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Abstract

Ultra High Performance Fiber Reinforced Concrete (UHPFRC) is beginning to revolutionize the
construction industry. The research presented discusses an experimental program designed to
investigate the mechanical and structural properties of UHPFRC. The mechanical properties
focused on examining the tensile behavior by testing the fracture energy, tension stiffening and
shear friction properties of UHPFRC. The structural properties focused on investigating
behaviors such as; flexure and shear. The tensile behavior proved to be significantly improved
by the use of fibers. Results show an ultimate tensile strength twice the cracking tensile
strength. The shear friction was also enhanced due to the fiber reinforcement. Improved design
equation, with great accuracy when compared to experimental results are proposed. The
addition of fibers, significantly improved the shear and flexure behavior of reinforced beams.
The influence of the fiber reinforcement was of very significant; promoting flexural failure in
reinforced beams rather than the shear failure when compared to normal and high strength

concrete.
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Chapter [1]
Introduction

[1.1] General

While reinforced concrete can carry high stresses under compression, it proved to crack easily
under tensile stresses. The development of cracks does not only affect the aesthetics of the
structures but also exposes the steel reinforcement. Concrete cracks are developed under
tensile stresses and such cracks have a significant effect on the reduction of the carrying
capacity of the concrete section. In general practice, steel reinforcement bars are used to
restrain crack opening and carry stresses across cracks once the tensile carrying capacity of the
concrete is exceeded. Losses of bearing capacity and increase in permeability are some of the
effects attributed to concrete cracking. Moreover, concrete with compressive strength greater
than 50 MPa proved to behave in a very brittle manner. The addition of fibers to concrete to
reduce the brittleness dates back to the 1980’s. The fibers have additional positive effects on
the concrete such as; increased compressive and tensile strength and enhanced post-cracking
characteristics. Over the years there has been substantial development in the field of fiber

reinforced concrete.

Ultra High Performance Fiber Reinforced Concrete (UHPFRC) is the current product of years of
research in concrete development. UHPFRC is a class of materials that exhibits superior
qualities to those of conventional concrete. UHPFRC is characterized by a relatively high elastic
limit, strain hardening, and toughness associated with the multiple cracking mechanisms
(Soranakom & Mobasher, 2007). These enhanced properties are achieved by integrating a fiber
matrix with a precisely optimized blend of nano materials. There has been a growing use of
UHPFRC around the world (Rebentrost, 2008; Resplendino, 2004). Previous research on

structural behaviour has shown that UHPFRC beams experienced flexural failure with compared



to concrete beams made with the same properties excluding fiber reinforcement (Bunje &
Fehling, 2004). In addition, the interaction of the fiber reinforcement and the UHPC matrix
allows small width, closely spaced cracks to occur and allows concrete to carry tensile stresses

after cracking (Graybeal, 2008).

[1.2] Research Objective

The behaviour of a reinforced concrete member depends on the transfer of forces, via bond
action, between the concrete and the reinforcement bars. When cracks are initiated the stresses
are transferred across the crack by the reinforceing bar. The objective of this research is to
inveestegate the effect of fiber reinforcement on the material and structural properties of

concrete. The research at hand focuses specifically on UHPFRC.

Over the years UHPFRC has been subjected to numerous research and field trials. In today’s
growing construction industary, UHPFRC is used in a varaity of application that include but not
limited to bridge girders and decks, joint fill construction, marine structures, pipe lines, piles, wall
panels/facades, urban furniture, and stairs. Considred one of the leading materials specificly in
bridge construction, UPPFRC’s use is limited by the lack of design codes in North America. As
the need for such materials increases; adequate design criteria is essential. The reserach at
hand investegates the mechanical properties and structural behaviour of UHPFRC. The
mechanical behaviour investegated included fracture energy, tension stiffening and shear
friction. While the structural aspecy focuses on the flexural and shear behaviour. The study

focuses of select prameters that have the most infulence on said behaviours.

[1.3] Thesis Overview

Chapter 2 reviews the previous development in concrete technology leading to UHPFRC. In
addition a review of the earlier investigations conducted on concrete behaviour focusing on fiber
reinforcement. A review of earlier equations proposed by researchers and design codes is

summarized.



Chapter 3 outlines the experimental investigation conducted, as part of this research, to
investigate the behaviour of UHPFRC. This research focused on investigating the mechanical
properties of UHPFRC such as; fracture energy, tension stiffening and shear friction. Concrete

beams were tested to investigate flexural capacity and shear behaviour.

Chapter 4 deals with the test results and analysis of the mechanical properties of UHPFRC. The
results of the fracture energy is disscussed in details. The results of tension stiffening are also
analyzed by investegating key prameters which affect the behaviour of the materials. In addition
the shear friction results are analayzed and a simple design equation s proposed. Furthermore,
the analysis of the shear friction behaviour is presented. The material properties of UHPFRC

are compared to existing data found in the litreture review.

Chapter 5 disscusses the structural behaviour of UHPFRC. The results and the analysis
UHPFRC beams under four point testing. Both flexure and shear behaviour is investegated by
varing key prameters such; as reinforcement ration, shear reinforcement and shear span to
depth ratio. The results are compared to pervious research to determine the adequacey of fiber
reinforcement. Finally simple design equations are proposed to predict the flexural and the

shear friction capacity of UHPFRC.

Laslty, chapter 6 sumarizes the findings of the research presented and outlines future reseach

recommendation.



Chapter [2]
Literature Review

[2.1] Introduction

Since the 1950s the use of 35 MPa was considered to be high strength concrete (HSC), in
today’s industry concrete with compressive strength of almost 100 MPa has been used (ACI
Committee 363 R, 2010). Ultra-High performance concrete (UHPC) is the current state of the art
in concrete construction. UHPC is highly efficient due to its high compressive strength and
performance. When fiber reinforcement is added to reduce the brittleness and increase energy
absorption capacity the term Ultra High performance fibre reinforced concrete (UHPFRC) is
used. UHPFRC is a class of materials that exhibits properties superior to those of conventional
concrete. The superiority may lie in one or more of several attributes, such as freeze-thaw
durability, scaling resistance, abrasion resistance, chloride penetration, and compressive
strength, modulus of elasticity, shrinkage and creep. UHPFRC is a result of ongoing research
and invention dated back to at least 30 years ago. UHPFRC is widely used all over the world
and is not limited to North America. A versatile material, UHPFRC possesses desirable
properties including strength, ductility, durability and aesthetic design flexibility. UHPFRC is
specified where reduced weight is important or where architectural considerations require small
load carrying members. Ongoing research in the field has pushed the limits of UHPFRC to
greater levels. Laboratory research produced UHPFRC with compressive strength in excess of

800 MPa (ACI Committee 363 R, 2010; Wille & Naaman, 2011).

[2.2] Material Development
Since the appearance of effective dispersants for cement systems around the 1970s, many

researchers have attempted to produce concrete with record compressive strength. Techniques



such as vacuum mixing and hot temperatures and pressure were used to achieve such
strength. Youdenfreund et at. (1972) achieved compressive strength of 230 MPa using vacuum
mixing. Hot temperatures and pressure were introduced by Roy et al. (1972), obtaining
compressive strength in the excess of 500 MPa. Later research, achieved compressive strength
in the excess of 800 MPa by the introduction of high reactive powder concrete and steel fibers
while using high pressure mixing and high temperature curing (Richard and Cheyrezy, 1995).
However, using such techniques, pressure mixing and high temperature curing proved to be

rather unpractical in the construction field.

Rather than the previous methodologies for mixing and curing, today’s UHPFRC is produced
with a precisely optimized blend of nano materials such as: silica fumes, quarts flour and silica
sand. Its production however, is achieved by optimizing the following; characteristics of the
cementing medium, characteristics of the aggregates, proportions of the paste, paste aggregate
interaction, mixing, consolidating and curing. Wille and Naaman (2011) tested spread values
according to ASTM C 230/C 230M standard and showed that increasing the silica fumes
replacement from 0% to 25% significantly increased the spread values while achieving
compressive strength up to 158 MPa. Such observation further proves the increase in packing
degree when using silica fumes as a replacement for cement. In addition they tested glass
powder replacement values and concluded that a replacement value of 20-30 % of cement

resulted in compressive strength of 240 MPa

Furthermore Wille and Naaman (2011) investigated the effect of fiber geometry on concrete.
They concluded that the use of twisted fibers or hooked end fibers increases the tensile strength
as well as the tensile strain at peak stress when compared to smooth fibers. In addition

increasing the fiber content within a certain range increases the tensile strength.



[2.2.1] Cement

A fundamental factor involved in producing UHPC is the cement paste. Without high grade
cement the production of UHPC would not be possible. Control of cement fineness is a
significant factor that affects the quality of the cement in use. Cement that yields to higher
compressive strength at the latter stage, 90 days, is preferred. Lowering the sand content is the
preferred method for increasing the cement content, as it allows for unchanged content of other

ingredients.

[2.2.2] Fibers

Due to the nature of the material, concrete is extremely brittle showing a sudden loss of carrying
capacity after the maximum load is exceeded. The addition of fibres, improved the post fracture
nature of the material. The post fracture behavior is governed by the type and amount of fibres
introduced in the mix. Use of longer fibres, 17 mm instead of 9 mm, reduced the amount of
fibres required to achieve similar properties (Emplemann, 2008). Wille and Naaman (2011)
proposed a limit of I/d;s x Vs = 2 to the fiber content to preserve a suitable workability, where I is

the fiber length, d; is the fiber diameter and Vs is the fiber content

[2.2.3] Coarse Aggregate

Since coarse aggregate makes up most of the volume of concrete, its characteristics
significantly influence the properties of concrete. In conventional concrete (35 MPa) the
compressive strength is affected by the paste strength; since almost always the aggregate is
stronger than the paste. However, in UHPFRC the strength of the paste surpasses the strength
of the aggregate. In normal concrete the greater the maximum size of concrete the less water
content is required. However, in UHPFRC the large aggregate tends to reduce the strength of
the concrete probably because of the smaller surface area available for bond. However, in

today’s industry UHPFRC is produced without the addition of any coarse aggregate.



[2.2.4] Fine Aggregate

The shape and surface texture of fine aggregate have a significant effect on the water content,
because of the larger surface area associated with fine aggregate. The cement bond to fine
aggregate is less significant than that of course aggregate. Since all aggregate particles must
be coated by cement, maximizing the ratio of course aggregate to fine aggregate is significant in
UHPC. Rounded and smooth fine aggregates and natural sand produce stronger concrete.
Concrete mixes of the same cement content and slump achieve greater compressive strength
when compared to different types of fine aggregates. To date, UHPFRC has been produced

with maximum particle size ranging from 800-200 um (Wille and Naaman, 2011).

[2.2.5] Mixing Water

The use of water at 21° C, will increase the slump about 25-50 mm, which is desirable in terms
of workability. If the amount of mixing water is consequently reduced, to compensate for the
slump increase, the strength of the concrete will increase. However the use of cooler water is
rarely available and the problems associated with the use of ice overtake the benefit of the small

increase of strength.

[2.2.6] High Range Water Reducer

Super plasticisers in UHPC always exceed the manufacture recommended dosage for
conventional concrete. Wille and Naaman (2011) investigated the effect of seven different SPLs
on the production of UHPFRC. They concluded, while most SPLs are designed for a better
cement dispersion, the most effective SPL should interact with all the fine particles for an overall

enhanced dispersion.

[2.2.7] Mineral Admixtures
The mineral admixtures, also known as supplementary cementing materials (SCM), are of high
significance to UHFRPC. SCMs are by-products materials that are added to concrete mixes to

change some of the plastic or hardened properties of concrete. The two most commonly used



SCM in UHPFRC are fly ash and silica fumes. Silica fumes have played an important role in

UHPC since it enhances the strength of concrete.

[2.3] Material Properties of Fiber Concrete

The addition of steel fibres to increase the compressive strength dates back to the 1980s
(Sharma, 1986; Naraynan and Darwish, 1987). In the 1990s steel fibres were added to high
strength concrete to reduce its brittleness behavior (Ashour et al., 1992). The increased ductility
and post cracking tensile behavior resulted in increased tensile strength of high strength
concrete made with fibre reinforcement (Kwak et al., 2002). UHPFRC is the current state of the
art advancement in concrete technology (Lafarge North America, 2011). The incresed strength
and perfoemence is a result of percies blending of Nano materials with steel fibres rather than

high or normal fibre reinforced concrete made with conventional materials.

