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ABSTRACT

EFFECT OF AGGREGATE SIZE AND AMOUNT ON THE MECHANICAL
PROPERTIES OF ENGINEERED CEMENTITIOUS COMPOSITES
INCORPORATING FLY ASH AND SLAG

ARIK, Mehmet Turhan
M.Sc. in Civil Engineering
Supervisor: Assoc. Prof. Dr. Mustafa SAHMARAN
January 2011, 81 pages
Engineered Cementitious Composites (ECC) is a special type of high performance
fiber reinforced cementitious composite featuring high ductility and damage
tolerance under mechanical loading, including tensile and shear loadings. The
relative high cost remains an obstacle for wider commercial use of ECC. The
replacement of Portland cement by fly ash and slag, and an increase in the amount
and size of aggregate used in ECC production can lower its cost and enhance its
greenness of composites, since the production of these materials needs less energy
and causes less carbon dioxide emission than cement. The studies reported in this
thesis indicate that an experimental program is undertaken to study the dependence
of the composite properties on its mixture composition governed by mineral
admixture types and amount, and maximum aggregate size and amount. Test results
revealed that with proper selection of the type and amount of mineral admixture,
aggregates within the amount and size range studied do not negatively influence the
ductility of ECC, increase in the age of restrained shrinkage cracking, and a
significant decrease in the drying shrinkage capacity. Together with the enhanced
composite mechanical properties with the standard ECC mixture produced with
micro silica sand and dimensional stability enhancement, the substantial use of these
mineral admixtures from industrial processes and the increasing of maximum grain
size and amount of sand in the production of ECC is an important step toward

sustainability in the construction industry.

Key Words: ECC (Engineered Cementitious Composites);Aggregate Size;

Aggregate Amount;Mineral Admixture;Mechanical Properties;Dimensional Stability.
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OZET

AGREGA BOYUTU VE ORANININ UCUCU KUL VE CURUF iCEREN
TASARLANMIS CIMENTO ESASLI KOMPOZITLERIN MEKANIK
OZELLIKLERI UZERINE ETKIiLERI

ARIK, Mehmet Turhan
Yiiksek Lisans Tezi, Ingsaat Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Mustafa SAHMARAN
Ocak 2011, 81 sayfa
Tasarlanmis Cimento Esasli Kompozit (ECC), yiiksek performansh lif donatili
¢imento esaslt kompozitlerin 6zel bir ¢esidi olup, ¢ekme ve kayma yiiklemeleri gibi
mekanik ytikler altinda siinek ve hasara karsi toleransli bir davranis sergilemektedir.
ECC’nin genis ticari alanlarda kullanilmasmin oniindeki en 6nemli engel yiiksek
maliyetidir. ECC iiretiminde Portland ¢imentosunun bir kismmin ugucu kiil veya
cliruf ile yer degistirilmesi ve kullanilmakta olan agrega boyut ve miktarinin
arttirilmasi ile, ECC’nin maliyeti azaltilip ¢cevreye duyarhiligi arttirilabilir. Ciinkii bu
malzemelerin iiretiminde daha az enerjiye ihtiyac¢ bulunulup iiretimleri esnasinda ¢ok
daha az karbondioksit salinimi ger¢eklesmektedir. Bu tezde mineral katki c¢esidi
(ugucu kiil veya ciiruf) ve miktari, en biiylik agrega tane biiylikliigli ve agrega
kullanim oran1 gibi, karisim paremetrelerinin  ECC kompozitinin 6zellikleri
iizerindeki etkileri calisilmistir. Test sonuglari, uygun mineral katki cesidi ve
miktarinin kullanilmasi ile, deneysel caligmalar kapsaminda kullanilan agrega
miktar1 ve boyutunun arttirilarak iiretilen ECC’nin siineklilik 6zelligi olumsuz
bicimde etkilenmeden kisitlanmis rétre catlak yasmin geciktirilip kuruma rétre
kapasitesinin azaltilabilecegini gdstermistir. Onemli 6lgiide endiistriyel —atik
katkilarmin kullanimi ve agrega miktar1 ve boyutunun arttirilmasi ile tiretilen ECC
karisimlarindan, mikro silis kumu ile iiretilen standart ECC karisimina oranla daha
iyl mekanik performansin elde edilmesine ilaveten bu sekilde gelistirilmis olan

kompozit siirdiiriilebilir yap1 endiistrisine yonelik 6nemli bir adim sayilabilir.

