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ABSTRACT

Shear and flexure performances of composite beams with different engineered cementitious
composites (ECC) to self-consolidating concrete (SCC) depth ratio were investigated. Shear
reinforced composite ECC/SCC beams showed similar behavior compared to their non-shear
reinforced counterparts until the formation of diagonal cracks but exhibited higher ultimate shear
resistance and ductility. Compared to the full depth SCC and full depth ECC beams, non-shear
reinforced composite ECC/SCC beams showed higher ductility and energy absorption capacity.
Composite ECC/SCC beams showed higher number of cracks with lower crack width because of
fiber bridging and micro-cracking characteristics of ECC. Code based equations and other design
specifications were conservative in predicting shear strength of shear/non-shear reinforced
composite ECC/SCC beams. Composite ECC/SCC flexure beams showed satisfactory flexural
performance compared to their full depth ECC and SCC counterparts.
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Chapter 1

CHAPTER ONE
INTRODUCTION

1.0 General

In conventional reinforced concrete structural design, compressive strength is the most common
and most important material parameter. This is why, structural strength and more generaly
structural performance is often recognized to be controlled by the strength of materias; which
means higher material compressive strength is expected to lead to the higher structural strength.
This concept is correct only if the failure mode istruly governed by the material strength property.
If fracture failure occurs, a high strength material does not necessarily mean the higher structural
strength. Rather, a tougher and extreme ductile material can lead to a higher structural strength
(Ramualdi and Batson, 1963). Therefore, polymeric fibers were employed as areinforcing material
in cementitious materials. The main use of fiber in cementitious materials is for the sake of
enhancing the resistance and toughness in tension and shear. Modern fiber reinforced cementitious
materials have been analyzed since 1960°’s (Gao and Zijl, 2005).

In the last few decades, notable research is being conducted worldwide with the aim of creating
new composites, which will increase shear and flexural strength as well as the ductility of the
structural concrete elements. One group of these super ductile compositesis called as Engineered
Cementitious Composites (ECCs) featuring high ductility and damage tol erance under mechanical
loading including tensile and shear loadings (Li, 1997; Li et al., 2001, Li, 2003). Flexibility nature
of ECC which came into view from laboratory testing to field applications leads to speedy
construction, reduced maintenance and a longer life span for the structures (Li and Kanda, 1998;
Wang and Li, 2006; Sahmaran et a., 2009). By employing micromechanics-based material
optimization, tensile strain capacity in excess of 3% under uniaxial tensile loading can be attained
with only 2% fiber content by volume (Li, 1997; Lin and Li, 1997; Lin et a., 1999). Poly-vinyl
alcohol (PVA) fiber is successfully used in the production of moderate strength ECC while
PV A/polyethylene (PE) fibers can also be used for high strength. ECC strain hardens after first
cracking, like a ductile metal, and demonstrates a strain capacity 300 to 500 times greater than
conventional concrete. Even at large deformation, crack widths remain less than 60 um (Li, 2003;
Li and Kanda, 1998; Li et al., 2002).
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On the other hand, for the improvement of productivity mainly in the transport and placement of
fresh concrete; a new type of flow-able concrete named Self-Consolidating Concrete (SCC) was
developed initially in Japan in the early 1980’s (Hayakawa et al., 1993; Hossain and Lachemi,
2010). SCC is a highly flow-able concrete that can flow into place under its own weight. SCC
achieves good consolidation without external or internal vibration and also without defects due to
bleeding or segregation (Ozawa et al., 1989; Li, 1995; Y urugi, 1998; Petersson, 1998; Khayat et
a., 2001; Lachemi et al., 2003; Poon and Ho, 2004b; Khatib, 2008). SCC typicaly has a higher
content of fine particlesand improved flow properties compared to the conventional concrete. SCC
can be used to improve the productivity of casting congested sections and al so to insure the proper
filling of restricted areas with minimum or no consolidation (Khayat, 1999). It showed greater
homogeneity of distribution of in-place compressive strength than conventionally vibration-
compacted concrete. It can aso improve the working environment by eliminating the noise and

pollution caused by vibrators and also reduces labor cost.

Over the last few years, researches have been conducted at Ryerson University to develop
sustainable high performance concrete (including self-consolidating concrete ‘SCC’, fiber
reinforced SCC, ECC and Ultra-High Performance Concrete ‘UHPC’) and innovative structural
systems as well as construction technologies. Ryerson’s research team has developed a UHPC
through evaluation of mechanical/durability properties and structural performance in bridge deck
joints (Sherir et a., 2015; Hossain et a., 2011, 2012 and 2014). New type of green cost-effective
ECCs comprising locally available aggregates/industrial wastes (Sahmaran, 2009; Ozbay et al.,
2011; Sherir, 2012) have been developed by Ryerson’s research team and their potential
applications in ‘joint-free bridge deck with link slab’, ‘composite framed shear wall system’ and
‘coupling slab in shear wall structures’ (Issani and Hossain, 2013; Rafiei et a., 2013; Hossain and
Taormina, 2012) have been evauated. In addition, team has been working on developing ECC
using local sandsinstead of micro-silica sand which is relatively expensive and difficult to obtain.
Extensive research studies have been conducted on material properties of the ECC by
incorporating different supplementary cementitious material (SCM) such as fly ash, volcanic ash,
blast furnace slag and metakaolin as replacement of cement as well as different type, size and
volume of fibers (Hossain and Anwar, 2014; Sherir, 2012; Maulin, 2012; Sahmaran et al., 2010;
Ozbay et a., 2011 and 2012).
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Research at Ryerson also leads to the development of a UHPC having a compressive strength of
over 140 MPa. Fresh, mechanical and durability properties including bond strength of developed
UHPC (known as Ryerson mix) as well as its structure performance as closure strip material in
bridge deck have been investigated (Ametrano, 2010; Mak et al., 2011; Hossain et ., 2010, 2011,
2012 and 2014).

1.1 Resear ch significance

The use of SCC and ECC in construction of building and bridge structures has been a new
emerging technology. Although extensive researches have been conducted on the mix design and
properties of SCC and ECC individually over the recent years and al so there are many publications
available on the structural performance of composite material using normal concrete and UHPC
with steel fiber but very limited number of studies have been conducted on the structura
performance of SCC and ECC as a combined composite material incorporating PVA fiber. In
addition, design guidelines or performance-based design procedures incorporating structural
performance and serviceability of composite ECC/SCC based structural elements are not available
in Codes. The proposed research on the shear and flexural performance of composite ECC/SCC
beams is a timely initiative to make significant contributions to the hybrid composite ECC/SCC
technology. The findings of this research will surely benefit engineers, builders and local

authorities when designing and constructing civil infrastructures.

1.2 Resear ch objectives and scopes
The main objectives of this research program are to:

v' Perform the experimental investigations on the shear behavior of composite ECC/SCC
beam using PV A fiber having variable ECC and SCC depth ratio with presence or absence

of shear reinforcement.

v" Analyze and compare the shear behavior of composite ECC/SCC beams with and without
shear reinforcement with their full depth ECC and full depth SCC beam counterparts based
on concrete shear capacity, ultimate shear capacity, post-cracking shear transfer
mechanism, post-cracking shear capacity, load-deflection response, ductility, energy
absorbing capacity, strain development in concrete/and steel, failure modes,
load/deflection at first flexure/inclined crack, number of crack and influence of ECC and
SCC depth ratio.
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v Carry out experimental tests on the flexural behavior of composite ECC/SCC flexural beam
under four point loading and compare the results with their full depth ECC and full depth
SCC flexural beam counterparts based on load-deflection response, ductility, strain
development in concrete/and stedl, failure modes, load/deflection at first flexure/inclined

crack, rotation and number of cracks.

v' Compare the experimentally obtained moment and shear capacity of flexural and shear
beams from this and previous research studies with those obtained from Code based
eguations, other existing design specifications and modified/devel oped equations based on

existing Codes.

v" Derive conclusion and make recommendations for future research studies.

1.3 Thesis Outline
This thesis consists of 6 chapters presenting experimental and theoretical investigations on the

structural performance of shear and flexural beams made with SCC and ECC materials.

Chapter 1 introduces ECC and SCC materials a summary of advancement in ECC as well as
UHPC technology. It also describes the significance, objectives and scope of this research with a

thesis outline.

Chapter 2 presents the comprehensive literature review on materials, mix design and properties
of ECC and SCC including practical construction applications. It also presents research conducted
on beams/composite beams made of ECC, SCC and UHPC materials as well as shear/flexural
design procedures of ECC, SCC and ECC/SCC beams/composite beams based on Codes and other

existing design specifications.

Chapter 3 describes the experimental program including material properties, geometric
dimensioning of shear and flexural beams, fabrication/casting/curing of beam specimens, test set-

up, instrumentation and testing procedures.
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Chapter 4 presents the results of the experimental investigations on shear and flexural behavior
of composite ECC/SCC beams in addition to full depth ECC and full depth SCC beams. The
performance is described based on |oad-deflection response, strain development in rebar/concrete,
moment end rotation behavior, energy absorption, ductility index, and crack
formation/propagation and failure modes. Post -cracking shear transfer mechanism comparison
between composite ECC/SCC beams and full depth ECC and full depth SCC beams is aso
described in this chapter.

Chapter 5 compares the experimental shear and flexure capacities of the tested beams (as well as
from previous research studies) with those obtained from theoretical formulations and design
specifications. Experimental shear resistance of tested ECC (with different fiber composition from
previous research studies) beams with and without shear reinforcement was also analyzed and
compared with those of theoretical formulations and design specifications.

Chapter 6 summarizes the findings of the research and provides recommendations for future

research study.
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CHAPTER TWO
LITERATURE REVIEW

2.0 Introduction

The use of new generation of High Performance Concretes (HPCs) such as Self-Consolidating
Concrete (SCC), Engineered Cementitious Composite (ECC) and Ultra High
Strength/Performance Concrete (UHSC/UHPC) can significantly improve the process of casting
through self-consolidation as well asimprove strength, ductility and durability of structures. This
chapter presents the following: (@) mix design and properties of SCC and ECC (b) practical
construction applications of SCC/ECC/UHPC, (c) research studies conducted on SCC, ECC and
composite beams with ECC/UHPC or ECC/SCC structural elements, (d) design aspects of
SCC/ECC/UHPC beams and composite beams and (€) summary to illustrate the need for proposed

research study in the context of current state of the technology.
2.1 Self - Consolidating Concrete (SCC)

2.1.1 Introduction

Placement of concrete generally requires consolidation by vibration in the forms. Self-
consolidating concrete (SCC) has been defined as a highly flow-able, yet stable concrete that can
spread readily into place and fill the formwork without any consolidation as shown in Figure 2.1
(Khayat et al., 2000).

SCC, initially was developed in Japan in the late 1980s to be mainly used for highly congested
stedl bar reinforced structures in high activity seismic regions (Ozawa et a., 1989; Hossain and
Lachemi, 2010). The use of SCC in the actual structure has steadily increased in the recent years
and presents an excellent alternative to conventional concrete (JSCE 2008). The growing interest
in SCC is leading concrete suppliers/manufactures, researchers and engineers into investigations

to understand and develop new cost effective and high performance materials.

The primary advantage associated with SCC is the improvement of productivity mainly in the
transport and placement of fresh concrete. The fluidity and high segregation resistance of SCC
help to attain a high degree of mix homogeneity, minimal concrete voids and uniform strength as

well as provides the potential for a superior level of finish and durability to the structures.
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The benefits of incorporating SCC in new construction projects are the most convincing aspect.
Incorporating SCC in construction projects can reduce the cost and time of concrete construction
as reported by Okamura (1996). Use of SCC in the construction of a liquefied natura gas tank
decreased the number of lifts required and increased the height of the lift, for slip-form casting,
resulting in faster productivity. SCC could reduce the number of workers required to place the
concrete while adding other benefits and improving material properties. By using
chemical/mineral admixtures, primarily super-plasticizers, and by decreasing the coarse-to-fine
aggregate ratios the concrete is able to flow much better while preventing segregation. Also, since
the water demand is reduced due to the use of super plasticizers, the strength and possibly the
durability can be increased (EFNARC 2005; Yahiaet al., 1999; Lachemi et a., 2003a-b; Hossain
and Lachemi, 2009; Hossain et al., 2010; Hassan et a., 2012).

Figure 2.1: Self consolidating concrete construction (www.tornadoseo.wordpress.com)
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2.1.2 Applications of SCC

Lacombe et al. (1999) investigated the application of SCC as an overhead repair material. In this
study threetypes of repair materials such asnormal concrete, SCC and shotcrete weretested. Three
concrete blocks were repaired at a depth of approximately 40 mm on one surface of each block.
Viscosity Modifying Agent (VMA) was used to reduce bleeding and segregation in the SCC
mixture. Following seven days from the repairs, observations were made for each repair method.
Results indicated that the normal concrete did not possess suitable rheologica properties and
filling capacity to be used as an overhead repair material. It also developed considerable
segregation and large air pockets which was quite expensive and required extensive skills. SCC
performed well as arepair material creating a good bond and showed good rheological properties
but unfortunately, SCC was expensive due to the use of chemical admixtures. Furthermore, labor
was not a major factor in the placement of the SCC as it consolidated under its own weight. The
mechanism of shotcrete bonding to old concrete was almost perfect, but skilled labor was required
to perform the work and the cost was increased significantly. The research aso suggested
investigating more to develop cost-effective SCC in order to increase its use as arepair material.
Other applications for SCC as arepair material were described by Campion and Jost (2000). SCC
was used to repair a chloride-induced deteriorated cast-in-place bridge built in the 1960’s in the
Swiss Alps. The concrete structure lost a substantial amount of concrete and steel reinforcement
on its underside. Formwork and placement of concrete followed the replacement of the steel
reinforcement under the deck. The only poured concrete available to accommodate the task at hand
was SCC which was pumped in to the formwork through the underside. Air holes were drilled at
the top of the deck to allow the release of pressure generated when concrete is pumped in the
formwork. SCC allowed the project to be finished on time while maintaining the required concrete
quality throughout the entire project.

Khayat and Ai'tcin (1999) investigated projects in Canada where SCC was used. These included
the rehabilitation of the Webster parking garage in Sherbrooke, the rehabilitation of the
Beauhamois Dam near Montreal, the casting of experimental residential basement walls, and the
construction of areaction wall at the Universite de Sherbrooke. The use of SCC in these projects
showed SCC to be an effective material for the repair of damaged structural sections. SCC aso
enhanced reliability and durability of newly constructed concrete walls.
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Other applications included self-consolidating high-performance concrete as discussed by
Okamura (1996). The use of SCC in structures has gradually increased over the last few years. The
Akashi Straits Bridge is one of the longest suspension bridges in the world and SCC was used in
the construction of two anchorages of the bridge. The concrete was batched in an onsite plant and
transported by pump through 200 m of pipes. The maximum size of coarse aggregate was 40 mm
and despite the large size of aggregate, no segregation was observed. The use of SCC shortened
the construction period of the two anchorages by 20%, from 2.5 to 2 years.

Li (1995) discussed the use of SCC in Japan and the competitive edge gained by the firms when
producing their own. Two projects in particular were highlighted as examples. One was the Kiba
-Park Large Bridge, a 151-m cable-stayed pre-stressed concrete bridge, only required two workers
to pour 650 m of SCC in nine months. The incentive to use SCC was the difficulty and high labor
cost of placing normal concrete in heavily reinforced concrete structures. The second was a 70-
storey building, the tallest high-rise in Japan, which used 885 m of SCC pumped into steel tubular

columns. The concrete was pumped in from the bottom at a maximum filling height of 40 m.
2.2 Engineered Cementitious Composites (ECC)

2.2.1 Introduction and Mix Design of ECC

Engineered Cementitious Composite (ECC), as a new generation of High Performance Fiber
Reinforced Cementitious Composite (HPFRCC) materias, is a ductile fiber reinforced
cementitious composite designed micromechanically to achieve high damage tolerance under
severe loading and high durability under normal service conditions (Li, 1998; Li et al., 2001, Li,
2003). The most important characteristic that differentiate ECC from conventional concrete and
fiber reinforced concrete (FRC) is an ultimate tensile strain capacity in the range of 3% to 5%,
depending on the specific ECC mixture. Formation of multiple closely spaced micro cracks allows
this strain capacity over 300 timesthat of normal concrete. These cracks carry increasing load after
formation and allow the material to exhibit strain hardening which is similar to many ductile
metals.
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The distinctive strain hardening characteristic of ECC through micro-cracking is achieved through
micromechanical tailoring of the components (i.e. cement, aggregate, and fibers) (Li, 1998; Lin et
al., 1999; Li et al., 2001; Li, 2003) aong with control of the interfacial properties between
components though the components of ECC may be similar to FRC. A unique fracture property of
ECC is attained through the careful customization and proportioning of the material such as
selecting specific fiber properties (suitable strength, modulus of elasticity and aspect ratio) along
with effective interfacia properties of fiber and the matrix (Li, 2003). Typica mix proportions of
ECC using a polyvinyl-alcohol (PVA) fiber are given in Table 2.1.

Table 2.1: Typical mix design of ECC material (Li, 2003)

Cement Water Sand Fly Ash (HRWRA)* Fiber (Vol. %)
1 0.58 0.8 12 0.013 2.00

*HRWRA: High range water reducing admixture; all ingredients proportion by weight except for
fiber

Generaly, most HPFRCCs depend on a high volume of fiber to achieve high performance but
ECC uses low amounts, typically 2% by volume, of short discontinuous fiber. This low fiber
volume, along with the common components allowsflexibility in construction execution. Different
types of fibers have been incorporated into ECC mixtures, but PV A fibers were found to be most
effective and efficient for achieving the strain hardening characteristic after the first crack
formation (Weimann and Li, 2003). The typical uniaxial tensile stress-strain curve and cracking
development of the ECC at 2% PV A fiber is presented in Figure 2.2.

10
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Figure 2.2: Tensile stress-strain curve and crack width development (Weimann and Li, 2003)

ECC’s tensile stress is increased further due to its unique strain hardening characteristic after the
formation of first crack. The crack widths at ultimate loading are remained below 80 um. The
steady-state cracking behavior is independent to the type of the loading and the amount of fiber
reinforcement (Ozbay et a., 2013; Ranade et al., 2014). The micro-cracking behavior and strain
hardening characteristic are attained by the strength and fracture energy criteriaproposed by Kanda
and Li (1998). The satisfaction of the criterion will ensure the initiation of micro-cracking from
initial flaw sites in the composites before the tensile loading reach the fiber bridging capacity
(Kandaand Li, 1998; Yang and Li, 2007). The use of these micromechanical modelsfor tailoring
ECC material ensures the strain hardening characteristic and large bending capacity (Figure 2.3)
similar to aductile metal plate at its plastic deformation phase (Li, 2011; Nawy, 2008).

11
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Figure 2.3: Ductile response of ECC under flexural loading (Li, 2011)

Using the same strength and fracture energy criteria, greener ECC mixes were developed by
incorporating locally available crushed sand/mortar sand aggregates and fly
ash/slag/metakaolin/vol canic ash as a replacement of cement (Sahmaran et a., 2009; Ozbay et dl.,
2012; Sherir 2015; Hossain et al., 2015; Hossain and Anwar, 2014; Sherir et al., 2014) Although
each material influenced the mechanical and durability properties of the hardened ECC, but similar
responses were attained as observed in experimental results.

2.2.2 ECC Mixtures
ECC utilizes similar ingredients as FRC. Generally, the materials used in standard ECC are
cement, fine aggregate, water, fibers and some common chemical additives to attain desired

workability. Discussion of each of these materials has been discussed below.

2.2.2.1 Cement

ECC can be produced using ordinary Portland cement. Compared with conventional concrete,
ECC materials contain considerably higher cement content; typically two to three times higher
than conventional structural concrete (Wang and Li, 2007b). Table 2.1 shows the mixture
proportions of typical ECC. The high cement content in ECC is a consequence of rheology control
for easy fiber dispersion and more essentially matrix toughness control for strain- hardening
behavior.