[2.3.1] Fracture Energy of Concrete

[2.3.1.1] Background

Numerous researches have been conducted to determine the structural behavior of concrete.
Many authors suggest that the fracture characteristics of concrete are of upmost importance.
Consequently, the fracture energy, Gy, tensile strength, f; and the stress-crack mouth opening
displacement (CMOD) relationship which completely describes the fracture characteristics of
concrete (Hillerborg et al. 1976). Tensile strength of concrete is an essential property, though it
is not directly used in design calculations. Nevertheless, not only is the tensile strength is
important, the tensile fracture behavior is of significance. One way of quantifying fractural
behavior of concrete is by means of fracture energy. Research has concluded that fracture
energy tends to increases with an increase of maximum aggregate size from 8 to 20 mm (Rao
and Prasad, 2002). However, other researches state the fracture energy increases with an
increase in aggregate size and stiffness (Zhou F. , 1995). According to literature the method

proposed, work-of-fracture, yield size dependent characteristics (Einsfeld and Velasco, 2006).



Consequently, the method yields different values for the fracture energy. Another proposed
method, size effect method, yields values for fracture energy, which are independent of the size
effect (Einsfeld and Velasco, 2006). Fracture energy; proved to be as significant, in designing

for shear strength in beams and slabs, as traditional concrete properties.

[2.3.1.2] Direct Tension Method

The fracture energy, G;, is defined as the area under the stress-deformation curve to form a unit
area of crack surface (Petersson, 1980) represented by Eq. [2-1]; for specimens tested under
direct tension. Where f; is a function of tensile displacement §; and § 4, is the maximum tensile
effective displacement when f; reaches zero. It is recommended, unlike other materials, that
energy absorbed by concrete members in tension is associated with the descending portion of

the stress-displacement curve shown in Figure 2-1 (Hillerborg et al. 1976).
Smax
Gp = [y " fedS; [Eq. 2-1]
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Figure 2-1 Stress-Strain Relation of Concrete

As the deformation is increased the stress initially increases, until reaching maximum stress,

then decreases with the increase in the deformation. The descending portion of Figure 2-1 is



referred to as strain softening (Hillerborg A. , 1985). This softening behavior takes place with a
very small zone in the specimen, the fracture process zone. Subsequent to the development of
the fracture zone, the strain is no longer evenly distributed along the specimen. The deformation
increases within the damage zone, while decreasing within the rest of the specimen. The area
under the graph represents the total amount of energy absorbed in a tensile test. The energy
can be further divided into two phases: the area under the ascending curve represent the
energy per unit volume, the area under the descending potion represents the energy absorbed

within the fracture zone as shown in Figure 2-2 (Hillerborg A. , 1985).

7\ I\

Stress
Stress

> >

Deformation Deformation

Figure 2-2 Description of tensile behavior by means of two curves, one curve for the
whole volume (ascending) and one curve for additional deformation within the damage
zone (descending) (Hillerborg, 1985)

Chen and Marzouk (1995) conducted a study on the behaviour of high strength concrete under
pure tension. As a result of fracture energy testing, they concluded that high stregnth concrete
has a more brittle failure when compared to normal strength concrete. Also, observed a sharp
decending stress-strain curve after peak stress is reached. The brittleness behavior of concrete,

made it almost impossible to capture the fracture energy of concrete due to the sudden failure

under tensile stresses. However, when using UHPFRC it is expected, due to the fibre matrix,
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that an inelastic strain-hardening region could be captured. The region between the end of
linear elastic range and the peak load denoted in Figure 2-3 is a result of multiple micro
cracking. The linear elastic region, region |, represents the micro cracking stage. The softening
stage, region lll, corresponds to the single failure crack opening and is mainly controlled by the
fibre pulling-out process (Martin and Stanton, 2007). Also the presence of fibre should eliminate

the sudden fracture of the member, thus easing the fracture energy capturing.
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Figure 2-3 Stress-Strain Relations for Ultra High Performance
Fibre reinforced Concrete ( Martin & Stanton, 2007)

[2.3.1.3] Work of Fracture Method

While, direct tensile test yields the most accurate results, difficulties arise in terms of testing
procedure. The most practical method for determination of fracture energy is by means of three
or four point loading (Work-of-Fracture) (Petersson, 1980). The proposed method follows the
same theoretical understanding of crack formation in concrete, thus making it the more
preferred among researchers. The fracture energy can then be claculated according to the

load-deformation response using Eq. [2-2] (Japan Concrete Institute Standard, 2003).

Gr= (0.75W0+W1)/A11g [Eq 2-2]
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Where,

G: = fracture energy (N/mm), W,= 0.75(Sm,/L +2m,)*g*CMOD,, W, = area below CMOD curve
up to rupture of specimen (N.mm), W, = work done by deadweight of specimen and loading jig
(N.mm), A,, = area of broken ligament, m, = mass of specimen (kg). S = loading span (mm), L =
total length of specimen (mm), m, = mass of jig not attached to testing machine but placed on
specimen until rupture (kg), g = gravitational acceleration (9.807 m/s?), CMODc = crack mouth

opening displacement at the time of rupture (mm)

Previous it was concluded that the fracture energy increases with the increase of compressive
strength. Rao et al. (2002) reported fracture energy values ranging from 67-165 N/mm for
concrete ranging in compressive strength ranging from 40-74 MPa respectively. Results
obtained from experiments conducted by Einsfeld et al. (2006) can be compared with some
results obtained by Rao et al. (2002) for specimens with the same size and notch depth. The
results seem to follow the same trend of higher fracture energy for higher values of the
compressive strength. A mean value for fracture energy of 120 N/m corresponding to a mean
compressive strength of 48.5 MPa, seems to correspond with the results obtained from Rao et

al. (2001).

[2.3.2] Tension Stiffening

It is well known that concrete continues to carry tensile stresses beyond cracking due to the
bond between the reinforcement bars and the still intact concrete sections. This phenomenon,
tension stiffening, was neglected in the past as it did not significantly increase the ultimate
strength of reinforced concrete. Since the 70’s, however, the tensile behavior of concrete was
introduced in the analysis of load-deflection characteristics of reinforced concrete elements, and
since the 80s in design code recommendations for service load level. It is also important to
consider tension-stiffening when evaluating the serviceability of existing reinforced concrete

structures (Stramandinolie and Rovere, 2008). The tension-stiffening effect depends on several
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factors, such as member dimensions, reinforcement ratio, rebar’s diameters, and the materials
elastic modulus and strength. This effect occurs until yielding of the longitudinal reinforcement

takes place, and it tends to increase as the reinforcement ratio of the member decreases.

Although concrete members subjected to pure tension do not often occur in practice, it became
evident the examination of such case leads to fundamental understanding of the tension
stiffening response. For a specified member elongation the reinforced concrete member
requires a higher stress highlighting the tension stiffening response. As the load is increased
beyond cracking the tension in the concrete reduces. It is the tension in the concrete which
stiffens the response of the member. After cracking, the tension carried by the concrete is
calculated as the net area of concrete times the average tensile stress in the concrete between

the cracks.

Figure 2-4 shows a typical load-deformation response for a symmetrically reinforced axial
member loaded in tension, where tension stiffening represents the difference between the
member response and the bare steel bar response. The composite member response is initially
linear elastic with uniform stresses in the concrete and steel along the length of the member,
until the tensile strength of the concrete f, is reached and the member cracks at a load N.,.
Once cracked, the concrete is not assumed to carry any tension at the cracks but it is still able to
develop tensile stresses away from the crack as load is transferred from the reinforcing steel
back into the surrounding concrete. Hence, stresses in the concrete vary between cracks along
the length of the member, and this reduces the average tensile stress in the concrete as

indicated in Figure 2-4 (Stevens et al., 1991).

In the past, numerous tension stiffening models were developed for normal strength and high
strength concrete. However, since the introduction of fibres as means of reinforcement, fewer
models exist. Since the fibers, carry stresses across cracks, via bridging action, it is evident that

response of fibre reinforced concrete changes. Abrishami and Mitchell (1997) developed a
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simple model for tension stiffening of normal and high strength, 38 and 76 MPa respectively,

fibre reinforced concrete, Eq. [2-8].
Nf =2 ViErAc(e = &) 2 ¢ VeEpfy [Eq. 2-8]
Where,

Nr. Force carried by fibres; Vi Volume of Fibres; A;: Cross-sectional area of concrete; Er.
Modules of elasticity of the steel fibres; F,: Yield Strength of the Steel Fibres; ¢ : Strain in the

reinforced concrete member; ¢ ,: Strain in the reinforcing bar at yielding.

Abrishami and Mitchell (1997) concluded the proposed model; Eq. [2-8] better predicts the
tension stiffening response of fiber reinforced concrete. In addition, it was concluded that
concrete members with fiber reinforcement showed a greater tension stiffening response
compared to members without fiber reinforcement. The enhanced tension stiffening is mainly

due to the fibers’ ability to transfer stresses across the cracked concrete member.
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Figure 2-4 Axial Load-Deformation Response and Tension Stiffening
Effect (a) Reinforced Concrete and (b) Concrete Contribution
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[2.3.3] Shear Friction

Transformation of shear stress across an interface between two members that are free to move
relative to each other is commonly known as the shear friction. Such behavior is generally
present composite sections such as a bridge deck and the supporting beam. In order for the two
sections to interact adequately sufficient shear friction is required. The basic mechanism for

shear transfer test in bridge decks is summarized in Figure 2-5

Load
Q,\ Deck ,-j € Horizontal
T T
Shear
Girder

Figure 2-5 Horizontal Shear Forces in composite sections

The horizontal shear strength design criteria, clearly, depends on the design code governing the
project. The current ACI-318-08 and CSA A23.3-04 provide simple design guideline, provided
that the reinforcement bars are perpendicular to the shear plane, for shear friction strength of
concrete, Eq. [2-9] and Eq. [2-10], respectively.

Vy = Py [Eq. 2-9]
Vy = cHUp.f, [Eq. 2-10]
Where, v,: ultimate shear stress capacity, p,: shear friction reinforcement ratio, f,: yield stress of

reinforcement bar, c¢: 1 MPa for monolithically placed concrete, u :1.4 for monolithically placed

concrete
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Throughout the years, many equations, summarized below, have been developed to adequately
predict the shear friction strength of concrete. Such experiments were conducted on push
specimens, where the response between the load and slip was investigated. A typical push off

test specimen is illustrated in Figure 2-6

Applied Applied
Load Load

5

Critical Shear Friction Zone

Figure 2-6 Typical Push Off Specimen

Hanson (1960): investigated the shear friction strength between precast girders and cast in
place slabs. He varied the use of adhesive dong agents, keys, stirrups and surface roughness.
He then concluded the base shear strength value depended on the interface treatment. Also,
the addition of reinforcement added to the strength of the base shear while the variation of keys

did not have an effect on the shear base.

Mattock et al (1969): studied the behavior of the shear friction of 38 different specimens to study
the shear transfer behavior in interfaces where a crack existed before shear transfer. He
investigated the effect of compressive strength and steel reinforcement. Mattock et al. (1969)
concluded that the pre-cracked specimens resulted in lower ultimate shear strength. In addition,
they reported that the concrete strength had no effect on the shear strength, and the ultimate

shear friction strength was dependent on the reinforcement ratio.
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Mattock et al. (1975): preformed push off test on 27 specimens to investigate the effect of
moment on shear friction strength. They concluded the applied moment does not affect the
transfer of shear forces. They concluded that the equation, Eq. [2-11], proposed by Mattock

(1974) most accurately predicted the shear transfer.
v, =400 +0.80fy < 0.3 fc [Eq. 2-11]

Valluvan et al. (1999): investegated the adeuacey of the shear friction strength equation as
given by the ACI 318-95 of concrete placed at different times. 16 push-off tests were conducted,
where they investegated the effect of reinforcement, amount of permanent compressive stress
on the interface, strength of concrete and construction prodecdure. Valluvan et al.

(1999),concluded that the ACI provision was rather conservative.