Anahtar kelimeler: Tasarlanmig Cimento Esasli Kompozit (ECC), agrega boyutu,

agrega miktar1, mineral katki, mekanik 6zellikler, boyutsal stabilite.
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CHAPTER 1
INTRODUCTION
1.1 General

Concrete is a brittle material that exhibits failure arising from the extensional
deformation at the location of first cracking after the peak load. Therefore, while the
stress exceeds the tensile strength of concrete, a single crack forms and the crack
width easily achieves a visible propagation. Since cracking in structures reduces the
load-carrying capacity, and allows other chemical agents, for overcoming this
disadvantage, recently many attempts have been done. To effectively solve this
severe problem, a new type of composite, called as Engineered Cementitious
Composites (ECC), reducing the brittle behavior of concrete has been developed in
last decades. ECC is a special type of high performance fiber-reinforced cementitious
composite featuring high ductility and damage tolerance under mechanical loading,
including tensile and shear (Li, 1997; Li et al, 2001; Li, 2003) loadings. By
employing micromechanics-based material optimization (Li, 1997; Lin and Li,
1997), tensile strain capacity in excess of 3% under uniaxial tensile loading can be
attained with only 2% fiber content by volume (Li, 1997; Lin et al., 1999). The
characteristic strain-hardening after matrix first cracking is accompanied by
sequential development of multiple microcracking and the tensile strain capacity is
300-500 times greater than that of normal concrete. Even at ultimate load, the crack
width remains on the order of 50 to 80 micrometer. This tight crack width is self-
controlled and, whether the composite is used in combination with conventional
reinforcement or not, it is a material characteristic independent of rebar
reinforcement ratio. In contrast, normal concrete and fiber-reinforced concrete rely
on steel reinforcement for crack width control. The tight crack width of ECC is
important to the durability of ECC structures as the tensile ductility is to the
structural safety at ultimate limit state. These properties, together with a relative ease
of production including self-consolidation casting (Kong et al., 2003a; Kong et al.,

2003b) and shotcreting (Kim et al, 2003), make them suitable for



various civil engineering applications. ECC 1is currently emerging in full scale
structural applications (Li et al., 2005; Kunieda and Rokugo, 2006). The ingredients
and mix proportions of ECC are optimized through micromechanics-based material
design theory to satisfy strength and energy criteria to attain high composite tensile
ductility (Li, 1997; Li et al., 2001; Li, 2003; Yang and Li, 2006). The type, size and
amount of fiber, matrix ingredients and interface characteristics are tailored for
multiple cracking and controlled crack width in ECCs. Aggregates typically occupy
an important volume fraction in conventional concrete, and thus have important
effects on different aspects of material properties. In addition to their role as an
economic filler, aggregates help to control dimensional stability of cement-based
materials, which may be considered to consist of a framework of cement paste with
relatively large shrinkage movements restrained by aggregates. However, high
aggregate content and presence of coarse aggregates in a paste tends to increase the
tortuosity of the fracture path, and lead to a tough matrix which delays crack
initiation and prevents steady-state flat-crack propagation in ECC, resulting in loss of
tensile ductility. Moreover, the introduction of aggregates with a particle size larger
than the average fiber spacing leads to balling and greater interaction of fibers
between the large aggregate particles, and the effect becomes more pronounced as
the volume and the maximum size of aggregate particles increase. Therefore, an
increase in aggregate size makes it more difficult to achieve a uniform dispersion of
fibers. The greater the volume and size of aggregates, the more clumping and
interaction of fibers would occur. Therefore, the amount and size of the aggregates is
expected to have a significant influence on the properties of composite. Hence, in
spite of positive effects of aggregates on dimensional stability and economy of fiber
reinforced cement composites, there are limits on aggregate size and volume content
beyond which problems with fiber dispersability, fresh mix workability and matrix
toughness may start to damage the composite material performance characteristics.
Therefore, instead of coarse aggregate, standard ECC incorporates fine aggregate
with an aggregate to binder ratio (A/B) of 0.36 to maintain adequate stiffness and
volume stability (Li et al., 1995). The binder system is defined as the total amount of
cementitious material, i.e. cement and mineral admixture, generally fly ash, in ECC.
The silica sand has a maximum grain size of 250 pm and a mean size of 110 pm.
Another purpose of using fine silica sand is to obtain the optimum gradation of

