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ABSTRACT

Green concrete, which incorporates industrial byproducts to partially/fully replace portland
cement in normal concrete, is not as sustainable as many would like to believe. Like
conventional cement concrete, it is a brittle material with low tensile strength and ductility, and
therefore susceptible to cracking. Extensive cracking causes many types of deterioration in
concrete structures, significantly reducing their service life. Even if the structure is made of more
“environmentally-friendly” materials, the short lifespan makes it unsustainable. For establishing
sustainable infrastructure systems, a new material technology that combines high material

greenness and durability in one concrete needs to be developed.

This dissertation is focused on green and durable fiber-reinforced geopolymer composites —
Engineered Geopolymer Composites (EGCs) — for civil infrastructure applications. EGCs
combine two emerging technologies: geopolymer, which is a cement-free binder material, and
Engineered Cementitious Composite (ECC), which is a strain-hardening fiber-reinforced cement
composite with high tensile ductility and multiple-microcracking characteristics. This research

covers three aspects: development, characterization, and application of EGC.

First, a new design method for ductile fiber-reinforced geopolymer composites is proposed to
facilitate the development of EGC. It integrates three material-design techniques — Design of
Experiment (DOE), micromechanical modeling, and Material Sustainability Indices (MSI) —

each of which assists the geopolymer-matrix development, composite design, and environmental

XViii



performance assessment. With the aid of the integrated design method, an optimized EGC with
good compressive strength, high tensile ductility, and enhanced material greenness is

systematically developed.

Second, fundamental durability properties of the developed EGC are experimentally
characterized. Specifically, cracking characteristics, water permeability, self-healing
functionality, and sulfuric acid resistance are investigated. Extensive crack-width measurement
and water-permeability testing on cracked EGC demonstrate the tightly-controlled multiple
cracks and higher water tightness than cracked reinforced concrete (RC). The permeability test
also observes a white substance formed inside microcracks of EGC, providing the recovery in
water tightness. Subsequent experiments also confirm the stiffness recovery, which demonstrates
the self-healing functionality of EGC. In the case of sulfuric acid resistance, acid-exposed EGC
specimens show limited surface erosion compared to cement concrete and ECC. Further, no

significant degradation in mechanical properties of EGC is observed.

Finally, this dissertation explores a promising infrastructure application of EGC. Combined with
the characterized durability properties, brief market research and technical-advantage analysis
suggest that EGC is promising for large-diameter sewer pipes. In addition, an environmental life
cycle analysis (LCA) is conducted to verify and quantify the enhanced sustainability of EGC
pipes, in comparison with RC and ECC pipes. The comparative LCA shows the 13% lower
greenhouse gas emissions of EGC than RC. Further, it is estimated that, if service life of EGC
pipes is more than 1.3 times that of RC pipes, EGC performs best in both energy consumption

and greenhouse gas emissions.
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PART I: INTRODUCTION

CHAPTER 1: Introduction

1.1 Background and motivation

Human life is full of manufactured goods today. Manufactured goods are designed and
manufactured to improve our quality of life, but their production has some adverse impact on the
environment we live in. The same is true for civil infrastructure. However, infrastructure systems
— transportation, power, water and wastewater, and communication systems, for instance — are
different from most other products in two aspects: size and longevity. The large scale of civil
infrastructure implies huge consumption of material resources and energy in their construction
(Fig. 1.1); the long lifespan is linked to continuous repair and retrofit, which also cause
environmental impacts. Because of the large and long-lasting impacts on the environment,
sustainable design of civil infrastructure is crucial for us and future generations. This raises the

question: what does truly sustainable infrastructure look like?
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Fig. 1.1: Nonfuel material consumption in the US, 1900-2010 [1]. Construction of large-scale civil
infrastructure is the largest user of raw materials. Continuous repair activities consume additional energy
and materials over the long lifespan.

As with many other manufactured goods, the use of green materials — i.e. materials with low
environmental impacts regarding energy use, greenhouse gas emissions, etc. — is a typical
approach in civil infrastructure for improving sustainability. A particular focus has been placed
on cement concrete, which is the most widely-used construction material today, and has high
carbon intensity. Ordinary Portland Cement (OPC) is a primary ingredient in cement concrete
and the largest contributor to the carbon footprint. During OPC production, carbon dioxide (COy)
is generated from both fossil fuel combustion in the cement kiln operation and the chemical
reactions involved in calcination of limestone. The former can be improved by enhancing the
thermal efficiency of kiln and cooler systems, but the latter is inherent to cement manufacturing.