Khan and Mitchell (2002): preformed 50 different test on push off specimens to determine if the
ACI 318 was adequate for high strength concrete. They investegated the effect of compressive
strength, reinforcement ratio. In addition their tests included pre-cracked, uncracked and cold
joint specimens. They concluded that the ACI 318-99 was conservative of shear friction strength

of high strength concrete. They prposed the following Eq [2-12].
vy =0.05F,+1.4p,f,<02f, [Eq. 2-12]

where, v,: ultimate shear stress capacity, . concrete compressive strength, p,: shear friction

reinforcement ratio and f,: yield stress of reinforcement bar.

[2.4]Structural Behaviour of Concrete

[2.4.1] Shear Strength of Concrete Beams

[2.4.1.1] Background

Concrete structural elements subjected to high shear stresses are a highly sensitive topic due
the complex nature of the shear behavior. Similar to the ACI-318-08, current design methods for

shear capacity in the Canadian code, CSA A23.3-04 are mainly based of experimentally derived
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equations. Some researchers suggest using such equations might be unsafe for concrete with
at least twice the strength they were developed for. Majority of the experiments were conducted
on beams of a depth less than 300 mm. Previous studies on much have shown a decrease in
the shear capacity of the concrete beams as the size increases (Elzanaty, 1986). This
phenomenon is known as the “size effect on shear”, which simply means as a concrete beam

increases in size the shear capacity decreases.

[2.4.1.2] Development of Shear design Equations

In Practice, when designing reinforced concrete members, flexural is usually considered first.
The member is then, usually, proportioned for shear such that the shear strength equals or
exceeds the shear required to cause flexural failure within the member. The current design
equations available in design codes, ACI 318-08 and CSA A23.3-04, are a product of years or
extensive research. The basis for both design equations is the product of the 45° truss model
analogy developed in the early 1900’s, which incorporated only the effect of the transverse
reinforcement. During mid-1900’s, it then became apparent that the method was over
conservative by ignoring the effect of concrete towards the shear strength of reinforced concrete
section. At the time, extensive research was conducted to study the effect of the concrete on the
shear strength of reinforced concrete beams. Eventfully ACI developed an empirical model to
incorporate the effect of the transverse reinforcement and concrete on the shear strength. In
1955 a catastrophic shear failure collapse of a warehouse signaled the development of a more
accurate shear strength model. Consequently, effortless research developed a model based on
a 194 experimental data, adapted from ACI-ASCE committee 326 in 1962, summarized in

Figure 2-7 (Collins and Kuchma, 1999).

During the development of the ACI shear design provision, the sensitivity of the shear failure to

size and reinforcement ration was not considered (Collins and Kuchma, 1999). Concrete
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structural elements subjected to high shear stresses are a highly sensitive topic due the

complex nature of the shear behavior.
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Figure 2-7 Derivation of ACI expression for diagonal cracking shear
strength (Collins and Kuchma, 1999)

Similar to the ACI-318-08, current design methods for shear capacity in the Canadian code CSA
A23.3-04 are mainly based on experimentally derived equations. Some researchers suggest
using such equations might be unsafe for concrete with at least twice the strength they were
developed for (Elzanaty, 1986). Majority of the experiments were conducted on beams of a
depth less than 300 mm. In addition the code equations did not consider the size effect on
beams having a depth greater than 300 mm. Beams without shear reinforcement, stirrups, will
fail diagonally when an inclined crack occurs. Originally cracks vertically develop at mid-span,
followed by cracks developing at approximately 1.5d (effective depth of the beam) form the face
of the support. Subsequently, sudden diagonal cracks propagate towards the location of the
applied load. The failure mode, described above, is more common with slender beams having a

shear span to depth ratio, a/d, greater than 2. In the research at hand, the shear strength of
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UHPFRC is studied while investigating effecting shear strength such as: f;, compressive

strength of concrete, a/d ratio and p,, longitudinal steel ratio.

[2.4.1.3] Factors Effecting Shear Strength

Beams without shear reinforcement, stirrups, will fail diagonally when an inclined crack occurs.
Originally, the crack vertically develops at mid-span which causes, followed by cracks
developing at approximately 1.5d form the face of the support. Subsequently, sudden diagonal
cracks propagate towards the location of the applied load, as shown in Figure 2-8, where ,d, is
the effective depth of the beam and ,a, is the shear span. Figure 2-8, describes the failure mode
which is associated with slender beams having a shear span to depth ratio, a/d, greater than 2.
In past years countless research, (Elzanaty, 1986; Naraynan and Darwish, 1987; Ashour et al.,
1992; Kwak et al. 2002; Bunje and Fehling, 2004; Concrete Committee, Japan Society of Civil
Engineers, 2008 and Dibh et al. 2011), has been conducted to develop models which account
for the effect associated with the a/d ratio. Elzanaty (1986) conducted numerous researches on
the shear capacity of reinforced concrete beams using high strength concrete. The research
was focused on testing the adequacy of the ACI 318-08 shear design equation, Eq. [2-3] (ACI
Committee 363 R, 2010), when using high strength concrete. During the research, Elzanaty
(1986) focused on parameters affecting shear strength such as; concrete compressive strength
f.’, ald ratio and longitudinal steel ratio p,,. Elzanaty (1986) then concluded; the shear strength
of beams without stirrups increased with the increase of concrete strength. However, the ratio of
the test to the predicted shear strength decreased with the increase of concrete strength.
ACI 318-10, Eq. [2-13], was seriously unconservative for beams without stirrups having a high
f; and a/d ratio with lowp,,.This code equation underestimates the importance of both p,, and
a/d ratio and overestimates the benefit of increasing f,/. The Canadian concrete design criterion,

CSA A23.3-04 follows similar guidelines to the ACI 319 and is represented with Eq. [2-14].

ve= 1/6 \Nfc’ (MPa) [Eq. 2-13]
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ve= AB\fc’ (MPa) [Eq. 2-14]

Figure 2-8 Development of a Shear Crack

[2.4.1.4] Shear Strength of Fibre Reinforced Concrete

The addition of randomly integrated steel fibres in concrete has been commonly known to
enhance the behaviour of conventional concrete. The development of the fibre reinforced design
models dates back at least 30 years ago (Kwak et al., 2002). Since, a number of models have

been developed to accommodate the presence of steel fibres in concrete.

Sharma (1986), developed a simple model to predict the shear strength of fibre reinforced

concrete beams represented by Eq. [2-15].
vu = k ft’(d/a)0.5 (MPa) [Eq. 2-15]

where v,: average shear stress at failure, k: 2/3, a/d: shear span-depth ratio, f: split-cylinder

tensile strength or 0.79(f.’)*° and f.’: concrete compressive strength.

However, the model fails to take into account major parameters influencing the shear strength
such as flexural reinforcement ratio and fibre reinforcement. Following the development of
Eq. [2-15], many other models were developed for shear strength design of fibre reinforced
concrete. Narayanan and Darwish (1987) developed a shear strength model accounting for fibre

and flexural reinforcement given by Eq [2-16]. Ashour (1992) modified Eq. [2-16] to better fit his

21



result from high strength concrete beam subjected to shear experiment. His model, Eq. [2-71],
directly includes the most important parameters affecting shear strength such as reinforcement
ratio, shear span to depth ratio (a/d) and concrete strength and compressive strength. Using the
results of his own experiment and those of Ashour (1992) and Narayanan and Darwish (1987),

Kwak et al. (2002) developed an additional model for shear strength of fibre reinforced concrete,

Eq [2-18].
vu = e[0.24 fy;+80p SJ+vb (MPa) [Eq.2-16]
vu = (0.7Vfc + 7F) = +17.2p% (MPa) [Eq.2-17]
vu= 3.7e ;g;/}?c (p g) 1/3 +0.8vb (MPa) [Eq.2-18]

Where, fgpic = foui/(20-VF) + 0.7 + VF, p: flexural reinforcement ratio, a/d: shear span-depth ratio,
F: fibre factor (L#/Ds)Vid;, e: arch action factor (1 for a/d> 2.8, 2.8for a/d<2.8), f..s concrete
compressive strength, L : fiber length, Dy fibre diameter V. volume fraction of steel fibers and
dr. bond factor (0.5 for round fibers and 0.75 for crimped fibres), v,: 0.41TF, T: average fiber

matrix interfacial bond stress, taken as 4.15 MPa

The previous models, though very effective when using high strength fibre reinforced concrete,
have yet to be verified for use with UHPFRC. The Japan Society for Civil Engineers is one of
the few organizations to develop design recommendations for structure members made with
UHPFRC. Eq [2-19] (Concrete Committee, Japan Society of Civil Engineers, 2008), predicts the
shear capacity of concrete members made with fibre reinforced concrete and without stirrups

where, Vis the effect of concrete and Vi is the effect of fibre reinforcement.

Vyg = Vg + Vig (N) [Eq. 2-19]
Where,

Vcd= Bd * Bp * ved * bw* d/Vb
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Vie= (fua/tan Bu)"bu” 2/ vo

Where, B4 = 3/1/d, Bp = 3/100/pw , fiea = 0.7 * 0.2* 3/f.4, pw: flexural reinforcement ratio, by:
beam width, d: effective beam depth, z: distance from location of compressive resultant to
centroid of tensile steel, generally d/1.15, y,: 1.3 in general, f,4: design tensile strength of

UHPFRC,B,: angle of diagonal crack surface to the member axis, B, = 45°

Later research has linked the shear strength of fiber reinforced concrete directly to the fiber
reinforcement rather than the tensile strength of concrete (Aoude et al., 2012). To illustrate the
propoed concept behind this approach, a free body diagram of fiber reinfored concrete beam
with a crack inclination, 6, as shown in Figure 2-9 can be considered. The shear resistance, Vyp,,
can be related to the pullout strength of the fiber reinforcement as shown in Eq. [2-20] (Aoude et

al., 2012).
Vs = [Nas ( 0.83 F,))] by d cot 6 [Eq. 2-20]

The effective number of fibers Ns, can be calculated based on the fiber volume fraction of the
concrete. The number takes into account the fiber orientation (a=3/8) and the embedment length
of the fiber (n, = %2). The fiber pullot strength, F,, takes into account the yielding strength of the
fibers as well as the fiber type. Results have shown fiber with hooked end tend to increase the
pullout strength due to the anchorage provided by the hooks. Aouda et al. (2012) showed

excellent correlation between the test results and the model proposed for shear strength.

Figure 2-9 Fiber pull off Resistance Contributing to Shear Strength
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Chapter [3]
Experimental Procedure

[3.1] Introduction

The rapid increase in using UHPFRC in today’s industry triggered the need for design
guidelines incorporating the effect of fibre reinforcement. While research facilities across the
globe have produced UHPFRC with compressive strength ranging from 100-800 MPa (ACI
Committee 363R, 2010); the only commercially available UHPFRC in North America is
produced by Lafarge North America. Ductal®, a brand of UHPFRC, utilizes steel or organic
fibres, as part of the concrete mix design, to increase the ductility and enhance the post
cracking behaviour. The focus of the research at hand is to investigate the structural properties
of Ductal®, with steel fiber reinforcement, to determine the adequacy of such material in today’s
industry. Table 3-1 Summarizes the properties of the UHPFRC used throughout the course of
the research presented. It should be noted, the research presented only includes the UHPFRC

made with metallic (steel) fibres

Table 3-1 Mechanical Properties of Ductal® (Lafarge North America, 2011)

Metallic Fibres Organic Fibres
Density 2500kg/m3 2350kg/m3
Compressive Strength 150-180 MPa 100-140 MPa
Flexural strength 30-40 MPa 15-40 MPa
Direct Tensile Strength 8 MPa 5 MPa
Young’s Modulus 50 GPa 35 GPa
Poisson Ratio 0.2 0.2
Shrinkage 0.6-0.8 mm/m 0.8-1 mm/m
Creep Coefficient 0.3 0.8

Coefficient of Thermal Expansion

11.8 550 pm/m/C

11.8 550 ym/m/C
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[3.1.1] Fiber Reinforcement
The steel fibers used in all the experiments were straight fibers with a diameter of 0.2 mm and
length of 12 mm. In addition the fibers are coated with a thin layer of brass to prevent rusting

during storage and handling. The material property of the fibers used in outlined Figure 3-1.
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Figure 3-1 Material Properties of Steel Fibers (Federal Highway Administration,
2006)

[3.1.2] Mixing Procedure

The mixing efficiency and mixing performance depends highly on the mixing procedure and
mixer type. For the most efficient and consistent mixing of UHPFRC shear mixers have been
used successfully. These mixers disperse the water and admixtures onto the cement without
heating the mix via kinetic energy created by the mixing process. The mixing procedure was
done according to Lafarge North America specification for producing Ductal® concrete. The dry
material, consist of a carefully selected blend of nano materials such as cement slag silica
fumes and silica sand, was mixed first, to allow even distribution of raw materials. Following the
dry mix, water and high end water reducer admixture were gradually added to the dry materials.

