

Fibre kg 10 10 10 10 10 10 9 9
Air entrainer mL 235 235 235 235 235 235 235 235
Supemplasticizer [ mL 333 333 333 333 900 | 1009 | 1093 | 1177
Total water L 157 157 157 157 157 176 190 204
Slump mm 0 3 5 0 0 40 90 180

With each batch mixed in the optimization phase, cylinders were cast to
perform both compressiontesting and splitting tensile strength tests. This
information was used to determine if the optimized mixture would have
significant structural properties to be considered for further testing. Once an
optimized mixture was foundfor fibre type and dosageit was seen that the
optimal proportions were similar across all mixtures.For simplicity it was
assumed thatthe same mixture proportions could beused with all six fibre
types for material property tests. The optimal S/G ratio was found to be in the
range of 21.5 and as a result a ratio of 1 was selected to reduce the volume of
sand required and minimize the change from the original mixture. A paste
percentage of 35% was selected for the FRCs because it gave adequate
workability without the need for a superplasticizer. Adosage of 1.5%ibre
volume was selected asgn upper limit on what would be commercially used,
while still maintaining the benefits of a high fibre content The mixtures used for

further material properties testing are shown inTable 3.5.
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Table 3.5 7z Optimized mixtures used in FRC materialqoperty testing (per cubic metre)

1.5% 1.5%
1.5% 1.5% 1.5% Deformed | Deformed
No | Polypropylene | Crimped | Hooked 1.5% | stainless | carbon
Mix Units | fibre polyethylene steel end steel PVA steel steel
Gravel | o | g28 781 781 781 781 781 781
(19mm)
Sand kg | 828 781 781 781 781 781 781
GU kg | 319 344 344 344 344 344 344
cement
Slag kg | 107 115 115 115 115 115 115
Fibre kg 0 14 116 116 20 116 116
Alr mL | 237 233 233 233 233 233 233
entrainer
Total L | 190 204 204 204 204 204 204
water
SIG - 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Paste% | - | 325 35 35 35 35 35 35

3.2. Material preparation

3.2.1. Concrete mixing

One of two concreteshear pan typemixers was used for mixng each of the

concrete batches One mixer had a capacitgf approximately 0.2 cubic metes

(large mixer), shown inFigure 3.7, while the other had a capacity of 0.05 cubic

metres (small mixer), shown inFigure 3.8. Each mixture was designed to have

an optimal volume for either the large or small mixer to ensure that adequate

mixing of the material was achieved.
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Figure 3.8 z Small lab mixer

3.2.2. Concrete casting
All specimens were cast in accordance with ASTM C1P&]. Moulds were

either made of wood, steel or plastic depending on the sample type. External
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vibration was used to give optimal compaction of the concrete. The external
vibration was provided by a vibration table, onwhich moulds were placedfor

10 to 15 seonds after each lift of concrete was added. Samples were then
finished with a magnesium float and covered with wet burlap and plastic. After
24 hours, samplesvere de-moulded and placed in a high humidity curing room
until testing. This procedure was follaved for all samples unless otherwise

stated.

3.3. Fresh properties
Fresh properties were tested to establish the workability of the mixture, and to
give an indication of whether the concrete was mixed angroportioned correctly

and met Rovincial air content requirements.

3.3.1. Slump testing
A slump test was conducted orach batch of concrete produced followin\STM
C143[41] or CSA A23.25C[44]. Slump was tested to determine the workaltity
of the concrete. Some slump testwere conducted before and after fibres were
added in the preliminary optimization phase to gain a better understanding of
the effects of fibres on workability. Thereafterslump was only tested after the

fibres were added.

3.3.2. Air content testing
Air content testing was conducted in accordance with CSA A234Z[44] on all

concrete mixes produced. The air content was measured and recorded to assess
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the consistencyof the concrete mixture as wells to ensure the concrete would

meet Rovincial specifications of 5-8% air entrainment [45].

3.4. Structural properties
The structural properties of the various FRC mixes were evaluated to determine
useful properties that can beapplied to design. Compressive ahsplitting tensile

strength wastested as well as the flexural properties of both reinforced and

unreinforced FRC.

3.4.1. Compressive strengthtesting
Compressive strength testing was completed on three samples for every batch
of concrete produced in accordance with ASTM C398]. Cylindrical samples
were cast in D100 x 20amm plastic moulds and were placed directly into the
high humidity curing room. When samples were danoulded, they were again
placedin the high humidity room until testing at 28 days. This curing method
was followed for all samples, except during the optimization phase, where
samples were cured wet fotwo weeks and set out in ambiern conditions for the
remaining two weeks to better smulate real world conditions.
At 28 days the sample ends were ground flat and parallel, thesamples were
placed in a hydraulic testing machine and tested until failure. Failure load and

strength were automatically determined and recorded by the testingnachine.
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3.4.2. Splitting tensile strength testing
Splitting tensile strength testing was completed on three samples for every
batch of concrete. Samples were cured in the same way as explaine@.i.1for
the compressive strength samples. At 28 days the sample lengths were
measured and recorded and samples werglaced in a splitting tensile testing
apparatus as shown irFigure 3.9. This was thenpositioned in the hydraulic
testing machine and tested until failure, with the machine automatically

recording the peak load from which the tensile strength \as calculated.

Figure3.97 Slitting tensile testing piparatus

3.4.3. Flexural testing of FRC
Samples were cast irt50 x 150 x 500mmwooden moulds,to create samplesas
shown in Figure 3.10, in accordance with ASTM C16042]. A testing sipport

set-up wasdesigned and fabricatedvithin ASTM C1609 guidelines, with
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modifications currently recommended by the committee that are yet to be
adopted by ASTMand with advice from the personal experience of M. Mahoney
[46] and J. McCantRl7]. Concrete mixtures were cast with 1.5% by volume of
each ofthe six fibres described above, in addition to a no fibre control mixture.
Samples were moist cured for 28 days and tested in a 100 kN capacity hydraulic
test frame as shown inFigure 3.11. Control of the frame was done by a closed
loop system with displacement transducers mounted at the midpoint of the
concrete specimens. Data from a load cell as well as the displacement
transducers were automatically collected by the computer system. The rate of
displacement was adjusted based on the guidelines in ASTM C1609 and the test
was run until the displacement reached approximately 4mm so that dataeve
collected at least to the displaement equal to 150 of the span length [/150).
After the test was completed on three of each FRC type, one sample was
replaced in the test frame andoadedto the point of total separation to allow

the fracture surface to be examined.
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Figure 3.11 7 ASTM C1609 test setip in testingrme

3.4.4. Flexural testing of FR@eamswith steel reinforcement
Three sets of two beams were cast with mbedded reinforcing steel cages as
shown in Figure 3.12. Each beam measured 150 mm by 100 mm and 1.9 m in
length. The beams containedwo 10M steel reinforcing bars at a depth of 100

mm with shear reinforcement stirrups outside of the maximum moment zone to
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a Stirrups

prevent premature shear failure.A reinforcement depth of 100 mm was
selected because it resulted in similar reinforcement and efééive depth to
overall depth ratios of that used in a link slab constructed by the ministry of

transport in Ontario.