Indeed, studies have estimated that, despite good progress in switching to highly optimized kilns,



OPC production accounts for 5-8% of the global man-made CO, emissions [2-5]. As a
consequence of the high carbon intensity of OPC, much effort has been made in developing

green concrete that incorporates industrial wastes to partially/fully replace OPC.

However, such concrete with lower environmental impacts does not always provide true
infrastructure sustainability. Like conventional concrete, green concrete is a brittle material with
low tensile strength and ductility, and therefore susceptible to cracking. Steel reinforcement is
typically placed in concrete structures, but often insufficient to fully control cracking under
combined mechanical and environmental loads in field applications. Cracking causes many types
of deterioration in concrete structures: it directly lowers mechanical properties of concrete, and
also accelerates the degradation by serving as pathways for aggressive agents, which penetrate
the structure and attack the concrete and steel reinforcement. The resultant poor durability of the
structure leads to frequent and/or intensive repair activities, consuming a large amount of energy
and raw materials. In the worst case scenario, full replacement of the structure is needed much
earlier than the designed service life. Thus, the approach of using green materials is inadequate

in the context of minimizing life-cycle environmental impacts of civil infrastructure.

Truly sustainable infrastructure materials should be not only green but also durable. However,
current research and development activities on sustainable construction materials are often
focused on only one aspect of the two, with little emphasis on the other. For enhancing
sustainability of infrastructure systems, a new material technology that combines high material
greenness and durability in one concrete needs to be developed. This is the motivation behind the

present doctoral research.



1.2 Problem statement

Recently, the research community has begun to explore green and durable concrete materials. A
promising approach is to integrate existing technologies developed for either green or durable
concrete. Out of various available ones, geopolymer and Engineered Cementitious Composite
(ECC) are emerging material technologies that have gained increasing interest in the past few

decades.

Geopolymer is a family of alkali-activated binder materials that shows promise as a green
alternative to OPC [6-8]. Geopolymer paste is formed from solid aluminosilicate sources
activated by alkaline solution. The fresh geopolymer has similar rheological and hardening
properties to those of cement binders, and can be used to produce geopolymer mortar or concrete.
Among various types of geopolymer materials, fly ash-based geopolymer is one of the most
promising candidates; it utilizes fly ash — an industrial byproduct from coal-fired power plants —
as the aluminosilicate source and relies on no OPC. Indeed, geopolymer binders have been
estimated to offer 80% or greater reduction in CO, emissions than OPC [9]. However,
geopolymer concrete is by its nature a brittle material like cement concrete. The low ductility of
geopolymer causes cracking and corresponding performance degradation, which limits its

durability as in cement concrete.

Engineered Cementitious Composite (ECC), on the other hand, is a material technology that
imparts high tensile ductility — and therefore enhanced durability — to brittle cement concrete
[10-12]. ECC consists of OPC-based cement mortar and randomly-oriented short fibers with
moderate volume fraction (typically less than 2% by volume). Through systematic optimization
of matrix, fiber, and fiber/matrix interface properties, ECC exhibits the tensile strain-hardening

behavior with high ductility of 3-5%. Further, multiple cracking occurs in the strain-hardening



stage and the crack width is controlled to be as tight as a human hair (Fig. 1.2). These unique
features are beneficial in infrastructure applications; both laboratory and field studies have
demonstrated that the high ductility and tight cracking of ECC provide improved durability of
civil infrastructure [13-15]. However, compared to regular cement concrete, ECC has higher
carbon and energy footprints due to its use of a larger amount of OPC and petroleum-based
synthetic fibers with high embodied energy. Thus, the low material greenness of ECC is a

technical challenge to overcome for achieving true stainability of civil infrastructure.
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Fig. 1.2: Typical tensile stress-strain curve and average crack-width development of ECC [16]. The high
ductility and tight cracking provide enhanced resilience and durability of infrastructure.

It is considered that combination of geopolymer and ECC technologies is a promising solution
for developing green and durable concrete materials: that is, a family of fiber-reinforced
geopolymer composites that has high tensile ductility and multiple-microcracking characteristics

(Fig. 1.3). Indeed, there has been a growing interest in such materials since the 1990s [17].
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and ECC technologies (diagram adapted from [17]).

While much research effort has been taken so far, scientific and technical knowledge of ductile

geopolymer composites is still in the early stage of development. Specifically, the following

major challenges remain today:

No comprehensive design method of fiber-reinforced geopolymers has been developed yet.
High tensile ductility and multiple-microcracking characteristics comparable to ECC have
not yet been achieved in such types of materials.

Much remains unknown about their durability properties.

As a result, it is difficult to quantitatively assess their sustainability in the context of

infrastructure applications throughout their service life.