Afterwards, when the mix reached the desired consistency the steel fibres were evenly added to
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the mix. The exact proportions of the mix design and the duration of the mixing procedure

cannot be disclosed due to confidential agreement with Lafarge North America.

[3.1.3] Casting

After the completion of the mixing, the concrete was then transported via plastic buckets to be
poured. Prior to pouring of the concrete the formwork were cleaned thoroughly then the sides
were slightly oiled to ease the demolding process. When UHPFRC is discharge onto a flat
surface, UHPFRC spreads itself throughout the mold. By moving the discharge point at a rate
such that it is always behind the leading edge of the flow the mold can be filled in one continues
motion. This casting technique is rather important, because if two leading edges meet there will
be minimum fibers available to bridge the two edges. Due to the self-consolidating and self

leveling properties of Ductal® concrete the need for vibration was eliminated.

[3.1.4] Curing

UHPFRC requires a different curing method when compared to conventional concrete. All test
specimens were cured according to Lafarge North America curing specification for Ductal®
concrete. The specifications require the placement of a plastic layer over the concrete specimen

after the addition of fresh water to the surface of the concrete,

Figure 3-2 Typical Test Specimen While Curing
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[3.1.5] Compressive Strength Testing

Following the casting of each specimen, a minimum of three compressive strength test cylinders
were cast. The cylinders were tested on the same day as their respected test specimen. Unlike
conventional concrete, the use of capping compound, to achieve a uniform test surface, is not
suitable for UHPFRC. The expected compressive strength of the UHPFRC (150-180 MPa) is

greater than the compressive strength of the capping compound (80-90 MPa). As an alternative,

the uniform test surface was achieved using a concrete saw as shown in Figure 3-3.

Figure 3-3 (a) Typical Test Cylinder after Demolding, (b) While Saw Cutting and (c) After Saw
Cutting

[3.1.6] Reinforcing Steel
The reinforcement bars used throughout the experiments were grade 400 MPa (10 mm) and

450 MPa (20 and 25 mm) Canadian steel bars conforming CAN/CSA-G40.20-M92. The

27



reinforcement consisted of deformed bars 10 mm, 20 mm, 25 mm, in diameter; with average
yield stress and ultimate tensile strength of 425 MPa. The steel bars had a modulus of elasticity
of 200 GPa. Details of bar size, spacing and arrangements are outlined in the following

sections.

[3.1.7] Measurement Devices

[3.1.7.1] Load Measurement

Two methods of load application and measurements were used in the course of the
experiments. The first method was by means of a hydraulic pump used to apply the load that
was then measured by a hydraulic pressure transducer. The transducer was connected to a
high speed data acquisition system. As for the second method, a Material Testing System
(MTS) equipped with load, strain and deflection loading rates. A high speed data acquisition

system was used. The details of which method used will be outlined in following sections.

[3.1.7.2] Strain Gauges

Two types of strain gauges were used throughout the course of the experiment. The traditional
electrical strain gauges (ESG), 10 mm long, with a resistance of 120 Q and a gauge factor of
2.07+0.5%, were glued to steel reinforcing bars. The gauges were installed according to
specifications. Initially the bar was grinded to achive a smooth and even surface without
compromising the carrying capacity of the bar. Then a alcohol is applied to the smooth surface
to clean the contaminated surface. Afterwards, a coditional is applied to the surface and then
the strain gauge in glued to the steel bar. The other type of strain gauges used was a Fiber
Optic strain sensor. Fiber Brag Grating (FBG) sensors are one of many fiber optic sensor
technologies that are currently being used in SHM systems. A fibre Bragg grating is wavelength-
dependent filter/reflector formed by introducing a periodic refractive index structure, with
spacing on the order of a wavelength of light, within the core of an optical fibre. Whenever a

broad-spectrum light beam impinges on the grating, it will have a portion of its energy
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transmitted through, and another reflected off. The reflected light signal will be very narrow (few
nm) and will be centered at the Bragg wavelength that corresponds to twice the periodic unit
spacing. Any change in the modal index or grating pitch of the fibre caused by strain,
temperature, displacement, or cracks in buildings will result in a Bragg wavelength shift. An FBG
is a region of germanium-doped glass fibre core that has been exposed to UV radiation using a
‘phase mask’ to fabricate a periodic ‘grating’ of material with a modulated index of refraction.
This precise spacing, called the ‘pitch’, reflects incident light in a narrow band centered about

the ‘Bragg’ wavelength.

The electrical strain gauges (ESGs) are susceptible to Electromagnetic or radio frequency
interference (EMI/RF) and hence unsuitable for long-distance applications. Structurally, each
ESG has two wires serving as input and output ports respectively, unlike fiber Bragg grating
based sensors where several sensors can be multiplexed onto the same optical fiber.
Consequently, FBG sensors could allow for a larger and a more accurate measurement for the
fracture and cracking response of concrete members. Figure 3-4, shows a typical Fiber Optics
sensor installed. The details of which type of strain gauge used will be outlined in sections to

follow.

ptic Sensor
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Figure 3-4 Typical Fiber Optic Strain Sensor
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[3.1.7.3] Deflection Gauges

The deflections were measured using an assortment of linear potential differential transducers
(LPDTs), outlined in detail in the following sections. LPDTs work on the basis of linear
relationship between the resistance and displacement due to deflections or deformations

occurrence.

[3.2] Fracture Energy Testing

[3.2.1] Specimen Specification

A total of two identical specimens were cast for fracture energy determination as outlined in
Table 3-2. The specimens were tested under a four-point loading system using the MTS

machine outlined above. The two specimens were identical in details to verify the results of the

experiment.
Table 3-2 Fracture Energy Test Specimen Specification
Specimen Name Cross Sectional Area Length Notch Depth, ag
(mmz) (mm) (mm)
FE1 200x300 900 40
FE2 200x300 900 40

Following the mixing, the concrete was then transported, in plastic buckets, to be cast in
wooden molds previously prepared. The molds had dimension of 200 x 300 x 1000 mm. prior to
casting, an artificial notch with depth of a, = 40 mm along the width of the specimen was
prepared at the middle of the specimen as shown in Figure 3-5. In addition, to measure the
strain along the fracture zone, a fibre optic strain gauge, 150 mm, was installed. The

specification of the test specimens are shown in Figure 3-6.
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Figure 3-6 Overview of Fracture Energy Test Specimen
[3.2.2] Testing Procedure
Literature review suggests strain or deflection control loading rate to correctly capture the
fracture energy of concrete (Marzouk and Chen, 1995). The testing apparatus used to apply the
load in this experiment is capable of controlling the load, strain and deflection loading rate. As
for the strain measurements a separate acquisition system was used to capture the change in
wavelength from the fibre optics cable, with a gauge length of 150 mm, which then can be used

to calculate the strain along the cable. Both acquisition systems were adjusted to record
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measurements at a rate of 4 readings per second. Figure 3-7 below shows the experimental test
setup. The experiment was conducted under a displacement loading rate of 0.0004 mm/s.
Based on the results and the behavior observed from first test Specimen, the loading rate was
increased to, 0.008 mm/s, as it became evident that a slow rate is not required as the specimen

showed a ductile behaviour.

Figure 3-7 Fracture Energy Test Setup and Instrumentation (a) Acquisition system, (b)
Fibre optic wavelength acquisition system, (c) MTS Machine, (d) Fiber Optic Cable and (f)
Test Specimen

[3.3]Tension Stiffening

[3.3.1] Specimen Specification

Two test specimens were cast to determine the tension stiffening behaviour of UHPRFC. The
effect of reinforcement ratio was investigated by varying the cross-sectional area of the

specimen. The detailed specimen’s specifications are presented in Figure 3-8 and
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Table 3-3.The steel reinforcement used was longer than the test specimen to ease in the testing

procedure detailed in the following section.

Table 3-3 Tension Stiffening specimen Details

Specimen Cross Sectional Area Length, L Reinforcement

Name (bxb mm2) (mm) Ration (%)

TS1 180x180 2000 1.5

TS2 160x160 2000 2
ixed Support

/—Electrical Strain Gauge
LPDT
- ‘ Steel bar _ 2E:/I Bar
L /4 | el g
L/2

- /2

-

Figure 3-8 Tension Stiffening Specimen Specification

[3.3.2] Testing Procedure

A special test set up was assembled to create a fixed connection at one end of the test
specimen and apply a horizontal load to the specimen. The setup, consisted of two steel
frames, mounted into the floor, and two reinforcement grips to create a fixed connection and
apply the load. The extended reinforcement bar was placed, on either side, through the steel
frame which was then mounted to the ground. On one side the steel bar was placed through a
hollow hydraulic jack and a hollow load cell then mounted to the reinforcement grip as illustrated
in Figure 3-9 (a). On the other side the steel bar was mounted to the steel grip to restrict any

horizontal movement due to the load applied, creating a fixed connection, Figure 3-9 (b).
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(b)

Figure 3-9 Tension Stiffening Test Setup (a) Load
Application and (b) Fixed Connection
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To prevent the steel frame from horizontal movement, additional steel beams were placed
between the steel supports. To measure the strain in the concrete, a LPDT deflection gauge
was mounted on the specimen prior to testing. The test was conducted under a static load
application and the load was applied by 25 kN increments, and any cracks developed were

marked accordingly. An overview of the test setup is shown in Figure 3-10.

Steel Frame

Additional Steel Beam

Test Specimen

LPDT Extension

LPDT

Steel Spacer

Figure 3-10 Overview of Tension Stiffening Test Set Up
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[3.4] Flexure and Shear Behaviour of UHPFRC Beams

[3.4.1] Specimen Specification

A total of five beams were casted to investigate the flexure and shear behaviour of UHPFRC. All
beams, outlined in Table 3-4 and Figure 3-11, were tested under a four-point loading
symmetrical system. Five Strain gauges were affixed to the reinforcing bars, at L/6 spacing, to
monitor the strain due to the applied load at various locations. In the case of the control beam
with no reinforcement bars, SB1, a fiber optic strain gauge was used to monitor the strain
variation. In addition, three LDPTs gauge were mounted to measure the deflection of the beam

at a spacing of L/4.

The beams were designed to investigate the influence of reinforcement ratio, py, and the Shear
span ratio (a/d) on the structural response of the reinforced UHPFRC beams. A detailed

specification of the test specimen is presented in Figure 3-11.

Table 3-4 Specification of UHPFRC Beams

Span, L Cross section Shearspan  Steel Ratio,
Beam Name
(mm) (mm2) ratio, a/d pw
SB1 1830 23 0
SB2 1830 2.3
1.25
SB3 3660 178x305 4.6
SB4 1830 2.3
2.5
SB5 3660 4.6
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Figure 3-11 Detailed Beam Specification (a) SB1, (b) SB2&3 and (c) SB 4&5
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[3.4.2] Testing Procedure

During the testing procedure, the beams were loaded by approximately 20 kN increments.
Between the loading increments the beams were inspected for any cracks initiated and
accordingly marked. Also, all acquisition systems were programmed to record readings at a rate
of 10 readings per second. In all the beams tested the maximum load was obtained far after
yielding of reinforcement bars. Test beams were considered “failed” when it was no longer

possible to apply load. Figure 3-12 shows a typical beam testing setup.

Hydraulic Pump

» Load Cell

Spacers

Loading Beam

Figure 3-12 A Typical Beam under Four Point Loading
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[3.5]Shear Friction

[3.5.1] Specimen Specification

Three push off test specimens were cast to investigate the shear friction properties of UHPFRC.
The specimens were designed to be nearly identical to specimens designed by Khan and
Mitchell (2002) so that the result could be later compared with results for normal and high
strength concrete. The specimens were designed to investigate the effect of transverse
reinforcement ratio on the shear friction of UHPFRC. Three different shear reinforcement ratios,
py, were used as specified in Table 3-5. To resist the moment created on the specimens due to
the vertical load applied, heavy flexural reinforcement is provided to ensure shear failure as

shown in Figure 3-13.