particles to produce good workability (Fischer and Li, 2003).
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Due to environmental and economical reasons, there is a growing trend to use
industrial wastes or by-products as supplementary materials or admixtures in the
production of cementitious composite. Among the various suppelementary materials,
fly ash and slag are the most commonly available mineral admixtures. Because of
several potential benefits, fly ash and slag have increasingly found use in high
performance concrete in the last few decades (Berry and Malhotra, 1980; Mehta,
1985; Read et al., 1990; Swamy and Ammar, 1990; Malhotra, 1993). Increase in
long-term compressive strength (Malhotra, 1980; Naik and Ramme, 1990;
Sivasundaram et al., 1990), decrease in shrinkage (Hogan and Meusel, 1981;
Tikalsky et al., 1988; Sahmaran et al., 2007; Sahmaran et al., 2009) and decrease in
chloride ion penetration (Rose 1987; Haque et al., 1992) have been achieved through

proper selection of the type of fly ash, slag and mix proportions.

In the past few decades, substitution of mineral admixtures, such as fly ash (FA) and
slag (S), has been of great interest and gradually applied to practical applications of
ECC (Kim et al., 2004; Kim et al., 2007; Wang and Li, 2007; Young et al., 2007;
Zhou et al., 2009). Fly ash is a by product of the coal power plant, whereas slag is a
by product in the manufacture of pig iron. Both of these waste materials from
industrial processes are usually available in large quantities and at a fraction of the
price of cement. The absence of coarse aggregate in ECC results in a higher cement
content. Partial replacement using fly ash or slag reduces the environmental burden.
Further, it has been found that incorporating high amount of FA, especially Class-F
fly ash, can reduce the matrix toughness and improve the robustness of ECC in terms
of tensile ductility. Additionally, unhydrated fly ash particles with small particle size
and smooth spherical shape serve as filler particles resulting in higher compactness
of the fiber/matrix interface transition zone that leads to a higher frictional bonding.
This aids in reducing the steady-state crack width beneficial for long-term durability
(Lepech and Li, 2005a; Lepech and Li, 2005b; Wang and Li, 2007; Young et al.,
2007) of the structure. Since the increase in aggregate size and amount leads to an
increase in the matrix toughness, locally available aggregate could successfully be
used in conjunction with high volume mineral admixture in the production of ECC.
No information is currently available on the influence of aggregate size and amount
on the performance (ductility, mechanical behavior and dimensional stability) of

ECC. Accordingly, the main objective of the current research is to design a new class

3



of ECCs with a matrix incorporating locally available aggregates that can show

similar tensile properties to standard ECC mixtures containing micro-silica sand.