In particular, the lack of a systematic design methodology for ductile fiber-reinforced
geopolymers is a key issue; currently, time- and cost-intensive trial-and-error approaches are

often taken in the research community, which slows overall progress on the subject.

1.3 Research objectives

This doctoral study aims to develop a novel class of ductile fiber-reinforced geopolymer
composites — named Engineered Geopolymer Composite (EGC) — for a variety of large-scale
infrastructure applications. The cement-free geopolymer matrix of EGC offers substantial
reduction in energy and carbon footprints; the enhanced durability through optimized fiber
reinforcement contributes to less repair/maintenance and longer service life of civil infrastructure.
This next-generation infrastructure material will open a new window toward establishing truly

sustainable infrastructure systems.

Specific objectives of this research are detailed below, which covers three aspects: development,

characterization, and application of the material.

® Develop a comprehensive design method of EGC that facilitate the research and
development.

® Achieve high tensile ductility and self-controlled microcracking in EGC, while minimizing
energy and carbon intensities of the material.

® Characterize fundamental durability properties of the developed EGC.

® Explore promising applications of EGC in which the high material greenness and durability

can be fully utilized.



® Conduct a case study on life-cycle environmental impacts of the example EGC application,

in comparison with conventional cement concrete and ECC.

1.4 Research approach and thesis organization
A broad range of multidisciplinary research methods are used in this thesis, including statistics,
fracture mechanics, micromechanics, materials science, and industrial ecology. The research

approach and structure of the thesis are outlined below:

Following this introductory part, Part 1l containing three chapters is focused on development of
green and ductile — and therefore durable — EGC materials. Chapter 2 outlines previous research
and development of both geopolymer and ECC, and also presents technical challenges in
combining the two materials technologies. Chapter 3 then proposes a new design methodology
for EGC that integrates three design techniques: Design of Experiment (DOE), micromechanical
modeling, and Material Sustainability Indices (MSI). The systematic design method enables
simultaneous optimization of multiple responses such as strength, tensile ductility (often
inversely related to strength), and energy/carbon footprints. The application of the proposed
design method is presented in Chapter 4, which systematically develops an optimized version of

EGC.

Part I11 describes experimental characterization on durability properties of the developed EGC,
throughout three chapters. In Chapter 5, cracking characteristics and water tightness of the
developed EGC are evaluated. Residual-crack patterns of EGC are first determined with respect
to the maximum and average crack widths, and the probability density function of crack width.

The permeability coefficients of both intact and cracked EGC are then measured by using a



newly-developed test setup and a formula derived based on the Darcy’s law. The effect of EGC
microcracks on the water permeability is discussed based on the measured crack patterns and
permeability coefficients. Chapter 6 focuses on the feasibility of self-healing EGC. Stiffness
recovery of EGC specimens that are preloaded to create cracks and then cured in water is
measured by uniaxial tension testing. Self-healing products are also observed by using a
Scanning Electron Microscope (SEM) equipped with an Energy Dispersive Spectroscopy (EDS)
analyzer. Chapter 7 examines the sulfuric acid resistance of EGC. Weight loss and degradation
of mechanical properties in acid-exposed EGC specimens are reported, as well as those of

regular cement concrete and ECC.

Part IV explores promising infrastructure applications of EGC. In particular, large-diameter
sewer pipes are considered in Chapter 8. The market demand, existing technology, and technical
challenges of sewer concrete pipes are first outlined. Then, a Life Cycle Assessment (LCA) on
environmental impacts of EGC sewer pipes is conducted, in comparison with reinforced-concrete

and ECC pipes.

Chapter 9 in Part V is the concluding chapter. Scientific contributions and impacts to the
research field of this dissertation are first highlighted. Major research findings are then

summarized, and recommendations for future work of this subject are provided.
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PART Il: DEVELOPMENT OF EGC

CHAPTER 2: Review of Green and Durable Concretes

This chapter provides a literature review on two material technologies: geopolymer and
Engineered Cementitious Composite (ECC). The historical development, previous research
findings, and unsolved problems of each material are outlined, with emphasis on the material

design. Based on the review, challenges in combining the two technologies are considered.

2.1 Geopolymer

In the context of this dissertation, “geopolymer” is defined as an aluminosilicate binder material
that is formed from an aluminosilicate precursor (typically supplied in a powdered form)
activated by an alkali hydroxide, alkali carbonate, and/or alkali silicate activator. As such, there
are many types of geopolymers with various physical and chemical properties, depending on the
types of precursors and activators. In general, geopolymers have three-dimensional polymeric
structure of cross-linked silicate (SiO4) and aluminate (AlO,4") tetrahedra, coupled with charge-

balancing alkali cations (Fig. 2.1).
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Fig. 2.1: Schematic model for geopolymer structure [1]. Geopolymers consist of three-dimensional
aluminosilicate chains with charge-balancing alkali cations (typically Na* or K*), unlike layered structure
of calcium-silicate-hydrates (CSH) in portland cement-based binders.