12
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2.2.2.2 Roleof Fibers

Unlike some high performance FRC, ECC does not utilize large amount of fiber. In general 2% or
less by volume of discontinuous fiber is adequate, even though the composite is designed for
structural applications. The most common type of fiber used for production of ECC is Polyvinyl
Alcohol (PVA) fibers. The short, discontinuous PVA fiber with high tensile strength and modulus
of elasticity enhance the matrix’s toughness while carries tensile stresses after the first crack
formation through the fiber bridging characteristic. The fiber bridging transfers the stresses across
the crack for maintaining the low crack widths (JCI-DFRCC Committee 2003). The surface of the
PVA fiber is oil coated (by 1.2% of mass) to tailor the interfacial properties among the fiber and
matrix for strain hardening performance (Li, 2003; Li et al., 2002). The oil coating reduces the
interfacial bonding, while increasing the tensile strain capacity of the ECC mix, therefore under
tensile stresses; the fiber tends to be ruptured rather than pull out like other FRC (Li et al., 2002).
Figure 2.4 shows the difference between coated and uncoated fibers and their effect on the stress-
strain curves of ECC. Table 2.2 summarizes the essential properties of the PVA fiber for

maintaining the strain hardening characteristic of the ECC mix.
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Figure 2.4: Difference in the ultimate tensile strain of ECC between (a) Coated and (b)
Uncoated PV A fibers (Li, 2003)

Table 2.2: Geometrical and mechanical properties of PVA fiber

Diameter (um) Length (mm) Nomi (nl\zjll Psta;ength Modul u(s Golia? adticity
39 6-12 1620 42.8
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2.2.2.3 Role of Aggregates

The aggregate type and size are an important factor for fiber dispersion within the ECC mix to
achieve a strain hardening and micro-cracking behavior. Increasing aggregate size creates problem
with the fiber dispersion uniformity. The clumping and interaction of fiberswould occur at higher
volume; maximum aggregate size and simultaneously increase in interface toughness reduces the
ductility of the ECC mix (Sahmaran et a., 2009). Asaresult, the standard ECC incorporates micro-
silica sand (maximum size of 110pum) with an aggregate to binder ratio of 0.36 to maintain
adequate stiffness and volume stability (Li et al., 1995). Researches revealed that using crushed
sand with maximum aggregate size of 1.19 mm did not significantly influence the fiber dispersion
and similar ductility responses and strain hardening characteristic of using micro-silica sand were
attained (Sahmaran et a., 2009; Maulin, 2012; Sherir, 2012).

2224 Fly Ash

Fly ashisthe most widely used mineral admixture for concrete. It is afine powder (typically 20 to
50 pm in size) produced through the by-product of pulverized coal blown into afire furnace at a
power generating plant. The chemical compositions similar to the cementing material with much
higher surface area typically between 250-600 m?kg allows a better reaction with calcium
hydroxide (Kosmatka and Panarese, 1988; Neville, 2002). The use of fly ash in the ECC mix leads
to reduction of interfacial bonding among the PVA fiber and the matrix while increasing the
frictional bonding among them (Wang and Li, 2007; Sahmaran et a., 2009; Peled and Shah, 2003).
These characteristic are responsible for the tight crack width, improved ductility, durability and
sustainability of the ECC mix (Yang et a., 2007; Bisaillon et a., 1994; Hussian and
Rasheeduzzafar, 1994; Kuroda et a., 2000; Lepech and Li, 2005b; Karahan et al., 2012).

Fly ash consists primarily of silica, aluminum, iron, and calcium in a silicate glass form. Minor
constituents can be found in the form of magnesium, sulfur, sodium, potassium, and carbon.
According to American Society for Testing and Materials (ASTM), there are two classes of fly ash
(Table 2.3) Class C, which is normally produced from lignite or sub-bituminous coals and Class
F, which is normally produced from bituminous coals (ASTM C618, 2012). Class C fly ashes
differ from Class F fly ashes in that they are self-hardening even without the presence of cement.

14
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Table 2.3: Specifications for fly ash

Class of fly ash ASTM specification
ClassC SiOx+Al03+Fex03> 50%
ClassF SIO2+Al203+Fe03> 70%

2.2.3 Mechanical Properties

2.2.3.1 Compressive Strength

ECC exhibits a similar compressive strength as high performance concrete (HPC), typically
ranging from 40 to 60 MPa depending to the mix design parameters (Sherir, 2012; Hossain and
Sherir, 2014). While a low young’s modulus of 20.4 GPa is employed, a linear behavior under

compression prior to failure similar to HPC is attained (Wang and Li, 2003).

The compressive strength of the ECC mix isreduced at higher fly ash content dueto slow reactivity
and development of hydration products at initial early ages (Hossain and Sherir, 2014; Mindess et
al., 2003). The compressive strength of the ECC mix isimproved by using larger sand aggregates
such as crushed sand. The increase in maximum size results as a higher volume and dense
interfacial transition zone among the sand particle and the matrix (Hossain and Sherir, 2014; Mehta
and Monteiro, 2006).

2.2.3.2 Flexural Strength

The unigue micro-structure of the ECC allows a high tensile strain capacity with multi micro-
cracking and strain hardening characteristic (Li, 2011). Based on the mix design parameters, the
flexural strength of the ECC varies from 5 to 16 MPa (Wang and Li, 2003).

Through extensive experimental investigations, it was confirmed that flexural strength of the ECC
is reduced with increasing fly ash content due to reduced interface toughness among the PVA and
the mortar, while the bending capacity is enhanced with improved frictional bonding. Using larger
sand aggregates such as mortar or crushed sand, improved the flexura strength capacity, whereas
the ductility was reduced due to increased interface toughness (Hossain and Sherir, 2014,
Sahmaran et al., 2009; Li et al., 1995). Figure 2.5 illustrates the typical flexural strength response
of agreen ECC mix with high volume of fly ash at replacement levels of 55% and 70%.

15



Chapter 2

14 ECC_12 14 ECC_Z»Z
E 12 o™ SS_28 days 12
. . 4 11.35 MPa, 5.26 mm ‘g 2 ss_28 days
= A b . . '
E. 8 . £ s fhi""", “a n\\ 7.46 MPa, 7.18 mm
w ] e / \
h 6 \ £ 6
® e
g 4 / g 4
2 2 MS_28 days 2 MS_28 days
0 12.23 MPa, 4.25 mm 0 9.06 MPa, 7.04 mm
2 4 ] 8 10 12 0 2 “ 6 8 10 12
Mid-Span Deflection (mm) Mid-Span Deflection (mm)

Figure 2.5: Typical flexural strength—-mid span deflection of green ECC (Hossain and Sherir,
2014)

2.2.3.3 Shear Strength

Li et al. (1993) investigated the structural performance of ECC beams in response to intense shear
loading. Four different types of beams with varying mix proportion, dry weight were tested to
establish the link between shear behavior on a structura component level and the composite
properties such as tensile strength, strain capacity and fracture energy determined on a material
level. The ECC beams demonstrated shear strength about 300 times higher than normal plain
concrete and 81 times higher than reinforced concrete. The cracking behavior in terms of crack
width was better in the case of ECC beams and that significant reduction in crack width can
trandate directly into long term gains in durability because the structure remains less permeable

of harmful external agents.

Furlan et al. (1997) performed extensive tests on the shear performance on fourteen beamsvariable
with types and volume fraction of fiber. The experimental investigation revealed that, depending
on the volume of fiber, the ultimate shear strength of ECC beams was 9 to 37 times higher than
their normal concrete counterparts and fiber acted effectively as shear reinforcement, increasing
the strength and ductility. The crack formation of fiber reinforced concrete was rel atively slow and
consequently, the deflections were reduced. However, cracking configuration at the end of testing

in the fiber reinforced beams was more intense.
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2.2.4 Applicationsof ECC

Toillustrate the versatility of ECC in real world applications, a number of recent/ongoing projects
involving the use of ECC are briefly highlighted. Figure 2.6 shows the repair of the Mitaka Dam
in Hiroshima-Prefecture, Japan in April, 2003 (Sakata et al., 2004). Thisdam is over 60 years old,
with a severely damaged concrete surface. Cracks, spalling, and water |eakage were concerns that
prompted the use of ECC as a water-tight cover layer. This 20 mm layer was applied by spraying
the ECC material directly onto approximately 600 m? of the upstream dam surface.

A second large-scale application (Rokugo et al., 2005) in Japan used ECC for repair of a concrete
gravity earth-retaining wall (18 m in width and 5 m in height) that has been damaged by (ASR)
cracking. The decision to use ECC for the 50-70 mm thick repair was based on the need to prevent
reflective cracking from the substrate concrete through the repair layer (Li and Lepech, 2004).
Such reflective cracking was anticipated had normal concrete been used for the repair. Since this
repair was completed, this project performance has been continuously monitored. Ten and twenty-
four months following the repair, micro crack widths in the ECC repair layer remain below 50 pm
and 120 pm respectively, while the maximum crack widths in the premixed concrete repair mortar
section (used as a control) were 0.2 mm and 0.3 mm, respectively (Kunieda and Rokugo, 2006).

Figure 2.6: Spray repair of the Mitaka dam with ECC for water-proofing (Sakata et al., 2004)
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Also in Japan ECC has been used in structural applications as coupling beams (Marutaet al., 2005)
within high rise concrete construction. Due to the high energy absorption capacity of steel
reinforced ECC material, the application of thismaterial in coupling beamswhich connect adjacent
corewallsisvery advantageous for high rise buildingsin seismic regions. The recent devel opment
of precast ECC coupling beam elements by Kajima Corporation in Japan can be easily integrated
into current seismic construction practices. Currently two high-rise buildings in Tokyo, Japan has

been built integrating ECC coupling beams (Figure 2.7).

Figure 2.7: The Nabeaure tower in Y okohoma, Japan uses precast ECC coupling beamsin
building core for seismic resistance (Maruta et al., 2005)
Asoneof thefirst field applications of ECC inthe US, aconcrete bridge deck patch was compl eted
in cooperation with the Michigan department of transportation (MDOT) in 2002. A complete
summary of thiswork has been outlined by Li and Lepech (2004). During this work, one section
of a deteriorated bridge deck was repaired with ECC while the remaining portion was repaired
with a commercial concrete patching material commonly used by the MDOT (Figure 2.8). This
repair scenario allowed for a unique ECC/concrete comparison subjected to identical

environmental and traffic loads. The concrete repair material used was a pre-packaged,
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commercialy available repair mortar. At this writing, the repaired bridge deck has experienced
more than six complete Michigan winter cycles of freezing and thawing, in addition to live loads.
While the ECC patch repair has survived in this combined |oading environment with minor micro-
cracking limited to less than 50 pm, the concrete repair portion has developed localized cracks in

excess of 3.5 mm wide and required re-repair in 2005.

Original B/ri'lg‘e‘DéCk-‘_,u__ -
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Concrete Patch
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Figure 2.8: ECC patch repair on Michigan bridge deck (Li et al., 2005)

In addition to bridge deck patching repairs, the most recent field application of ECC in the USis
with a bridge “link slab” completed in cooperation with MDOT in 2005 (Figure 2.9). Within this
“link slab”, the material ductility of ECC is leveraged to replace problematic expansion joints
within simply support multi-span bridges with a ductile ECC slab which links the adjacent smple
spans (Li et al., 2005). In this project, about 32 m3 of ECC were cast in place using standard ready-
mix concrete trucks to build the first ECC link slab in US. With a strain capacity exceeding 2%,
these composites can be used to replace traditional steel expansion devices and can fully
accommodate the thermal deformations of adjacent bridge spans. (a) during construction (b) after

construction.
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Figure 2.9: ECC link-slab on Grove Street Bridge, Michigan (Qian et a., 2009)

2.3 Resear ch on structural performance of SCC, ECC, FRC and composite beams

Amin et a. (2016) studied shear strength on six FRC beams with stirrups using steel fiber. The
variables of this research were fiber volumes and transverse reinforcement ratios of beams. Four-
point loading was applied and tested to failure. The shear span to effective depth ratio (a/d) was
kept constant 2.8 for all beam, the clear cover for each beam was 25 mm. The beams contained
two layers of three normal ductility 28 mm diameter tensile reinforcement (N28), which
corresponds to a flexural reinforcement ratio of 0.0198. Two 20 mm diameter longitudinal
reinforcing bars (N20) were located at the top section of the beam. The stedl fibers used in this
study were the structural grade double end-hooked Dramix_5D-65/60-BG fiber. The fibers were
0.9 mm in diameter and 60 mm long. The specimens were designated using the notation BW-X-
Y-Z where ‘W’ is the dosage of steel fibers (in kg/m?), ‘X’ is the stirrup steel strength grade (in
MPa), ‘Y’ is the diameter of stirrups (in mm)and ‘Z’ is the stirrup spacing (in mm) within the
critical shear regions. For example, specimen B25-550-6-450 represents a beam reinforced with
25 kg/m® of stee! fibers and 6 mm grade 550 M Pa stirrups spaced at 450 mm c/c within the critical
shear regions. Details of the experimental ECC beams are presented in Table 2.4 and Figure 2.10.
The test results showed that sufficient dosages of fiber could replace the minimum amount of
transverse (ligature) shear reinforcement and also beams containing larger dosages of steel fibers,
crack patternstended to be more dispersed and crackswerevisibly finer. Astheload wasincreased

towards ultimate, the cracks coaesced to from the failure crack.
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Table 2.4: Details of FRC beams tested by Amin et al. (2016)

d?sg;;% Compressive Shear Transverse Transverse
Beam code Mean strength, f'c sgan LO reinforcement steel yi erl]d ps%o Elx.pen an;SI
(St. Dev) (MPa) lept details strengt ultimate foad,
kg/m? ratio, a/d fy (MPa) Vu
B25-550-6-450 | 25.0(0.5) 34 2.8 2 Lesoi;@ 553 1.98 363
B25-450-10-450 | 25.0(0.5) 34 2.8 2legR1I0 @ 447 1.98 334
450mm
B25-400-6-300 | 23.0 (4.6) 46 2.8 2legR6 @ 402 1.98 322
300mm
B25-300-10-300 | 23.0(4.6) 46 2.8 2legR1I0 @ 277 1.98 357
300mm
B50-550-6-450 | 53.6 (10.2) 36 2.8 2legR1I0 @ 553 1.98 462
450mm
B50-450-10-450 | 53.6 (10.2) 36 2.8 2legR1I0 @ 447 1.98 535
450mm
psY%: Longitudinal reinforcement ratio
| 2v
I i INA— Lo
| 06/ 10 @ 300v450mm | H |
| | Strain Gauge ‘I & o
— - =
i | LSCT L IN2E— |}
| 1750 =500l =500~ 1750 N EL !
SN SN

Figure 2.10: FRC beams geometry and experimental set by tested by Amin et al. (2016)

(Dimensions in mm)
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Alyousif et al. (2015) tested six ECC beams without stirrup having three different shear spans to
effective depth ratios and two main longitudinal reinforcement amounts to check the shear
performance. For each a/d ratio, test specimens were reinforced with two different amounts of
main longitudinal tensile reinforcements, whereas, for specimens with **A’” in their notation,
longitudinal tensile reinforcement of 2916 was used. For “‘B’” specimens, longitudinal tensile
reinforcement of 4916 were used. To prevent local failure at the support points of reinforced beam
specimens, a small number of shear reinforcements were used in these areas. No additional shear
reinforcements were added along the beam length. Fibers used in ECC were polyvinyl acohol
(PVA) type with an average diameter of 39 um, an average length of 8 mm, and atensile strength
of 1610 MPa. Table 2.5 shows the mix portion of ECC. The four-point bending test setup was
adopted to evaluate the behavior of reinforced beams under shear forces. Details of the
experimental ECC beams are presented in Table 2.6 and Figure 2.11.

Table 2.5: Mix proportion of ECC in used by Alyousif et al. (2015)

PC Fly ash Water Silicasand PVA fiber HRWRA
(kg/m?) (kg/m®) | (kg/m®) (kg/m?) (kg/m?) (kg/m?)
375 823 318 446 26 2.3

PC: Portland cement; HRWRA: High range water reducing admixture

Table 2.6: Details of ECC beams tested by Alyousif et a. (2015)

. Shear - Longitudinal .

Length, Compr\’/e spanto L_ongltudl nal stedl yield Ex_perl mental

Beam code strength, f’¢ reinforcement ultimate load,
mm (MP3) depth ratio, ps% strength, Vo (kN)

ratio, a/d P fy (MPa) !

Beam 1A 1130 46.1 1 1.29 520 501.47
Beam 1B 1080 46.1 1 2.57 520 550.91
Beam 2A 1560 46.1 2 1.29 520 220.66
Beam 2B 1460 46.1 2 2.57 520 220.83
Beam 3A 1990 46.1 3 1.29 520 143.27
Beam 3B 1840 46.1 3 2.57 520 190.59
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Figure 2.11: ECC beams geometry and experimenta set by tested by Alyousif et al. (2015)

(Dimensions in mm)

Zhang et a. (2014) studied Shear capacity on four ECC beams with stirrups using Polypropylene

(PP) fiber. The variables of thisresearch were compressive strength, transverse reinforcement ratio

and spacing of the shear reinforcement of each ECC beams. Length of the beam, a/d ratio and

longitudinal reinforcement ratio were kept constant for al beams. The length and diameter of the

fiber was 12mm and 36 micrometer respectively. Details of ECC mix proportion are presented in

Table2.7. 25.4 mm diarebar in tension zone and 6.35 mm diarebar as shear reinforcement having

yield strength 400 MPa and 323 MPa were used on the samples. Four point loading was applied

on the beam until failure. Details of the experimental ECC beams are presented in Table 2.8 and

Figure 2.12 (a, b and c).

Table 2.7: Mix proportion of ECC used by Zhang et a. (2014)

Slump flow W/C Unit weight (kg/mq)
(mm) (%) Water | Cement | PPfiber | AE
Approx. 500 27 371 1400 27 7
WI/C: Water cement ratio; AE: Acoustic emission; PP: Polypropylene
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Table 2.8: Details of ECC beams tested by Zhang et al. (2014)

Shagatro ~ Shear Transverse EXp.
Beam | Length, fe sg i | nforcement 05% steel yield | ultimate
code mm (MPa) €p details strength, load, V.

e fy(MPa) | (kN)

ad Fu (%) | S(MM) Y

RE-42 30.4 0.42 100 141.09
RE-30 2100 331 0.30 140 130.56
RE-24 315 2.8 024 | 175 2.7 323 125.24
RE-12 35.6 0.12 350 126.05

rw: Shear reinforcement ratio, s: Spacing of shear reinforcements; ps%: Longitudinal reinforcement ratio;
f’e: Compressive strength

Rebar in compression =i
; s
Shear Reinforcement =
A A

Rebar in tension s

Ol
Yy ¥

150
Unit: mm

Figure 2.12a: Reinforcement details for beams tested by Zhang et a. (2014)
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] v P |
— 1 /ir}]”_ “‘\LJI‘LH‘ I 1 a 7
- Srain gaugp e - O
- s
VA .-f/"rT};//!/// ZENET T 77 7 777 1 77 7 7 77 Ay Z7 |77 A 77 a7 A 7 oY 7
250 & 700 | 200 | 700 3 250
S i K = S L

Figure 2.12b: Reinforcement details for beam RE-42 tested by Zhang et a. (2014)

(Dimensions in mm)
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Figure 2.12c: Reinforcement details for beam RE-30, 24 and 12 tested by Zhang et al. (2014)

(Dimensions in mm)

Dinh et a. (2010) performed extensive tests on 24 FRC beams without shear reinforcement with
varying ad ratio, longitudinal reinforcement and volume fraction of steel fiber to study the shear
behavior. The experimental program consisted of two series of beams: Series B18, with an overall
beam depth of 455 mm, and Series B27, with a beam depth of 685 mm. Each beam was designed
to fail in the longer shear span, with a span-to effective depth (a/d) ratio of approximately 3.5 that
was sel ected to reduce any significant contribution from arch action to beam shear strength. Three
types of steel fibers, all with hooked ends, were evaluated in volume fractions of either 0.75%, or
1% or 1.5%. Fiber Types 1 and 3 were 30 mm (1.2 in.) long with an aspect (length-to-diameter)
ratio of 55 and 80, respectively. Type 2 fibers were 60 mm (2.4 in.) long with an aspect ratio of
80. Local ready mix concrete made of crushed limestone with 10 mm (3/8 in.) maximum size was
used in all types of beams. Three types of longitudina rebar 19 mm; 22 mm and 25 mm diahaving
yield strength 496 M Pa, 448 MPa and 455 M Pa respectively were used in this study. Three point
loading was applied to all of the samples until failure. Details of the experimental ECC beams are
presented in Table 2.9 and Figure 2.13 (a, b and ¢).
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Table 2.9: Details of ECC beams tested by Dinh et al. (2010)

Chapter 2

Shear span Longitudinal Compressive , Fiber Ultimate
Beamcode | g depth reinforcement strength, . ';'g: f\;g:::rgﬁ peak load,

ratio, a/d ratio, p% (Mpa) Vi, % ' Pu, kN
B18-1a 3.43 2.0 44.8 1 0.75 441
B18-1b 3.43 2.0 44.8 1 0.75 413
B18-2a 35 2.0 38.1 1 1.0 437
B18-2b 35 2.0 38.1 1 1.0 445
B18-2c 35 2.7 38.1 1 1.0 503
B18-2d 35 2.7 38.1 1 1.0 367
B18-3a 343 2.7 31.0 1 15 384
B18-3b 3.43 2.7 31.0 1 15 507
B18-3c 343 2.7 44.9 1 15 494
B18-3d 3.43 2.7 44.9 1 15 490
B18-5a 3.43 2.7 49.2 2 1.0 445
B18-5b 3.43 2.7 49.2 2 1.0 565
B18-7a 343 2.0 43.3 3 0.75 498
B18-7b 3.43 2.0 43.3 3 0.75 490
B27-1a 35 2.0 50.8 1 0.75 908
B27-1b 35 2.0 50.8 1 0.75 837
B27-2a 35 2.0 28.7 2 0.75 872
B27-2b 35 2.0 28.7 2 0.75 854
B27-3a 35 16 42.3 1 0.75 846
B27-3b 35 1.6 42.3 1 0.75 863
B27-4a 35 16 29.6 2 0.75 663
B27-4b 35 1.6 29.6 2 0.75 556
B27-5 35 2.1 444 1 15 1081
B27-6 35 2.1 42.8 2 15 1046
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Figure 2.13a: Reinforcement details for Beams B18-0a& b, B18-1a& b, B18-3a, b, ¢ & d; B18-
5a& b, and B18-7a & b tested by Dinh et a. (2010) (Dimensions in mm)
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Figure 2.13b: Reinforcement details for Beams B18-2a, b, ¢ & d tested by Dinh et al. (2010)
(Dimensions in mm)
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Figure 2.13c: Reinforcement detailsfor Beams B27-1a& b, B27-2a & b, B27-3a & b; B27-4a &
b; B27-5; B27-6; and B27-7 tested by Dinh et a. (2010) (Dimensions in mm)
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Lachemi et al. (2005) investigated the shear resistance of 18 flexurally reinforced self-
consolidating concrete beams without shear reinforcements and compared the results to that in
normal concrete beams. They investigated the shear strength in SCC based on the assumption that
SCC mixtures have comparatively smaller amount of coarse aggregates content which may reduce
the shear resistance of concrete by reducing the aggregate interlock between the fracture surfaces.
The tested beams were varied in depth (150 to 300 mm) and have effective span of 800 mm. The
test parameters in their investigation included concrete type, maximum size of coarse aggregate,
coarse aggregate content, and beam shear span-to-depth ratio. Shear strength, shear ductility, crack
patterns, and failure modes of all experimental beams were compared to analyze the shear
resistance mechanisms of SCC and NC beams in both pre- and post-cracking stages. The results
of their investigation showed that SCC with the same maximum size of coarse aggregate but
having alower coarse aggregate content (asis the case for atypical SCC) showed similar concrete
shear resistance characteristics in pre-cracking stage as compared with an NC. The results aso
revealed the development of lower post-cracking shear resistance in SCC due to lesser aggregate
interlock and dowel action as a consequence of the presence of lower quantity of coarse aggregate
compared with NC.