Table 3-5 Push Off Test Specimens Specification

Specimen Name  Shear Area (mm®)  Steel Ratio p, (%)

SF1 0
SF2 305x101.5 0.5
SF3 1
— 305mm - — 305mm - |-' 305mm -
-‘152_5mm- ‘ -‘152_5mm|—- ‘ -~|152.5mm|-
101.%_mm [ ] 101.;mm [ ] | 101_%_mm [ ]
(Sorr—— s £l Er——
52mm 52mm 52mm
F 3 r
FAT A B B 7] cl
610mm 610mm 610mm
I
152.5mm 101.Bmin
[ [ . [—
25.5mm 25.5mm 25.5mm—
A-A B-B C-C
T Te ') . L | T_ L
101.5 mm| 101.5 mm 101.5 mm
i . . . - — L Iin -
305mm ~——305mm ——305mm——-

(a) (b) (c)
Figure 3-13 Reinforcement Detailing for Push off Specimens (a) SF1, (b) SF2 and (c) SF3
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[3.5.2] Testing Procedure

The test was conducted using a MTS machine capable of load and deflection loading rates.
During the testing procedure, the specimens were loaded, vertically, by approximately 10 kN
increments. Between the loading increments the specimens were inspected for any cracks
initiated and accordingly marked. Furthermore, all acquisition systems were programmed to

record readings at a rate of 10 readings per second.

Load Cell

Test Specimen

LPDT

Roller Support

MTS Machine

Figure 3-14 Overview of Push-Off Specimen Test Set up
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Chapter [4]

Analysis of Mechanical
Properties

[4.1] Introduction

This Chapter presents the results and observations of the experiments presented in Chapter 3.
The effects of investigated parameters are discussed in details in the following sections. The
load response behaviour of each test is presented then analysed and compared to previous

research available in the literature.

[4.2]Fracture Energy

[4.2.1] Results and Observations

In general, concrete is a brittle material thus making the capturing of a complete load-
deformation response a problematic task. However, when using fiber reinforced concrete, the
addition of the steel fibre matrix allows the concrete to behave with a more ductile behavior.
Consequently, the load-deformation is easily captured. Figure 4-1 and Figure 4-2 below,
illustrate the load strain relationship of the tested beams FE1 and FE2. Figure 4-1, shows the
the load strain increased proportionally up to approximately 90% of the ultimate load, P,.
Afterward, the strain increased dramatically while a minor increase in the load was observed,

explained by the pulling out of the steel fibres present at the crack location.

In all tested beams, surface cracks were observed at approximately 80-90 % of the ultimate
load, Figure 4-3. Subsequently, the strain gradually increased as the load decreased
corresponding for crack opening. However, internal cracks formed far before reaching the 80-
90% of the ultimate load stage. The micro cracking can be described by the slope change in the

load-strain response summarized in Figure 4-1. These, internal cracks, would immediately
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propagate to the surface in the case of non fiber reinforced concrete. Nevertheless, one of the
main advantages of using UHPFRC is that cracks are sealed and held tightly by the steel fibres

present in the concrete mix.
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Figure 4-1 Average Strain Measurement of beams FE1 and FE2
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Figure 4-2 Average Normalized Strain Measurements of Beams FE1 and FE2
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Figure 4-3 Crack Development during Fracture Energy Testing, FE2

[4.2.2] Analysis and Discussion

Fracture energy is the energy required to form a unit area of crack surface (Hillerborg , 1985).
Many researchers suggest that the fracture energy of concrete be treated as a material
property. Fracture energy, Gg, is considred to be the area under the stress-crack mouth opening
displacement (CMOD) curve (Marzouk and Chen, 1995). However, when dealing with concrete,
unlike metal, the energy absorbed by conctere is only assoiated with the area under the
decending portion of the stress-CMOD curve (Marzouk and Chen, 1995). It must be noted that
the effect of the steel fibre, Figure 4-1, must also be included in the fracture energy, as it
ultimately gives UHPFRC its high compressive and tensile strength which are prameters that

affect the fracture energy.

The maximum effective strain, &,.,, for HSC is reported to be around 16 times the strain at
ultimate load (¢,), (Marzouk and Chen, 1995). However, when using UHPFRC it is observed
that €,ax is much greater than ¢, due to the high ductility. The fracture energy can then be
claculated using the load-CMOD response in accordance with Eq. [2-2].Table 4-1 summarizes

the mechanical properties of the test specimens.
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Table 4-1 Fracture Energy Test Results

Specimen fo P. €pu €or Ge E: f
Name (MPa) (kN) x 10-6 x 10-6 (N/m) (GPa) (MPa)
FE1 163 100.25 3500 300 1483.94 18 8.68
FE2 137 97.5 1700 135 1567.50 57 8.44

In general, fracture energy increases with the increase of the maximum coarse aggregate size;
due to the increased compressive strength. However, such an observation can not be applied to
UHPFRC since there is no coarse aggregate present. One,could make the argument of the fibre
content having a signicicant effect on the fracture energy. The fiber content has a significant
effect on the load-CMOD relation; increasing the CMOD values significntly to those of normal or
high strength concrete. The fracture energy, Gg, of normal and high strength concrete, based on
a direct tension test, are 110 N/m and 160 N/m respectively (Marzouk and Chen, 1995). The
effect of the fibres is reflected in the high fracture energy values, as presented in Table 4-1. It
was observed that UHPFRC yield fracture energy values much greater than those of normal
and high strengh concrete. It was found, on average, UHPFRC yields a fracture energy value 10

times greater than normal or high strength concrete.

Rather than the use of fracture energy directly in any design models developed; the
characteristic length, I, material property representing the size of the fracture zone, is used. It
expresses the fracture properties of concrete such as the modulus of elasticity, E;; fracture
energy, Gg, and tensile strength, f; as determined by the direct tension test (Hillerborg , 1985)
and is represented by Eq [4-1]. While, /.5, has no physical meaning; it act as a representation of

the brittleness of concrete, the higher the /., value the less brittle the concrete.

ln=E; G&/ f2 (mm) Eq. [4-1]
Where, l¢, : the characteristic length; G : the fracture energy, E. : the modulus of Elasticity and

f2 : the maximum tensile strength.
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Given the difficulties associated with fracture energy determination of concrete, researches
have proposed empirical equations to predict the characteristic length of concrete using the
compressive strength of concrete, as presented by Eq. [4-2] (Hilsdorf and Brameshuber,

1991)and Eq. [4-3] (Zhou et al., 1995).

len = 600(f,) %3 (mm) Eq. [4-2]

loh = -3.84f,+580 (mm) Eq. [4-3]

Table 4-2, shows a comparison between chractristic length, based on the fracture energy values
in Eqg. [4-1], and avilable models, Eq. [4-2] and [4-3]. In general, it is understandable that the
brittleness of concrete increases with the increase of compressive strength. Available models,
Eq. [4-2] and[4-3] follow that observation. The models available do not accurtly predict the
chractristic length of concrete when compared to values derived from experimentaly meassured
the fracture energy, Eq. [4-1]. The previously derived models, Eq. [4-2] and [4-3] underestimate
the value of the charactristic length for concrete with high compressive strength. In addition, for
a high compressive strength, Eq. [4-3] yields negative values compromising its effectivness.
Needless to say, UHPFRC does not follow the behaviour of conventional concrete. The
significantly increased strength suggest a very brittle behaviour, however the addition of the
fibre matrix results in otherwise a very ductile response. Consequenlty, resulting in inaccurate /I,
values. This behaviour is also demenostrated in the fracture behaviour of the test beams, Figure
4-3. Typically, in conventional concrete with no reinforcement, a crack results in a sudden
failure. However, in UHPFRC, as shown in Figure 4-3, the test beam remian intact even after
crack propogation to the surface. Therefore it is recomended to meassure the fracture energy
experimentaly and to the calculate the charactaristic length from Eq.[4-1]. The charactristic legth
is typically used in analysis involving shear design of larger members, beams or slabs, which

are infulenced by the size effet; depth greater than 300 mm.
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Table 4-2 Characteristic Length of Concrete 40-165 MPa

f len, EQ. [4-1] e, Eq. [4-2] len, EQ. [4-3]
(MPa) (mm) (mm) (mm)
40 500 198.39 426 .4
55 742 180.31 368.8
57.8 532 177.65 358.04
58.7 489 176.83 354.59
61 649 174.80 345.76
63 503 173.12 338.08
74 478 164.96 295.84
75 394 164.29 292.00
137 769 137.13 53.92
163 693 130.16 -45.92

[4.3]Tension Stiffening

[4.3.1] Results and Observation

Tensile stresses developed in any reinforced concrete structure can easily cause cracking.
Cracking loads can be captured at the point where a change in stress-strain slope is noticed.
Typically, a sudden jump in the strain measurements corresponds to the first internal crack
which eventually propagates to the surface of the reinforced member. Member TS1 and TS2
were subjected to an axial load while the members’ responses were being monitored. TS1 and
TS2 showed surface cracks at 140 kN and 100 kN respectively with an average tensile stresses
of 3.42 MPa. Generally, after cracking, the tensile stresses carried by the tension stiffening
specimen should decrease. However, because the presence of the fibre reinforcement the
maximum tensile stress carried by the concrete increased to an average of 4.67 MPa. It should
be noted, the concrete tensile stresses developed did not reach the tensile strength of concrete
(8-10 MPa) as the reinforcement bars reach yielding strains. Ideally the test should be
conducted until complete concrete failure; however the test was stopped as the reinforcement
bars yielded, to avoid any catastrophic failure of the specimen due to the rupture of the

reinforcement. Figure 4-4 shows a complete summary of the test results.

46



. C L :
300 +-----mm--- . A A —— A ——
2250 T _;_;.;f'“/""'::'::;‘_‘:‘_"_‘_T_‘:'_':'::‘:'.‘;'::'::‘ """ ;
=200 t--A A b T E !
D-“ £, / I I —4 Eo I
T 150 ___‘_.,e_._[__;/_____:_ ____________ L TS1 pw=1.5% __
Q ! I I - :
- 100 __:;:../_ _/4: _______ R Looom-n — - TS2 pw=2% - -
i/ I I --- :
50 ':;7{ __________ :' ____________ :_ ______ Blare Bar __:
0 i i ! !

0 2000 4000 6000 8000

Micro Strain, us

Figure 4-4 Average Load-Strain Response of Test Specimens Under Direct Tension

[4.3.2] Discussion of Results

Initially, the reinforced test specimen was assumed to have zero strain. Any axial deformation,
4, due to the applied load, P, can be expressed as strain, &, which is given by &= A/L, where L
is the original length of the specimen. Typically, the reinforcement bar and the concrete section
are assumed to be perfectly bonded. To maintain equilibrium the change in length in both the
reinforcement bar and the concrete section is identical. Hence, the load applied, P, prior to
cracking is taken partially by the concrete and the steel bar in accordance to the stiffness of the
concrete and reinforcement bar. The average tensile stresses of concrete, f;, shown in Figure

4-5, were calculated at each loading stage using equilibrium, Eq. [4-4].
fi =[P - EAs&s]/ Ac [Eq.4-4]
Where, P: the applied load, Es: the modules of elasticity of steel, As: the area of steel and ¢5: the

strain in steel and A. is the area of concrete.
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Figure 4-5 Average Concrete Stress in Test Specimen

The first transverse crack occurred, as expected, in the middle of the test specimens TS1 and
TS2 at 140 kN and 100 kN, respectively, with an average tensile stresses of 3.42 MPa. The
cracking tensile strength correlates accurately with the first significant change in the stress
strain relation shown in Figure 4-5. It should be noted that the ultimate tensile strength of the
UHPFRC used ranges from 8-10 MPa. Although the section first cracked at 3.42 MPa the

concrete continued to take additional stresses due to the presence of the fiber reinforcement.