2.1.1 History of development

The first literature on alkali-activated binder materials dates back to the early 1900s: a German
chemist Kihl reported a study on reactions of a metallurgical slag with alkaline components to
form a binder, which was patented in the US in 1908 [2]. Following his initial investigation, the
detailed scientific basis on such binders for construction purposes was developed in Belgium by
Purdon, who published a landmark paper in 1940 [3]. His extensive laboratory study
demonstrated that alkali-activated slag could achieve good strength, moderate shrinkage, and low
water permeability comparable to OPC concrete (Fig. 2.2). Nevertheless, research on the alkali-
activation technology was limited in the Western world until the 1980s [4]; in those days, the
primary focus in the research community remained in production and optimization of portland
cement and cement concrete [5]. In general, a strong driving force is needed for intensive

research and development of a technology.
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Fig. 2.2: Purdon demonstrated in 1940 that alkali-activated slag using various combinations of activator
compounds could achieve strength comparable to OPC-based concrete (data from [3]).

The former Soviet Union had a dominant economic driver: along with a massive construction
program undertaken in the mid-20" century, the Eastern-bloc country faced a serious cement
shortage. There was an urgent need for low-cost alternatives to cement that can utilize materials
at hand. Meanwhile, in the mid-1950s, Glukhovsky began to study ancient concrete structures in
Rome and Egypt. He discovered that ancient cements with superior durability were typically low
in calcium (Ca) and rich in alkalis, Al and Si [6]. Based on the investigation, he proposed a
general mechanism for alkali activation of aluminosilicate materials, and developed alkaline
aluminosilicate cementitious systems, called “soil cements” [7]. Active researches on such

materials were then carried out in the Eastern world, boosted by the cement demand outstripping

its supply.
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The invention by Glukhovsky also found a wide range of applications: the research institute in
Kiev, Ukraine used alkali-activated blast furnace slag (BFS) in construction of apartment
buildings, railway sleepers, road sections, pipes, drainage and irrigation channels, flooring for
dairy farms, pre-cast slabs and blocks [8] (Fig. 2.3). Until 1989, more than 3 hm® (cubic
hectometers) of alkali-activated concrete had been poured in the former Soviet Union [9]. High
durability of those alkali-activated slag concrete structures has been reported in recent studies

[10, 11].

Fig. 2.3: Residential building made of alkali-activated slag concrete in Mariupol, Ukraine, 1960 [12]. The
alkali-activation technology found various applications in the former Soviet Union.

In the past few decades, the major driver for the alkali-activated binders has shifted from

economic aspects to technical advantages, and to environmental concerns.

In the late 1970s, Davidovits developed a series of alkali-activated binders based on metakaolin,

which is calcined kaolin clay [13]. He patented many aluminosilicate-based formulations and
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coined the term ‘“geopolymer” for his products. The material technology was originally
developed for fire-resistant applications; shortly afterward, its high early-strength development
attracted attention from the US Army for military applications [14]. From the 1980s onwards,
research and development activities on alkali-activation technologies began to expand worldwide
because of their technical advantages such as rapid strength gain, fire resistance, chemical and
dimensional stabilities, and low permeability. However, primary use of metakaolin-based
geopolymers has been limited to small-scale niche applications to date; metakaolin is expensive

to produce in large volumes and is energy intensive due to its calcination process.

Another breakthrough came in 1993 when Wastiels et al. published the first paper on alkali-
activated binders using fly ash, which is an industrial byproduct from coal-fired power plants
[15]. Since then, research into fly ash-based geopolymers (FAGP) has been growing dramatically
because of their significant environmental benefits. Particularly, considerably lower carbon
footprints of FAGP than OPC-based binders have been highlighted in many studies (e.g. [16—
19]) (Fig. 2.4). In addition, FAGP can increases the recycling rate of fly ash; while a huge
volume of fly ash is generated around the world, most of it is just disposed of in landfills. For
instance, 1.03 billion tons of fly ash was produced in the US from 2000 to 2015, but only 40% of
it has been utilized so far [20]. The same problem of fly ash disposal is true in both China and
India, which are the top users of OPC and large contributors to the global CO, emissions, as well
as the US. Driven by worldwide concerns of global warming, resource depletion, and waste
disposal, utilization of FAGP for large-scale construction applications is now an important

subject in both academic and industrial research institutions [16].
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Fig. 2.4: Estimated CO, reduction of geopolymers compared to OPC, as a function of dissolved solids
content of the activating solution (adapted from [16]). Fly ash-based geopolymers typically offer higher
CO, reduction than metakaoline-derived ones.