Hossain (2015) investigated the fresh, mechanica and durability properties of LWSCC mixtures
produced from pumice aggregates and supplementary cementing materials derived from various
combinations of volcanic ash, pumice powder and metakaolin. The fresh state properties are
determined from slump flow, V-funnel flow time, bleeding, air content, and setting time and
segregation tests. The mechanical properties and durability characteristics such as compressive
strength, rapid chloride permeability, ultra-sonic pulse velocity, and freeze-thaw/frost resistance,
resistance to salt scaling and drying shrinkage are evaluated. The use of volcanic ash, pumice and
metakaolin as SCM has improved resistance to chloride penetration, freeze-thaw and salt scaling.
Developed LWSCC mixtures have exhibited satisfactory durability and also satisfied the criteria

for structural concrete.
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Hassan et a. (2008, 2010a-b) investigated strength, cracking and deflection performance of large
scal e self-consolidating concrete beams subjected to shear failure. Twenty concrete beams without
shear reinforcement were tested to shear failure under ssimply supported three-point loading
conditions. The variables were concrete type, coarse aggregate content, beam depth (150-750 mm)
and longitudinal reinforcing steel ratio of 1% and 2%.The performance was evaluated based on
crack pattern, crack width, load at first flexure/diagonal (shear) crack, ultimate shear resistance,
post-cracking shear resistance/ductility, load deflection response and failure mode. The results
showed that the ultimate shear strength of SCC beams was slightly lower than that of their normal
concrete counterparts. The results also validated the performance of various Code-based equations

in predicting the crack width and first flexural cracking moment/load.

Oliver et a. (2001) investigated a fracture mechanics model for the flexural -shear failure of rein-
forced concrete beams without stirrups. Assuming that the ultimate shear load is reached when the
splitting crack starts to propagate, a predictive model is developed. The critical load is obtained
considering the energy balance of the system during splitting crack propagation. The position of
the critical diagonal crack is obtained using Kim and White’s semi-empirical formula. By making
a number of simplifying assumptions and using the empirical formula for the assessment of the
fracture energy proposed by the CEB-FIP Model Code (1983), an analytical formula is obtained.
The model is benchmarked against an empirical formula proposed by the CEB-FIP Model Code.
The two formulas are shown to have the same form and the predictions are shown to be in
agreement.

Li et al. (1994) reported the results of an experimental investigation of structural response of shear
beams made of a special class of cementitious composites, referred to as ECC. It was designed
with tailored materia structure and was shown to exhibit pseudo strain-hardening tensile behavior.
The improved performance in shear over conventional plain, fiber reinforced and wires mesh
reinforced concrete was demonstrated. It was suggested that ECC could be utilized for structural
applications where superior ductility and durability performance are desired. A preliminary
experimental investigation of the shear behavior indicated that the shear response for PC, FRC and
ECC mirrors that of the tensile properties of the corresponding cementitious materials. The shear
strength and strain capacity of ECC materials were shown to be superior compared to ordinary

concrete and FRC materials. It was also observed that the cracking behavior in terms of crack
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width was better in case of ECC material. In particular it was noted that after first crack, ECC
allows continued straining with increase in load capacity, whereas FRC and the PC exhibit rapid
load drop. The tensile and shear stress-strain curves, and the multiple cracking pattern revealed in
ECC specimen indicated that the pseudo strain hardening tensile properties of ECC materials can
be successfully translated into advantageous structural shear response. The good strength and
ductility of ECC accompanied with distributed small cracks of widths in the range of 0.1 mm,
suggest that ECC can be exploited in applications where mechanical performance and structural
durability are of major importance.

Maalg) and Li (1994) studied the flexura behavior of a strain hardening ECC and compared with
that observed in regular FRC. Unlike concrete or regular FRC, ECC materials were characterized
by their ability to sustain higher levels of loading after first cracking while undergoing additional
straining. This strain-hardening behavior gives ECC a significant advantage under flexural
loading. In quasi-brittle material like FRC, theratio of flexural strength to tensile strength isknown
to vary between 1 and 3, depending on the details of the reinforcement and the geometry of the
specimen. In this paper, the strain hardening behavior observed in an ECC led to a high flexural
strength to tensile strength ratio. In athird point bending test, the flexural strength of an ECC was
foundto befivetimesitstensile (first-cracking) strength. A simpletheoretical model a so predicted
the same result. The proposed model can be used for the purpose of optimizing theflexural strength
of ECC.

Speada and Bencardino (1997) investigated the behavior of composite concrete sectionsreinforced
with conventional steel bars and steel fibers subjected to flexural cyclic loading beyond the yield
point of steel bars. They analyzed composite sections by means of a mechanica model and
concluded that the use of steel fibersto reinforce an ordinary concrete section coupled to traditional
metal reinforcement influences the yield moment of the section and the ultimate moment.
Specificaly in the most advantageous situations in which steel fibers are present in 1-2% by
volume an increase of 20- 25% in yield moment is obtained with an increase of 10-15% of the
ultimate moment, whereas a 0.5% per volume fiber presence increases these values respectively
by 8% and 5%. Under cyclic loading the fiber-reinforced concrete section absorbs more energy

than an ordinary reinforced concrete section.
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Zhang et a. (1998) carried out an experimental investigation on the behavior of the FRC under
cyclic flexura loading. One type of polypropylene and two types of steel fibers in two different
volume concentrations were studied. Load-deflection response was obtained for constant
amplitude fatigue loading as well as for static loading. The damage level was recorded using
acoustic emission techniques. The test results show that the addition of steel fibers increases the
flexura fatigue strength considerably. Compare with plain concrete the fatigue strength for 2
million cycles was found to change from 60 percent to 90 percent of the ultimate flexural strength
when stedl fiber content is 1 percent volume. Furthermore, the results indicated that the
accumulated damage level at failure in the static test of unreinforced concrete is of the same order
of magnitude as in the fatigue testing of the same material. They concluded that absolute fatigue
strength in flexure for low cycle fatigue can be improved considerably by using steel fiber
reinforcement in fiber volume concentration from 1 to 2 percent volume. The use of polypropylene
fiber reinforcement in addition to steel fiber only seems to improve fatigue strength marginally
and little effect on fatigue performance. Using AE counts as damage measure much more damage

isaccumulated in static aswell asfatigue testing of steel fiber concrete compared to plain concrete.

Bairagi et al. (2001) examined the different methods to determine the shear strength using steel
fiber reinforced concrete (SFRC) specimens. The shear strength of concrete is the resistance of
one layer with respect to other during slip at common surface of contact. They questioned that two
planes failing simultaneously in double shear doesn't happen in reality and hence shear strength
calculated in this manner could, be said to be erroneous and there exists no standard reliable and
simplified method getting shear strength of concrete specimens. They checked the feasibility and
reliability of a simple test method proposed by them with the test method suggested by JSCE
method. Results obtained by their proposed method were 10% higher than that of JISCE method.

Fischer and Li (2002) investigated the effect of ductile deformation behavior of ECC on the
response of steel reinforced flexura members to lateral load reversals. The combination of a
ductile cementitious matrix and steel reinforcement was found to result in improved energy
dissipation capacity, reduction of transverse steel reinforcement and damage tolerant inelastic
deformation behavior. The comparisons of RC and R/ECC specimens indicated performance
improvements resulting from the ductile deformation behavior of ECC. The intrinsic shear

capacity of ECC provided sufficient shear resistance for the R/ECC members. ECC served as
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lateral confinement for the longitudina reinforcing bars and prevented premature failure by
reinforcement buckling. More importantly, the ductility of ECC increased the resistance against
composite deterioration beyond crack localization. The synergistic interaction between steel
reinforcement and the ECC matrix lead to improved performance of the flexura member as

compared with conventional RC.

Li and Wang (2002) tested total 16 glass fiber reinforced polymer (GFRP) reinforced ECC beams
with various shear span-depth ratios and longitudinal reinforcement ratios. The results revealed
that under the same reinforcement configurations, ECC beams exhibit significant increases in
flexura performance in terms of ductility, load carrying capacity, shear resistance and damage
tolerance compared with the high-strength concrete (HSC) beam. The extent of improvement was
found strongly dependent on the failure mode i.e. when the limit state was dominated by matrix
behavior, more significant improvement was observed. Moreover, ECC beams without shear
reinforcement demonstrated better performance than HSC beams with dense stedl stirrups. Thus,

the elimination of shear reinforcement is feasible when the concrete matrix is replaced by ECC.

Fischer and Li (2003) investigated the response of fiber reinforced polymer (FRP) reinforced ECC
members with a focus on their flexura load-deformation behavior, residual deflection, damage
evolution, and failure mode. Critical aspects of conventional FRP reinforced concrete members
such as interfacial bond strength, flexural crack formation, composite deformation behavior, and
brittle failure mode were briefly reviewed and compared to FRP reinforced ECC. The interaction
of linear elastic FRP reinforcement and ECC matrix with ductile stress-strain behavior in tension
results in nonlinear elastic flexural response characteristics with stable hysteretic behavior, small
residual deflection, and ultimately gradual compression failure. Compatible deformations of
reinforcement and matrix lead to low interfacial bond stress and prevented composite
disintegration by bond splitting and cover spalling. Furthermore, flexural stiffness and strength as
well as crack formation and widths in FRP-reinforced ECC members were found effectively
independent of interfacial bond properties due to the tensile deformation characteristics of the
cementitious matrix. A model for the load deflection envelope based on a nonlinear moment-

curvature relationship was suggested.
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Sivargja et al. (2007) carried out investigation on the response of reinforced concrete beams with
fiber composites having 0.5 and 1% volume fractions of fibers under cyclic loading which
simulates the seismic excitation. The critical parameters like first crack strength, yield and
maximum strength are compared. They concluded that the ductility is the major parameter in
seismic resistant design. In both, translation as well as rotation ductility, concrete with local fiber
composites have much better performance than conventional concrete. Energy dissipation through
load-deflection as well as moment rotation curves of fiber reinforced concrete beamsindicated the
improvement of about 200-300% than conventional concrete.

Zhang et a. (2006) investigated layered ECC-concrete beams subjected to flexural load on both
theoretical and experimental aspects. Four point bending tests were performed on six beam
members with ECC layer at itstensile side. A semi-analytical approach for modeling the flexure
behavior of layered ECC-concrete beamswas al so developed in this paper. The research confirmed
that, by applying the ECC layer at the bottom of the beam, the maximum flexura strength
improvement as compared to that of plain concrete can be up to 60% and with increase of the
thickness of ECC layer, the flexura strength of the composite beam increased non-linearly. The
ductility of beam has significantly increased as the critical crack mouth opening displacement and
crack length was greatly increased comparing to plain concrete beams. The test results were
compared to the model in terms of both flexural strength and ductility improvements, and good

agreement was found.

Maalg et al. (2012) carried out a test which includes the use of hybrid fiber ECC for designing
impact and blast resistant protective panels, strengthening of unreinforced masonry (URM) walls,
strengthening of RC beams, and enhancing corrosion durability of RC beams. Beamswith ahybrid
fiber ECC layer depicted higher load-carrying capacity compared to their ordinary reinforced
concrete counterparts as well as it showed significantly higher deflection capacity at peak load.
The crack spacing hybrid fiber ECC beams was consequently much smaller than in the ordinary
RC beam which played a mgjor role in reducing crack-induced stress concentration resulting in
more efficient stress distribution in the carbon fiber reinforced Polymer (CFRP) sheet and a better
stress transfer between the CFRP and the concrete beam. The high strain capacity, fracture energy
and damage tolerance of the hybrid fiber of ECC aswell asthe characteristic of its micro cracking

response make the material highly desirable in applications.
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Fang et a. (2014) applied finite element method using ATENA software to simulate the flexural
behaviors of the steel reinforced ECC and ECC/concrete composite beams. The effects of the ECC
modulus, ECC tensile ductility, ECC thickness and ECC position on flexural behaviors in terms
of ultimate moment, deflection and the maximum crack width of the steel reinforced ECC or
ECCl/concrete composite beam were also evaluated in this experiment. Results reveaed that the
ultimate load carrying capacity for composite beams one with ECC layer in tension zone and
another with ECC layer in both compression and tension zone are about 17.8% and 16.1% higher
than normal concrete beam. The ultimate moment was improved about 0.5% for the composite

beam with ECC layer in compression zone.

Kim et a. (2006) did some research on the composite behavior of a RC flexural member repaired
using the superior tensile capacity of ductile fiber reinforced cementitious composite (DFRCC) on
the tensile face of a RC specimen is studied. Two types of DFRCC repaired RC specimens were
tested, one was without shear stirrups and the other was with shear stirrups. By comparing these
two types of DFRCC repaired specimens, the shear and flexure failure mechanism and interface
de-bonding behavior aswell asrepairing capacity were also studied. The composite beams without
stirrup and shorter thickness of DFRCC carried twice the strength as well as the center deflection
was about four times higher compared to the normal concrete. On the other hand, the shear strength
and center deflection of the composite beams with stirrup and higher thickness of DFRCC showed
amost same results. The amount and the type of repaired material are not significant factorsin
improving shear capacity of RC members. The most important factor in repairing or improving
shear capacity of RC members is delaying the interface failure between original member and

repaired material.

Yuan et a. (2013) investigated the bending behavior on two ECC/concrete composite beams using
basalt fiber-reinforced polymer (BFRP) with various longitudina and transverse reinforcement
ratios and ECC thicknesses. In this study, ECC layer was used in both tension and compression
zone of the beam to compare the results. The load-carrying capacity, shear resistance, ductility,
and damage tolerance were also analyzed. Theoretical analysis was aso conducted to illustrate the
effect of reinforcement ratio, compressive strength, and thickness of ECC on the ultimate moment,
curvature and ductility of beams. Results revealed that the load carrying capacity and ultimate

deformation capacity for the composite beam with ECC layer on compression zone (BREC-C)

34



Chapter 2

were 9.8 and 12% respectively higher than the normal concrete beam, on the other hand composite
beam with ECC layer on tension zone (BREC-T) exhibited 16.3 and 28.6% higher respectively
which can be attributed to the fiber bridging effect of ECC in tension zone. Both composite beams
showed higher ductility than normal concrete beam. However, BREC-T beam exhibited about 1.24
times better energy dissipation capacity than composite beams BREC-C beam. Moreover, the ECC
layer in the tension zone can help prevent rupture failure of the FRP reinforcement at the ultimate
stage. No sign of delamination between the concrete and ECC layer was observed during the
loading process for the composite beams. Theoretical analysis was aso effective in enhancing

load-carrying and deformation capacities, shear resistance and ductility.

Xu et a. (2012) performed extensive research on 21 ultra-high toughness cementitious composite
(UHTCC) beams to investigate the flexure behavior compared to the normal concrete beams. The
UHTCC layer was placed on the tension zone of the composite beams with variable thickness.
Ultimate flexural load, crack width, and the load—deflection relationship of composite beams in
bending were also examined. According to the test results, UHTCC enhances the flexural behavior
and the flexural bearing capacity of composite beams. The ultimate |oad was improved up to 135%
compared to the norma concrete whereas the thickness of UHTCC layer did not play any
significant role, however initial cracking load increased non-linearly with the increase of UHTCC
layer. Moreover, application of UHTCC in the beam tension zone could effectively prevent from
the development of macro cracks in upper concrete, and disperse them into multiple fine cracks
which will be useful for enhancing the durability of retrofitted structures against the attack of
harmful substances. Analytical analysis found that the simple elastic beam theory was applicable

to determine the magnitudes of |oad-bearing capacity of composite beams.

Hussein et a. (2015) experimented on 16 composite beams made of ultra-high performance fiber-
reinforced concrete (UHPFRC) and normal strength or high strength concrete (NSC/HSC) without
stirrup to investigate flexure and shear capacity of the composite beams compared to the NSC/HSC
beams. The UHPFRC layer was placed on the tension zone of the composite section. The variable
for the specimen was volume fraction of the steel fiber, however influence of shear connector was
also examined in this study. Test results revealed that, the flexural capacity for UHPFRC-NSC
composites with 1%, 1.5% and 2% fiber volume content was increased by 23%, 68% and 90%,
respectively and for UHPFRC-HSC composites the capacity increased by 45%, 54% and 77%,
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respectively. The ductility of the composite beams significantly increased with increasing volume
of fiber content ranges from 3.4 to 5.3 times than normal strength concrete beams. Because of the
fiber bridging mechanism, toughness became 8 times higher for UHPFRC-NSC composites as
well as 16 times higher for UHPFRC-HSC composites. On the other hand, the shear capacity for
composite beams was increased by 1.7 to 2.0 times. Shear connector did not play any significant
role in enhancing shear capacity or in load-deflection response; however the role of fiber volume
content was very remarkable in increasing the ultimate shear capacity. The shear model for

composite beams which was proposed in this study was also promising.

2.4 Analysis of reinforced concrete member in shear

Extensive researches have been carried out on the shear behavior of reinforced concrete e ements.
Despite this, there remain considerable areas of uncertainty and disagreement with respect to a
rational theory to unify the approach towards shear design. Reinforced concrete shear is
approached with classification into either members without transverse reinforcement or members
with transverse reinforcement (Wight and Macgregor, 1997; Gastebled and May, 2001).

2.4.1 Basic shear transfer mechanism in beams without shear reinforcement

For slender beams, the shear forcein acracked section (V) ismainly resisted by the shear resistance
of compression zone (V¢), interlocking action of aggregates (Va), and dowel action (V4), as shown
in Figure 2.14. For rectangular beams, after an incline crack hasformed, the proportion of the shear
force transferred by the various mechanisms is as follows, 20 to 40 percent by the un-cracked
concrete of compression zone; 33 to 50 percent by interlocking action of aggregates; and 15 to 25
percent by dowel action (Vd). Meanwhile, in arelatively short beam, theload istransferred directly

from the loading points to the supports owing to arch action (Taylor, 1970).
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V. = shear resistonce
of compression zone

T ¢

VW, = oggregate interlock

(interfoce shear) moment

arm, jd

l £
V. = dowel force

Figure 2.14: Shear transfer mechanism of slender beams (Taylor, 1970)

Interlocking action of aggregates: Previous experimenta studies by Taylor (1970), has shown
that a large portion of the total sheer force of the beam without web re-enforcement is carried
across the cracks by aggregate interlocking. Among many variables, the width of the crack and the
concrete strength are likely to be the most important factors. It is naturally expected that the

interlocking force will be increased when the strength of concrete is high.