1.2 Research Objectives and Scope

An experimental program is undertaken to study the dependence of the ECC
composite properties on its mix composition governed by mineral admixture types
and amount, and maximum aggregate size and aggregate/binder ratios. The focus
with regard to this material has been on achieving moderately high compressive
strength, high dimensional stability, improved elastic modulus and more
environmental friendly, while maintaining superior ductility, represented by strain-
hardening behavior. ECC mixtures contain mineral admixture (fly ash or slag) with
mineral admixture/cement ratio of 1.2 or 2.2, fine aggregate with maximum sizes of
0.4 or 1.0 mm and aggregate/binder ratios of 0.36, 0.45 and 0.55. Within the
objective of this experimental study, 24 mixtures of ECC were prepared (12 mixtures
for each of fly ash and slag) keeping water-to-cementitious materials ratio constant at
0.27. In the material development, micromechanics was adopted to properly select
ECC composition based on micromechanical studies on matrix (ECC without PVA
fiber) properties. The influences of investigated parameters on the composite
properties including the compressive and flexural strength, ductility and shape of the
load-displacement curves were supported by microstructural studies of the cement
paste-aggregate interface and fracture surfaces. Microstructural studies were used
based on the scanning electron microscope (SEM) observations and Mercury
Intrusion Porosimetry tests (MIP). In addition, dimensional stability characteristics,
drying shrinkage and shrinkage cracking potential, of ECC specimens were
investigated. For each concrete mixture the potential for restrained shrinkage
cracking was evaluated using the ring test. As a result, this study contributes to the
discussion of fly ash and slag replacement, aggregate size and amount in ECC.
Together with this mechanical and dimensional stability enhancement, the substantial
use of these waste materials from industrial processes is an important step toward

sustainability in the construction industry.

In Chapter 2, hardened and durability properties, application of ECC, and pozzolanic

materials such as fly ash and ground granulated blast furnace slag are discussed. In

4



Chapter 3, experimental program, materials properties and tests on mechanical
properties and dimensional stability of ECC are discussed. The results of the
experimental studies are presented and discussed in Chapter 4. The conclusions of

the research are presented in Chapter 5.



CHAPTER 11
LITERATURE REVIEW AND BACKROUND

2.1 Introduction

Increased durability of reinforced concrete structures is typically associated with a
dense concrete matrix, i.e. a very compact microstructure expected to lower
permeability and reduce transport of corrosives to steel reinforcing (Beeldens and
Vandewalle, 2001; Oh et al., 2002). This can be achieved with a well-graded particle
size distribution (Hwang, 1996), slag, fly ash and silica fume (Chang, 2001), or low
w/c ratios (Mehta, 1986). These concepts, however, rely upon the concrete to remain
uncracked within a structure throughout its expected lifetime and resist the transport
of water, chloride ions, oxygen, etc. through its dense microstructure. In this
presumed uncracked state, numerous concrete materials have shown promising

durability in laboratory tests (Weiss and Shah, 2002; Mora et al., 2003).

In practice, however, reinforced concrete members crack due to both applied
structural loading and shrinkage and thermal deformations, which are practically
inevitable and often anticipated in restrained conditions (Wittmann, 2002; Mihashi
and De Leite, 2004). These cracks provide pathways for the penetration of aggressive
ions to cause concrete deterioration. Chlorides, oxygen, and carbonation agents can
migrate through cracks and ultimately lead to corrosion of reinforcement. Although
the uncracked concrete between adjacent cracks can be extremely dense and nearly
impermeable, the presence of cracks results in a high overall permeability and
unhindered access of corrosives (Bakker, 1988; Gerard et al., 1997; Hearn, 1999) to
reinforcing steels through the concrete cover. Thus, at the root of this durability
problem is the brittle nature of concrete materials. To solve this serious problem, a

fundamental solution which reduces the brittle nature of concrete is needed.

Through the use of High Performance Fiber Reinforced Cementitious Composites

(HPFRCC), which display significantly higher ductility than concrete

6



(R/C), durability problems resulting from cracking may be solved (Li and Stang,
2004). Yet to prove acceptable for many applications, these materials must show
high ductility without forming large cracks and enhanced material and structural
durability by exhibiting such characteristics as excellent protection of steel
reinforcement, resistance to freeze thaw cycles, de-icing salt scaling resistance and
demonstration of long term mechanical performance. The introduction of materials
which provide both ductility and durability can significantly impact the design of

future, more durable infrastructure systems.