The results presented in Figure 4-4, where the difference between the load carried by the
member and the load carried by the bare bar represents the tension stiffening behaviour of
UHPFRC. Comparing those results to those of Fischer and Li (2002) several observations can
be made. Fischer and Li (2002) compared the tension stiffening response of normal concrete
and Engineered Cementations Composites (ECC), presented in Figure 4-6. The ECC used, is a
type of concrete which utilized 1.5% by volume of polyethylene fibers, cement, fine aggregate
(average grain size 0.3 mm), water, high-range water-reducing admixture. The ECC used had

an ultimate tensile strength of 6.5 MPa and a compressive strength of 80 MPa.
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Prior to the formation of cracks, all specimens had a similar response. The difference in the
behaviour of the reinforced member and the bare bar is considered to be the effect of the
tension stiffening of the uncracked section. After cracking, the comparison of the load-strain
response shows a more significant contribution of UHPFRC when compared to ECC. Normal
concrete showed the least tension stiffening contribution after cracking. Considering the tensile
strength of all types of concrete, the significant contribution of UHPHRC and ECC is due to the
load carried by the fiber matrix integrated within the mix. Prior to reaching the cracking strength,
the load applied to the member is shared between the concrete and the steel bar based on their
stiffness and volume fraction. Since the normal concrete section is not able to transfer loads
after cracking; majority of the load is transferred and carried entirely by the steel bar by means
of bond action. Typically in normal or high strength concrete after the formation of the first crack,
a significant increase in the deformation is noticed. Subsequent to the transverse cracks,
stresses accumulate causing longitudinal cracks, which eventually form more transverse cracks

(Abrishami and Mitchell, 1997 ; Fischer and Li, 2002).
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Figure 4-6 Load-Strain Relation of the Tension Stiffening Response of ECC and Normal Concrete

(Fischer and Li, 2002)
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The presence of fiber reinforcement has a distinct effect on the cracking response of the test
specimen. When using UHPFRC the significant jump in the deformation was not noticed. This
noted behaviour is characterized by the presence of steel fibers; which tend to tightly hold the
cracks. It appears that such property increase the tension stiffening effect. After the propagation
of the first crack, the stiffness of the concrete section remained relatively high to accommodate
further elongation due to the applied load, creating additional transverse cracks propagated
symmetrically along the length of the test specimens, as presented in Figure 4-7. This behaviour
is due to the fiber bridging action, which transfers stresses between two cracked sections rather
than transferring the load to the steel bar. In addition the yielding force of the embedded bar
was 315 and 300 kN for TS1 and TS2 respectively, while the yielding force of the bare bar was
approximately 215 kN. This behaviour is rather comparable to previous work for tension
stiffening of fiber reinforced concrete. Pervious work concluded in a non fiber reinforced
concrete tension stiffening model, the yielding force of the bare bar and the embedded bar is the
very close to one another (Abrishami and Mitchell, 1997 ; Fischer and Li, 2002 ; Dawood and

Marzouk, 2012).

Table 4-3 Cracking Behaviour of Tension Stiffening Test Specimen

Specimen fc Number of Elongation Average Crack
Name (MPa) Cracks (mm) Width (mm)
TS1 159.8 17 222 0.13
TS2 157.5 19 3.22 0.17
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Figure 4-7 Typical Cracking Pattern of Tension Stiffening Test Specimen, TS2

[4.3.3]Comparison to Previous work

There hasn’t been much development in the area of tension stiffening of UHPFRC. However,
the basic principles of previous models can be applied. In 1995, Chen and Marzouk developed
a tension stiffening model to predict the behaviour of high strength and normal strength concrete
represented. They developed two equations representing the ascending and the descending
portions of the tension stiffening behaviour. For the purposes of comparison only the ascending

model will be used represented by Eq [4-5]

flf = 2e/e, — (e/5p)° [Eq. 4-5]
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Where, ft : the tensile strength of concrete, ft’ : the peak tensile strength of concrete, ¢t: tensile
strain of concrete, ¢t’ : tensile strain of concrete at peak strength. Since the model does not
incorporate fiber reinforcement, a few assumptions have to be made. Typically, the peak tensile
strength is associated with the cracking strength of concrete. Considering Eq. [4-5], the peak

tensile strength can be replaced with the cracking strength of UHPFRC.
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Figure 4-8 Comparison of Tension Stiffening Model

As shown in Figure 4-8, there is a strong correlation between the uncracked section of UHPFRC
and the Eq. [4-5]. Such behaviour, suggest that UHPFRC behaves very similar to non fiber
reinforced concrete. However to fully understand the tension stiffening behaviour of UHPFRC

further investigation is required.

[4.4]Shear Friction Strength

[4.4.1] Results and Observations
The following results are based on the parameters measured during the push-off test specimens

detailed in Chapter 3. There parameters include the shear load ,V, the shear displacement
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parallel to the shear zone , A, and maximum steel strain are summarized in Table 4-4. Test
Specimen SF1, failed at an ultimate load of 445 kN and a maximum layer slip of 2.3 mm. test
specimen SF2 and SF3 failed at an ultimate load of 524 kN and 530 kN respectively with layer
slip of 3.6 mm and 1.5 mm respectively. In addition the load-slip curves and the load-steel strain

curves are presented in Figure 4-9.

Table 4-4 Test Results of Push-Off Specimens

Specimen Shear Area Steel Ratiop, Crackingload  Ultimate load Dis 'I\:i:a(lr::r:? A
Name (mm?) (%) Ve (kN) V, (kN) P oy
SF1 0 400 445 2.3
SF2 305x101.5 0.5 N/A 524 3.6
SF3 1 N/A 530 1.5
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Figure 4-9 Load-Slip Relation of Push-Off Test Specimens
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[4.4.2] Analysis and Discussion of Results

[4.4.2.1] Effect of Reinforcement ratio on Carrying Capacity

In the control test specimen, SF1 (p, = 0), one surface crack was observed at a load of 400 kN
approximately 90% of the ultimate load 445 kN, as shown in Figure 4-11 (a). The crack was
initiated along the critical shear friction plane spanning along the entire length of the shear zone
as shown in Figure 4-10 (a). Referring to Figure 4-9, it is observed at 125 kN a change in the
slope of the load-slip curve; indicating internal cracking far beyond ultimate failure. Such
behaviour, internal cracking, is consistent with UHPFRC. Both SF2 and SF3 (p,= 0.5 and p,= 1
respectively) didn’'t show shear cracking at all, due to the significant contribution of the
transverse reinforcement. However, both SF2 and SF3 showed significant cracking at the

support and load application where flexural stresses developed due to the nature of the setup.
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Figure 4-10 Load-Transverse Steel Strain of Push-Off Test Specimens

Taking a closer look at the results it observed, that the steel reinforcement in fact yielded, as

shown in Figure 4-10. Furthermore, at approximately 210 kN and 230 kN a significant change in
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the slope of the load-strain response of SF2 and SF3 respectively is noticed; indicating internal
cracking. Comparing the internal cracking load of SF1 SF2 and SF3, it is apparent the
introduction of the shear reinforcement increased the cracking load of the concrete section.
Such behaviour is referred to as confinement action in which the introduction of shear

reinforcement enhanced the quality of concrete.

From Figure 4-9, it can be seen that there is a significant variability between the shear
displacements of the test specimens. At the early stage of the specimen response, load-slip, a
significant increase in the stiffness of the response is noted. For instance, the stage A=1mm, the
significant increase in the stiffness response is illustrated by the increased corresponding load,

104 kN , 246 kN and 450 kN for SF1, SF2 and SF3 respectively.

Figure 4-11 Cracking behaviour of Push-Off Test Specimens (a) SF1, (b) SF2 and (c) SF3

55



[4.4.3] Shear Friction Strength of Concrete

The relation between the ultimate shear load, V,, and the interface steel reinforcement is shown
is Figure 4-10. For comparison purposes, previous experimental data from shear friction test
conducted by Khan and Mitchell (2002) represented by Eq. [4-6] is taken into consideration.
This particular set of results was chosen as it provides experimental results for concrete with a
wide range of compressive strength 27-124 MPa. In addition the design guideline, Eq. [4-6],
included not only results from the experiment conducted by Khan and Mitchell (2002), but a
wide variety of experimental results conducted by Anderson (1960) and Mattock et al. (1969) on
normal strength concrete. The design guideline was developed to give a simple and accurate
prediction of the shear friction capacity of normal, high strength concrete. The equation
incorporates a frictional value (u=1.4) and a component for bond and asperity shear (0.5f,).
Khan and Mitchell (2002) concluded by taking the component for bond and asperity shear as a
percentage of the compressive strength, the equation better predicted results for normal and
high strength concrete. An upper limit was set at 20% of the compressive strength as it agreed
with khan and Mitchel (2002) results and ACI 318-08. The result of khan and Mitchell (2002) are

represented by Eq. [4-6].
vy=0.05f;+1.4pf,<0.2f; [Eq. 4-6]

Though, test specimen SF2 and SF3 did not entirely fail in the shear critical zone as seen in
Figure 4-10, the interface steel reinforcement did in fact yield as shown in Figure 4-11. Such
behaviour can be characterized as failure. Following the same approach as Khan and Mitchell
(2002), the test results of the UHPFRC Push-Off experiment can be compared to specimens of
similar geometric dimension. The results of the test conducted seem to follow the same
behaviour as reported by previous researchers (Anderson, 1960; Mattock et al., 1969 Khan and
Mitchell, 2002). Figure 4-12 illustrates the results of the UHPFRC test in comparison to the

normal and high strength concrete as well as the Eq. [4-5]. The ACI provision tends to give very
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conservative results when compared with existing data, ignoring entirely the bond and asperity
shear component as reported by Khan and Mitchel (2002) as seen in Figure 4-12. However, the
model proposed by Khan and Mitchel (2002) can still provide a good agreement with the

experimental test results with UHPFRC presented in this study.
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Figure 4-12 Comparison of Push-Off Specimens Test results

[4.4.4] Fiber Effect on Shear Friction Strength of Concrete

As proposed by many researchers, (Aoude et al. , 2012; Japan Concrete Institute Standard,
2003; Kwak et al., 2002 and Naraynan and Darwish, 1987), the behaviour of fiber reinforced
concrete is better represented by investegating the fiber effect. A concept relating design
guidelines directly to the fiber present in the concrete mix. Such concept, can be directly applied

to shear friction behaviour.

Another way to look at the shear friction capacity of UHPFRC beams is to study the fiber

contribution effect rather than the property of the material as a whole. Considering a UHPFRC
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shear friction zone without any additional steel reinforcement, the steel fibers are assumed to be
evenly distributed along the cross section; it can be considered, hypothetically, the steel fibers
acting as transverse reinforcement bars along the shear zone. Based of the cross sectional area
of the shear zone and on the steel fiber content of the mix, the area of the steel reinforcement,
Arcan be calculated. The area of the steel fibers should be corrected to account for fiber
distribution. This correction factor, a = 3/8 (Aoude et al. 2012), accounts for the random
orientation of the fibers crossing any arbitrary cracking plane. In addition a correction factor,
ns = 1/2 (Aoude et al. 2012), which accounts for the embedment length across the cracking

plane is considered.

The factor ns was developed for steel fibers that are 0.55 mm in diameter and 30 mm long. The
steel fibers used in the present study are 0.2 mm in diameter and 12 mm long. Taking that into
consideration, n; can be significantly reduced to accommodate the reduction in fiber length. In
addition the pullout strength of the steel fibers is based not only on the embedment length but
also on the area of each individual fiber. Considering the area and the length of each individual
fiber, n;=1/2 can be modified to n, = 1/8. Considering both factors the hypothetical steel fiber
area can be modified to an effective steel fiber area where Ag+ = n, a A. Further details are
described in [5.1.3.2]. Considring this theory, Eq. [4-6] can be modified to incorprate the effect of
fibers. The resulting propossed expression presented by Eq.[4-7] tends to follow the same
accuracy as originally proposed by Khan and Mitchel (2002). Results of the comparrison is
summarized in Figure 4-13 and Table 4-5, as seen the proposed equation, Eq. [4-7], predicts
the shear friction stress wit great accuracy, where the average ratio between the experimental

results and the predicted values based on Eq. [4-7] was 1.09.
vy =0.05f; + 1.4 [o,f, + anspds] < 0.2 f¢ [Eq. 4-7]

Where, v,: ultimate shear stress capacity, f;: concrete compressive strength, p,: shear friction

reinforcement ratio and f,: yield stress of reinforcement bar, a: fiber orientation factor 3/8,
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n2: Embedment length factor 1/8, pr fiber reinforcement ratio f;: yeilding strength of fiber

reinforcement.