Dowel action: When shear displacement occurs along the cracks, a certain amount of shear force
is transferred by means of the dowel action of the longitudinal bars. Although there is some
contribution in dowel action by the number and arrangement of longitudina bars, spacing of
flexura cracks and the amount of concrete cover etc. The main factors influencing this action are
the flexura rigidity of longitudinal bars and the strength of the surrounding concrete (Taylor,
1970).

Arch action: Inrelatively short beams, applied loads are transferred directly to the support by arch
action. The main factors influencing this action are the span-to-height ratio of the analogous arch
and the strength of the compression strut. The span-to-height ratio of the analogous arch is
approximately equal to the shear span-to-depth ratio. The strength of the compression strut is
closely related to the compressive strength of concrete and the area of tension reinforcement
(Taylor, 1970).
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2.4.2 Shear transfer mechanism beamswith shear reinfor cement

Inclined crack causes the shear strength of beamsto drop below the flexural capacity. The purpose
of the shear reinforcement is to ensure the full flexural capacity can be developed. Prior to incline
cracking, thestrainin the stirrupsis equal to the corresponding strain of the concrete beam, because
concrete cracks at very small strain the stress in the stirrups prior to inclined cracking will not
exceed 310 6 ksi. Thus, stirrups do not prevent inclined cracks from forming; they comeinto play

only after the cracks have formed (Wight and Macgregor, 1997).

2.4.3 Shear strength of SCC members

For ordinary moment resisting frame beam/column, the shear capacity of concrete alone (or shear
capacity of beam without stirrups) can be obtained by using clause CSA 11.3.4 and from Equation
2.1 asper CSA Standard A23.3-04 (2010).

V= mCBJEde (2.1)

where, the value of . 15 0.65 as per clause 8.4.2 and 3 istaken 0.21 as described in CSA clause
11.3.6.2 asthe overall thickness of the member less than 250mm:; ,/f! should be less than 8 MPa;

and dy = max(0.9d and 0.72h).
where, d: effective depth of the section and h: total height of the section.

Total shear resisting capacity of the member (V) calculated from Equation 2.2 as per CSA (A
23.3):
V= Ve +Vs+V, (2.2)

Where V.: shear resistance of concrete, Vs: shear resistance of stirrups and Vp: shear resistance
capacity of pre-stress reinforcement which should be taken zero in this study.

However the value of V, shall not exceed as described in Equation 2.3:
Vemax = 0.25¢.f¢bdy + V;, (2.3)

For the members with transverse/web/shear reinforcement perpendicular to the longitudinal axis,
the value of Vg can be obtained from Equation 2.4 as per CSA (A 23.3):

Vs = @52 fydycotd (2.4)

38



Chapter 2

where, 6 shall be taken 42° as described in clause CSA 11.3.6.2; A,: area of shear reinforcement;
s: spacing between shear reinforcement, fy: yield strength of tensile reinforcement bar (MPa).
The value of A, shall be greater than minimum required shear reinforcement based on CSA
11.2.8.2 which can be obtain from Equation 2.5:

Aymin = 0.06\/f/bs/f, (2.5)

where, b is the width of the beam.

2.4.4 Shear strength of steel fiber reinforced UHPC beamswithout stirrups
Imam et al. (1997) devel oped an equation (Equation 2.6) to predict the shear strength (V shear O V)

for UHPC beams consisting of steel and polypropylene fibers without web reinforcement.

5.[)3

1+ . <(1+4F)
Vihear = 0.6 X = x {/ps(1+4F) x [(£)°* + 275 ﬂ" B 1+ b*d (2.6)

tosdg (a)

25dg
In which, d, is the maximum aggregate size (mm), ps represents the longitudinal reinforcement
ratio, f; is the compressive strength of the concrete (MPa), d is the effective depth of the beam, b

isthe width of the beam and a; is the shear span.

The value of fiber factor (F) can be obtained from Equation 2.7:
F = ( )Vfdf (2.7)

where, Lgisthefiber length (mm), D¢isthefiber diameter (mm), Vyisthe volume fraction of fibers,
and d¢ is the bond factor for steel fiber (for round fibers = 0.5, for crimped fibers = 0.75, and for
indented fibers = 1.0).

The same equation (Equation 2.6) has been used in this study with some modifications to predict
the shear strength (Vshear Or V) for ECC beams consisting of PV A fiber. The fiber factor that is
being used in thisequation (Equation 2.6) has been modified in terms of PV A fiber. The calculation
of modified fiber factor F' is discussed in Chapter 5.
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2.4.5 Shear strength of FRC beamswith stirrups

The shear strength of steel fiber based FRC beamswith stirrup can be calculated by using Equation
2.9 derived by combining shear capacity of concrete as per Equation 2.6 and capacity of shear
reinforcement as per Equation 2.4 (CSA A 23.3):

(fc')o.44+275 ’%’)ﬂ‘“\ bd + @, %fydvcote (2.9)
d

The same equation (Equation 2.9) has been used for the strength of PVA based ECC beams with
stirrup with some modification to fiber factor calculation. The calculation of modified fiber factor
for PVA, F' is discussed in Chapter 5 for the calculation of shear strength of ECC beams with

5.08
1+ | d: y
Vihear=0.6X - X/ ps(1+4F)x

25d,

stirrups.

2.4.6 Shear strength of composite beams

Hussein and Amleh (2015) developed adesign guideline for shear strength of composite members
made of normal strength concrete (NSC) and ultra-high performance fiber-reinforced concrete
(UHPFRC) without stirrup. Figure 2.15 shows the force distribution for the cross-section of singly

reinforced composite beam.
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Figure 2.15: Force distribution mechanism of the composite shear beam (Hussein and Amleh,
2015).

The shear resistance of a UHPFRC-NSC beam isthus equivalent to the expected shear resistance
of a NSC beam without shear reinforcement, V., plus the additional shear resistance provided by
the fibers, V¢, due to the improved post-cracking resistance of the UHPFRC layer as shown in
Figure 2.15.
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The shear strength of UHPFRC-NSC/HSC composite beams can be cal cul ated from Equation 2.10:
V= V. + V¢ (2.10)

The shear resistance provided by the fibers, V¢, can be obtained from Equation 2.11:
V= Fxt*bx(d—hy,) (2.12)

In which, h,, isthe thickness of the NSC layer and t isthe average bond strength of fibersthat can
be obtained from tests on single fiber pull out test.

The shear contribution by compression zone above the neutral axis can be determined from the
proposed Equation 2.12 by the CSA Standard A23.3-04 (2010).

Ve = @ABy/fibd, (212)

Therefore, the shear capacity of the composite beam without shear reinforcement can be cal cul ated
by Equetion 2.13:

Vy = @AB/fibd, + FxT*b+(d—hy) (2.13)
The shear strength of composite beams with stirrup can be calculated by using Equation 2.14

derived by combining shear capacity of concrete as per Equation 2.13 and the capacity of shear

reinforcement as per Equation 2.4:
Ay
Vu = @AB/fbdy + FxTxbx(d—hy) + @5 fyd,cotd (2.14)

Based on the similar principle of force equilibrium of NSC/UHPFRC composite beam (Figure
2.15), the shear strength (Vshear) Of composite ECC/SCC beams consisting of polyvinyl acohol
fiber (PVA) with/without shear reinforcement with modified fiber factor F’ has been developed in
this study and discussed in Chapter 5.
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2.5 Flexural strength of SCC beam

The beam top and bottom flexural steel is designed at the location of maximum moments along
the beam span. Inthe flexural reinforcement design, the design procedureis based on the simplified
rectangular stress block shown in Figure 2.16 as per CSA Standard A23.3-04 (2010). In designing
the beam flexural reinforcement, the limit of f'. is taken to be smaller than 80 MPa for ordinary
moment resisting frame based on clause 8.6.1.1 of CSA Standard A23.3.

v € =0.0035 a; f @,
A
V77777 s T e
/ 5 // iz Blc
197 } v
= NA e = e — — g e = —
d
/As
Y1l oe ] - >T LT
le— b —l Stress Disagram Strain Diagram

Figure 2.16: Stress-strain and force distribution for rectangular SCC beam
The depth of the compression block ‘a’ can be obtained from Equation 2.15:

2|Mg

—d_ [qz _ 2Mid
a d d C‘ilfé(ljcb

(2.15)

where, the value of . s 0.65 as per clause 8.4.2. The values of «; and 3; and Cy, can be calculated
based on the Equations 2.16 to 2.18 using clause CSA10.1.7 and CSA 10.5.2:

a; = 0.85 — 0.0015f. > 0.67 (2.16)

B, = 0.97 — 0.0025f" > 0.67 (2.17)
700

Cp = 700+fy (2.18)

ap 1s the balance depth of the compression zone is given by Equation 2.19
ap = P1GCp (219
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Based on the clause CSA 10.5.2 if the value of a < ay, therefore the area of tensile reinforcement
should be calculated based on the following Equation 2.20:

Mg
¢sfy(d—3)

Ag = (2.20)

This steel isto be placed at the bottom of the beam for negative moment and top of the beam for
positive moment. For our design the amount of reinforcement located at the top of the section Aj

has been neglected.

The minimum amount of tensile reinforcement from clause CSA 10.5.1.2 for flexural members

can be calculated from Equation 2.21.
0.2 |f.
fb h (2.22)

As,min = f t
¥

where, b, is the width of tension zone of the section.

For checking the flexural capacity of beam and column in the tested frame in this study, the value
of compression block ‘a’ can be obtain from Equation 2.22 with related experimental values for f;
andf, :

_ PsAsfy
= modib (2.22)

Therefore the flexural or moment capacity of beam/column in the tested frame used in this study
cen be obtained from Equation 2.23:

Mr = @sAsfy(d —2) (223)

2.5.1 Flexural Strength of ECC beam

Lepech and Li (2009) developed adesign guideline for flexural strength of ECC flexural members.
Figure 2.17 shows strain-stress and force distribution for the cross-section of singly reinforced
ECC beam.

43



Chapter 2

'y

«<—ECC

N.A

—> Trcca
[

——>TECC1
W * ® _}'TSIEEI

e— =  &yEce fi

Figure 2.17: Stress-strain distribution of reinforced ECC member (Lepech and Li, 2009)

In Figure 2.17, b and ts represent the width and depth of the section, respectively, d is the distance
from neutral axis to the  center of the reinforcing bars  and
d/ is the distance from the tension face to the center of reinforcing bars. In addition,
gc: compressive strain of ECC, &y(sreely: compressive strain of steel, ey(gcc): yield strain of ECC.
The Cgce, Tecc-1> Tecc—2> Tsteel TeSpectively are representing the compressive force, tensile

forces of ECC and tensile force of stedl.

Caner and Zia (1998) proposed stress criterion to determine the corresponding tension kink and
neutral axis for calculation the resisting moment capacity. The modular ratio is presented by
Equation 2.24:

ne = —XE9_ (2.24)

-
0.4€y(steel)

The n, represent the strain modular ratio, &y (steery and €y(gccy denote the yield strain of elastic-

plastic behavior of steel reinforcement and ECC, respectively.

The depth of the neutral axis was determined based on the modular ratio and the equilibrium of
resisting forces across the depth of ECC member. Lepech and Li (2009) proposed equations for
calculating the ECC tensile forces. The resisting forces across the depth of the ECC section and
their equilibrium are presented through Equations 2.25 to 2.29 respectively.
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Toteel = 0.4f,Aq (2.25)
Tecey = B[(1 —n)d + c]b (2.26)
Tecc-2 = 0.5fin.db (2.27)
Cecc = 0.5f, (ﬁ) (ts—d —c)%b (2.28)
Tsteel + Tecc-1 + Tecc-2 = Crec (2.29)

where, f; is the tensile stress of the ECC.

Lepech and Li (2009) projected theyield (tensile) strain of ECC material from apool of 40 separate
tensile test results is 0.02%, this value is chosen as a statistically representative value for the first
cracking strain of ECC materia. The yield (tensile) stress of the ECC material is set at 3.45 MPa
from Lepech and Li (2009) which was again chosen as a statistically representative value from the
pool of tensile test results while the actual ultimate strength istypically above this value.

The resisting moment capacity M, is calculated by summing the contribution of all forces about

the neutral axis and is presented in Equation 2.30:

(1-ng)d+c

2 T T (225 ) o () ot0Cece 0) (- 49) () 0

2.5.2 Flexural Strength of UHPC beam

The general stress-strain and force distribution for reinforced UHPC beem for flexural resistance
is shown in Figure 2.18 (Hossain, 2014). In linear strain distribution, e, epsand &m, represent
concrete compressive strain at the top fiber, strain in reinforcement, and concrete tensile strain at
the bottom fiber. Typically it assumes a triangular concrete stress distribution and non-uniform

tensile stress distribution (ft) below the neutral axis (NA) due to fiber contribution.
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Figure 2.18: Stress-force-strain distribution of reinforced UHPC beam

In Figure 2.18, b and d, represent the width and depth of the section, respectively, cisthe distance
from neutral axisto thetop of the section. In addition, fme: limiting compressive strength of UHPC,
fmt: tensile stress of UHPC, T¢: UHPC tensile force based on fiber contribution, Tps: UHPC steel
reinforcement force, emc: UHPC compressive strain at fop fiber, emt: UHPC tensile strain, €ps:

UHPC reinforcement strain.

The limiting compressive strength (fmc) for UHPC beam can be calculated as a function of
compressive strength (f°c) based on Equation 2.31:

foo= 0.85f. (2.31)

A uniform tensile stress distribution of fm: acting from the neutral axis to the extreme tension fiber
can be used to approximate the UHPC tensile force based on fiber contribution (T¢) as shown in
Equation 2.32, where h is the overall height of the beam and c is the distance of N.A. from the top
fiber.

T, = f, (h—c)b (2.32)

Compressive concrete force (C) can be calculated from Equation 2.33:

1

C = >fmcch (2.33)

where, force in the steel reinforcement (Tps) can be calculated based on steel stress and flexural
resistance of UHPC beam can be calculated by using equilibrium of forces as used in normal RC
beam.
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Moment/flexural resistance of reinforced UHPC beam can be derived by using usual procedures
and by assuming some modificationsin the stress-strain and force distribution of reinforced UHPC
beam (Henager and Doherty, 1976; Khalil and Tayfur, 2013; Hossain, 2014) as shown in Figure

2.19 with the following assumptions:

v All fibers are dligned in the direction of the stress.

v Fibers are fully bonded to the matrix, equal strains in fiber and matrix occurs before
cracking.

v' The Poisson'sratio in fiber and matrix is equal to zero.

& = 0.0035 v 0.85f
rA Neutral /'P C
d (héec-a)2
h T,r
+----
\ i
V_- o b £y (bars) ¥ e,
— — G

Figure 2.19: Modified strain- stress-force distribution of reinforced UHPC beam with full depth

fiber dispersion

The ultimate tensile strength of steel fiber reinforced composite prior to cracking (o) in MPa can

be derived from Equation 2.34:
0. = o0V + oy Vi (2.34)

where, og: ultimate pull out strength of steel fiber (MPa); oy,: ultimate tensile strength of un-

cracked concrete matrix (MPa); Vi: volumefraction of fiber and V,,,: volumefraction of the matrix.

The orientation, length and bonding characteristics of fibers will influence the strength of fiber
reinforced concrete; Equation 2.35 derived from Equation 2.34 has incorporated al of these

parameters:

Oc = omVim + 2nenpm Ve te (Ig / dp) (2.35)
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Neglecting the contribution of the matrix in carrying any stress based on the law of mixture and
applying the corrections of orientation, bond efficiency and length efficiency factor, the most
common expression of ultimate tensile strength of fiber reinforced concrete (ot in MPa) as shown
in Figure 2.19 is given by Equation 2.36 (Ahmed and Pama, 1992; Hossain, 2014):

or = 2MoNpM Vet (¢ / df) (2.36)
where, no: orientation factor = 0.41; no: bond efficiency factor = 0.5 for round steel fibers.
In this study, bond efficiency factor (no) for PVA fiber can be calculated using Equation 2.8.

N is the length efficiency factor can be calculated from Equation 2.37:

ne== 1— [(tanh (£7)) /(B 1r/2)] (2:37)

Where the value for  coefficient can be obtained from Equation 2.38:

2nG
= = 2.38
P= [at, © (2.38)
Thevalue for S, steel fiber characteristic is defined in Equation 2.39:
_ e ~172
S = 25(Vf df) (2.39)

where, V. volume fraction of steel fiber; Tr: bond strength between the fiber and matrix (MPa); I+

length of fibers (mm); dr: diameter of fibers (mm); Gm: shear modulus of concrete matrix (MPa);
Er: modulus of elasticity of steel fibers (MPa); As: cross-sectional areaof stedl fibers (mm?) and r:
radius of steel fibers (mm).

Provided that the average dliding friction bond strength (tr) is known and assuming that it does not
vary with the angle of the fiber to the crack and also assuming that the mean fiber pullout length

is (I/4) then the average pullout stress per fiber (F) is given by Equation 2.40:

F=1 (c'l—ff) (2.40)
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Bond stress depends on a variety of factors: water cement ratio, curing conditions, fiber surface
characteristics, fiber geometry, and age. According to Hannat (1978) and Hossain (2014), the
measured value for t; varies between 3 and 8.3 N/mm?. According to Chan et al. (2004), bond
characteristics of straight steel fiber in silica fume based ultra-high strength concrete (UHSC)
matrix vary between 4.8 and 5.5 MPawith 0 % to 40 % of silicafume, respectively. Thefrictional
bond strength of fiber matrix (tr) is given by Equation 2.41 as per Henager and Doherty (1976)
and Hossain (2014):

=066V f (2.41)
where, f¢' isthe compressive strength of normal strength concrete (MPa)

Based on Hossain (2014), the maximum usable strain at the extreme concrete compression fiber
(ec) as shown in Figure 2.19 can be taken as 0.0035. There are some data that indicate 0.003 may
be conservative. Work by Williamson (1974) indicates that 0.0033 may be more realistic for steel
fiber concrete. Swamy and Al-Ta’an (1981) recommended 0.0035. Based on a study of plastic
hinges, Hassoun and Sahebjam (1985) recommended a failure strain of 0.0035 for concrete with
1.0 percent stedl fibers as per ACI Committee 544.4 R-88 (1994). Taking into account the large
ductility and compressive strength of UHPC the equivalent compressive stress block values can
be specified as shown in Figure 2.19. For strengths above 30 MPa, B1 shal be reduced
continuously at a rate of 0.05 for each 7 MPa of strength in excess of 30 MPa, but 1 shall not be
taken less than 0.65 as per ACI 318 (2011).

With the completion of compressive and tensile strength blocks, the process of flexural analysis
of the beams can be carried out using the principles of force equilibrium and strain compatibility.
The nominal moment capacity (Mn) for singly reinforced UHPC beams can be calculated by
Equation 2.42:

Mn = Asfy (d - a/2) + ot b(h-c) (h+c-a)/2 (2.42)
The value of ‘a’ can be calculated from Equation 2.43:

a= (Ady + o bh) / (A’ b + ot b) (2.43)
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where, f'¢ : compressive strength of fibrous concrete (MPa), As. area of tensile steel bars (mm?),
fy: yield strength of tensile reinforcement bar (MPa), c: neutral axis depth (mm), b: width of the
beam cross section (mm), h: height of the beam cross section (mm), A: concrete stress block
parameter (equal to 0.86 for f'c = 55 MPa), f'c. compressive strength of plain concrete (MPa), B1:
concrete stress block parameter (equal to 0.65 for f'c = 55 (MPa), a: depth of the equivaent

compressive block (mm).