2.1.2 Previous studies for geopolymer design

With the support of economic, technical, and environmental driving forces, alkali-activated
binder materials have been actively studied since 1960s. The subjects of investigation include,
but are not limited to, reaction mechanisms and processes involved in alkali activation of
aluminosilicate precursors, setting behavior and workability of the fresh paste, and chemical
structure, microstructure, and macroscopic engineering properties of the hardened matrix.
Among many previous investigations, studies of the reaction mechanisms and processes are
particularly important for material design of geopolymers: understanding of the chemistry is
essential to predict physical and chemical properties of the material at multiple length and time

scales. The present literature review focuses on this subject.
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Glukhovsky was the first to propose a general reaction mechanism of alkali-activation of
aluminosilicate minerals [7], which has served as a basis for subsequent studies on the chemistry
of “geopolymerization”. His model divides the reaction processes into three stages: (i)

destruction—coagulation, (ii) coagulation—condensation, and (iii) condensation—crystallization.

The first destruction process is initiated by hydroxide ions (OH") in the alkaline activator that
sever covalent bonds of Si—O-Si and Al-O-Si in the solid aluminosilicate precursor [21]. The

severance of Si—O-Si bonds, for instance, can be expressed as:

=Si-0-Si=+ OH = =Si-0-Si===Si-OH+ O-Si=
|

OH"
Silanol (=Si—OH) and sialate ( =Si—O") species are produced in this reaction, and the negative
charge of =Si-O" groups is instantly neutralized by the alkali cations (most commonly Na™)
provided from the activator. The resultant =Si—-O — Na* complexes are chemically stable in the

alkaline media, suppressing the reverse reaction to form Si—-O-Si bonds. Then, the stability
creates suitable conditions for diffusion of disaggregated units from the particle surface to the
inter-particle space, and for their subsequent coagulation. The OH™ ions affect the AI-O-Si and

Al-O-Al bonds in the same way.

Following the dissolution of the solid aluminosilicate, accumulation of the disaggregated
products forms a coagulated structure that favors polycondensation. The monomer — Si(OH), in

the case of the silanol species — reacts with another monomer to form the following dimer:
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(HO),Si—O" + Si—OH = [(HO),Si—O-Si—OH] = (HO),Si—0—Si—(OH),+OH"

| |
(OH), (OH);

This is followed by formation of trimers and more condensed oligomers. Aluminate species also

participate in the polycondensation process, replacing the silicate tetrahedra.

In the third stage, polymerization of silicate-aluminate species grow in all directions, producing
colloids. Lastly, the colloidal particles progressively precipitate to reconsolidate, supported by

particles in the initial solid phase working as nuclei.

The initial conceptual model developed by Glukhovsky has been extended and refined by many
other researchers (e.g. [22—29]). Based on those contributions, Duxson et al. presented an often-
reproduced schematic illustration of geopolymerization processes (Fig. 2.5-a) in their “state of
the art” review paper [30]. The illustrated reaction mechanism outlines the key processes of
dissolution, rearrangement, condensation, and re-solidification. Those processes do not proceed
fully linearly, but rather are coupled reactions occurring concurrently. The proposed process of
particle-to-gel conversion has been confirmed in subsequent studies [31-34], with advances in
experimental and analytical methods. More recently, Provis and Bernal pointed out that their
conceptual model was highly simplified and inappropriate to be used for Ca-rich alkali-activated
systems such as alkali-activated slag [35]. It does not include the formation of CSH-type
structure, which is actually the main binder phase in slag-derived alkali-activated systems. A

more detailed conceptual diagram was provided by Provis and Bernal in [36] (Fig. 2.5-b).
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Fig. 2.5: (a) Conceptual model of geopolymerization for low-Ca alkali-activated systems [30]. (b) More
detailed model including Ca-rich systems such as alkali-activated slag [36].

The model of the reaction mechanism and processes offered valuable insights in the material
design of geopolymers; a great deal of research has been conducted on what factors
promote/hinder each process, when each reaction is initiated and terminated, and how the
composition and structure of the final product are determined. Obtained knowledge and findings
from numerous previous investigations are well documented in review papers [4, 12, 16, 30, 37,
38] and books [13, 39, 40]. From those previous studies, the following essential ideas can be

drawn:
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® The dissolution process plays a critical role in controlling all subsequent reactions and the
resultant workability, setting characteristics, mechanical properties, microstructure, and
chemical stability of geopolymers.