- 100 = _— 2 1/4" smooth bars
i i
- P
o~ 1 ) 3/16" Stirrup
’ o
3 & 35 mm Clear cover to
3 longitudinal reinforcement
b__! . v
\J
2 10M Bars
!

jt—— Sfirmups @ 50 mm c/c

@ 35 mm clc

f=— 200 ! 500 ! 500

! 500

Figure 3.12 z Reinforced FRC flexural beam layout (mm) (NTS)

These cages are shown iRigure 3.13 before they were installed in the moulds
and in Figure 3.14 after they were placed in the moulds. Each set of two beams
was cast with a different concrete mixture: one control standard concrete with
no fibres, one FRC with 1.5% by volume polypropylengolyethylene fibres and
one with 1.5% by volume hookedend steel fibres. After the concrete was added
to the moulds, a handheld pencil vibrator was used to provide both internal and

external vibration to the beams to assure proper consolidation of the baas.
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The beams were then wet cured under burlap for one week and theemoved

from their moulds and stored in ambient interior conditions until testing.

Tests were conducted 28 days after casting of the reinforced FRC beams. The
beams were tested sequentially in a four point hydraulic testing frame wh load
points spaced at 500 mm as shown iRigure 3.15. Each beam was then tested at
a constantdisplacement rate of 1 mnper minute with displacement measured

at the centrepoint of the beam. Additionally, the test was paused ategular load
intervals and photographsof the crack pattern were taken along with crack

width measurements using a crack microscope. The tests were continued until a

point when an obviouscondition of failure was observed.
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Figure 3.15 z Reinforced FRC beam testet-up

3.5. Material durability properties
3.5.1. Outdoor exposure strain samples
Samples were cast to measure the effects of lotgrm environmental exposure
on FRC. These samples measured 330 x 457 x 254mm (13 x 18xdl [ hadia A
vl I} ¢ 6 Gding &el Bastihio the top surface of the sample as shown
in Figure 3.16. Each sample had two or threerabedded vibrating wire strain

gaugeswith thermistors that were placed at mid height prior to casting.

-

Figure 3.16 z Design of outdoor exposure samples with embedded strain samples
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The concrete mixture used was the standard neoptimized mixture with either

0.5% crimped steel fibres or 0.5% polypropylene polyethylene fibre added or a

control mixture. These mixtures are shown infable 3.6.

Table 3.6 z Concrete mixtures used in outdoor exposure strain samples

Crimped steel | Polypropylene
Units No Fibre FRC polyethylene FRC

Gravel (19mm) kg 1060 1060 1060
Sand kg 730 718 723

GU cement kg 266 266 266
Slag kg 89 89 89
Crimped steel fibre | kg 0 45 0
PP fibre kg 0 0 5

Air entrainer mL 237 237 237

Water reducer mL 800 800 800

Superplasticizer mL 900 900 900

Water L 159 159 159

Due to the longterm nature of this experiment samples were cast early in the
research period and, as a resulhave a much lower dosage of the fibres than
other mixtures tested. Because optimized mixture had yet to be carried out

Two samples were cast witheach mixture type and were cured under burlap

and plastic for 7 days before being moved to an exposed outdoor location where
they were subjected to the natural elements and temperature conditions of
Southern Ontario. The ponding well of one sample of eatype was filled with
sodium chloride (NaCl) @nalysis shown inAppendix B) road salt brine while the
other was filled with water. The ponding wells were refilled orreplenished

when necessary. $&in and temperature measurementsvere automatically

collected hourly by a data logger starting from approximately 2 hours after
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concrete placement up to 96 weeks of exposur@xcluding thetime taken to

move samples outside and reconnect the gauges.

3.5.2. Linear shrinkage testing
Shrinkage samples were cast from each of the batches used for the ASTM C1609
samples. Steel moulds were usedith dimensions of 75 x 75 x 84 mm, shown
in Figure 3.17,to cast samples with enbedded stainless steel gauge studs at

eachend as shown inFigure 3.18.

Figure 3.18 7z Linear shrinkage sample
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TestMethod LS435, Rev. No. 2348] provided by the Ontario Ministry of
Transportation was followed where possible. LSI35 is similar to ASTM C157.
Samples were demoulded at approximately 24 hours from the time of casting, a
length reading was taken and the samples were placed in a lime (Ca(GQH)
saturated water bath as described in L&35. At 7 days of agghe samples were
removed from the bath and the initial&ero length changéreading was taken

with a length comparator as shownn Figure 3.19.

Figure 3.19 z Measurement of length change with length comparator

Samples were then stored in a sealed container for the reminder of the test
except when measurements were taken. Length change measurements were
taken at 1, 7, 8, 14, 21, 35, 56 and 112 days of age with an additional

measurement at 224 days if time allowedvithin the duration of the research.
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3.5.3. Freezing and thawing cycle testing
Samples for freezing and thawing testing according to ASTM C6B®] were
cast from the same concrete mixture as the samples for the ASTM C1609 tests.
Steel moulds were used to cast samples 76 x 102 x 4686n (3 x 4 x 16") in size.
Samples were stored in a high humidity room or in saturated lime water until
time of testing. Initial weight and fundamental frequency measurements were
taken and recorded before samples begathe freezing and thawing cycles.
Samples were then submerged in water and were placed in a freeteaw

chamber, as shown irFFigure 3.20.

AP | TN
N - . =
7 % /
“ 6 N

Figure 3.20 7 Freezethaw chamber with samples

The chamber was set to cycle between +4°C anl8°C and back to +4°C
approximately every 3 hours. The internal temperature of a concrete dummy
specimen was recorded every 10 minutes with an automatic data logger. After 7
days (approximately 50 freezing and thawing cycles}he samples were

removed andtheir weight and fundamental frequency masurements were

again taken and recorded. The fundamental frequency was measured with an
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ultrasonic frequency testing unitwithin the range of 1to 5 kHz shown in Figure

3.21.

-

Figure3.217 UItrasoic testing setup for fundamental frequency

After measurement, samples were replaced in the chamber and measurements
were repeated every 7 days, until 300 freezing anthawing cycles had been

completed.