Based on the principle of force equilibrium and strain- stress distribution of reinforced UHPC
beam (full depth fiber dispersion, Figure 2.19), flexural analysis of singly reinforced UHPC with
half depth fiber dispersion Figure 2.20 can be derived as follows.

e
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Figure 2.20: Strain- stress-force distribution of reinforced UHPC beam with half depth finer
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dispersion
The nominal moment capacity (Mn) for singly reinforced UHPC beams for half depth fiber
dispersion can be calculated by Equation 2.44:

Mn = Adfy (d - a/2) + ot bh (3h -23)/8 (2.44)
The value of ‘a’ can be calculated from Equation 2.45:
a= (Asfy + a1 bh/2) / M ¢ b (2.45)

Based on the principle of force equilibrium and strain- stress distribution of reinforced UHPC
beam with half depth fiber dispersion (Figure 2.20), flexural analysis of singly reinforced
composite ECC/SCC beam with quarter depth PV A fiber dispersion has been developed in this
study and discussed in Chapter 5.
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2.6 Review conclusions

Research has been conducted on the material properties of SCC, ECC and FRC for tailoring
enhanced mechanical and durability properties. SCC and ECC have been used in many structural
applications over the last decades. Literature review confirmed the use of composite ECC/SCC in
very few structural applications and to date, very few research studies have been conducted to
study their shear and flexure performance in building and bridge structures. This warrants
investigations on the evaluation of structural performance of composite ECC/SCC based structural
elements and to develop design guidelines for practical construction. The current study on the
evauation of shear and flexural resistance of composite ECC/SCC beams compared to their full
depth SCC and ECC counterparts is a timely initiative and will contribute to the existing

knowledge of such technology.
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CHAPTER THREE
EXPERIMENTAL PROGRAM

3.0 Introduction

An experimental research had been conducted to study the shear and flexural behavior of composite
ECC/SCC beams. Four composite shear beams (two without shear reinforcement and tow with
shear reinforcement) and one singly reinforced composite flexural beams were tested under four
point static loading to failure. In addition, two full depth SCC shear beams (one without shear
reinforcement and one with shear reinforcement), two full depth ECC shear beams (one without
shear reinforcement and one with shear reinforcement), one SCC flexural beam and one ECC
flexural beams were tested as control specimen to compare the structural performance compared
with their composite ECC/SCC beam counterparts. Two types of concrete, Self-Consolidating
Concrete (SCC) and Engineered Cementitious Composite (ECC) were used to cast al the composite

beams.

This chapter will describe the geometric dimensions of beam specimens, properties of the materials,

and experimental program.
3.1 Beam geometry and reinfor cement configuration

3.1.1 Shear beams

The experimental program was designed to evaluate shear behavior of ECC, SCC and composite
ECC/SCC beams and estimate concrete contribution to overall shear resistance (V). Total of eight
shear beams with and without shear reinforcement were cast and tested. From Table 3.1, first four
beams were designed only for adequate flexura reinforcements without shear reinforcement as
shown in Figures 3.1 and 3.2. “Full SCC” denotes 200 mm height of SCC, “Full ECC” denotes 200
mm height of ECC, “E50-S50” denotes 100 mm height (half depth) of ECC at bottom with 100
mm height of SCC at top and “E25-S75” denotes 50 mm height (quarter depth) of ECC at bottom
with 150 mm height of SCC at top. Last four beams were designed with the same amount of flexural
reinforcement as in the first set of beams in addition to the stirrups provided at 133.5 mm spacing
(c/c) as indicated in Figure 3.3 and Figure 3.4. “Full SCC” and “Full ECC” served as control
specimensfor beamswithout shear reinforcement aswell as*“Full SCC-S” and “Full ECC-S” served

as control specimens for beams with shear reinforcement.
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All beams were 100 mm wide (b) with total depth (h) 200 mm. The shear span-to-depth ratio (a/d)
was kept constant at a value of 1.53 to ensure shear rather bending failure of all beams. The total
length of all the beams was at 1100 mm with an effective span of 800 mm. Beams with the shear
reinforcements were provided with 2, #6 mm diameter hanger bars at the top to support 6 mm dia
stirrups (plain steel bar) provided at 133.5 mm c/c as shown Figure 3.4. Flexura reinforcements
were provided with 10 mm dia deformed steel bars. Flexural reinforcement ratio was kept constant
for al beamsas 1.14%. Geometric dimensions and reinforcement details of the experimental beams
are summarized in Table 3.1.

The beam designation included a combination of letters and numbers to indicate concrete type (S
or E) and ratio of ECC to SCC depth in the cross-section (25 or 50 or 75). In addition, a letter of
“S” at the end indicates the presence of shear reinforcement. For example, full depth SCC beams
having shear reinforcement are coded as “Full SCC-S”.

Table 3.1: Shear beams geometry and reinforcement configuration

Shear span Flexural Shear
Effective Total to reinforcement reinforcement
Beam code depth height depth ratio, p acin
(@, mm | (h), mm rtio, | (F100Adbrd) | PEHS
(ald) %
Width (b) = 100 mm , Effective span (S) = 800 mm and Length = 1100 mm
Beams without shear reinforcement
Full SCC 175 200 153 1.14 N/A
Full ECC 175 200 153 1.14 N/A
E50-S50 (half depth ECC) 175 200 153 114 N/A
E25-S75 (quarter depth ECC) 175 200 153 1.14 N/A
Beams with shear reinforcement
Full SCC-S 175 200 153 1.14 1335
Full ECC-S 175 200 153 114 1335
E50-S50-S (half depth ECC) 175 200 153 1.14 1335
E25-S75-S (quarter depth ECC) 175 200 153 114 1335

10 mm dia deformed steel bar used as flexural and 6 mm plain steel bar used as shear reinforcement; Shear
beams had a clear cover of 20 mm
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3.1.2 Flexural beams

The experimental program was designed to evaluate flexural behavior of full depth ECC, SCC and
composite ECC/SCC beams and estimate ultimate flexural capacity. A total of 3 flexural beams
with adequate shear reinforcement were casted and tested. All beams were designed as under-
reinforced and were singly reinforced and they were denoted as “Full SCC-F”, “Full ECC-F” and
“E25-S75-F” where the letter “F” denotes flexural. The width and effective depth of the beams
were maintained at 150 mm and 201 mm for all beams while shear span to effective depth ratio was
kept at 5.72 to make the beamsfail in flexure. Flexural reinforcement ratio 0.66% was kept constant
for all beams. All beams had a clear cover of 20 mm. Twenty 6 mm plain steel bars @ 60 mm c/c
were placed as shear reinforcement on both side. Flexural beam cross-sections and reinforcement

configurations are shown in Table 3.2 and Figures 3.5 and 3.6.

Table 3.2: Flexural beams geometry and reinforcement configuration

Beam Beam Effective Bottom Compression Flexural
Beam code tvpe height depth flexural flexural reinforcement
yp (h), mm | (d), mm | reinforcement | reinforcement ratio, ps %

Width:150 mm, Length: 3300 mm, Span, S: 3000 mm

Full SCC-F Singly 232 201 2, #10mm 2, #6mm 0.66
Full ECC-F Singly 232 201 2, #10mm 2, #6mm 0.66
E25-S75-F
(quarter depth Singly 232 201 2, #10mm 2, #6 mm 0.66
ECC)

10 mm dia deformed and 6 mm dia plain steel bars were used as flexural
and shear reinforcements respectively
All beams had a clear cover of 20 mm
6 mm plain steel bar @ 60 mm c/c was used as shear reinforcement

#20. 6mm dia stirmup
20mm 60mm cfc | 700mim _I #2)} Gmm dia
_I_"I [ / 4 1 /
]
™
1A : |
150mm 1150mm 0, Ommda | o .

3000mm sk
3300mm:

Figure 3.5: Flexural beams with reinforcement showing four point loading
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3.2 Material properties and construction model frame

Chapter 3

This section presents the detail construction methodologies used for experimental investigation

including mix design and mixing sequences for SCC, ECC and composite ECC/SCC beams as well

as casting and fabrication sequences of the specimens.

3.2.1 Mix design and mixing sequencesfor SCC, ECC

A 175-liter shear drum mixer was used for mixing al concrete mixes. The ECC (one of the mix

developed at Ryerson) has a water/cementitious material ratio of 0.30, PVA fiber content of 1%

fibers/kg of dry material. It consists of general purpose cement and fly ash (FA) as the cementing

material, water, natural grain silicasand with 110 micrometer nominal size, Polyvinyl Alcohol
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(PVA) fibers and a polycarboxylate-based high range water reducing admixture (HRWRA) as
shown in Table 3.3. The PVA fibers are 38 micronsin diameter, 8 mm in length, atensile strength
of 1600 MPa, modulus of elasticity of 40 GPa, and has a melting point of 225°C, as shown in Fig.
3.7. For casting ECC weighted solid contents except for the PV A fibers were introduced into the
shear mixture and mixed for 1 minutes. After that 75% of the water was added to 50% HRWR and
mixed together then the mix of water and HRWR was added gradually to the mixer and mixed for
additiona 2 to 3 minutes. Then the remaining water and HRWRA was introduced again with same
procedure to the mix, and mixed for another 2 minutes for the development of a uniform and
consistent mortar mixture. Lastly, the PVA fibers were added to the mortar for another 3 minutes
of stirring until all fibers were dispersed with mortar mixture. The mixing sequence and the

resulting flow-able ECC mix is presented in Figure 3.7.

Table 3.3: Mix design of ECC

Ingredients per 1 part of cement PVA HRWRA
Mixt —
Ixture Cement | Flyash(FA) | 0% | (qgmd) | (kgm) wib
ECC 1 1.2 0.80 26 5.4 0.27

w: water; b: binder; HRWRA: High range water reducing admixture

The SCC was made with commercially available dry content (30 kg) pre-packaged bags. The dry
content included the nominal aggregate size of 10 mm, Portland cement, silica fume and air-
entraining admixtures. For each pre-package bag, 2.4 liter of water was added for devel opment of
the SCC mixture. The dry ready mix packages were introduced into the mixer for a 30 seconds of
mixing. After that 50% of the potable water was added to the dry content in period of 2 minutes of
mixing. The remaining 50% of the water was slowly added to the mix for additional 2 to 3 minutes
until the required flow ability and workability was achieved. The flow-able SCC is shown in Figure
3.8.
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Figure 3.8: SCC concrete production
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3.2.2 Beam fabrication, casting and curing

Wooden formworks were prepared for casting SCC, ECC and composite ECC/SCC shear and
flexure beams. Figure 3.9 shows the typical formwork for shear and flexure beams exhibiting both
main and shear reinforcement position. For specimens with shear reinforcement, rebar were ground
smooth to facilitate the fixing of strain gauges at left and right side of the stirrups near the support

aswell as at the mid-span of the flexural reinforcing bar (tension rebar).

Immediately after the SCC and ECC mixing, flow-able concretes were poured into formwork from
one side until it flow and reached the other side to avoid any vibration or compaction. Visual
observation showed that the SCC properly filled the forms with ease of movement around
reinforcing bars in each reinforcement configuration and same was the case for ECC. Figure 3.10

shows the pouring of concrete and the casted beams in the mold.

To cast composite ECC/SCC beams, ECC concrete was mixed first then poured into the formwork
up to desired height and followed the same procedure to achieve flow ability. As there was no
external joint or adhesive used in between two layers, so the waiting period was approximately half
an hour to let the ECC concrete settle down. Some small scratches was made on the surface of the
ECC concrete to make good interaction between ECC and SCC. After that, SCC concrete was
mixed and poured on the top of the ECC concrete and filled the formwork. Figure 3.11 shows the
procedure of casting composite beams. Beam molds were removed after 48 hours of casting and

the beams were cured by covering plastic bags until 28 days of testing as shown in Figure 3.12.

Figure 3.9: Typica formwork showing reinforcement for shear (top) and flexure (bottom) beams

60



Chapter 3

Figure 3.12: Curing of beams and control specimens
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Control specimens in the form of cylinders and beams were also cast to determine strength of
concrete and cured under similar conditions as beam specimens until testing. The compressive
strength of SCC and ECC was determined from 100 x 200 mm control cylinders for each batch
according to ASTM C39 (2003). Flexural strength of the SCC and ECC at 28 days was determined
from beam four point bending test as per ASTM C78 (2010). The four-point bending test was
performed using a closed-loop controlled servo-hydraulic system under displacement condition at
aloading rate of 0.005 mm/s. Total length, height and width of the flexural beam specimens were
304.8 mm, 76.0 mm and 50.0 mm respectively. Typical load/flexural stress vs mid span deflection
responses of SCC and ECC are presented in Figure 3.13. ECC showed significant post-pick stain
hardening behavior dueto its micro cracking characteristics compared to SCC. Table 3.4 showsthe
compressive strength and flexural strength of concrete at the age of testing (28 days) — mean value
of at least three specimens are reported.

4 -
6 _
SCC ECC
3 F 5
g 4
c 2
& -
= g °
1
0 1 1 1 J O 1 1 1
0 0.1 0.2 0.3 0.4 0 1 2 3
Displacement, mm Displacement, mm

Figure 3.13: Flexural stress vs displacement renponse of SCC and ECC

Table 3.4: Concrete compressive and flexural/tensile strength

SCC ECC

Concrete compressive strength (MPa) at the age 59 73
of testing (28 day)

Flexural strength (MPa) at the age of testing 3.2 51
(28 day)
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3.3 Reinforcement properties

Coupon tension tests were also performed to determine yield and ultimate strength deformed
reinforcing mild steel bars used to construct frame specimens. Stress-strain response of 10 mm and
6 mm bars are presented in Figure 3.14. Table 3.5 lists the mean value of sted yield strength (fy)
and yield strain for each diameter steel bar shape as derived from at |east three coupon specimens.

10 mm diameter bar 6 mm diameter bar

r
w
3
&
)
H
Stress, MPa

0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Micro strain Micro strain

Figure 3.14: Stress-strain response of reinforcement bars (Sathiyamoorthy, 2016)

Table 3.5: Rebar stress—strain response table (Sathiyamoorthy, 2016).

Rebar Yield stress (MPa) Yield micro-strain
diameter Bar-1 | Bar-2 | Average | Bar-1 | Bar-2 | Average
6 mm 450 448 449 1895 1892 1893
10 mm 532 628 567 2330 2380 2355

3.4 Experimental set up and instrumentation

All specimens were tested as simply supported beam under four-point loading condition.
Experimental set-up for shear beam beams without and with shear reinforcement is shown in Figure
3.15. LVDT (Linear variable displacement transducer) was fixed at mid span to measure the central
deflection and one inclinometer was also fixed near to the support to measure the angle of rotation.
Figure 3.16 shows the location of steel strain gauges that were attached to measure strain in the

flexural and shear reinforcement.
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Figure 3.15: Experimental set-up and instrumentation of shear beam
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Chapter 3

Experimental set-up for flexural beams tested under four point loading as well is shown in Figure
3.17. Three LVDTs (Linear variable displacement transducer) were fixed at mid span and 750 mm
from the left and right support to measure the deflection. An inclinometer was also fixed near the
support to measure the rotation angle. Strain gauges were installed on the shear and flexural

reinforcement at strategic location as shown in Figure 3.18 to monitor strain development.

T

Figure 3.17: Experi mental set-up and instrumentation for flexural beams

Strain gauge
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A
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Figure 3.18: Strain gauge, LVDT and Inclinometer locationsin flexural beams
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A hydraulic jack was used to apply the load incrementally with 5 kN for each increment and the
load was kept constant for some minutes after each increment to observe the crack pattern. All
strain gauges, load, LVDT and Inclinometer were connected to a computer control data acquisition
systems. Theinitiation and development of shear and flexural cracks and cracking loads at various
stages were recorded during the test. During testing to failure, load—deformation response, rotation
angle and strain development in steel/concrete were recorded. Test also provided information on
the overall behavior of the beam including development of crack, crack patterns, load transfer

mechanism and failure modes.

3.5 Summary

Experimental research program is descried by illustrating beam specimen preparation (fabrication
and casting), material properties, specimen instrumentation and test procedure. A total of 8 shear
beams and 3 flexural beams were tested to failure. The test results will be presented and described

in Chapter Four.
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CHAPTER FOUR
EXPERIMENTAL RESULTSAND DISCUSSION

4.0 Introduction

This Chapter presents the results of the experimental investigation on shear and flexural behavior of
composite ECC/SCC beams (half depth or quarter depth ECC) in addition to control ECC/SCC
beams. The performance is described based on |oad-deflection response, first diagonal crack load,
strain development, moment-end rotation response, energy absorption, ductility index, crack
formation and propagation and failure modes. Comparison between composite ECC/SCC beams and
full depth ECC/SCC beams with especial reference to post—-cracking shear transfer mechanism is

also presented.

4.1 ECC, SCC and composite ECC/SCC shear beams without shear reinfor cement

Experimental tests had been carried out to study the shear behavior of the composite ECC/SCC
beams including full depth ECC/SCC beams. Total four (one full depth ECC, one full depth SCC
and two ECC/SCC composite beams with different ECC to SCC height ratio) shear beams without
shear reinforcement were tested under four point loading to failure. ECC and SCC were used to cast
all beams. Shear span to effective depth ratio (a/d) was kept constant as 1.53 as well as adequate
flexural reinforcement was provided with the reinforcement ratio of 1.14% for all beams. However,

no shear reinforcement was provided in these beams.

4.1.1 L oad vs deflection behavior

Experimental load vs deflection curves for the tested ECC, SCC and composite ECC/SCC shear
beams without shear reinforcement are shown in Figure 4.1. Changing of the slope of the curve
indicates the reduction of the beam stiffness. The initial straight line segment of the curve shows
that, stiffness of the beam remained constant prior to the flexural cracking. Development of the
cracks throughout the loading period isindicated by abrupt changes (formation of kinks) in the load-
deflection curves. Decrease of the beam stiffness was noticed in al types of beams right after the
formation of inclined/diagonal crack. When the load reached the ultimate shear capacity, a sudden
brittle shear failure was occurred. A significant reduction in theload carrying capacity was observed
immediately after the shear failure.
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The ultimate load/shear capacity of both composite beams “E50-S50” and “E25-S75” was about
71% and 24% higher than “Full SCC” and “Full ECC” beams, respectively as per Figure 4.1.
Moreover, the mid span deflection for composite beams at ultimate load stage ranged from 5 to 6
mm whereas “Full SCC” and “Full ECC” beams exhibited 3.17 mm and 3.05 mm, respectively.
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Figure4.1: Load vs deflection response for shear beams without shear reinforcement

4.1.2 Failure mode and cracking behavior

Finevertical flexural cracks were formed during loading within the mid span (zero shear regions) of
all beams. With further increase of load, new flexural cracks were observed within the zero shear
regions as well as in the shear span until to the formation of first shear cracks. The inclined shear
crack initially formed near the support, as expected. With further increase of load, propagation of
the diagonal shear cracks occurred towards the loading point of the beam with the formation of
additional shear and flexural cracks. Finally, sudden shear failure was occurred immediately after
dominant shear cracks formed within one or two side of the shear span a shown in Figure 4.2. The
volume of sound at shear failure was identifiably louder in the case of all beams. Table 4.1 indicates
the experimental summary for shear beams without shear reinforcement showing concrete
compressive strength, failure modes, shear loads at first flexure/diagonal crack, deflection at first
diagonal crack, peak shear load, peak |oad deflection and angle of diagonal crack.
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Table 4.1: Experimental summary for shear beams without shear reinforcement

ad Concrete Failure | Vi Dc Ve Vu Dy Diagonal Crack
Beam code strength pattern | (kN) | (mm) | (kN) (kKN) (mm) crack width,
(MPa) angle (mm)
(Degree)
SCC | ECC
Full SCC 1.53 Shear 5 0.91 40 8455 | 3.17 40 0.05-0.90
Full ECC 1.53 Shear 5 134 60 | 116.07 | 3.05 40 0.10-0.45
i 59 73
ES0-S50 (half 1.53 Shear 5 1.82 65 | 144.69 | 5.07 40 0.05-0.35
depth ECC)
E25-S75
(quarter depth | 1.53 Shear 5 1.18 60 1444 | 5.73 45 0.05-0.55
ECC)

D.: Deflection at first diagonal crack; V. Shear at first diagonal crack; Dy: Deflection at peck shear load;
V+: Shear at fist flexure crack; V: Peak/failure shear; a/d: Shear span to depthratio

Formation of the first flexural crack was observed at lower load around 5 kN (Table 4.1) in al types
of beamswhich isan indication of lower bending/flexura strength of shear beams. Asthe shear span
to depth (&/d) ratio was same for al beams, the angle of dominant diagonal crack was nearly close
to each other within the range of 40-45 degree. Diagona shear crack loads varied from 47.3% to
51.7% of ultimate loads for “Full SCC” and “Full ECC” beams and 41.5 to 45% of ultimate loads
for composite ECC/SCC beams. “Full SCC” and “Full ECC” beams had about 15 to 21 cracks at
failure whereas “E50-S50” and “E25-S75” beams had around 34 to 46 cracks. So both composite
ECC/SCC beams devel oped more cracks than full depth SCC and ECC beams at failure. The crack
widths for “Full SCC” and “Full ECC” beams ranged from 0.05 to 0.9 mm whereas E50-S50 and E-
25-S75 composite beams showed significantly less crack width ranged from 0.05 to 0.55 mm. In all
beams, cracks were formed aong the longitudinal tension steel at the bottom of the compression
strut and the resulting failure mechanism is called shear-tension failure since all of these beams had
the same effective span to depth ratio 1.53. Bearing failure was a so noticed at the loading point on
both composite ECC/SCC beams but occurred after dominant shear crack which did not effect on
the shear performance of the composite beams. Overall, the failure modes of “Full SCC”, “Full
ECC” and E50-S50, E25-S75 composite beams were found similar.
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Figure 4.2: Failure modes and cracking patterns of tested shear beams without shear

reinforcement
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4.1.3 Post cracking shear resistance, ductility and energy absor ption capacity

Aggregate interlock mechanism and dowel action play significant roles in the increase of shear
resistance from V. (shear resistance at the formation of inclined crack) to Vy (ultimate shear
resistance or peak load). In this study, the shear at the first diagonal crack is denoted as concrete
shear resistance (V¢) and it was identified from the visual observation during the testing of “Full
SCC”, “Full ECC”, and E50-S50, E25-S75 composite beams. The ultimate shear resistance (V) was
identified from the maximum load (peak load) that a beam can carry before failure. It is important
to analyze the post cracking shear resistance of concrete beams due to aggregate interlock and dowel
action to characterize the performance of “Full SCC”, “Full ECC”, and E50-S50, E25-S75 composite
beams. Similar analysis was carried out by previous researchers, Lachemi et al. (2005) and Hassan
et a. (2010), by introducing a shear resistance factor (SRF). SRF is defined astheratio of thefailure
load to the load at the first diagonal crack as per Equation 4.1:

SRF =Vu/Ve. 4.1)

The post cracking shear ductility was defined as the ratio of the deflection at failure load to the
deflection at first diagonal crack load by previous researcher Hassan et a. (2010). In this study,
ductility of the shear beam is also defined by the ductility factor (DF) as per Equation 4.2:

DF = Du/D¢ 4.2
where, Dc and Dy are the deflection at first diagonal crack and peak/failure load, respectively as
presented in Table 4.1.