2.2 Engineered Cementitious Composites (ECC)

As a new class of HPFRCC materials, Engineered Cementitious Composites (ECC)
is a ductile fiber reinforced cementitious composite micromechanically designed 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 distinctive
characteristic separating ECC from conventional concrete and fiber reinforced
concrete (FRC) is an ultimate tensile strain capacity between 3% to 5%, depending
on the specific ECC mixture. This strain capacity is realized through the formation of
many closely spaced microcracks, allowing for a strain capacity over 300 times that
of normal concrete. These cracks, which carry increasing load after formation, allow

the material to exhibit strain hardening, similar to many ductile metals.

While the components of ECC may be similar to FRC, the distinctive ECC
characteristic of strain hardening through microcracking is achieved through
micromechanical tailoring of the components (i.e. cement, aggregate, and fibers) (Li,
1998; Lin et al., 1999; Li et al., 2001; L1, 2003), along with control of the interfacial
properties between components. Fracture properties of the cementitious matrix are
carefully controlled through mix proportions. Fiber properties, such as strength,
modulus of elasticity, and aspect ratio have been customized for use in ECC. The
interfacial properties between fiber and matrix have also been optimized in
cooperation with the manufacturer for use in this material. Typical mix proportions

of ECC using a poly-vinyl-alcohol (PVA) fiber are given in Table 2.1.



Table 2.1 Typical mix design of ECC material

Cement

Water

Aggregate

Fly Ash

HRWR*

Fiber (%)

1.00

0.58

0.80

1.20

0.013

2.00

*HRWR = High range water reducing admixture; all ingredients proportion by
weight except for fiber.

While most HPFRCCs rely on a high fiber volume to achieve high performance,
ECC uses low amounts, typically 2% by volume, of short, discontinuous fiber. This
low fiber volume, along with the common components, allows flexibility in
construction execution. To date, ECC materials have been engineered for self-
consolidation casting (Kong et al., 2003a), extrusion (Stang and Li, 1999),
shotcreting (Kim et al., 2003), and conventional mixing in a gravity mixer or

conventional mixing truck (Lepech and L1, 2007).

Figure 2.1 shows a typical uniaxial tensile stress-strain curve of ECC material
containing 2% poly-vinyl-alcohol (PVA) fiber (Weimann and Li, 2003). The
characteristic strain-hardening behavior after first cracking is accompanied by
multiple microcracking. The crack width development during inelastic straining is
also shown in Figure 2.1. Even at ultimate load, the crack width remains smaller than
80 um. This tight crack width is self-controlled and, whether the composite is used in
combination with conventional reinforcement or not, it is a material characteristic
independent of rebar reinforcement ratio. In contrast, normal concrete and fiber
reinforced concrete rely on steel reinforcement for crack width control. Under severe
bending loads, an ECC beam deforms similar to a ductile metal plate through plastic
deformation (Figure 2.2). In compression, ECC materials exhibit compressive
strengths similar to high strength concrete (e.g. greater than 60 MPa) (Lepech and Li,
2007).
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Figure 2.1 Typical tensile stress-strain curve and crack width development of ECC
(Weimann and L1, 2003)
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Figure 2.2 Response of ECC under flexural loading

2.3 Design of Engineered Cementitious Composites

The first priority when designing ECC material is to ensure the formation of multiple
cracks and strain-hardening behavior under load. This allows large deformations to
be distributed over multiple micro-cracks. The basis of multiple micro-cracking and
strain hardening within ECC is the propagation of steady state cracks which were
first characterized by Marshall and Cox (1988), and extended to fiber reinforced
cementitious composites by Li and Leung (1992) and Lin et al. (1999). By forming

steady state “flat cracks” which maintain a constant crack width while propagating,
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rather than Griffith-type cracks which widen during propagation as in typical
tension-softening fiber reinforced cementitious materials, ECC material exhibits
multiple micro-cracks which saturate the specimen while undergoing strain-
hardening during extreme tensile deformation. The formation of multiple steady
state cracking is governed by the bridging stress versus crack width opening relation
along with the cracking toughness of the mortar matrix. To achieve this

phenomenon the inequality shown in Equation-2.1 must be satisfied.