3.5.4. Rust staining observation
A common problem with steel fibres is the spotted rust staining that appears on
the surface of the concrete after time. To evaluate if this problem could be
avoided by using stainless stedlbr es, a qualitative test was developed. Two
standard D100 x 200mm cylinders were cast, one containing the deformed
carbon steel fibres the other containing the deformed stainless steel fibre with
the same dimensional properties. Each cylinder was cut in Hab expose an
internal surface as well as the cast outer surface. The half cylinders were placed

together in a bath of calcium chloride (Cag) anti-icing road salt solution as
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shown in Figure 3.22. Analysis of calcim chloride solutionis shownin
Appendix B The cylinders were then observed and photographed over time to

observe differences in the rust staining of the surfaces.

Figure 3.22 z Half cylinders in salt solution
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4. Results

4.1. Mixture design

4.1.1.

4.1.1.1.

Mixture optimization
The mix design optimization was carried oubased on astandard mix for
non-FRC concrete that is currently used in the province of Ontario for bridge
construction. The twoproportions that were varied in the optimization
process were the sand to gravelS/G) massratio and the volume paste
percentage. These we found to be 0.7and 26.75% respectively for the
standard mixture. The selected testing values for th&/Gratio were the
initial 0.7 increasing to 1, 1.5 and Z2T'he values of paste content were chosen
as 26.75%, 30%, 32.5% and 35% paste.

Slump testing
Using the results of the slump testhe optimal sandto gravel (S/G)
ratio was selected for each fibre type. The results of the slump tests on
the optimization mixes are shown inTable 4.1 for the no fibre mixture,
polypropylene polyethylene (PP) FR@nd the crimped steel(St) FRC

Table4.1 z Slump values forS/Gratio optimization (mm)

SIG No Fbre 1% PP FRC| 2% PP FRC] 1% StFRC | 2% S FRC
0.7 30 0 0 0 NA

1 45 3 NA 35 90

15 0 5 0 0 70

2 0 0 NA 0 60

After each sand gravel optimizatiorsetwas conducted an optimal ratio

was selected from the mix with the peak slumpPeak slump was

observed for mostmixes to be in the range of 1 to 1.5sand gravel ratio
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as seen infable4.1. Once an appropriate S/@atio was selected shown
for each mixture inTable 4.2, it was used in the next teswhere the

percentage of pastan the mixture was varied and the increase in slump

was recordedfor each mix as shown inrable4.2.

Table 4.2 z Slump values for paste percentage optimization (mm)

Paste No Fibre | 1% PP FRC| 2% PP FRC| 1% S FRC | 2% S FRC
SIG 1.0 15 15 1.0 0.7
26.75% 0 0 0 30 5
30.0% 70 40 20 150 120
32.5% 175 90 NA 230 170
35.0% NA 180 140 NA 185
As can be seen ifTable4.2, as the pastecontentincreased, the slump
and workability of the mix also increasel. Some mixes in the paste
percentage sets were not done to save time if a reasonable trend was
established4 EAOA AOA AAOGECT AGAA ET OEA
4.1.1.2. Air content testing

Air content tests were conducted on each batcimade in the
optimization phase to establish how changing the variables would affect
the air content of the FRC mixes. The atontents for eachFRC mix are

show in Table4.3.
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Table 4.3 z Air content for FRC optimization

SIG No Fibre 1% PP FRC 2% PP FR(Q 1% St FRC| 2% St FRC
0.7 2.5% 3.5% 5.0% 5.0% 4.5%
1 4.0% 5.0% NA 3.5% 7.0%
1.5 7.0% 6.5% 8.0% 9.0% 8.0%
2 7.0% 11.0% NA 6.0% 7.0%

Paste No Fibre | 1% PP FRC 2% PP FRC] 1% St FRC| 2% St FRC
26.75% 6.0% 9.0% 8.0% 3.5% 4.0%
30.0% 4.5% 5.5% 5.0% 6.0% 5.0%
32.5% 4.5% 7.0% NA 6.5% 5.5%
35.0% NA 7.0% 9.0% 4.0% 6.0%

4.1.1.3. Compressive strengthtesting

Compressivecylinder tests were conducted 28 days after casting of
each batch in the optimization phase. Cylinders were wet cured for two
weeks and cured in ambient conditions for the remaining two weeks to
simulate real world casting conditions.The average ompressive
strength of three specimens for each concrete mixtures shown in Table

4.4 with full results shown in Appendix C

Table 4.4 7z Average 28 day compressive strength for FRC optimization mixes (MPa)

SIG No Fibre | 1% PP FRC| 2% PP FRC] 1% St FRC| 2% St FRC
0.7 53.08 58.46 37.59 64.09 45.98
1 49.57 52.42 NA 54.66 42.61
15 56.21 52.64 48.69 59.65 42.46
2 51.34 50.89 NA 58.27 40.90
Paste No Fibre | 1% PP FRC| 2% PP FRC] 1% St FRC| 2% St FRC
26.75% 57.92 50.70 48.69 55.11 45.13
30.0% 53.82 50.52 49.57 50.30 41.27
32.5% 51.01 48.06 NA 50.93 38.87
35.0% NA 47.48 40.57 53.39 41.02
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4.1.1.4. Splitting tensile testing
Splitting tension cylinderswere tested at 28 days alongside the
compressive cylinders from their respective mixes. Cylinders were cast
and stored in the same manar as the compressive cylindersThe
average splitting tensile strength was calculatedvith the equation

given in ASTM C@6 as:

Where:

T is the splitting tensile strength in MPa

Pis the maximum load at failure in N

| is the length of the cylinder in mm

dis the diameter of the cylinder in mm
Three cylinders from each mixture were tested in the splitting tensile
testing apparatus and the average splitting tensile strengtbf each

mixture is presented inTable 4.5 with full results shown in Appendix D.
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Table4.5 z Average 28 day splitting tensile strength for FRC optimization mixes (MPa)

SIG No Fibre | 1% PP FRCl 2% PP FRC] 1% St FRC| 2% St FRC
0.7 4.32 4.98 4.53 7.15 5.49
1 4.18 4.82 NA 5.72 5.15
15 4.16 5.43 5.26 6.93 5.52
2 3.83 4.96 NA 5.84 4.68
Paste No Fibre 1% PP FRC 2% PP FRQ 1% St FRC| 2% St FRC
26.75% 3.90 5.08 5.26 5.87 5.93
30.0% 3.88 4.63 5.06 4.98 5.42
32.5% 4.24 4.60 NA 5.68 5.44
35.0% NA 4.58 4.28 5.34 5.29

4.2. Structural properties of FRC with selected fibre types
After optimization, a fibre dosage of 1.5% by volume was selected with a sand
gravel ratio of 1:1 and a high 35% paste percentage to achieve optimal workability
and strength for all fibre type. The selected mixes are shown fable 3.5. Samples
were cast to evaluate further the structural properties of the FRC mixeghe fibre
types tested were polypropylene polyethylene, crimped steel, hookeend steel,
PVA, deformed stainless steel andeformed carbon steelto evaluate as many of the

commercially available fibre productsas possiblefor potential benefits.