Table 4.2: SRF, DF, energy absorption capacity, and contribution of aggregate dowel actions for

the shear beams without shear reinforcement

Energy
Shear span Shear Ductility absorption Contribution of
to depth resistance factor capacity at aggregate dowel
Beam code ratio (a/d) | factor (SRF) | (DF) 85% ultimate actions (%)

load (J)

Full SCC 1.53 211 3.48 162.1 52

Full ECC 1.53 1.93 2.27 333.6 48

E50-S50 (half depth ECC) 1.53 1.93 2.78 654.8 48

E25-S75 (quarter depth ECC) 1.53 2.22 4.84 714.4 55
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Shear resistance factor and ductility factor for the shear beams without shear reinforcement are
shown in Table 4.2. Main portion of the shear is transferred through aggregate interlock mechanism
and dowel action in the post-cracking stage. When considering the aggregate interlock mechanism,
coarse aggregate content and its quality affect the post-cracking -stage shear transfer capacity. Table
4.2 shows that “Full SCC” and E25-S75 composite beams exhibit higher SRF because of the presence
of higher percentage of aggregate (especially coarse aggregate in SCC) than their “Full ECC” and
E50-S50 counterparts. On the other hand, shear ductility (defined by DF) of “Full SCC” and E25-S75
composite beams was also found about 9% to 15% higher than corresponding “Full ECC” and E50-
S50 beams.

Energy absorption capacity of all beams was calculated by area under the shear load vs deflection
curve (Figure 4.1) up to the post peak shear of 85% of the ultimate shear load (V) and presented in
Table 4.2. E50-S50 and E25-S75 beams absorbed respectively 4 and 4.4 times higher energy than
“Full SCC” beam and 1.96 and 2.14 times higher energy than “Full ECC” beam, respectively.

Figure 4.3 and Figure 4.4 show the graphical comparison of shear resistance factor (SRF), ductility
factor (DF) and energy absorption capacity of shear beams without shear reinforcement,

respectively.

Full SCC Full ECC ES50-S50 E25-S75

m Shear resistance factor (SRF) = Ductility factor (DF)

Figure 4.3: Comparison between SRF and DF of shear beams without shear reinforcement
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Figure 4.4: Energy absorption capacity of shear beams without shear reinforcement

4.2 ECC, SCC and composite ECC/SCC shear beams with shear reinforcement

Experimental tests had been carried out to study the shear behavior of the composite ECC/SCC
beams compared to full depth ECC and SCC beams. Total four (one full depth ECC, one full depth
SCC and two composite ECC/SCC beams with different height ratio) shear beams with shear
reinforcement were tested under four point loading to failure. ECC and SCC were used to cast all
beams. Shear span to effective depth ratio (a/d) was kept constant as 1.53 aswell as adequate flexural
reinforcement was provided with the reinforcement ratio of 1.14% for al beams. Shear
reinforcement was provided within the shear span of the beam at 133 mm of center to center spacing
but no shear reinforcement was provided within the zero shear regions.

4.2.1 L oad vs deflection behavior

Load vs mid span deflection responses for the beams with shear reinforcements are shown in Figure
4.5. The initial straight line segment of the curve shows that stiffness of the beam was constant
similar to beams without shear reinforcement prior to flexural cracking. After formation of the
inclined crack, a small reduction in the slope was observed but reduction in the slope for beams
without shear reinforcement were high. This indicates that the beam with shear reinforcement were

stiffer than those without shear reinforcement after the formation of inclined cracks.
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Even after the formation of inclined crack, deflection curve was almost straight line prior to failure
or until yielding of reinforcement. All shear beams with shear reinforcement failed at amuch higher
load than those beams without shear reinforcement (Figure 4.1 and Figure 4.5), as expected. The
ultimate load capacity for “Full SCC-S” and “Full ECC-S” beams was about 15 to 37% higher than
the beams without shear reinforcement, whereas E50-S50-S and E25-S75-S composite beams
showed 3.5 to 4.5% higher capacity compared to the shear beams without shear reinforcement
because of the fiber bridging and micro cracking characteristics (with very low crack width) of ECC.
The mid span deflection at failure load ranged from 3.25-5.23 mm for shear beams with shear
reinforcement whereas 3.17-5.73 mm for shear beams without shear reinforcement (Figure 4.5 and

Figure4.1).
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Figure 4.5: Load vs mid span deflection responses for shear beams with shear reinforcement
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4.2.2 Failure mode and cracking behavior

Figure 4.6(a-d) shows the failure mode and cracking pattern in the ECC, SCC and composite
ECC/SCC shear beams with shear reinforcement. The crack pattern of all of the beams with shear
reinforcement is almost similar to those without shear reinforcement until the formation of diagonal
cracks but beams with shear reinforcement showed higher load carrying capacity after the formation
of diagonal crack until failure. The angle of dominant diagonal crack was approximately within the
range of 25-45 degree which was significantly less than the beams without shear reinforcement.
Inclined cracks intersected through many shear reinforcement. Table 4.3 summarizes experimental
results indicating concrete compressive strength, failure modes, shear loads at first flexure/diagonal
crack, deflection at first diagonal crack, peak shear load, peak |oad/ deflection and angle of diagonal
crack of the shear beams with shear reinforcement.

Table 4.3: Summary of experimental results for tested shear beams with shear reinforcement

Beam code (a/d) Concrete Failure | Vi Dc Ve Vy Dy Diagonal Crack
strength pattern | (kN) | (mm) | (kN) | (kN) | (mm) crack width,
(MPa) angle (mm)
(Degree)
SCC ECC
Full SCC-S 153 Shear 5 1.35 50 972 | 325 30 0.10-0.75
Full ECC-S 153 Shear 4 1.76 75 | 158.6 | 5.23 45 0.05-0.45
59 73
ESO-SS0-S(half | 4 55 Shear | 5 | 158 | 70 | 1515 | 4.09 35 0.05-0.25
depth ECC)
E25-ST5-S (quarter | 55 Shear | 5 | 134 | 65 | 1497 | 393 | 25 | 0.10-0.50

depth ECC)

D.: Deflection at first diagonal crack; V. Shear at first diagonal crack; Dy: Deflection at peck shear load;
Vi Shear at fist flexure crack; V: Peak/failure shear; a/d: Shear span to depth ratio

Shear reinforcement helped to increase the load immediately after the formation of inclined cracks.
Properly spaced shear reinforcement kept the inclined crack together without further opening of
shear crack. The crack widths for “Full SCC-S” and “Full ECC-S” beams ranged from 0.1 to 0.75
mm whereas E50-S50-S and E-25-S75-S composite beams showed significantly less crack width
ranged from 0.05 to 0.50 mm. Shear beams with shear reinforcement showed less crack width than
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shear beams without shear reinforcement. Concrete crushing was noticed only on E50-S50-S
(Figure 4.6¢) composite beam occurred near the loading point at ultimate stage and final failure
mechanism was shear compression failure. Overall, the failure modes of “Full SCC-S”, “Full ECC-
S” and E50-S50-S, E25-S75-S composite beams were found similar (Figure 4.6a-d).

The diagonal crack was identified by two methods during testing, one was by visual inspection on
cracking and the other was by strain datain the shear reinforcement. Diagonal shear cracking loads
varied from 43 to 51% of ultimate loads for shear beams with shear reinforcement and 45 to 52%
of ultimate loads for shear beams without shear reinforcement. “Full SCC-S” beam had developed
around 18 cracksat failure whereas “Full ECC-S”, E50-S50-S and E25-S75-S beams had devel oped
around 34 - 44 cracks because of the presence of fiber in ECC, as expected (Figure 4.6a-d).

Figure 4.6b: Failure mode and cracking pattern of tested “Full ECC-S” shear beam
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ES0-S50-S

Figure 4.6c¢: Failure mode and cracking pattern of tested “E50-S50-S” composite shear beam

. *" SS'S

Figure 4.6d: Failure mode and cracking pattern of tested “E25-S75-S”” composite shear beam

4.2.3 Strain development in the flexural and shear reinforcement

Load vsrebar strain curves for shear beams with shear reinforcement are shown in Figure 4.7(a-d).
For “Full SCC-S”, “Full ECC-S” and E25-S75-S beams, the yielding of bottom flexural
reinforcement occurred between diagonal cracking and failure (Figure 4.7a, b and d). As a result
yielding of flexural reinforcement did not affect theload at first inclined crack. Even though flexural
reinforcement yielded first in these three beams (Figure 4.7a, b and d), ultimate failure mode was
shear due to the larger shear reinforcement spacing and this spacing was not adequate to keep the
inclined crack together without further widening. On the other hand, ES0-S50-S beam failed before
yielding of the bottom reinforcement (Figure 4.7¢). Shear reinforcement did not yield for any of the
shear beams with shear reinforcement (Figure 4.7a-d). Therefore, failure of al of the shear beams
with shear reinforcement occurred before yielding of shear reinforcement by widening of the
inclined crack following concrete crushing at the loading point (Figure 4.6). Table 4.4 summarizes
the values of strain at first inclined cracking in shear and flexural rebar as well as loads at which
shear and flexural rebar yielded.
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Figure4.7a: Load vs rebar strain curves for tested “Full SCC-S” shear beam
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Figure4.7c: Load vsrebar strain curves for tested E50-S50-S composite shear beam
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Figure4.7d: Load vsrebar strain curves for tested E25-S75-S composite shear beam

Table 4.4: Experimental strain values of tested shear beams with shear reinfor cement

Steel strain
. . . Bottom flexural
Shear load (kN
Stirrup (micro strain) rebar (micro strain) (kN)
Failure At first At At first At At At bottom
Beam code mode | diagonal e | diagonal | e stirrup flexural
cracking Sane cracking Sane dldin rebar
stage g stage “ y 9 yielding
Full SCC-S Shear 257 1456 1455 2777 NA 875
Full ECC-S Shear 82 814 514 3220 | nNA 123.68
E50-S50-S (half depth ECC) | Shear 281 976 330 1444 NA NA
E25'575'|55 (ng;‘f ter depth | shear 188 | 1078 | 952 | 2527 NA 109.93

4.3 FLEXURAL BEAMS

4.3.1 General

Three singly reinforced beams (one full depth SCC, one full depth ECC and one composite
ECC/SCC) were tested under four point loading. Shear span to effective depth ratio (a/d) and the

flexural reinforcement ratio were kept constant at 5.72 and 0.66% respectively for each of the

beams. Adequate shear reinforcement was provided within the beam except at the zero shear regions

of 700 mm (pure bending region). Details of these beams were discussed in Chapter three.
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4.3.2 Load vs deflection behavior

Figure 4.9(a-c) shows the experimental load vs deflection curves for singly reinforced full depth
SCC, full depth ECC and composite ECC/SCC flexural beams. Total span of the beam was 3000
mm and deflection was recorded at 3 different locations; at 750 mm from the left support (X =750
mm), at mid span (X =1500 mm), and at 2250 mm from the left support (X = 2250 mm). The
deflection responses were closely linear (constant slope) up to first flexural crack in al three beams.
After formation of theflexural cracks, changesin slope of the load-deflection curves wereidentified
and the slope of the post cracking response remained reasonably linear until yielding of the

reinforcement occurred.

Beam stiffness changed dramatically, when yielding of reinforcement occurred. The LVDTs close
to the left and right supports (X = 750 mm and 2250 mm) recorded nearly same deflection until the
yielding of reinforcement occurred, as expected. However, mid span deflection was about two times

higher than those recorded near the supports (Figure 4.9a-c) until the yielding of reinforcement.

20 Full SCC-F
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25
20

Load, kN

15
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5 | —— X=1500mm (Mid span)
0 L 1 L 1 L 1 1 J
0 10 20 30 40 50 60 70 80

Deflection, mm

Figure 4.9a: Load vs deflection curve for tested “Full SCC-F” flexural beam
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Figure 4.9b: Load vs deflection curve for tested “Full ECC-F” flexural beam
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Figure 4.9c: Load vs deflection curve for tested E25-S75-F composite flexural beam
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4.3.3 Failure mode, crack pattern and ultimate load capacity

Formation of cracks was marked on the beam at every 10 kN load interval during testing. Figure
4.10 (a-c) shows the crack pattern and failure modes of “Full SCC-F”, “Full ECC-F” and “E25-
S75-F” flexural beams, respectively. All beams exhibited flexura mode of failure by the
development of flexural cracks. First hairline vertical flexural cracks were formed within the mid
span of al three beams (zero shear regions). Table 4.5 summarizes experimental results indicating
concrete compressive/flexura strength of ECC and SCC, failure modes of the beam, and loads at
first flexure/diagonal crack, ultimate load and number of cracks. The load at first vertical flexural
crack occurred at mid span was about 5 kN, 6 kN and 5.5 kN for “Full SCC-F”, “Full ECC-F” and
“E25-S75-F” beams, respectively which was at about 14% to 15% of their ultimate failure load.

New hairline cracks were found within the zero shear regions (maximum moment) aswell asin the
shear span upon further increase in load. At the same time, with the increase in load, the existing
cracks were propagated from the bottom of the beam towards the top loading point. At the failure
stage, cracks propagated to the top of the beam within the mid span region and failure al so occurred
within the same region showing flexural failure (Figure 4.10 a-c).

No shear crack was identified in any of the flexural beams. Failure of the beams associated with
crushing of the concrete was occurred long after the yielding of flexural reinforcing steels. Thetotal
ultimate load (moment) at beam failure were 35.8 kN (20.58 kNm), 41.65 kN (23.95 kNm) and
36.77 kN (21.14 kNm) for “Full SCC-F”, “Full ECC-F” and “E25-S75-F” beams respectively.
Number of cracks was also higher for “Full ECC-F” and “E25-S75-F” beams as expected because

of the fiber bridging characteristics of ECC.
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Table 4.5: Summary of loads, moment and failure modes of experimented flexural beams

First
f'e, f'e, Concrete | Concrete | Failure First web Ultimate #
SCC ECC flexural flexural mode flexural shear |oad* cracks
Beam code (MPa) | (MPa) | strength, | strength, crack crack (Moment) at
SCC ECC load* |oad* KN(KNm) failure
(MPa) (MPa) (kN) (kN)
Full SCC-F Flexural 5 NA 35.8 (20.58) 53
Full ECC-F Flexural 6 NA 41.65(23.95) 72
59 73 3.2 5.1
E25-S75-F
(quarter depth Flexural 55 NA 36.77(21.14) 63
ECC)

f'c: Compressive strength; a/d: Constant at 5.72; b/d: Constant at 0.746; Flexural reinforcement ratio: 0.66 % for all
beams; *load: Total load; Shear load: Half of the load; Corresponding moment = load*a/2 (a= 1150 mm)

Full SCC-F

Full SCC-F

Figure 4.10a: Failure mode and cracking pattern for tested “Full SCC-F” flexural beam
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Full ECC-F

Full ECC-F

Figure 4.10b: Failure mode and cracking pattern for tested “Full ECC-F” flexural beam

Figure 4.10c: Failure mode and cracking pattern for tested “E25-S75-F” composite flexural beam
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4.3.4 Strain development in flexural and shear reinforcements

Figure4.11 (a-c) showsthe strain development in flexural and shear reinforcements throughout the
loading history for all three flexural beams. Tensile strain in bottom flexura reinforcement for all
flexural beams gradually increased with the increase in load up to the yielding (Figures 4.11a-c)
and yielding of theflexural reinforcement occurred at failure, as expected. No shear cracks observed
inany of theflexural beamsuntil failure and strain in the shear reinforcement was very small during
the test.

Table 4.6 summarizes the first stedl yielding load, failure load, strain values at the onset of large
strain development and failure strain for “Full SCC-F”, “Full ECC-F” and E25-S75-F flexural
beams. It can be observed from the table that the development of the strain for tension rebar at
ultimate load was much higher for E25-S75-F composite beam than other flexural beam
counterparts. As expected, “Full ECC-F” showed higher ultimate load capacity including load at
first steel yielding compared to “Full SCC-F” and E25-S75-F flexural beams. The shear
reinforcements were not yielded in al of the flexural beams. Strain development in these beams

confirmed that flexure failure due to yielding of bottom flexural reinforcement.

Table4.6: Yield load, ultimate load/moment and strain at different stagesfor flexural beams

Yielding stage (beginning
of large strain Ultimate/failure stage
Load at development) strain Ultimate
Beam first steel (micro strain) (micro strain) load/moment
code yielding kN (kNm)
(kN) Tension Tension
rebar Stirrup rebar Stirrup
Full SCC-F 24.19 2631 10 3464 16 35.8 (20.58)
Full ECC-F 36.06 2355 12 4438 15 41.65(23.95)
E25-S75-F
(quarter depth | 3129 3129 6 5588 6 36.77 (21.14)
ECC)
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Figure4.11a: Load vs strain responses for tested “Full SCC-F” flexural beam
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Figure4.11b: Load vs strain responses for tested “Full ECC-F” flexural beam
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Figure4.11c: Load vs strain responses for tested E25-S75-F composite flexural beam

4.3.5 Ductility behavior and energy absor ption of flexural beams

Ductility is the ability of a member to deform without a significant loss of its strength and it is
defined by the curvature ductility index (DI). In this study, DI was calculated by the ratio of
deflection at failure/ultimate stage (Dy) to that at first yielding of steel (Dy). The energy absorption
capacity is calculated by the area under the load-mid span deflection responses presented in Figure
4.9 up to 85% of the post-peak load. Table 4.7 presents the energy absorption capacity and the
ductility index values for flexural beams calculated based on Dy and Dy obtained from load —
deflection curves shown in Figure 4.9. Generally, curvature ductility index is strongly affected by
the crushing strain of concrete. All three flexural beams showed good ductility with a DI value of
greater than 3.0. All three beams had shear reinforcements in the shear regions only. The DI value
for “Full SCC-F” and “Full ECC-F” beam is nearly similar 3.8 and 3.9, respectively but the
composite flexural beam E25-S75-F showed ductility index 4.5 which is about 18% higher than
“Full SCC-F” and “Full ECC-F” counterparts. On the other hand, “Full ECC-F’ beam absorbed
two times higher energy than “Full SCC-F” beam and E25-S75-F composite beam showed 79%
higher energy absorption capacity than “Full SCC-F” counterparts.
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Table 4.7: Energy absorption and ductility index of flexural beams.
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Energy First stedl yielding Ultimate stage
absorption Ductility index
Beam capacity at Load, Deflection, Load, | Deflection, (DI)
code 85% ultimate (kN) Dy (mm) kN Dy (mm) Du/ Dy
load (Joules)

Full SCC-E 1400.25 24.19 14.52 35.8 56.47 38

Full ECC-F 2841.14 36.06 16.93 41.65 65.98 39

E25-S75-F

(quarter depth 2517.91 31.29 18.34 36.77 82.94 4.5

ECC)

a/d: constant at 5.72; b/d: constant at 0.746; Flexura reinforcement ratio: 0.66 % for all beams;
*|oad: total load; Shear load: half of the load; Corresponding moment = load*a/2 (a= 1150 mm)

4.3.6 Bending moment and development of beam end rotation
The bending moment vs rotation angle curves of “Full SCC-F”, “Full ECC-F” and E25-S75-F

flexural beams are shown in Figure 4.12. Similar to the |oad-deflection response, the curves behave

linearly until the yielding of steel reinforcement occurred. After yielding of the flexural sted,

rotation of all beams suddenly increased while increment of the bending moment was insignificant.