) K2
T, =048, — [o(8)dd 2T, . 2.1)
0

m

where J’y is the complimentary energy shown in Figure 2.3, oo and J, are the
maximum crack bridging stress and corresponding crack opening, Ji, is the fracture
energy of the mortar matrix, Ky, is the fracture toughness of the mortar matrix, and
E. is the elastic modulus of the mortar matrix. In addition to the fracture energy

criterion, a strength criterion expressed in Equation-2.2 must be satisfied.

G, > Oy (2.2)
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O | mm e e e e
v

Crack Opening, & (mm)

Figure 2.3 Crack bridging stress versus crack opening relation
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where, o) i1s the maximum crack bridging stress and oy is the first cracking strength
of the mortar matrix. For saturated multiple cracking, Wang and Li (2004) found
that Equation-2.2 must be satisfied at each potential crack plane, where oy is

understood as the cracking stress on that crack plane.

Once an ECC mixture is selected which sufficiently meets the two above criteria, the
formation of multiple steady state cracks, and strain-hardening performance, can be
realized. However, in addition to forming these cracks, the material must also be
designed to exhibit crack widths below the 100 um threshold limit. This can be
achieved through tailoring of the crack bridging versus crack opening relation
referenced in Equation-2.1. The maximum steady state crack width exhibited during
ECC multiple cracking can be assumed to be dy, the crack width corresponding to the
maximum crack bridging stress, o, as shown in Figure 2.3. If the crack width were
to grow beyond 0o, the crack bridging stress would begin to fall, in which case the
crack would localize and multiple crack formation would cease. By keeping 0
below the 100 um threshold, the ECC material can exhibit multiple cracking and

strain hardening performance.

Lin et al. (1999) proposed the formulation of the crack bridging stress versus opening
relationship based on summing the bridging force contribution of fibers that cross a

given crack plane. This relation in expressed in Equation-2.3.

4V r12( (Lg/2)cosg )
o@)=—% | { [P(&)e” p($)p(2)dz ldg (2.3)

f ¢=0 z=0

where V; is the fiber volume fraction, dr is the fiber diameter, ¢ is the orientation
angle of the fiber, Lt is the fiber length, z is the centroidal distance of a fiber from the
crack plane, f is a snubbing coefficient, and p(¢) and p(z) are probability density
functions of the fiber orientation angle and centroidal distance from the crack plane,
respectively. P(d) is the pullout load versus displacement relation of a single fiber
aligned normal to the crack plane, also described in Lin et al. (1999). The factor ™
accounts for the changes in bridging force for fibers crossing at an inclined angle to
the crack plane.
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Using these basic micromechanical models to tailor the ECC material, a composite
can be designed to undergo large deformations, up to several percent, without
sacrificing low permeability due to large crack widths. The application of material
design procedures, such as those outlined above, allow materials engineers to
carefully match material characteristics to specific structural demands, such as strain

capacity and low permeability.

2.4 Mechanical Properties and Durability of ECC

2.4.1 Fatigue

The performance of ECC has been investigated in high fatigue scenarios, such as
rigid pavement overlay rehabilitation. In these overlay applications, reflective
cracking through the new overlay is of greatest concern. Existing cracks and locally
reduced load capacity in the substrate pavement can result in flexural fatigue within
the overlay structure. To evaluate ECC performance as a rigid pavement overlay
material, both ECC/concrete and concrete/concrete overlay specimens were tested in
flexural fatigue (Zhang and Li, 2002). Test results show that the load capacity of
ECC/concrete overlay specimens was double that of concrete/concrete overlay
specimens, the deformability of ECC/concrete specimens was significantly higher,
and the fatigue life was extended by several orders of magnitude. Further, the
microcracking deformation mechanism of ECC effectively eliminated reflective
cracking. Similar advantages in the fatigue resistance of ECC have also been found
in comparison to polymer cement mortars (Suthiwarapirak et al., 2002). Fatigue
resistance of ECC for repair of viaducts subjected to train loading was studied by
Inaguma et al. (2005). In fatigue-prone concrete infrastructure, the application of
ECC materials may be able to significantly lengthen service-life, reduce maintenance

events, and life cycle costs.

2.4.2 Spall Resistance

Greater resistance to spal