® The rate and extent of dissolution (and those of the following precipitation and
polymerization steps) depend on many factors, including temperature, pH, alkali-cation type
and soluble-silicon concentration of the alkaline activator, and particle size, morphology,
crystallinity, and chemical compositions of the solid aluminosilicate precursor.

® Secondary elements in the aluminosilicate precursor (i.e. other than Si and Al — especially
Ca) can cause side reactions during geopolymerization that significantly affect material
properties of the fresh and hardened geopolymer.

® Hardened geopolymers are typically X-ray amorphous, but the amorphous phase is
converted into crystalline zeolite-type structure with time. This conversion could be either
beneficial or detrimental for long term durability of geopolymers; increased compressive
strength due to the formation of crystalline zeolites has been demonstrated in some studies

[21, 41], but decreased tensile strength has been also reported in another study [42].

Building on the accumulated knowledge, recent studies proposed some practical design methods
based on “alkaline liquid-to-fly ash ratio” (Fig. 2.6), “water-to-geopolymer solids ratio” [43-45]
(both are analogous to the water-to-cement ratio of OPC-based concrete), and/or other
parameters including properties of aggregate [46, 47]. More recently, a computer-aided machine
learning method has been developed to predict compressive strength of geopolymers based on

ample data available from the literature [48-50].
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Fig. 2.6: Example of proposed mix-design methods for geopolymers [45].

2.1.3 Unsolved problems

Much work has been done on the reaction mechanism/processes and their influential factors of
geopolymerization; yet much still remains unknown. Particularly, fly ash-based geopolymers
(FAGP) are the most complex system for which further understanding is needed. Indeed,
contradictory results have been sometimes reported among different studies, even when using

similar ingredients, mix proportions, and processing methods.

One of the biggest technical challenges of FAGP is large variability in fly ash properties. First of
all, since fly ash is still regarded as an industrial waste in many countries, its quality control is

not considered, unlike with blast furnace slag and metakaolin. However, the particle size,
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morphology, composition, and reactivity of fly ash can vary to a large extent, depending on the
size and elemental compositions of feed coal, combustion conditions, and collection methods at
power plants. Even when using the same source and processing methods, a plant can produce fly
ash with a composition that varies significantly from day to day [51]. Further, crystallinity of fly
ash also affects the geopolymerization: relative amounts of crystalline and amorphous phases in
fly ash determine the dissolution behavior and resultant properties of the final product. Because
of this complexity, advanced characterization techniques are required to fully understand the

chemistry of each fly ash and predict properties of the corresponding geopolymer [52].

However, such advanced characterization methods are expensive and require high expertise. As a
result, mix design of FAGP often relies on a trial-and-error approach; several factors (type of fly
ash, alkaline liquid-to-fly ash ratio, curing temperature, etc.) are arbitrarily selected and their
effects on a property of interest (typically compressive strength or workability) are evaluated in a
series of experiments varying the levels of the design factors. As discussed above, results and
findings obtained from the extensive laboratory studies might be specific to each fly ash source.
Moreover, most of the proposed design methods for FAGP have been developed based on those
results, and might not be universally applicable. It is therefore possible that another round of

experiments needs to be done whenever a different source of fly ash is used.

In general, experiment is important to either develop a new material design or verify the existing
one. To overcome the poor repeatability of FAGP, more systematic (but practical) approaches,

instead of inefficient trial-and-error methods, to the material design need to be developed.
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2.2 Engineered Cementitious Composite

2.2.1 History of development

Like alkali-activated binders, modern development of fiber-reinforced concrete (FRC) also
began in the early 1960s: Romualdi, Baston, and Mandel published milestone papers in 1963
[53] and 1964 [54], which demonstrated improved tensile strength of concrete through
randomly-oriented steel-wire reinforcement. Their work gained significant attention in both
academic and industrial communities, showing the great promise of FRC as a new innovative
construction material [55]. Research and development of FRC has expanded since then,
introducing a variety of other fibers (glass, carbon, synthetic, natural fibers, and their

combinations) and processing methods [56].

Fibers were originally introduced to improve the low tensile strength of concrete [57]. Their
potential in enhancing toughness — energy absorbed before rupturing — was later recognized in
the research community. The ability to suppress the brittle behavior of concrete and improve the
structural resiliency might have been attractive to engineers and asset owners. As a result, since
the early work of Aveston et al. in the early 1970s [58], considerable research and development
work has been directed toward achieving high tensile ductility in concrete. It is such high
ductility, accompanied by strain-hardening behavior, that distinguishes High Performance Fiber

Reinforced Cementitious Composite (HPFRCC) [59] from other FRC materials.