4.2.1. Flexural testing of FRC
ASTM C1609 flexural testing was conducted on six FRC mixtures and a
control mixture of no fibre concrete.The ASTM C1609 test is specifically
designed to test thepost-cracking behaviour of the FRCBecause the control
mixture did not havefibres, it did not exhibit any post-cracking behaviour.

The full load deflection curve for the no fibre control concretes shown in
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Figure 4.1 while Figure 4.2 shows thedata onthe same abscissacde as for

the other fibre types to allowcomparison.
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Figure 4.1 z Flexural load deflection curves for no fibre control
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Figure 4.2 z Flexural load deflection curves for no fibre control (common scale)
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The first set of flexural testing was conducted othe no fibre control
concrete, the polypropylene polyethylene and crimped steel FRE The load
deflection curves for theseFRG are shown inFigure 4.3 and Figure 4.4
respectively. Thepolypropylene polyethylene FRCdisplays a larger iniial
load drop after cracking but with a flat postcracking responsewhereas, the
crimped steel fibre shows a moreggradual andconsistent decline in strength
over the postcrackingregion. The polypropylene polyethylene FRC shows
large drop off immediately after crackingin all three samples whichwere
believed to be a result of a slow reaction of the frame to respond when the
beams crackbecausewhen the tuning of the frame was adjusted to a faster
response rate this drop wasnot seen in other samplesThe actual response
is believed to follow a more direct transition from the peak load to the

sustained load region.
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Figure 4.3 7 Flexural load deflection curves for polypropylene polyethylene FRC
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Figure 4.4 z Flexural load deflection curves for crimped steel FRC

Figure 4.5 through Figure 4.8 show the load deflection curves fothe hooked

end steel, PVA, defmmed stainless steel and deformed carbon ste&lRC

samples.
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Figure 4.5 z Flexural load deflection curves for hookeeend steel FRC

When testing the flexural beams for the PVA FR@oblems with the
constancy of the power supply to the lalbecause o localstorm causedone
of the samples and the backupamplesto fail without complete data
collection. As a result there are only two load deflection data sets shown for

the PVA FROniFigure 4.6.

48



60

—PVA FRC Sample 1

50
I —PVA FRC Sample 2
40
z
<. TN
o N
3
10 S~
0 T Tl 11 | S S S Y S S S S | L s 1
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0 4.5
Deflection (mm)
Figure 4.6 z Flexural load deflection curves for PVA FRC
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Figure 4.7 z Flexural load deflection curves for deformed stainless steel FRC
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Figure 4.8 7 Flexural load deflection curves for deformed adon steel FRC

Figure 4.9 show representative samples loa deflection curve from each

mixture together for comparison.
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Figure 4.9 z Flexural load deflection curves ofepresentative samples

50



Figure 4.9 indicates that the hooked-end steel FR®as the highest post
cracking response over the testing peod and that the deformed stainless
steel FRC and the deformedarbon steel FRGwith the same nominal
dimensions, show similar flexural responses. Bdt of these are again evident
in Table4.6, which shows theaveragenumerical results specified byASTM
C1609with full results shown in Appendix E

P1, Rsoo and Piso are the first cracking load, the load at/600 (0.75mm) and
L/150 (3mm)

f1, fs00 and fiso are the flexuralstrengths corresponding to R, Rsoo and Piso

calculated with equation:

00
o

Where:

"Qis the flexural strength at x (MPa)

0 is the load at x (N)

0 is the span length (mm), 450mm

wis the width of the sample (mm), 150mm

Qis the depth of the sample (mm), 150mm
Two other numbers that are reported inTable 4.6 are Tiso and Rr, 150. Tiso is
the toughness and is the tabulated area under theadd deflection curveup to
L/150 in joules. A graphical representation of R, Rsoo, Piso and Tisois shown

in Figure 4.10 on aschematicdata set.
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Figure 4.10 z Graphical representation of R, Psoo, Piso and Tiso

Rr, 1501s the equivalent flexural strength ratio andallows samples of different
size to be easily compared to each other. This calculated from the following

equation:

Where:

Y is the equivalent flexural strength ratio ¢6)
“Y is the toughness up td/150 (j)

"Qis the flexural strength at cracking (MPa)

wis the width of the sample (mm), 150mm

Qis the depth of the sample (mm), 150mm
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Table4.6 z Average ASTM C1609 numerical results

Units NF PP St HS PVA SS BS
P1 KN 42.30 51.19 49.38 55.50 54.17 52.94 56.31
Psoo KN NA 17.70 23.73 44.80 30.30 28.56 30.00
Piso KN NA 16.34 12.90 24.84 7.75 5.84 5.25
f1 MPa 5.73 6.93 6.69 7.52 7.34 7.17 7.63
fe00 MPa NA 2.40 3.21 6.07 4.10 3.87 4.06
f1s0 MPa NA 2.21 1.75 3.37 1.05 0.79 0.71
T1s0 Joules NA 55.71 64.44 | 113.00 | 68.88 56.23 59.95
Rr.150 - NA 35.9% | 42.8% | 66.9% | 41.7% | 34.8% | 35.1%
4.2.1.1. Compression and splitting tensilestrength testing

Cylinders were cast to test both the compressive and splitting tensile

strength of the concrete mixes tested in th€1609flexural test. The

averagecompressive and splitting tensilestrength results are shown in

Table4.7, with full results in Appendix F, as well as inFigure4.11 on a

plot of compressive versis splitting tensile strength.

Table 4.7 z Average 28 day compressive and splitting tensile streng#for flexural testing
FRC mixtures

Compressive Splitting tensile

FRCtype strength (MPa) strength (MPa)
No fibre 42.76 3.81
Crimped steel 43.89 5.21
Polypropylene polyethylene 41.31 4.50
Hooked-end steel 48.90 6.34
PVA 41.02 4.59
Deformed stainlesssteel 45.70 5.55
Deformed carbon steel 48.32 5.54
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Figure 4.11 z Compressive vs. splitting tensile strength

As is shown inFigure 4.11 the addition of the fibres has a effect on the
compressive strength of the concrete mixture but has a greater effect on
the splitting tensile strength. The four steel (crimped steel, hooke&nd
steel, deformed stainless steel, deformed carbon stgdibres have the
greatest effect on both strength properties while the synthetic fibres
(polypropylene polyethylene, PVA) have a lesser effect on the concrete

mixture. These data also applyo the concrete used for shrinkage and

freezing and thawing testing.