Table 4-5 Comparison of Test Results with Existing Equation

Specimen Exp ACI CSA Eq.[4-6] Proposed
Name (kN) (kN) (kN) (kN) (kN)
SF1 445 0 30.96 247.66 373.62
SF2 524 86.68 117.64 334.34 460.3
SF3 530 137.36 204.32 421.02 546.98
Average Exp/Eq 3.03 714 1.54 1.09
STDEV Exp/Eq 3.02 6.33 0.26 0.11
COV Exp/Eq 0.99 0.88 0.17 0.10
03 T -—"=-"="==== TS EmEm== |emEsEEmEEEEs=s= 1
1 1 1 1
1 1 1 1
025 f+=-=m==- fmmm e Ammmem o [ -
1 1 1 1
1 1 1
02 T =-=-==-=== ; I | S0 9=0 0=0 0=0 =00 0=0- = .:
1
© = 27 MPa !
~015 r====—-- % A 60-96MPa 1
> . X 96-124MPa !
01 == TS mn -~ ¢ 150-180 MPa 1
- = Eq. [4-6] |
0.05 - ro— - - 1= === ceeee ACI318-08 1
' : e CSA A23.3-04
0 . 1 1 1 1
0 0.05 0.1 0.15 0.2
pvfy/ 1nc + Pr ffy/ f'c

Figure 4-13 Comparison of Test Results Considering Fiber Effect based on Eq. [4-6]
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Chapter [5]

Analysis of Structural Beam
Behaviour

[5.1] Flexural and Shear Behaviour of UHPFRC Beams

[5.1.1] Results and Observations

In all the beams tested the maximum load was obtained far after yielding of reinforcement bars.
Test beams were considered “failed” when it was no longer possible to apply load. Table 5-1
and Figure 5-1 summarize the results of the tests, with the deflection measurements at center
span. In all tested beams flexural cracks were mainly observed within the pure bending region.
In addition beam SB4, p,= 2.5%, flexural cracks where observed outside the pure bending
region which eventually curved towards the loading points forming flexure-shear cracks. These
cracks, commonly, would result in sudden failure under normal circumstance, lack or shear
reinforcement and brittleness of concrete. However, the sudden catastrophic shear failure is
prevented in this case due to the presence of the fiber matrix, which held the cracks preventing
them from suddenly propagating. The effect of the fiber reinforcement is undoubtedly significant
in the analysis of UHPFRC structural members. The fiber reinforcement appears to considerably
enhance the capacity of the concrete beams in terms of shear and flexural capacity by sealing

formed cracks.

Table 5-1 Test Results of UHPFRC Beams

Beam fc Experimental Maximum Maximum Steel
Name (MPa) Load, P (kN)  Deflection (mm) Strain (us)
SB1 168.15 90 11.46 N/A
SB2 145.14 235 17.5 3532
SB3 160.38 113 36.05 3051
SB4 167.08 330 19.02 3280
SB5 172.08 169 45.05 3597
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Figure 5-1 Comparison of UHPFRC Beams Response

[5.1.2] Effect of Reinforcement Ratio

Ultimately, all beams failed in a flexural manner, with only SB4 showing evidence of shear
cracks. SB1, SB2 and SB4, all have the same cross sectional area and span, while the
reinforcement ratio was 0%, 1.25% and 2.5% respectively. SB1 failed at an ultimate load of
90 kN with a maximum mid-span deflection of 11.46 mm. The introduction of steel bars as
means of reinforcement significantly increases the ultimate load carrying capacity and the
maximum mid-span deflection. SB2 had an ultimate capacity of 235 kN and a maximum
deflection of 17.5 mm. While SB4 had an ultimate capacity of 330 kN and a maximum deflection
of 19.02 mm. the maximum mid-span deflection appears to slightly increase with the
introduction of steel reinforcement; a phenomena expected of reinforced concrete beams.
Additionally, it was observed that for beams as the reinforcement ratio doubled the ultimate load
capacity were increased by 30%. However the total deflection was increased by 8% and 20%

for beams with a/d = 2.33 and 4.66 respectively.
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The steel fiber reinforcement has a distinct effect on the cracking behaviour of the UHPFRC
beams. SB1, showed one crack at the mid-span. However, with the introduction of the steel
bars a significant improvement in the structural response was noted. SB2 showed a higher
number of cracks, at the constant moment region, than SB1. While, SB4 showed the highest
number of cracks within the constant moment location. In general steel bar reinforcement tends
to help in cracking control, with the addition of the steel fiber it seems that the cracks are

significantly controlled. The cracking pattern of SB1, SB2 and SB4 is shown in Figure 5-2.

(b)

Figure 5-2 Cracking Behavior of UHPFRC Beams; (a) SB1, (b) SB2 and (c) SB4
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[5.1.3] Flexural Behaviour

In general, reinforced concrete beams undergo four distinct stages of flexural behavior; elastic
uncracked, elastic cracked, yielding and failure. It is assumed that during the elastic cracked
stage, flexural stresses are no longer carried by the concrete but rather by the reinforcement
bars (Brzev and Pao, 2006). While this assumption holds true for concrete made with no fiber

reinforcement, the experimental, beams made with UHPFRC, results suggest otherwise.

[5.1.3.1] Concrete Contribution as a Material Property

The load-Deflection, at center span, relation of beams SB1, SB2, SB3, SB4 and SB5 is
presented in Figure 5-1. It's also observed that all the beams tested exceeded the yielding strain
of steel (0.002). This behavior is a prime indicator that the fibers have significant contribution to
improve the capacity of the reinforced beams after the yielding of steel. Considering the basic
principles of equilibrium forces acting on a rectangular cross section, where the internal bending
moment is resisted by a force couple, T, and C, (Brzev and Pao, 2006). Using the compatibility
principle, T,=C,, the resistance moment due to steel reinforcement, can be calculated as per Eq.
[5-1]. The mentioned basic principle is the basis for flexural design equation found in Canadian

concrete design code CSA A23.3-04.
M, =T, (d-a/2) [Eq.5-1]

The effect of fiber is clearly demonstrated in the test results summarized in Table 5-2. The
ultimate load capacity is much greater than the load required to cause a maximum steel strain
(vielding strain) of 0.002, indicating once more the test specimens carry tensile stresses beyond
yielding stage, due to the fiber reinforcement. Eq. [5-1] can then be modified to account for the
additional flexural stresses carried by the fiber reinforced concrete. The proposed model,
Eq. [4-6] includes the flexural stresses carried by the fiber reinforcement, as observed during

the experiment. As it can be seen in Table 5-2, the proposed model predicts the flexural
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capacity of UHPFRC with better accuracy. Figure 3, demonstrates a correlation between the

experimental results and the predicted values based on the proposed model.
M. =T, (d-a/2) + (. 1) / y, [Eq.5-2]
Where,

f: Modulus of Rupture, determined experimentally from SB1, /. Moment of Inertia and y;

distance from the extreme tension fiber to the centroid of the beam

Table 5-2 Comparison of Flexural Strength and Proposed Eq. [5-2]

Proposed Eq. [5-2]

B E CSA Eq. [5-2)/E
eam N CSA /Exp Stee! Concrete Total a. [5-2)/Exp
Name (kN) (kN) Capacity .
Capacity(kN)  (kN)
(kN)
SB1 90.5 90.48 0.99 N/A 90.48 90.48 1.00
SB2 2355 101.53 0.43 101.53 90.48 192.01 0.82
SB3 113.5 50.89 0.44 50.89 45.24 96.13 0.85
SB4 330.5 199.04 0.60 199.04 90.48 289.53 0.88
SB5 169 99.66 0.58 99.66 45.24 144.90 0.86
Avg = 0.61 Avg =0.88
STDV=0.2 STDV =0.07
COV=0.33 COVv =0.08
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Figure 5-3 Comparison of Test Results and Proposed Equation Eq. [5-2]
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[5.1.3.2] Concrete Contribution as Fiber Content

Another way to look at the flexural capacity of UHPFRC beams is to study the fiber contribution
effect rather than the property of the material as a whole. Considering a UHPFRC beam without
any additional steel reinforcement Figure 5-4 (a) subjected to four point loading; the steel fibers
are assumed to be evenly distributed along the cross section. Considering, hypothetically, the
steel fibers as two reinforcement bars as shown in based of the cross sectional area of the
beam of the steel fiber content of the mix, Ay, where D is the depth of the beam, b is the width of
the beam and Vs is the fiber content, Figure 5- 4(b). The area of the steel fibers should be
corrected to account for fiber distribution. This correction factor, a = 3/8 (Aoude et al. 2012),
accounts for the random orientation of the fibers crossing any arbitrary cracking plane. In
addition a correction factor, n; = 17/2 (Aoude et al. 2012), which accounts for the embedment

length across the cracking plane is considered.

The factor n, was developed for steel fibers that are 0.55 mm in diameter and 30 mm long. The
steel fibers used in the present study are 0.2 mm in diameter and 12 mm long. Taking that into
consideration, n; can be significantly reduced to accommodate the reduction in fiber length. In
addition the pullout strength of the steel fibers is based not only on the embedment length but
also on the area of each individual fiber. Considering the area and the length of each individual
fiber, n,=1/2 can be modified to n, = 1/8. Considering both factors the hypothetical steel fiber

area can be modified to an effective steel fiber area, Aer, Figure 5-4(c).

Based on previous work (Federal Highway Administration, 2006), the maximum compression
strain of UHPFRC was determined to be approximately 3500u¢. Since the ultimate strain in
compression of UHPFRC is the same as normal concrete; the basic assumptions can be made
as specified by the CSA A23.3-04 for flexural capacity of reinforced concrete beams. The

UHPFRC beam can now be considered as beams having two distinct types of reinforcement.
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The resultant flexural capacity can be estimated according to Eq [5-3]. All parameters in
Eq. [5-3] are calculated in accordance to CSA A23.3-04
Mr= M + M [Eq.5-3]

Where,
M; = T,s (d-a/2), based on traditional steel reinforcement

M, = T (d-a/2), based on steel fibers reinforcement
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Figure 5-4 Steel Fiber Distribution in UHPFRC

Table 5-3 Comparison of Flexural Strength and Proposed Eq. [5-3]

Proposed Eq. [5-3]

Beam  Exp CSA CSA/Exp Steel Fiber Total Eq. [5-3J/Exp
name  (kN)  (kN) (kN) Capacity Capacity (KN)
(kN) (kN)
SB1 90.5 90.48 0.99 N/A 99.15 99.15 1.10
SB2 2355 10153 043 101.53 08.98 200.52 0.85
SB3 1135 50.89 0.44 50.89 49.55 100.44 0.89
SB4 330.5 199.04 0.60 199.04 99.14 298.19 0.90
SB5 169 99.66 0.58 99.66 49.58 149.24 0.88
TAvg=061 Avg = 0.92
STDV =0.2 STDV =0.1
COv=0.33 Cov=0.1
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Figure 5-5 Comparison of Test Results and Proposed Equation Eqg. [5-3]

As seen in Figure 5-5 and Table 5-3, the use of fiber effective area yields rather accurate
results. Eq. [4-7] as mentioned ignores the effect of concrete properties and focuses only on
the fiber content as means of the effective fiber bar. To further explain, the proposed Eq. [5-1]
provides adequate prediction based solely on the fiber content. Generally, UHPFRC utilizes 2%,

assuming a different percentage of fiber reinforcement Eq. [5-1] will maintain its accuracy.