HPFRCC materials typically exhibit a strain-hardening response where sequential formation of
multiple cracks takes place, resulting in significantly higher tensile ductility than normal
concrete and other FRC (Fig. 2.7). Such high ductility and strain-hardening characteristics were

first achieved by using continuous, aligned fibers and/or high fiber content (typically 10-20% of
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the total volume of composite). Those types of materials mostly require cost- and time-
consuming casting processes or special processing methods (Hatschek, spray up, lay up,
extrusion, and pultrusion), which are not suitable for large-scale and cast-in-place applications
[60]. Accordingly, initial HPFRCC materials were limited to laboratory studies or non-structural

applications during the early stage of development.

Tensile stress

Strain-hardening HPFRCC
—|  (multiple microcracks)

Tension-softening FRC
Normal concrete (localized single crack)
(brittle)

Tensile strain

Fig. 2.7: Schematic illustration of brittle concrete, tension-softening FRC, and strain-hardening HPFRCC.

Later, the theoretical basis for discontinuous, randomly-oriented fiber-reinforced composites was
established (e.g. [61-66]). As a result, a new class of economically viable, field-castable
HPFRCC materials emerged in the 1990s; Li and co-workers proposed a multiscale modeling
framework of short-fiber-reinforced composites [67-69], and developed a new strain-hardening
ductile cement composite, named Engineered Cementitious Composite (ECC) [70]. Unlike most
other FRC and HPFRCC materials, ECC meets the following technical requirements

simultaneously [60]:
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® High performance — strain-hardening behavior, high tensile strength and ductility, and self-
controlled multiple microcracking, which offer structural resilience and durability.

® |sotropic properties — no weak planes under multiaxial loading conditions, which ensure
robust performance.

® Flexible processing — can be used in conventional concrete mixing/placing equipment,
without any special processing need.

® Short fiber of lower volume fraction — directly related to the cost and weight of the material,

as well as the easy processing. ECC typically has 2% or less fiber content by volume.

The unique features of this material gained great interest in the research community, and ECC
has been intensively studied from the 1990s onwards. The extensive investigations demonstrated
various types of enhanced material durability and structural resilience of ECC (Table 2.1).
During the course of investigations, it has been discovered that the self-controlled microcracks
play an important role in the enhanced durability and resilience. In ECC materials, crack width is
typically controlled to be less than 100 um, which is tight enough to prevent accelerated
penetration of aggressive agents through the cracks. In addition, even under a high imposed
strain, damage of the composite is not localized but distributed as multiple microcracks, which
maintains structural integrity. Consequently, degradation in mechanical properties of the
composite is limited even after cracking. Through the improved resilience and durability
confirmed in laboratory studies, ECC showed a great promise for large-scale structural

applications.

Driven by the demonstrated excellent properties, ECC has already found a number of full-scale
field applications worldwide [56] (Fig. 2.8). More importantly, enhanced durability of those

buildings and infrastructure have been confirmed.
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Table 2.1: Summary of previous studies on material durability and structural resilience of ECC.

Structural resilience

Material durability Type of element Type of loading
Water tightness [71, 72] Flexural member Monotonic [73, 74]
Chloride diffusivity [75] Reversed cyclic [76-78]

Free-thaw-cycles [79, 80] Shear beam Monotonic [81-83]
Alkali-silicate reaction [84] Reversed cyclic [85]
Temperature/fire resistance [86] Wall element cyclic shear [81, 87, 88]

Corrosion resistance [89, 90] Beam-column Reversed cyclic [91, 92]
Creep deformation [93-95] connection
Drying shrinkage [96, 97] Frame Reversed cyclic [98]
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Fig. 2.8: Examples of various ECC applications: (a) structural repair of concrete dam [99], (b) surface
repair of retaining wall [99], (c) bridge-deck link slab [100], (d) bridge-deck overlay [99], (e)(f) structural
dampers for high-rise buildings [99, 100].
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2.2.2 Previous studies for ECC design

Since the invention of the first version of ECC in the 1990s, various types of ECC materials have
been developed to date. Added functionalities — besides the tensile strain-hardening behavior
with high ductility and multiple microcracking — of those ECC materials include self-compacting
[101], lightweight [102], sprayability [103], high early strength [104], and self-healing [105].
More recently, much effort has been placed in development of greener versions of ECC [106—
111]. Surprisingly, a wide variety of those ECC materials were developed within a decade or so.
Such rapid development was realized by a systematic micromechanics-based design method,
which is briefly reviewed here. More detailed discussion of the micromechanical modeling is

presented in Chapter 3.