4.2.2. Flexural testing ofFRC beams wittsteel reinforcement
Beams were caswith embedded steel bars tcassesshow FRC wouldperform

in a structural application. Figure 4.12 shows load deflection curves for each
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of the three concrete mixtures used for the test-ull details of these mixtures
can be seen inmable 3.5. As can be seerthe post yielding response of each
beam was increased with the addition of fibres as well as an initial stiffening

of the elastic phase.

45
40
35
30
Z 25
=
B
o 20
-
15 i . No Fibre Beam 1 S S
: - No Fibre Beam 2 T
10 1% —Ppolypropylene Polyethylene FRC Beam 1
——Polypropylene Polyethylene FRC Beam 2
5 ----Hooked-end Steel FRC Beam 1
----Hooked-end Steel FRC Beam 2
0 10 20 30 40 50 60 70 80 90 100
Midspan Displacement (mm)

Figure 4.12 7z Reinforced FRC beams load vs. deflection curves

As the beams were testedhe crack patterns on the surface wre markedat
standard intervals. Figure 4.13 through Figure 4.18 show the progression of

the crack patternsat selected load levels
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Figure 4.13 z No fibre reinforced flexural beam 1
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Figure 4.14 z No fibre reinforced flexural beam 2
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Figure 4.15 z Polypropylene polyethylene FRC reinforced flexural beam 1

58



Start

10 kN
2.5 KNm

15 kN
3.75 kNm

25 kN
6.25 kNm

35 kN
8.75 kNm

MR

SRR

Failure

"FV

Figure 4.16 z Polypropylene polyethylene FRC reinforced flexural beam 2
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Figure 4.18 7 Hooked-end steel FRC reinforced flexural beam 2

Along with the above photographscrack width measurements were taken at
each load interval shown These are displayed inTable 4.8 and Figure 4.19

with all crack measurement data shown inAppendix G
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Table 4.8 z Average crack widths (mm) at selected bending momenter reinforced FRC

beams
Applied Load (kN) 10 15 25 35
Bending Moment(kNm) 2.5 3.75 6.25 8.75
No fibre control 0.09 0.16 0.24 0.40
Polypropylene
polygtﬁylgze RC 009 | 011 | 014 | 0.19
Hooked-end steelFRC 0.05 0.06 0.11 0.15

10

Bending Moment (kNm)
wv
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Figure 4.19 z Average crack width versus bending moment for reinforced FRC beams

As well as crack width measurementghe average crack spacing was

obtained from measurements of the photographsafter testing. A load level of

15 kN or 3.75 kNmwas selected because it most closetgpresented what a

maximum service load would be in relation to the ultimate load capacity of

the beams.This data is shown inTable4.9.
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Table 4.9 z Average crack spacing (mm) on reinforced FRC beaf@ M =3.75 kNm)
No Fibre 101.1
Hooked-end steel FRC 72.5
Polypropylene polyethylene FRQ 75.4

4.2.2.1. Compressiveand splitting tensile strength testing
Each mixture for the reinforced FR®@eamflexural testing wastested
for compressive andsplitting tensile strength. These data arshown in
Table4.10 and arecomparable to the results of the same miures
when theywas cast to be tested in the flexural strength, shrinkage and
freezing and thawing testingshown in Table 4.7.

Table4.10 z Average 28 day compressive and splitting tensile strength for reinforced FRC

mixtures
Compressive Splitting tensile
FRCtype strength (MPa) strength (MPa)
No fibre 38.83 3.70
Polypropylene polyethylene 37.79 3.99
Hooked-end steel 41.13 5.00

4.3. Material durability properties
4.3.1. Outdoor exposure strain samples

Three concrete mixtureswere used to cast twdblocks each to test the
outdoor exposure effects on the internal stain of the FRC mixturesThe
mixtures used werepre-optimization with a fibre dosage ofapproximately
0.5% by volume. he proportions of the mixtures used are shown iTable
3.5.0ne sample of each wa® be exposed to road salt brinewhile the other
was not. Strain data werecollected via internal strain gauges cast inside the
blocks. Strain and temperature data werecollected on the blocks starting

within hours after casting of the blocks and was continued up to the point
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where the samples were demoulded and moved outside The temperature
and strainreadings for the curing week are shown irAppendix H After the
samples were demoulded they were moved outside and reconnected 3 days
later. Onesample of eachwere then filled with salt solution and the second
samplewith water. Figure 4.20 shows the average siains for thewater
exposed samples along with the average temperature measured in the
samples over96 weeksof outdoor exposure. As can be seen Figure 4.20,

the strain profile follows the temperature profile with higher strains

generated in higher temperatures.
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Figure 4.20 z Average strains and average temperature of outdoor exposusamples

Figure 4.21 again shows the average sain data of the water filled samples
over the same96 weeksbut with the addition of the average strains of the

salt filled samples. As can be seen Figure 4.21, the salt has the effect of
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increasing thestrain in the sample with the greatest effectoccurring when

temperatures are high.
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Figure 4.21 7z Average strains of outdoor exposure samples with and without salt exposure

4.3.2. Linear shrinkage testing
Samples were divided into two sets as with th&RC flexuraktesting. The first
setincluded the no fibre control concrete,polypropylene polyethylene FRC
and thecrimped steel FRC. These samples were measured up to 224 days.
The secand set was comprised othe hooked steel FRC, PVA FRigformed
carbon steel FRC andhe deformed stainless steel FRCThis set was cast at a
later date, and because of timdimitations the samples were only measured
for 112 days. Shrinkage of the samples is measured verse4Gd mm (10

inch) invar steel bar and is calculated as follows:

o 0YO 6'YO
Yu 0 primntb
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Where:

Y0 is the length change at time x (%)

0 'Y Qs the measured difference inlength comparator readingof the

sample and the gage barat time x (in.)

0'YO

is the initial measured difference inength comparator reading

of the sample and the gage bar(in.)

“Ois the length of the gage bar (10 in.)

The average values for 3 samples of each concrete mixture are shown in

Table4.11.