End rotation of the flexural beams was within the range of 4.25 - 6 degrees prior to the failure. The

rotation angle of “Full ECC-F” and “E25-S75-F” beams was nearly close about 4.32 degree and 5

degree, respectively whereas rotation angle was 6.27 degree for “Full SCC-F” beam at the ultimate

load stage. The highest moment capacity 23.95 kNm was carried by “Full ECC-F” beam which was
16% and 13% higher than “Full SCC-F” and “E25-S75-F” beams, respectively.
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Figure 4.12: Experimental end rotations for tested flexural beams

4.4 Summary

In this chapter, the shear and flexure performance of ECC, SCC and composite ECC/SCC beams
were described based on the experimental results. Composite ECC/SCC beams without shear
reinforcement showed about 24 to 71% higher shear resistance capacity aswell as higher deflection
compared to the full depth ECC and SCC shear beams without shear reinforcement. Full depth ECC
and SCC shear beams without shear reinforcement showed about 15 to 21 cracks whereas
composite ECC/SCC beams showed about 34 to 46 cracks. Shear beams with shear reinforcement
showed less crack width than shear beams without shear reinforcement. The diagonal crack angle
was close for al beams ranged from 40-45 degree. All beamsfailed in shear, as expected.

All shear beamswith shear reinforcement showed higher shear resistance capacity than shear beams
without shear reinforcement, as expected. The diagonal crack angle waslessthan their shear beams
without shear reinforcement counterparts. All beams failed in shear by yielding of the flexura
reinforcement except E50-S50-S composite shear beam. Shear reinforcement did not yield for any
of the beams. The ECC and SCC depth ratio for composite ECC/SCC beams did not make any

significant difference.
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All flexural beams showed typical structural flexure behavior and failed in flexure as designed. Full
depth ECC flexural beam showed highest bending moment as expected and also highest number of
cracks because of thefiber bridging characteristics. Yielding of the tensile reinforcement happened
before failure. E25-S75-F composite flexural beam showed good ductility behavior since al the

beams had shown significant amount of deformation before failure.
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CHAPTER FIVE
THEORETICAL ANALYSISOF SHEAR AND FLEXURAL CAPACITIES OF
EXPERIMENTAL BEAMS

5.0 Introduction

This Chapter compares the experimental shear capacities of full depth SCC, full depth ECC and
composite ECC/SCC beams with and without shear reinforcement with those obtained from
theoretical formulations and Code based design specifications described in Chapter 2. The
experimental cracking and ultimate moment capacities of full depth SCC, full depth ECC and
composite ECC/SCC beams are aso analyzed and compared with those obtained from theoretical
formulations and design specifications. In addition, experimental shear and moment capacities of
full depth ECC/FRC beams made with different beams geometry using different types of fiber and
volume fraction from previous research studies are al so analyzed and compared with those obtained

from theoretical formulations and Code based design specifications.

5.1 Development of shear strength prediction equation of composite ECC/SCC beams

Based on the design guideline for shear strength of composite members made of normal strength
concrete (NSC) and ultra-high performance fiber-reinforced concrete (UHPFRC) without stirrup
developed by Hussein et al. (2015), the shear strength (V shear) Of composite ECC/SCC shear beams
consisting of polyvinyl alcohol fiber (PVA) with/without shear reinforcement with modified fiber
factor has been developed. Figure 5.1 shows the force distributions for the cross-section of asingly

reinforced composite ECC/SCC shear beam.

I SCC { L jjhjw

! <5 i i

NI SN
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Figure5.1: Force distribution mechanism of composite ECC/SCC shear beam
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The shear resistance of a composite ECC/SCC shear beam is thus equivalent to the expected shear
resistance of a SCC beam without shear reinforcement, V¢, plus the additional shear resistance
provided by the fibers, V¢, due to the improved post-cracking resistance of the ECC layer as shown
in Figure 5.1.

The shear strength of composite ECC/SCC shear beams can be cal culated from Equation 5.1:
Vo= Vo + Vg (5.1)
The shear resistance provided by the fibers, V¢, can be obtained from Equation 5.2:

Vi= F'sTt*b*(d—hy) (5.2)

In which, h,, is the thickness of the SCC layer and T is the average bond strength of fibers that can
be obtained from tests on single fiber pull out test. For ECC and 2% volume fraction of PV A fiber,
tistaken as2.93 MPa(Yang et d., 2010).

The modified fiber factor for PV A denoted by F’ can be calculated using Equation 5.3 (Katz, 1996):

F/ = —=¢ (5.3)

apxVy

Inwhich, o, istheflexural strength of ECC testing on 28" day, o isthe tensile strength of the PVA
fiber and Vg is the percentage volume fraction of PV A fiber used in ECC.

In this study, NY CON-PVA RECSI15 having tensile strength 1600 MPa and 39 micron diameter
was used. The 28" day flexural strength of ECC was 5.1 MPa and 2% volume fraction of PV A fiber
was used in ECC. So from Equation 5.3, the fiber factor F’ can be found from Equation 5.4:

y .. B
T 1600+0.02

=0.159375 ~ 0.16 (5.4)

The shear contribution by compression zone above the neutral axis can be determined from the
Equation 5.5 as per CSA Standard A23.3-04 (2010):

Ve = @cBy/fbd, (5.5)
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Therefore, the shear capacity of the composite beam without shear reinforcement can be calcul ated
by Equetion 5.6:
Vo= @AB/fibd, + F'xtxb* (d—hy) (5.6)

For the members with transverse/web/shear reinforcement perpendicular to the longitudinal axis,

the value o V5 can be obtained from Equation 5.7:

Ay
Vs = @s—fydycotd (5.7)
where, 8 shall be taken 42° as described in clause CSA 11.3.6.2; A,: area of shear reinforcement;
s: spacing between shear reinforcement, fy: yield strength of tensile reinforcement bar (MPa),

Thevaueof A, shall be greater than minimum required shear reinforcement based on CSA 11.2.8.2

which can be obtained from Equation 5.8:
Aymin = 0.06/flbs/f, (5.8)
where, b is the width of the beam.

Therefore, the shear strength of composite beams with stirrup can be calculated by using Equation
5.9 derived by combining shear capacity of concrete as per Equation 5.6 and the capacity of shear

reinforcement as per Equation 5.7:

V,= @ AB/fibd, + F**b*(d-h,) + @ %fydvcote (5.9)
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5.2 Development of flexural strength prediction equation of composite ECC/SCC flexural
beams

Based on the design guideline for reinforced UHPC beam for flexural resistance as shown in Figure

2.18 (Hossain, 2014) and the principle of force equilibrium, strain- stress distribution of reinforced

UHPC flexural beam with half depth fiber dispersion (Figure 2.20), flexura analysis of singly

reinforced composite ECC/SCC flexural beams with quarter depth PVA-ECC has been devel oped

based on stress-strain-force distribution as shown in Figure 5.2.
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Figure5.2: Strain- stress-force distribution of reinforced composite ECC/SCC flexural beam with
guarter-depth PVA-ECC

The nominal moment capacity (Mn) for singly reinforced composite ECC/SCC flexural beams for
PVA-ECC (with quarter depth fiber dispersion) can be cal culated by Equation 5.10:

Mn = Adfy (d - a/2) + o; bh/4 * (h -a)/2 (5.10)

where, f'r: compressive strength of fibrous concrete (MPa), As: area of tensile stedl bars (mm?), fy:
yield strength of tensile reinforcement bar (MPa), c: neutral axis depth (mm), b: width of the beam
cross section (mm), h: height of the beam cross section (mm), A: concrete stress block parameter
(equal to 0.86 for f'c = 55 MPa), f'c: compressive strength of plain concrete (MPa), B1: concrete
stress block parameter (equal to 0.65 for f'c = 55 (MPa), a: depth of the equivalent compressive
block (mm).

The value of ‘a’ can be calculated from Equation 5.11.:

a= (Ady + ot bh/d) / Af/s b (5.12)
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The ultimate tensile strength of fiber reinforced concrete (o: in MPa) is given by Equation 5.12
(Ahmed and Pama, 1992; Hossain, 2014):
or = 2neNpM Vete (Ig / dp) (5.12)
where, no: orientation factor = 0.41; no: bond efficiency factor = 0.5 for round sted fibers;

In this study, bond etficiency factor (nw) for PVA fiber can be obtained from using Equation 5.4;

n! is the length efficiency factor which can be calculated from Equation 5.13:

me= 1 [(tanh (59))/ (B 1/2)] (5.13

The value for coefficient  can be obtained from Equation 5.14:

2nG
= ’ Lt 5.14
g EfAfLp (—rS f.) ( )

Thevalue for S, steel fiber characteristic is defined in Equation 5.15:

1
S = 25(@{[;)1/2 (5.15)

where, V. volume fraction of stedl fiber; Tr: bond strength between the fiber and matrix (MPa); I:

length of fibers (mm); dr: diameter of fibers (mm); Gm: shear modulus of concrete matrix (MPa);
Er: modulus of elasticity of steel fibers (MPa); A: cross-sectional area of stedl fibers (mm?) and rs:
radius of steel fibers (mm).

For ECC and 2% volume fraction of PVA fiber, Tr was taken as 2.93 MPa (Yang et a., 2010).
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5.3 Shear strength prediction of ECC, SCC and composite ECC/SCC beams without shear
reinforcement

Shear resistances of full depth ECC, full depth SCC and composite ECC/SCC beams without shear
reinforcement from current experiments and theoretical predictions are analyzed and compared in
Table 5.1. As described in Chapter 2, Equation 2.6, Equation 2.1 and Equation 5.6 were used to
predict theoretical shear resistance of full depth ECC, full depth SCC and composite ECC/SCC
beamswithout shear reinforcement, respectively. It can be observed that all theoretical formulations
were conservativein predicting ultimate shear strength of shear beams without shear reinforcement.
Design specifications provided highest safety margin for composite ECC/SCC beams ranged from
2.9to 3.3 ratio, whereas full depth SCC and full depth ECC beams ranged from 1.1 to 2.5 ratio. It
should be noted that, the depth variance of ECC and SCC of composite ECC/SCC beams did not
make any significant difference in carrying ultimate shear resisting capacity as well as in the
theoretical shear prediction. All beams failed in shear.

Tableb5.1: Shear resistance of beams without shear reinforcement from experiment and theoretical

predictions
Total shear resistance, Vy=Vq;
Ratio of
(kN) Theoretical shear experimental
Beam code predictions, to
Experimental | Experimental (kN) theoretical
ultimate shear load= P/2 predicted
load, P (kN) (KN) shear
Full SCC 84.55 42.27 16.50 (Equation 2.1) 2.5
Full ECC 116.07 58.03 57.65 (Equation 2.6 and 5.4) 11
21.86 (Equation 5.2, 5.4 and
E50-S50 (half 144.69 72.34 (B4 33
depth ECC) 5.5)
24.22 (Equation 5.2, 5.4 and
E25-S75 (quarter 144.40 72.20 (Eq 2.9
depth ECC) 5.5)
V¢ = concrete shear resistance contribution.
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5.3.1 Detail calculation of shear strength prediction of ECC, SCC and composite ECC/SCC
beams without shear reinfor cement

Theoretical shear strength prediction of full depth ECC, full depth SCC and composite ECC/SCC

beams without shear reinforcement can be calcul ated as follows:

5.3.1.1 Theoretical calculation of predicted shear strength of “Full SCC” beam
Using Equation 2.1, theoretically predicted shear strength of “Full SCC” beam can be calculated
based on experimental values obtained from tested specimen.

Ve= 08 Ebd,

where, ¢, 1$0.65 as per CSA clause 8.4.2 and {3 istaken 0.21 asper CSA 11.3.6.2; f; : compressive
strength of SCC (59 MPa); b: 100 mm; dy: 157.5 mm.

Therefore,
V= 0.65%0.21*/59* 100* 157.5 = 16.5 kN

5.3.1.2 Theoretical calculation of predicted shear strength of “Full ECC” beam
Using Equations 2.6 and 5.4, theoretically predicted shear strength of “Full ECC” beam can be
calculated based on experimental values obtained from tested specimen.

5,08
d . . 0. A+
Vi =0.6% —=t x o (1+4F) x [() 4275 |2 ]*b
J 1 2mg;

where, da: max aggregate size 1.05 mm; p,: 0.011; f! : compressive strength of ECC (73 MPa); as:

shear span 267 mm; d:175 mm; b: 100 mm and fiber factor, F=F=5.1/(1600%0.02)=0.16

Therefore,
5.08
I+JT05
|+£
25%1.05

=57.65kN

0.011(1+4%0.16)

5

175

V g = 0.6% x 1/0.011(1+4*0.16) x [(79)**+275

]¥100*175
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5.3.1.3 Theoretical calculation of predicted shear strength of E50-S50 (half depth ECC) beam
Using Equations 5.2, 5.4 and 5.5, theoretically predicted shear strength of E50-S50 (half depth
ECC) beam can be cal culated based on experimental values obtained from tested specimen.

V= F*1*b*(d-hy)

where, F': 0.16; t: 2.93 MPa; b:100 mm; d:175 mm; hy: 100 mm and f;: : compressive strength of
ECC (73 MPa)

Therefore,
V= 0.16* 2.93*100* (175-100)=3.5 kN
and V=g B JEde:OﬁS* 0.21*+/73*100* 157.5=18.36 kN

S0, V= V+V; = 18.36+3.5 = 21.86 kN

5.3.1.4 Theoretical calculation of predicted shear strength of E25-S75 (quarter depth ECC)
beam

Using Equations 5.2, 5.4 and 5.5, theoretically predicted shear strength of E25-S75 beam can be

calculated based on experimental values obtained from tested specimen.

V= F*1*b*(d-hy)

where, F': 0.16; 1: 2.93 MPa; b:100 mm; d:175 mm; hy: 50 mm and f{ : compressive strength of

ECC (73 MPa)

Therefore,
V;=0.16*2.93*100* (175-50)=5.86 kN

and V= ¢ B JEde:OﬁS* 0.21*+/73*100* 157.5=18.36 kN

S0, V= V +V;=18.36+5.86=24.22 kN
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5.4 Shear strength prediction of ECC, SCC and composite ECC/SCC beams with shear
reinforcement

Shear resistances of full depth ECC, full depth SCC and composite ECC/SCC beams with shear

reinforcement from current experiments and theoretical predictions are analyzed and compared in

Table5.2.

Table 5.2: Shear resistance of beams with shear reinforcement from experiment and theoretical

predictions
Ex Concrete shear resistance, V¢ (KN) Exp./
p.
Beam code ultimate Theoretica predictions rg(iegt-ed
load, (kN) | Experimental P o et
Full SCC-S 50.0 25.0 16.50 (Equation 2.1) 15
Full ECC-S 75.0 375 57.65 (Equation 2.6) 0.7
ESO'SSOI'E%E;""” depth 70.0 35.0 21.86 (Equation 5.6) 16
E25-S75-S (quarter depth | 45 25 24.22 (Equation 5.6) 13
ECC)
Stirrups shear resistance, Vs (kN) Exp./
Exp. ) — h
Beam code ultimate Theoretical predictions 'éd(_eo. o
load, (kN) | Experimental (Equation 2.4) preien
Full SCC-S 47.2 23.56 32.0 0.7
Full ECC-S 83.6 41.80 32.0 13
E50-S50-S (half depth
ECC) 815 40.75 32.0 12
E25-S75-S (quarter depth
ECC) 84.7 42.35 32.0 13
Exp Beam shear resistance, V= (Vc +Vs) kN Exp./
- theo.
Beam code ultimate Experimental Theoretica predictions predicted
load, (KN) shear
Full SCC-S 97.2 48.60 48.50 (Equation 2.1 and 2.4) 1.1
Full ECC-S 158.6 79.30 89.65 (Equation 2.9) 0.9
ESO'SSOI'E%S""” depth 1515 75.75 53.86 (Equation 5.9) 1.4
E25‘S75'5Eg‘(‘:‘§‘r terdepth | 1497 74.85 56.22 (Equation 5.9) 13
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It can be observed from the Table 5.2 that all theoretical formulations except “Full ECC-S” beam
were conservative in predicting shear resistance of concrete (V) for al beams. The design
specification overestimated the shear resistance of concrete (V¢) aswell as ultimate shear resistance
of experimented “Full ECC-S” beam with ratio of experimental to theoretical values of 0.9 and
found not safe. Similar to shear beams without shear reinforcement, design specifications provided
highest safety margin for composite ECC/SCC beams with shear reinforcement with ratios ranging
from 1.3 to 1.4. The predicted shear resistance of “Full SCC-S” beam was nearly close to the
experimental shear strength showing aratio of 1.1. All beams failed in shear without any yielding

of shear reinforcement.

5.4.1 Detail calculation of shear strength prediction of ECC, SCC and composite ECC/SCC
beams with shear reinfor cement
Theoretical shear strength prediction of full depth ECC, full depth SCC and composite ECC/SCC

beams with shear reinforcement can be calculated as follows:

5.4.1.1 Theoretical calculation of predicted shear strength of “Full SCC-S” beam
Using Equations 2.1 and 2.4, theoretically predicted shear strength of “Full SCC-S” beam can be
calculated based on experimental values obtained from tested specimen.

V= 9B, [f.bd,

where, ¢, is0.65 as per CSA clause 8.4.2 and {3 istaken 0.21 asper CSA 11.3.6.2; f : compressive
strength of SCC (59 MPa); b: 100 mm; dy: 157.5 mm.
Therefore,

V= 0.65*0.21*+/59* 100* 157.5=16.5 kN

Stirrup shear resistance, V= (pS%fyd\,Cote = 0.85* %5 *449* 157.5* Cot42=32 kN

S0, V= V+V=16.5+32=48 5 kN

5.4.1.2 Theoretical calculation of predicted shear strength of “Full ECC-S” beam
Using Equations 2.4, 2.6 and 5.4, theoretically predicted shear strength of “Full ECC-S” beam can
be calculated based on experimental values obtained from tested specimen.

o 5.08
d: s . 044 (IH4E
Varer=0.6% —=—= % o (1+4F) x [(fy) ~ +275 |=————=]*D*
N
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where, da: max aggregate size 1.05 mm; p,: 0.011; f; : compressive strength of ECC (73 MPa); as:
5.1

shear span 267 mm; d:175 mm; b: 100 mm and fiber factor, F=F' = T 0.16
Therefore,
1#?32 ' 0.24 0.011(1+4%0.16)
V ghear= 0.6x ——=——— x 1/0.011(1+4*0.16) x [(79)***+275 —1*100*175
s ()
=57.65kN

Stirrup shear resistance, V= (pS%fyd\,Cote =0.85* %5 *449*157.5* Cot42=32 kN
So, V= V+V=57.65+32=89.65 kN

5.4.1.3 Theoretical calculation of predicted shear strength of E50-S50-S (half depth ECC)
beam

Using Equations 2.4, 5.2, 5.4 and 5.5, theoretically predicted shear strength of E50-S50-S (half

depth ECC) beam can be cal culated based on experimental values obtained from tested specimen.

Vi= F*1*b*(d-hy)

where, F': 0.16; t: 2.93 MPa; b:100 mm; d:175 mm; hy: 100 mm and f; : compressive strength of

ECC (73 MPa)

Therefore,

V= 0.16*2.93*100* (175-100)=3.5 kN

and V=g B JEde:OﬁS* 0.21*+/73*100* 157.5=18.36 kN

Stirrup shear resistance, V5= 9, “*f,d, Cotf = 0.85* - *449* 157.5* Cot42=32 kN

So, V= 3.5+18.36+32=53.86 kN

5.4.1.4 Theoretical calculation of predicted shear strength of E25-S75-S (quarter depth ECC)
beam

Using Equations 2.4, 5.2, 5.4 and 5.5, theoretically predicted shear strength of E25-S75-S beam can

be calculated based on experimental values obtained from tested specimen.

Vi= F*1*b*(d-hy)

where, F': 0.16; T: 2.93 MPa; b:100 mm; d:175 mm; hy: 50 mm and f{ : compressive strength of
ECC (73 MPa)
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Therefore,
V;=0.16*2.93*100* (175-50)=5.86 kN

and V= ¢ B JEde:OﬁS* 0.21*+/73*100* 157.5=18.36 kN

Stirrup shear resistance, V<= 9, “*f,d, Cot = 0.85* — * 449+ 157.5* Cot42=32 kN

So, V= 5.86+18.36+32=56.22 kN

5.5 Analysis of shear resistance of ECC and FRC beams from previous resear ch studies and
performance of theoretical formulations

Data from author’s research and previous research studies were used to analyze the shear resistance

of ECC and FRC beams and to assess the predictive ability of the theoretical formulations and

design specifications as described in Chapter 2 and Chapter 5. This comparative study was

categorized in terms of using different fiber types/composition, fiber volume fraction, failure mode

and presence/absence of shear reinforcement.