[5.1.3.3] Moment Curvature

The results of the experimental program are compared to the theoretical moment curvature
behaviour of the beam based on basin principle and equilibrium properties. The flexural
behaviour estimated, is based on the equilibrium of forces and strain compatibility. The

behaviour estimated follows the following assumptions:

e The stress-strain relation of UHPFRC in compression is assumed to be linear for the

ascending portion.
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o When a moment is applied to a reinforced concrete beam, it is assumed that the strain in
the compression zone is linear and parabolic in the tension zone
o The stress strain relation of the steel bars is assumed to be linear until yielding after

which the relation is constant equal to the yielding strength of steel

Figure 5-6, compares the theoretical behaviour and the experimental behaviour of the test
beams SB2 and SB3. The beams compared both had a reinforcement ratio of 1.25%. The
theoretical model estimates a yielding moment of 136 MN.mm, while the experimental results
showed a yielding moment of 114 MN.mm and 122 MN.mm for SB2 and SB3 respectively. The
experimental results show a good comparison with the theoretical behaviour. The cracking
moment predicted by the theoretical calculation is 29.85 MN.mm. the experimental cracking
moment is 27.14 MN.mm and 32.94 MN.mm for SB2 and SB3 respectively. The experimental
results once again suggest the contribution of concrete, due to the fibers, in the carrying

capacity after cracking.
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Figure 5-6 Moment Curvature behaviour of UHPFRC
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[5.1.4] Shear Behaviour

Available design building codes such as CSA A23.3-04 and ACI 318-08 have simplified design
guidelines for shear strength of beams without stirrups. In addition, various models have been
developed to address the issues regarding shear strength design. All of the available design
criteria are based on the assumption of the increased brittleness of concrete with increase in
compressive strength. There have been many developments in design models for the use of
fiber as a means of reinforcement. The majority of the models developed are based factors
affecting shear strength such as: reinforcement ratio, shear span to depth ratio (a/d) and
concrete strength. Nonetheless, these models were developed for the use of fiber as
reinforcement for high strength concrete to reduce the brittleness of the material. There is yet to

be a major development for such design equation for UHPFRC.

Table 5-4 Comparison of Shear strength of UHPFRC

Beam CSA ACI Japan  Ashour Kwaketal. Narayanan etal. Experimental
(kN) (kN) (kN) (kN) (kN) (kN) (kN)
SB1 10525 9233 29718 168.25 7.7533 286.11 90.5
SB2 97.79 8578 303.71  160.90 381.99 297.65 2355
SB3 102.79 90.17  303.93 84.07 100.38 11242 113.5
SB4 104.92 92.03 30592 174.99 526.94 378.67 330.5
SB5 106.48 9340 306.01 88.62 131.09 127.27 169

While all test beams failed in flexure manner, certain conclusion can be drawn regarding the
shear behaviour. As it can be seen above, Table 5-4, none of the North American design codes
predict, with precision, the shear strength of UHPFRC as the experimental load far exceeded
the shear capacity. It's mainly due to the lack of presence of the steel fiber effect in the available
models. Many studies suggested the available North American codes do not safely consider
parameters such as f.’, a/d and p,, with respect to shear strength of concrete members made

with HSC and no stirrups. Models developed to address the issue regarding shear strength in
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concrete have, in the past, successfully done so. However, most of the proposed models for

shear strength lack the effect of fiber reinforcement.

All of the tested beams showed a, considerably, high shear strength capacity compared to the
available design codes. All beams ultimately failed in a ductile flexural failure. Looking at SB3,
it's clear that the fiber reinforcement tripled the shear capacity, when compared with the
recommended design equations by the CSA A23.3-04 and ACI 318-08. The effect of fiber
reinforcement can be seen clearly in SB3, Figure 5-2 (c), where in fact shear cracks developed
in the tension face propagating towards the loading point, ultimately failing in a flexural. Usually,
due to the absence of stirrups, the concrete member will suddenly fail. However due the fiber
matrix the crack was prevented of suddenly propagated and the beam ultimately failed in

flexural manner.

Previously mentioned shear design equations (Ashour et al. , 1992; Kwak et al.,, 2002;
Naraynan and Darwish, 1987), seem to, significantly, underestimate the shear capacity of
beams having and a/d ratio of 4 while overestimating the shear capacity of beams with a low a/d
ratio. As it can be seen from Table 5-4, SB 2 and SB4, are extremely underestimated when
compared to the experimental results. Preliminary results indicate the Japanese UHPFRC
design guidelines (Japan Concrete Institute Standard, 2003) tend to yield the most accurate
results. The advantage of such models is the incorporation of the tensile strength in conjunction
with fiber reinforcement ratio. It appears when dealing with UHPFRC the tensile strength and

fiber reinforcement ratio is of a greater importance than the compressive.
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Chapter [6]
Conclusion

[6.1]Summary

As a new material UHPFRC, proves to have superior qualities when compared to normal and
high strength concrete. The development in the concrete’s qualities is the product of the
precisely optimized nano materials. In addition, the fiber matrix integrated within the concrete
mix proves to effectively improve the post-cracking behavior of concrete. The introduction of
fibre reinforcement proves to increase, significantly, the ductility of the concrete matrix; resulting
in a concrete material that behaves rather different than conventional concrete. The addition of

fibers enhanced the concrete’s ability to carry stresses after cracking.

The reason for the advanced behaviour lies in the micro structure of the material. This
advancement may lie in the size ratio of steel fiber and the maximum nominal size. Considering
this size ratio is similar to the size ratio of steel reinforcement and maximum nominal aggregate
size in ordinary reinforced, is a possible reason for the enhanced properties of UHPFRC. As a
result UHPFRC is very similar to normal reinforced concrete but being reinforced at a micro

level.

As a result UHPFRC possess the qualities to work in applications ranging from structural,
architectural to artisan. Its use in structural application has been limited so far due to the lack of
design codes available. The objective of this research was to investigate the adequacy of the
current North American codes for the use of UHPFRC. Several mechanical properties design
criteria were investigated. Parameters affecting various behaviours were also investigates and

where applicable design equations were proposed.
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[6.2]Mechanical Properties

[6.2.1] Fracture Energy

The results obtained from the fracture energy testing fortified the effect of fiber reinforcement.
While normal and high strength concrete have fracture energy values of 110 N/m and 160 N/m,
UHPFRC fracture energy testing yielded results that are approximately 10 times greater. In
general UHPFRC didn’'t now follow the tensile behaviour of concrete, showing increase of

carrying capacity after cracking as discussed in section [4.2].

While the fracture energy values are not used; the characteristic length, ls,, is recommended for
use in advanced design guidelines. The characteristic length has no physical meaning but is a
representation of the ductility of a material. Results have shown that UHPFRC has a

characteristic length of 731 mm; signifying a very ductile material.

[6.2.2] Tension Stiffening

The fiber reinforcement proved to have a distinct effect on the tensile strength and the cracking
behaviour of concrete. When compared to ordinary concrete or high strength fiber reinforced
concrete, UHPFRC has a more significant contribution in tension stiffening behaviour. Prior to
cracking all types of concrete have a similar tension stiffening behaviour, however the post

cracking characteristics proved to be rather dissimilar.

Typically, after cracking the contribution of concrete in tension is dramatically decreased. The
introduction of fiber reinforcement tends to increase the post cracking tensile carrying capacity
of concrete members. Results of this investigation have shown after cracking, due to the fiber
reinforcement, UHPFRC maintained its tensile carrying capacity. In addition, test results have
shown for concrete members under pure tension and having a reinforcement ratio under 2%;
the steel reinforcement fails prior to the concrete member. Such behaviour is unprecedented for

reinforced concrete members, due to the low tensile carrying capacity of concrete.
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[6.2.3] Shear Friction

The present design equations do not provide accurate results for predicting the shear friction
strength of UHPFRC. The test results provided in this research have correlated with the existing
equation proposed by Khan and Mitchell (2002). To incorporate the effect of the fiber
reinforcement the proposed Eq [4-6] proved to be accurate when compared to test results of

concrete ranging from 30-160 MPa.

The proposed equation incorporates the effect of fiber reinforcement within the existing equation
proposed by Khan and Mitchell (2002). The resultant equation predicts the shear friction
strength of UHPFRC with an accuracy of 90%. The basis for the equation is including the effect
of fibers on concrete is similar to the effect of steel reinforcement on concrete by crossing the

cracks on the horizontal shear plane.

[6.3]Structural Behaviour

[6.3.1] Flexural Behaviour

All beams tested were design as shear critical beams, according to the CSA A23.3-04, however
all beams failed in flexure. This is due to the lack of incorporating the fiber reinforcement within
the current design equations. Both CSA A23.3 and ACI 318 proved to be rather conservative in
predicting ultimate flexural capacity of UHPFRC beams. Typically, the concrete contribution in
flexure is ignored in design codes after cracking. However, the test results have shown
otherwise. Taking into consideration the results of the fracture energy and tension stiffening
behaviour, it is clear that UHPFRC carries stresses after cracking. These observations can be
directly applied to the behavior in flexure. Both proposed equations Eq. [5-2] and Eq. [5-3] have
predicted the ultimate flexural capacity of UHPFRC with great accuracy. Eq. [5-2] incorporates
the effect of the fiber reinforcement in terms of the modulus of rupture of the material. However,

Eq. [5-3] incorporated the effect of fibers in terms of the fiber reinforcement’s volume fraction.
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The second proposed equation Eq. [5-3] predicted the ultimate flexural capacity of UHPFRC

with 92% accuracy.

[6.3.2] Shear Behaviour

While none of the tested beams showed shear failure, multiple observations can be drawn from
the test results. Yet again the current North American design codes proved to be inadequate in
predicting the shear strength of UHPFRC. Also, the proposed equation from previous research
proved to be inadequate for predicting shear strength of UHPFRC. It appears though the shear
strength of UHPFRC is related to the tensile strength. The Japanese society for civil engineers
recommendation for design of UHPFRC proved to be the most accurate for the shear capacity

of the tested members.

Another speculation is incorporating the effect of fiber reinforcement, in terms of the fiber pull
out strength. A method which related the shear strength of fiber reinforced concrete directly to

the amount of fiber reinforcement crossing the shear failure plane.

[6.4]Recommendation for Future Work

The investigation carried out aimed to study the basic mechanical and structural behaviour of
UHPFRC. Hence, a few limitations arise due to the lack of full depth investigation in one specific
concept. As such much future work could be recommended based of the finding of this

preliminary investigation. The following is a list of suggestion for future work:

[6.4.1] Fracture Energy:

The fracture energy test carried out in this research provided the basics for much greater
concepts to be investigated. While the fracture energy is not directly used in the design of
concrete structures, significant studies have been conducted to incorporate the fracture energy
and behavior. Though it is not a representation of any physical property, I, represents the

brittleness of concrete. Numerous researches have gone into incorporating the characteristic
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length into design equation. For concrete beams without stirrups a model was developed by the

Rilem Technical Committee represented (Hillerborg A. , 1985).

A later model was developed for shear strength of high strength concrete slabs represented by

Eq [6-1] (Marzouk, Emam, & Hilal, 1998)

v, =088 3/p’57’1 [Eq.6-1]

Where, c is the length of a side of a square column, d is the effective depth of slab, h is the total

slab thickness, f; is the uniaxial tensile strength of concrete and I, is the characteristic length

In design equation it is generally assumed that the shear strength is proportional to the tensile
strength of concrete. However, many researchers argue, the use of the square root of the
compressive strength to represent the tensile strength of concrete is not adequate when using

HSC, HPC or UHPFRC. Hence, a major advantage is to incorporate the fracture energy within

[6.4.2] Tension Stiffening:

The tension stiffening behaviour results indicate the use of ordinary steel could prove rather
obsolete due to the high tensile strength of UHPFRC. Thus, it is recommended to investigate
the tension stiffening behaviour of UHPFRC reinforced with high strength steel. Also the use of
other means of reinforcement such as Glass Fiber Reinforcing Polymer (GFRP) should be

investigated.

[6.4.3] Shear Friction
The shear friction tests performed, provided a good starting point to an in-depth investigation. A
recommendation for future work includes the shear friction behaviour of UHPFRC joint to other

types of concrete. Also the joint surface and preparation should be investigated.

75



[6.4.4] Flexure and Shear Behaviour

The behaviour of UHPFRC beams under four point loading is by far the most essential portion
of the investigation. For future studies the effect of fiber reinforcement should be studied.
Investigating different fiber content and steel reinforcement should result in better understanding

of the material’s behaviour under flexure stresses.

The shear behaviour of concrete beams in general is a complicated matter. A full in depth
investigation should be carried out to understand the material’s behaviour. The many factors
affecting shear strength (summarized in section Error! Reference source not found.) should
be investigated; in specific, the concepts relating the shear strength to the fiber’s pull out

strength. Again the fiber content should be varied for a full understanding of the behaviour.
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