Table4.11 z Average linear shrinkage of FRC samplé¢%b)

FRC 14 28 56 112 224

type [ ODays| 1Day | 7 Days| Days | Days | Days Day Day
NF 0.00 0.00 0.00 0.00 | -0.01 | -0.02 | -0.04 | -0.05
PP 0.00 0.00 0.00 | -0.01 | -0.02 [ -0.03 | -0.04 [ -0.05
St 0.00 0.00 0.00 0.00 | -0.02 | -0.03 | -0.04 | -0.05
HS 0.00 0.00 -0.01 | -0.02 | -0.03 | -0.04 | -0.05

PVA [ 0.00 0.00 -0.02 | -0.03 [ -0.04 | -0.05 | -0.05

BS 0.00 0.00 -0.02 | -0.03 | -0.04 | -0.04 | -0.06
SS 0.00 -0.02 | -0.03 [ -0.04 | -0.04 | -0.05

The data fromTable4.11 are displayed graphically inFigure 4.22. The two
sets of cast samples show a different trend but engp at a similar result at
112 days. Set one (NF, St, PP) sh®asmall initial increase then a downward
trend where set two (HS, PVA, SS, BS) sarhmediately into the downward

trend. This difference may be due to a slight difference in ambient conditign

at the different times of the year that the testing was done.
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Figure 4.22 z Linear shrinkage of FRC mixtures

4.3.3. Freezing and thawing cycle testing
When casting was done for the flexural testing anshrinkage testing samples
were also casffor the freezing and thawing cycle testing. These samples were
alsocast and testedn two sets, with set one consisting of the noibre control,
the polypropylene polyethylene FRC and the crimped steel FRC. Thesad
set consisted of the hookeeknd steel FRC, PVA FRC, deformed stainless steel
FRC and the deformed steel FRC. The first test was cast on Novembét, 13
14th and 15h of 2012 and cyclic testing did not begin until 6 months later on
April 30, 2013.The second set of samples was cast Marcht®214h 19h and
20th of 2013 and testing commenced 3 months later on June %122013. Over
the period from casting to testing bothsets ofsamples were stored in a moist

curing location. Once cyclic freezing and thawing cycles began they were
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continued until 300 cycles were reached. Set one reached 300 cycles in 43
days, but because of the larger number of samples in set two the cgslran
more slowly and 56 dayswere required to reach 300 cyclesTemperature
throughout the 300 cyclesfor both setsis shownAppendix I. Samples were
removed from the freeze-thaw chamber once a week and measurements for
weight and fundamental frequencyfor each sample were recordedThe
average mass change farachmixture in both sets is shown inFigure 4.23
with full results shown in Appendix J It is noted that there is less variéion in
the mass for set two flooked-end stee| PVAdeformed stainless steel
deformed carbon stee) because greater effort was taken to minimize
evaporation between removalof the samples fom the chamber to the time

they were weighed.

20.0
—+—No Fibre ——PVA FRC
15.0 -=-Polypropylene Polyethylene FRC Deformed Stainless Steel FRC
Crimped Steel FRC Deformed Carbon Steel FRC

——Hooked-end Steel FRC

Mass Change (g)

L 2

-30.0
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Cycles

Figure 4.23 z Masschangeof FRC samples in freezing and thawing tests
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The second test that was conducted weekly was theeasurement of
fundamental frequency of the samples. lem this, therelative dynamic

modulus of elasticity was calculated withthe formula:

Cc
|

primtb

Where:

0 is the relative dynamic modulus of elasticity after ¢ cycles of freezing

and thawing (%)

¢ is the fundamental frequency after c cycles of freezing and thawing

¢ is the fundamental frequency after 0 cycles of freezing and thawing
Figure 4.24 shows the relative dynamic modulus of elasticity over the 300

cycles of testing with fullresults shown in Appendix K
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Figure 4.24 7 Relative dynamic modulus of elasticity for FRC samples in freezing and
thawing tests
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4.3.4. Rust staining observation
It was observeal that when the crimped steeFRC outdoor exposure samples
were exposed to the road salt solutionthey quickly developed a spotted rust
stained appearanceas shown inFigure 4.25. Because of thisa test was
developed to determine ifthe problem could be avoided with the use of

stainless steel fibres.

Figure 4.25 z Rud staining on crimpd steel FRC outdoor exposure sample

To test the rust staining properties ofstainless verse black steehalf
cylinders of FRC with the deformed stainless steel fibre and the deformed
steel fibre were soaked in salt brindor 3 months and then allowed to dry.
The cylinders before salt exposure are shown iRigure 4.26 with Figure 4.27

showing the cylinders after exposure.
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Figure 4.26 z Rust staining samples before salt exposure (stainless steel left, carbon steel
right)

Figure 4.27 z Rust staining of samples after salt exposure (stainless steel left, carbon steel
right)
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5. Discussion
5.1. Mix design
5.1.1. Mix optimization

The mix design optimization wascarried out to achieve two goals within the

project. The first was to develop the optimized mixture that was used

throughout the remaining experiments and the second was to familiarize the

researcher with the process and problems associated with mixing FRC. An

optimized mixture was developed with a sand to gravel ratio of 1:1 and a

paste percentage of 35%or all fibre types. Thisallowed for ease of mixing

with the available equipment andgood consolidation. The high paste

percentagethat was selectedallowed for a mixture to be used that did not

require any superplasticizer(high-range water-reducing agent) while still

achieving a high slump value for adequate workability. Similar workability

could likely be achieved by using a lower paste percentage and a dosage of

superplasticizer.

5.1.1.1. Slump testing

The slump testing conducted on the fresh mixtures showed that a
highly workable mixture could be achieved through the optimization
method explained in SectiorB.1.2 As the ratio of sand to gravel was
increased the mixture becane more flud up to a point where there was
no longer sufficient paste to fully coat the increased surface area of the
ACCOACAOAG AT A OEA xi OEAAEI EOU AACAI
2:1 were used, the concrete mixtures took on the consistency of wet
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beach sand that could be used to build a sdrtastle. This type of stiff
dense concrete mixture could be ideal for extruded slabs but would be
impossible to pour in a form containng a reinforcement cage and
obtain proper consolidation without excessive vibration.

After the optimum ratio was foundfor each type and volume of fibre
used, the paste percentage was increased until the workability of the
mixture was found to be suitable. As the paste percentage increased, the
workability increased greatly with little effect on the tested mechanical
properties of the concrete.

Once all optimization mixtures were completed it was found that the
optimal mixture sfor all fibre types and dosagesvere in a similar range.
Because of this it was decided that one set of mixture proportiorsuld
be used for all futher FRC testingwith similar fibres and a dosage
within the 1-2% by volumerange. The optimal S/G ratio wasobserved
to be in the %1.5 rangefor most mixtures. An S/G ratio oflL was
selectedfor the optimized mixture because it more closely resembled
the original mixture while still being within the observed optimal range.
35% paste was selecteds the paste percentage for the FRC mixtures
while 32.5% was used for the no fibre control mixture. This was
because a high slump could bachievedwithout the use of ay
superplasticizer. This allowed the mixture to besimplified without need

for additional artificial slump from a superplasticizer.
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5.1.1.2.