5.5.1 FRC beam without shear reinforcement

Table 5.3 represents the experimental and theoretical shear resistance capacity and failure mode of
experimented full depth ECC beams without shear reinforcement by author and previously
experimented FRC beams (with steel fiber) without shear reinforcement by Dinh et a. (2010).
About 24 shear beams without shear reinforcement using steel fiber, different fiber volumefraction,
varying shear span (@) to depth (d) ratio, longitudinal reinforcement ratio and concrete compressive
strength were tested by Dinh et al. (2010). The beam’s geometry and reinforcement details were
described in Chapter 2. Theoretically predicted shear capacity has been cal culated using fiber factor
for steel and PVA (Equation 2.7 and 5.4, respectively) for any justification of using modified PVA
fiber factor in the case of stedl fiber reinforced beam.

From Table 5.3, it can be observed that the theoretical formulations/design specifications (used in
this study to predict shear resistance of shear beams without shear reinforcement) were highly
conservative for all of the beams tested by Dinh et al. (2010). The beams with less longitudinal
reinforcement ratio (ps%) and low fiber volume fraction (V+ %) carried highest safety margin with
experimental to theoretical predicted shear ratio ranging from 3.0 to 4.0. It can also be noticed that
beams having longest steel fiber (60 mm) carried highest ultimate load compared to their
counterparts with shortest steel fiber.
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Theoretical predicted shear strength (calculated by using PV A fiber factor) of all beams tested by
Dinh et a. (2010) was highly underestimated compared to those calculated using steel fiber factor.
So modified PV A fiber factor cannot be used in theoretical equation to calculate the shear strength
of FRC beamswith steel fiber. So steel fiber factor cannot be used in the prediction of shear strength
of ECC beams with PVA fiber.

Table 5.3: Shear resistance of ECC/FRC beams without shear reinforcement - experimental and

theoretical predict

ions

Tota shear resistance,

Theo. shear predictions,

Exp./theo. predicted shear

Vu= Vet Vs (kN) (kN)
Bceoadrgs ad E_xp. Exp. shear L_Jsi ng steel L_Jsi ng PVA L_Jsi ng steel L_Jsi ng PVA Fmalggge
ultimate | load=Vy/2 | fiber factor, | fiber factor, | fiber factor, | fiber factor,
load, V. (kN) (Equation (Equation (Equation (Equation
(kN) 26and2.7) | 26and5.3) | 26and 2.7) | 2.6 and 5.3)
Author; ECC with PVA fiber
FulEcC | 153 | 11607 | 5803 | 2022 57.65 0.3 11 Shear
Dinh et al. (2010); FRC with steel fiber

B18-l1a | 3.43 441 220.5 71.89 68.37 3.0 3.2 SC+ST
B18-1b 3.43 413 206.5 71.89 68.37 2.8 3.0 ST+DT
B18-2a 35 437 2185 72.21 64.07 3.0 34 ST+DT
B18-2b 35 445 2225 72.21 64.07 3.0 34 ST+DT
B18-2c 35 503 2515 84.08 74.30 2.9 3.3 NA
B18-2d 35 367 1835 84.08 74.30 21 24 NA
B18-3a | 3.43 384 192 91.83 71.33 2.0 2.6 ST+DT
B18-3b 3.43 507 2535 91.83 71.33 2.7 35 SC+ST
B18-3c 3.43 494 247 101.16 79.29 24 31 ST+DT
B18-3d 343 490 245 101.16 79.29 24 3.0 ST+DT
B18-5a | 3.43 445 2225 102.96 81.47 21 2.7 DT
B18-5b 3.43 565 2825 102.96 81.47 2.7 34 ST+DT
B18-7a | 3.43 498 249 77.92 67.66 31 3.6 ST+DT
B18-7b 3.43 490 245 77.92 67.66 31 3.6 ST+DT
B27-1a 35 908 454 125.85 119.83 3.6 3.7 ST+DT
B27-1b 35 837 418.5 125.85 119.83 33 34 DT
B27-2a 35 872 436 116.79 100.62 3.7 43 SC+ST
B27-2b 35 854 427 116.79 100.62 3.6 4.2 DT
B27-3a 35 846 423 106.83 101.75 39 41 F
B27-3b 35 863 4315 106.83 101.75 4.0 4.2 SC+ST

Table5.3: Continued
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Table5.3: Continued

B27-4a 35 663 331.5 105.19 90.99 3.1 3.6 ST+DT

B27-4b 35 556 278 105.19 90.99 2.6 3.0 ST+DT

B27-5 35 1081 540.5 148.64 117.58 3.6 45 SC+ST

B27-6 35 1046 523 167.72 116.2535 3.1 4.4 ST+DT

ald: Shear span to depth ratio; SC: Shear in compression; ST: Shear in tension; DT: Diagonal tension; F: Flexure; NA:
Not applicable

V. = Concrete shear resistance contribution; Vs= Shear reinforcement contribution is zero for beams without shear

reinforcement;

Steel fiber factor, F=2.05; PVA fiber factor F' =0.16

5.5.2 PVA-ECC beams without shear reinfor cement

Alyousif et al. (2015) tested six ECC beams without stirrup having three different shear spans to
effective depth ratios and two main longitudina reinforcement amounts, beams geometry and
reinforcement details as described in Chapter 2. The type/configuration of PVA fiber was as same
as author’s study. The ultimate load carrying capacity decreased with decreased shear span to depth
ratio (a/d). The doubly reinforced beam denoted by “B” having higher longitudinal reinforcement
ratio (ps%) carried highest ultimate load than those corresponding singly reinforced beams denoted
by “A”. All beams tested by Alyousif et al. (2015) except Beam 1B failed in flexure whereas the
author’s beam failed in shear (Table 5.4). The possible reasons that beams failed in flexure rather
than shear are — the use of hooked flexural reinforcing bars which were extended over the support
to the top causing barsto yield and limit the crack and the presence of shear reinforcement over the

support region which prevented the formation of diagonal crack.

Theoretical moment capacity was calculated using Equation 2.30. The theoretically predicted
moment capacities of author’s beam as well as all beams tested by Alyousif et al. (2015) were found

conservative compared to experimental ones.
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Table 5.4: Moment capacity of ECC beams without shear reinforcement- experimental and

theoretical predictions

Exp. Theo.
Exp moment moment Exp
Shear shear | cPW, ALY, | jtheo,
Beam based on using :
ald span, | ps% load, - moment Failure mode
code (mm) (kN) shear (Equation ratio
load,(kN.m) 2.30) kN.m
Author; ECC beamswith PVA fiber
FulECC | 152 | 267 | 110 | 5803 | 155 | 107 | 14 | Shear
Alyousif et al. (2015); ECC beamswith PVA fiber
Beam 1A 1 365 1.29 205.7 91.5 225 4.0 Flexure
Beam 1B 1 340 2.57 275.4 93.67 32.9 2.8 Comp. strut crushing
Beam 2A 2 580 129 | 110.33 63.97 225 2.8 Flexure-shear
Beam 2B 2 530 257 | 14541 77.06 329 2.3 Flexure
Beam 3A 3 795 1.29 71.63 56.92 225 25 Flexure
Beam 3B 3 720 257 | 95.29 68.54 329 20 Flexure

ald: Shear span to depth ratio; ps%: Flexural reinforcement ratio

5.5.3 FRC/ECC beamswith polypropylene (PP) and steel fiber with shear reinforcement
Table 5.5 represents the moment capacity of FRC/ECC beams with shear reinforcement tested by
author aswell asfrom other researchers Amin et a. (2016) using stedl fiber and Zhang et al. (2014) using
polypropylene (PP) fiber. Shear span to depth ratio (a/d) was kept constant for all beams tested by
both researchers; other perimeters and beam’s geometry were described in Chapter 2. Modified
PV A fiber factor, F' =0.16 was used in predicting theoretical moment capacity for all beams. It can
be observed that the theoretical equations were conservative in predicting moment capacity for all
beams. The theoretical prediction of the beams tested by Zhang et al. (2014) using PP fiber was
reasonably close to those obtained from experiments as the ratio of experimental to predicted
(theoretical) ranges between 1.02 to 1.13. The fiber dosage, shear reinforcement ratio and
compressive strength affected on the ultimate load carrying capacity of the beams.

Theoretical predicted moment capacity (calculated by using PV A fiber factor) of all beams tested
by Amin et al. (2016) was highly underestimated in the case of FRC beam with steel fiber. So
modified PV A fiber factor cannot be used in theoretical equation to calculate the moment capacity
of FRC beams with steel fiber. On the other hand, moment prediction of ECC beams with PP fiber
tested by Zhang et al. (2014) was reasonably good.
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Table 5.5: Moment/shear capacities of FRC/ECC beams with shear reinforcement - experimental

and theoretical predictions

Shear Exp. Theo. Exp./
E_xp. moment moment theo .
Beam code ad | SPan, | p% ultimate ; ) : Failure
(mm) load. kN capacity, | capacity, kKN.m | moment mode
' kN.m (Equation 2.30) ratio
Author; ECC beamswith PVA fiber
Ful ECC-S | 153 | 267 | 114 | 793 | 2117 | 10.7 | 19 | shea
Amin et al. (2016); FRC beamswith steel fiber
B25-550-6-450 181.5 317.625 154.8 2.0 Shear
B25-450-10-450 167 292.25 185.1 15 Shear
B25-400-6-300 161 281.75 161.1 1.7 Shear
B25-300-10-300 | 2.8 | 1750 | 1.98 1785 312.375 178.2 1.7 Shear
B50-550-6-450 231 404.25 295.9 1.3 Shear
B50-450-10-450 267.5 468.125 3244 1.4 Shear
Zhang et al. (2014); ECC beamswith PP fiber
RE-42 70.55 49.3815 43.34 1.13 Shear
RE-30 28 700 27 65.28 45.696 43.34 1.05 Shear
RE-24 62.62 43.834 43.34 1.01 Shear
RE-12 63.03 44.1175 43.34 1.02 Shear

ald: Shear span to depth ratio; ps%: Flexura reinforcement ratio

5.6 Moment capacity of ECC, SCC and composite ECC/SCC flexural beams

Experimental and theoretical ultimate moment capacities of full depth ECC, full depth SCC and
composite ECC/SCC flexura beams are compared in Table 5.5. Equation 2.30, Equation 2.23 and
Equation 5.10 were used to calculate theoretical moment capacity of “Full ECC-F”, “Full SCC-F”
and E25-S75-F beams, respectively. It can be noted from Table 5.6 that the theoretical equations
predicted the ultimate moment capacity for all beams with good accuracy as the ratio of
experimental (My.exp) to theoretical (Mutne) predicted values ranged from 1.05 to 1.45.
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Table5.6: Comparison of experimental and theoretical ultimate moments capacity of flexural

beams
Experimental Theoretical ultimate Rat_lo of
. experimental
ultimate moment :
Beam code to theoretical
moment Mu the) (KN M) ultimate
My (exp) (kN m) moment
Full SCC-F 20.58 18.31 (Equation 2.23) 1.12
Full ECC-F 23.95 16.52 (Equation 2.30) 1.45
E25'S75'qug§‘r ter depth 21.14 20,01 (Equation 5.10) 1.05

5.6.1 Detail calculation of moment capacity prediction of ECC, SCC and composite ECC/SCC
flexural beams

Theoretical moment capacity prediction of full depth ECC, full depth SCC and composite

ECC/SCC flexural beams can be calculated as follows:

5.6.1.1 Theoretical calculation of predicted moment capacity of “Full SCC-F” beam
Using Equations 2.22 and 2.23, theoretically predicted moment capacity of “Full SCC-F” beam can
be calculated based on experimental values obtained from tested specimen.

_ 9AS,  0.85+200*567

& = =22 mm
a9 fb  0.65°0.7615%59% 150

0,=0.85-0.0015f = 0.85-(0.0015*59) = 0.7615

— A\ _ n ok * * _2 -
Therefore, M= 9 Adf, (d-3)=0.85+200*567* (201-=) =18.3L kN.m

5.6.1.2 Theoretical calculation of predicted moment capacity of “Full ECC-F” beam
Using Equation 2.30, theoretically predicted moment capacity of “Full ECC-F” beam can be
calculated based on experimental values obtained from tested specimen.

(1-n.)d+c 2 2 !
Mi=1 TseertHTecca | ————*Ned | #Tecc2 (5) v+ Cecc (j) () (1{}00)
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where,
T et =0.4f, As=0.4* 56 7* 200=45.36 kN
o _ Eecc _ 00002

® 0.4gy.gey 0.4+0.002355
c =232-201=31 mm
Tecea= fi[(1-n,)d+c]b = 3.45[(1-0.2123)d+31]* 150 = 407.630+16042.5 N
Tecc2 = 0.56n,db = 0.5 3.45+0.2123*d*150 = 54.93d N

1

Cecc=0.5f; (ﬁ) (t,-d-¢)?b = 0.5*3.45 (
£

=0.2123

A 2%
02123(}) (232-d-31)2* 150

= 1218.7(40401/d - 402+d) N
Now, Tgea+ Tecc-1tTEcc-2=Cecc
> d?-729.12*d +65115.9=0
>d =104 mm
Therefore, Tece1=58.43 kN : Teoe.=5.71 kN and Ceoe=110.26 kN
S0,

(1-0.2123)*104+31 2 ) |
X +0.21234104 | +5.71 (5) #0.2123*104+110.26 (5) (232-104-31) (

M,= { 45.36*104+58.43 ( 1{]00)

=16.52 KN.m

5.6.1.3 Theoretical calculation of predicted moment capacity of E25-S75-F (quarter depth
ECC) beam

Using Equation 5.10, theoretically predicted moment capacity of “E25-S75-F” beam can be

calculated based on experimental values obtained from tested specimen.

Mn = Adfy (d - &/2) + ot bh/4 *(h -8)/2

where,

a= (Asfy + ot bh/4) / M b

oy =2n,n,N, Vi T (s / o)

No: orientation factor = 0.41; ny: bond efficiency factor = 0.16 for PVA fiber; n; = length efficiency

factor = 0.86. V¢ = fiber volumn fraction 2%; ty = 2.93 MPa; It = fiber length 8 mm,; dr = fiber dia

0.039 mm

8
0, = 2¢0.41%0.16* 0.86* .02* 2.93 (m)—lss MPa
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So, a= (200*567 + 1.35* 150* 232/4) / (0.86* 73* 150) = 13.28 mm
Therefore, Mn = 200*567 (201 — 13.28/2) + 1.35* 150* 232/4* (232-13.28)/2 = 20.01 KN.m

5.7 Summary

This chapter compares the experimental shear and flexure capacities of the tested beams with those
obtained from theoretical equations and design specifications. Higher margin of safety was
identified in predicting the concrete shear resistance of composite ECC/SCC beams with and

without shear reinforcement using theoretical equations.

From the analysis of forty experimental beams from other researchers with different types of fibers,
different shear span to depth ratio and different reinforcement ratio showed conservativeness of

theoretical equationsin predicting shear and moment capacities of ECC and FRC beams.

Theoretical equations also accurately predicted the ultimate moment capacities of composite
ECC/SCC flexura beams.
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CHAPTER SIX
CONCLUSIONS

6.0 General

This research studied the shear and flexural behavior of composite beams made of engineered
cementitious composite (ECC) and self-consolidating concrete (SCC) compared to full depth ECC
and full depth SCC beams. The variables of this study were: two different ECC to SCC depth ratio
(half depth “E50-S50” and quarter depth “E25-S75”) and presence or absence of shear
reinforcement. Shear span to depth ratio (a/d), longitudinal (flexural) reinforcement ratio and types

of fiber in ECC were kept constant. All flexural beams were singly reinforced.

6.1 Conclusions

Thetest results of eight shear beams with and without shear reinforcement and three flexural beams
tested under four point monotonic static loading to failure were described. In addition, data of
fiber reinforced concrete (FRC) and ECC beams (with and without shear reinforcement) from
previous experimental research studies were collected and investigated from the perspective of the
effect of fiber types on shear capacity/shear transfer mechanism and the performance of existing
design specifications. Within the scope of the investigation, the following conclusionswere drawn:

v The ultimate load/shear capacity for both composite beams “E50-S50” and “E25-S75”
without shear reinforcement was about 71% and 24% higher than full depth SCC and full
depth ECC beams, respectively. The mid span deflection was also higher for composite
beams. The ECC to SCC depth ratio of composite ECC/SCC beams without shear

reinforcement did not make any significant difference.

v Diagonal shear crack loads varied from 41.5 to 45% of ultimate loads for composite
ECC/SCC beams without shear reinforcement whereas 47.3% to 51.7% of ultimate loads
for full depth SCC and full depth ECC beam.

v As expected, composite ECC/SCC beams exhibited significantly higher number of cracks
but less crack width than their full depth ECC and full depth SCC counterparts because of

the fiber bridging and micro - cracking characteristics.
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Shear beams (both composite ECC/SCC beams and full depth SCC/full depth ECC beams)
with shear reinforcement showed less crack width than shear beams without shear

reinforcement.

Full depth SCC and E25-S75 (quarter depth) composite beams without shear reinforcement
exhibited higher post-cracking shear resistance (as defined by shear resistance factor ‘SRF’
—ratio of failureto first diagonal crack load) because of the presence of higher percentage
of coarse aggregates (due to better aggregate interlock mechanism) than their full depth
ECC and E50-S50 (half depth) composite beam counterparts.

Shear ductility (defined by Ductility Factor ‘DF’ — ratio of deflection at peak/failure load
to first diagonal crack load) of full depth SCC and E25-S75 (quarter depth) composite
beams without shear reinforcement was aso found about 9% to 15% higher than
corresponding full depth ECC and E50-S50 (half depth) composite beams.

The energy absorption capacity of E50-S50 (half depth) and E25-S75 (quarter depth)
composite ECC/SCC beams without shear reinforcement was 4.0 and 4.4 times higher than
full depth SCC beam, respectively as well as 1.96 and 2.14 times higher than full depth
ECC beam, respectively. Composite ECC/SCC beams were more efficient in terms of
energy absorption capacity than their full depth ECC or full depth SCC counterparts — this
indicates their suitability to be used as earthquake resisting elements.

Both composite beams (half or quarter depth) with shear reinforcement exhibited 3.5 to
4.5% higher shear resisting capacity compared to full depth ECC and full depth SCC shear

beams without shear reinforcement.

The angle of dominant diagona crack of shear beams with shear reinforcement was
approximately within the range of 25-45 degree whereas crack angle ranged from 40-45
degree for beams without shear reinforcement (for composite beams and full depth SCC or
full depth ECC beams).

As expected, all shear beams with reinforcement showed higher ultimate load carrying

capacity and higher stiffness than their corresponding beams without shear reinforcement.

All shear beams with and without shear reinforcement failed in shear.
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v All flexura beams showed typical structural behavior in flexure, since the beams were
under-reinforced. Yielding of the tensile reinforcement happened before crushing of the

compression concrete in the pure bending region.

v' E25-S75-F (quarter depth) composite flexure beam showed 18% and 15% higher ductility
than full depth SCC and full depth ECC flexure beams, respectively. The energy absorption
capacity of E25-S75-F (quarter depth) composite flexure beam was approximately 80%
higher than full depth SCC flexure beam whereas 11% less than full depth ECC flexure
beam.

v The design equations dlightly overestimated the shear capacity of experimented full depth
ECC beam with shear reinforcements with experimental to theoretical predicted shear |oad
ratio 0.9. However, the design equations/specifications were found to be conservatively
predicted the shear capacities of other shear beams with and without shear reinforcement.

v' For dl design equations, experimental to predicted shear strength ratios of composite
ECC/SCC beamswere high and these ratios ranged from 2.9 to 3.3 for beamswithout shear

reinforcement and 1.3 to 1.4 for beams with shear reinforcement.

v' From the analysis of previous experimental data, theoretical formulations/design equations
were found to conservatively predict shear and moment capacities of full depth FRC or

ECC beams made of different fiber types and compositions.

v All theoretical formulations/design specifications accurately predicted the ultimate
moment capacities of flexural beams.

6.2 Recommendationsfor futureresearch studies

The following recommendations are made for future research studies:

v Investigate experimentally and theoretically shear and flexure capacities of composite
ECC/SCC beams with different types of fiber such as steel, polymeric, glass, carbon and
asbestos.

v Investigate experimentally and theoretically shear and flexure capacities of composite
ECC/SCC beam (using various code based analysis) with variable shear span to depth ratio,
longitudinal and shear reinforcement ratio.
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Chapter 6

v" Do investigation on ECC/SCC joint as a composite beam under monotonic and cyclic
loading.
v Perform durability studies of composite ECC/SCC beams under aggressive environments

guantifying reinforcement corrosion and over strength degradation.

v Carry out extensive finite element (FE) modeling of composite ECC/SCC beams based on
experimental investigations to develop models. After verification of the FE models with
experimental results, extensive numerical modelling with varying structural parametersis

to be conducted for evaluating their influence on structural performance.
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