Air content testing
With the tests conducted on the fresh concrete to measure the
entrained air in the FRC mixtures it was observed that the addition of
fibres did increase the air content in the mixtures. It is unknown if this
additional air content is true entrained air oris more likely extra
entrapped air due to voids created by clumping of the fibres. Larger
entrapped air voids that are often created when small clumps of fibres
form in the concrete mixture are very difficult to remove even with
external vibration. Becausehe larger entrapped air voids do not
contribute to the freezing and thawing resistance of the concrete, as do
the much smaller entrained air voids, this additional air content is not
considered useful in the concrete. In additiovery large air voids can
have a negative impact on the concrete by creating weak areas in the
material reducing the oveall strength. Since the ASTMZ31 fresh
concrete pressure tes{40] is not able to distinguish between the air
content which is entrained air and that which & entrapped air it is
unknown, from this test, how much of the air content is suitable for
freezing and thawing resistance. To determine the volume of entrapped
versus entrained air the ASTM C457 te$br microscopic analysis of & -
void systems[50] could be conducted to establish how much of this air
content is considered to be useful. Theixture optimization procedure
did have a noticeable effect on the air content of the concrete across all

the FRG and the control mixture. The increase in air content, when
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5.1.1.3.

working with the increased sand to gravel ratios, can be seenirable
4.3. This is a known result of increasing the amount of sarjéi1] in any
concrete mixture and could be compensated for by reducing the air
entraining agent if neededIn the second half of the optimization there
was no observable trend in the change in air content as the paste
percentage was changed with each mixturélthough the air content
would be expected to increase along with the increase in paste
percentage because the volume of air entrainer was not adjusted as the
paste percentage increase the air content remained relatively
unchanged.

Compressive strength testing
Although the optimization phase of the research was focused on the
workability and ease of placenent for the FRC mixtures, compressive
strength testing was conducted on each batch of concrete made. Over
the optimization process, a lower strength was observed with increased
S/G ratio and paste percentage. The average compressive strength
decreasewas 12% at the end of the optimization for the 32.5% and
35% paste mixtures. Since the focus was on increasing the workability
of the mixtures, a strength loss of this magnitude in the concrete was
considered acceptable. Compressive strength can also be useaas
indicator of proper consolidation in a concrete mixtue. If a concrete
cylinder shows significantly less strengththan expected, it could be due

to poor consolidation inside the cylinder even if all surfaces appear
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normal. Incrementally, the strength was rever significantly lower than
that of the previous batch in the optimization so there is little indication
of improper consolidation in the mixtures. Along with the quantitative
results of the compressive teststhere was an important qualitative
observation that the FRC cylinders remained fully intact once failure
occurred, with only small surface cracks visible. In contrasthe control
samples separaté into pieces in a dual cone failure. Even after a sample
of polypropylene polyethylene FRC was tested to an extreme
displacement level, the parts of the cylinder remained attached and
some load was still being carried when the machine reached its
maximum displacement. This cylinder is shown irfrigure 5.1 and,
although the cylinder has clearly splintered into many pieces, it retains
its general cylindrical shape wheras a standard concrete cylinder
would have aleady been reduced to a pile of rubble at this

displacement.
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Figure 5.1 z Compressive cylinder tested to extreme displacement

5.1.1.4.

This type of behaviour would be useful in a structural situation where
the damage to the concrete would be visiblgbut would prevent large
pieces of concrete from dislodging from the structure and falling on

vehicles or people under the structure when it failed.

Splitting tensile strength testing
Similar to the compressive strengtttesting, the tensile strength of each
mixture in the optimization was measured but, since the focus was not
on optimizing for tensile strength, significant gains were not expected.
As was seen with the compressive strength testhe majority of the
mixtures showed a lower tensile strength with the increased S/G ratio
and paste percentages. On average the strength was only 9.2% lower
than the original mixture for the 32.5% and 35% paste mixtures. This
lower tensile strength was againconsideredacceptablebecause othe
increased workability that was achieved in the mixtures. It is also
beneficial that the optimization procedure did not have as great a
negative impact on the tensile strength of the mixtures as it did on the
compressive strength as the added tensile strength of the concrete is
important to the benefits of using FRC in a link slab. As with the
compressive tests, the cylinders made from mixtures that included
fibres remained intact after failure where the standard concrete

mixtures all split in half at failure. This is shown clearly irFigure 5.2
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showing a failed no fibre concrete splitting tensile cylinder and a failed

polypropylene polyethylene FRC splitting tensile cylinder.

Figure 5.2 7 Failed splitting tensile cylinders (left: no fibre cylinder, right: polypropylene
polyethylene FRC cylinder)

This is a result of the post pak tensile strength that was further
investigated with the ASTM C1609 flexural testing later in the research.
Although the cylinder has reached its maximum loagt still retains
enough load capacity to hold the cylinder in one piece. Because only a
small range of displacement was available with the splitting tensile test
apparatus it was not possible to test the FRC cylinders to a point where
they would separate in two, the failure mode was considered to be
similar to the control with a crack pattern thatfractures both the
aggregates and cement paste matrix as expected in splitting tensile

testing.

5.2. Structural properties of FRGwith selected fibre types
The results of the structural testingof the optimized FRC mixtures were used to

evaluate the potentialof the mixtures have for use in a link slab application. Tests
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were selected to best determine, in the allotted time, the structural limits of the
FRCs in compression, tension and flexure with and without reinforcing steel. The
results ofthese tests not mly showedwhich fibres gave the greatest increases in
performance, but the datawere also used in computer modding done by Yu Hong
[52] on how the addition of an FRC link slab would affect an overall bridge

structure.

5.2.1. Flexural testing of FRC
The ASTM C1609 flexural testing was conducted on the control mixture and
eachof the optimized FRC mixtures with the six fibre types selected. As was
expected, all FRC mixtures showed significant jpnovement in the sustained
post-cracking flexural strength over the no fibrecontrol mixture. Since the
control mixture did not contain any additional material other than the
standard concrete ingredients, once a crack formed in the matrix, the beams
failed catastrophically. Although the ontrol mixtures did fail suddenly after
cracking, the peak load, or moment of rupture (MOR), was simil&or the
control mixture and all the FRC mitures, as can be seen ifiable 4.6, of the
values of R (peak load) and f (MOR). This shows that although the fibres are
capable of withstanding high loads, they daot strongly contribute to the
flexural strength of the beam until failure of the matrix has occurred antbad
can be transferred to them.
Of the six fibres tested in the flexural testing, the hookednd steel fibre

created the most superior FRC mixture. As can be seerHigure 4.9 the
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hooked-end steel fibre has one of the highest peak strengths but, more
importantly, maintains the highest post peak strength over the full duration

of the test. This is again shown iffable 4.6 with the hooked-end steel having
the highest toughness value (#s0) of any of the mixtures; this combined with
the high peak strength results in the highest equivalent flexural strength ratio
(Rt,150) as well. The hookeeend steel fibre is believed to perform so well
because of its high strength and stiffness but most importantly thadded
anchorage that is povided by the hookedends keepingthe fibres from

slipping or pulling out when load is transferred to them.

Another important observation made from the flexural testing is the

similarity between the results of the deformed stainless steel and deformed
carbon steel fibre. These two fibres have identical geometric properties but
have different material properties, because of the different types of steel used
to make them. The resulting FRCs that were made with the two fibres showed
nearly identical load deflection curves in the flexural testing while differing
greatly from the two other fibres made from similar carbon steel. This
suggests that the geometry of the steel fibre and how the fibres anchor in the
concrete are more significant than the exact material properties of fibres.
Although the two synthetic fibres tested had a similar shape aneéhgth and
were both made from a polymer material, they did not show many
similarities in results of the FRC flexural testing. Both the polypropylene
polyethylene FRC and the PVA FRC had peak loads in thes5kN range.

Both FRCs also have a steep drop after peak load compared to the other
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steel fibres, but the polypropylene polyethylene FRC seems take-up the
load at a point and holds the load constant over the remainder of the test. The
PVA FRC only slows this loss of load capacity and is in the garof the lowest
load capacities byL/150 of all the fibres tested. Overall the synthetic fibres
required a large initial displacement and load drop befe load is taken up by
the fibres. This could be due to initial slipping of the fibre anchorage but is
more likely due to the fibres stretching and deforming when load is first
applied to them, due to their low stiffness. Unlike the steel fibres, the
individual material properties of the polymeric fibres seem to have a
significant impact on how the FRC wilperform.

From examination of the samples it was seen that the failure of all six fibre
types was from pull out of the fibre, not from failure or breakage. This
indicates that although the stiffness of the fibre may contribute to the pre
failure response,the ultimate failure is governed by the bond that the fibres
can generate with concrete.

From the results of the ASTM C1609 flexural test, the best fibre for both high
peak flexural strength and sustained post peak flexural strength ihe
hooked-end steelfibre. Although the FRC with these fibres did not show the
highest average peak flexural strength, it was less than 1.5% below the
highest peak value set by the shorter deformed black steel FRC and was
shown to be one of the stiffest FRC samples beforeacking. After the FRC
samples have crackegdhe hooked-end steel FRC can carry 50% more load

than the polypropylene polyethylene FRC at a deflection of 1%5®f the span
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5.2.2.

length and nearly double the load of the next highest steel fibre at that
deflection. The strong postcracking response along with the high peak load
resulted in the hookedend steel FRC having, by a large margin, the highest

toughness value of any of the FRCs tested.

Compression and splitting tensilestrength testing

The accompanying compressive strength and splitting tensile strength
cylinders cast from the same mixtures as the ASTM C1609 samples show a
similar hierarchy of the FRC mixtures as in the flexural testing. The hooked
end fibres give the FRC both the higheaverage compressive and tensile
strengths followed by the other fibre types. The deformed stainless and
carbon steel FRCs again show similar properties with nearly identical
average tensile strengths and average compressive strengths differing by
around 5%. The two synthetic fibres in thepolypropylene polyethylene FRC
and the PVA FRG@ive nearly identically performing FRCs in both
compressive and tensile testing. Although both of these fibres performed
relatively well in the flexural testing they show substantially lower
compressive and tensile strengths than the steel FRCs.

It is also important to note that a linear relationship between the
compressive and splitting tensile strength results is observable iRigure
4.11. Normally the relationship between compressive and tensile strength in
normal concrete isoften consideredto vary with the square root of

compressive strength.However, thisshows that there is dinear correlation
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5.2.3.

between the compressive and tensile strengthdded by the fibresto the
concrete. Fibres are not expected to directly add to the compressive strength
but instead increase the restraint to hold the concrete together once cracks
form, resulting in higher overall compressive strength. This is the same
mechanism that provided the increase in tensile strength of the concrete.
Therefore, it would be expected that similar increases in tensile and
compressive strength would be observed fronthe same FRC mixture. It can
also be seen irFigure 4.11 that the control (no fibre) concrete does not lie
along the same linear trend as the FRC mixtures. This is stdikely explained
by the difference in optimized mixture that was created in phase one. Where
all FRC mixtures share the same concrete matrix, the optimized mixture for
the control concrete was of a different compositiorwith a lower paste
percentage This could have given the control mixture a higher compressive
strength than some FRC mixtures but as expected it still has a substantially

lower tensile strength without the added benefit of fibres.

Flexural testing of FRMeamswith steelreinforcement

The specimens created for the flexural testing witlsteel reinforcement were
created to simulate how the FRC mixturewould perform in as reinforced
concrete structural application such as a beam a link slab. The beams were
designed with reinforcement ratios similar to known link slabs constructed

in Ontario as well as a similar thickness and cover depth on the tensile

surface. These beams were cast with two FRC mixtures from the ASTM C1609
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flexural test along with the control no fibre concrete mixture. Tle two FRC
mixtures used were the hookedend steel FRC and the polypropylene
polyethylene FRC because they were the best overall performers of the steel
and synthetic fibres, respectively, in the previous tests. The results of the test
are shown inFigure 4.12. Although this graphmight at first seem to show
three distinct pairs of load displacement curves, they do not correspond to
the three concrete mixtures as would be expected. The two standard
concrete beams show similar responses but the first tested samples of the
hooked-end steel and polypropylene polyethylene FRCs have similar curves
and their respective second samples also closely align. This was padity due
to the failure shape of the beams. Where the first samples, (a) and (c) in
Figure 5.3, both failed in the centreof the beam, the second samples, (b) and
(d) in Figure 5.3, failed close to one of the loading points, thereby offsetting

the failure to one sideand skewing the measured loadleflection results.
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Figure 5.3 z Reinforced FRC beams at failure (top to bottonpolypropylene poS()athylene
FRC beams 1a) and 2(b), hooked-end steelFRC beam 1c) and 2(d))
Additionally the first hooked-end steel FRC beam shows significantly nen
uniform spacing of cracks during the flexural testas can be seen ifigure
5.3. Upon further investigation bysectioning the beam at the areas of low
cracking and areas of high crack concentratigit was found that this beam
had a highly inhomogeneousfibre distribution with some areas not

containing any fibres. This can be seen in the two cross sections shown in

Figure5.4.
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