It should be first mentioned that the high tensile ductility accompanied by distinct strain-
hardening of ECC is a result of sequential initiation and steady-state propagation of multiple
microcracks. When a crack initiates from a pre-existing flaw in ECC, the crack propagates in a
steady-state manner, maintaining a constant crack opening. In contrast, crack opening in normal
FRC increases with crack length as the crack propagates. As a consequence of the continuously
increasing crack opening at the site, fibers away from the crack tip are mostly pulled-out or
broken. The tension-softening behavior — i.e. decreasing load-carrying capacity — of FRC results
from the loss of bridging fibers in this “Griffith-type” cracking [112]. It is therefore important to

control the crack propagation type for achieving steady-state multiple cracking.

Marshall and Cox derived an energy-based criterion for steady-state crack propagation in fiber-
reinforced brittle matrix composites [113]. Building on their derivation, Li and Leung presented
two necessary conditions for achieving steady-state multiple cracking in randomly-distributed

short fiber-reinforced composites [69], which can be expressed as follows:
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oy < mjin o (2.1)

tip =

Ji<glst— jai (sHds =i 2.2)
0

Consider that a crack initiates from i-th plane of a composite, as shown in Fig. 2.9 (theoretically,
an infinite number of planes can be defined). Because of material and processing-induced
variability in the composite, different planes have different flaw-size distributions and numbers
of bridging fibers with various orientation angles. Consequently, the crack-initiation stress (og;),
fiber-bridging capacity (o), crack-tip toughness (Jiip), and fiber-bridging stress (o) versus crack

opening (o) relation (o—o relation) are different among planes.

—  Bridging stress :
I ging Max complementary energy J;‘
O'gi op f——~—_ \][lip J ; D Crack-tip toughness J[iip
2 2 2 21

F— — —— N
o-ci O-0 Jtlp ‘]b

é‘sis 5; Crack opening Griffith-type cracking
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~— <
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] 3 <ol 7Tai (8')ds' = 3" %‘%}.\& | a
] I ¢ D

.
Y
Steady-state cracking

Fig. 2.9: Two required conditions for steady-state multiple cracking. Violation of either criterion results
in oval-shaped Griffith-type crack propagation where fibers away from the crack tip are mostly pulled-out
or broken. When both conditions are satisfied, the steady-state crack propagation takes place maintaining
the constant crack opening and load-carrying capacity.
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The first condition in Eq. 2.1 requires that stress to initiate the i-th crack be lower than the
minimum fiber-bridging capacity (i.e. ultimate tensile strength) of the composite. In general, the
lowest oy is found in a plane where a crack has been already formed. The violation of this

criterion triggers composite failure from the j-th plane, forming no more cracks.

If the i-th crack can be initiated, its propagation mode is determined by the second criterion in Eq.
2.2. As the crack opening increases from zero to that in a steady-state (5's), applied energy from
external load is partly consumed as strain energy in the bridging fibers. The rest of energy —
complementary energy — is available for propagating the crack tip. The second condition requires
that the crack-tip toughness of the i-th plane be lower than the maximum available
complementary energy (J’,). The violation of this criterion results in the Griffith-type crack

propagation.

From the discussion above, it seems clear that understanding of the four variables in Eqs 2.1 and
2.2 (1.e. aci, 00, Jiip, and J'’p) are essential for achieving steady-state multiple cracking. Two of the
four variables are easy to determine; o depends predominantly on the maximum flaw size (c)
and matrix fracture toughness (Kn) of the plane; Jip can be approximated as Kn?/Em at small
fiber content where Ey, is the Young’s modulus of the matrix. These two variables and associated
parameters can be easily measured by experiment and predicted from fracture-mechanics
theories. The other two variables — oo and J’, — are more complex; they are determined from the
o—o relation which depends on more than ten parameters of matrix, fiber, and interface properties
and their interaction. Therefore, a comprehensive model to predict the o—o relation from given

parameters is needed.
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Li et al. derived a micromechanics-based constitutive model that relates the “micromechanical
parameters” and macroscopic composite behavior [67]. The fundamental idea behind the
micromechanical model is that the composite mechanical behavior is governed by pull-out
behaviors of individual bridging fibers, while the pull-out behavior of a single fiber is
determined from properties and phenomena at mm-to-um scales [66]. Mathematically, the

constitutive law of the o—o relation is expressed as follows:

Vf # (Li/2)cosg
o(6) = P(d,L.)9(¢) p.(¢) p,(2)dzd¢ (2.3)
Af & 7=0

V; is the fiber volume fraction; As is the cross-sectional area of fiber; ¢ is the inclination angle of
fiber with respect to the normal of the crack plane; L; is the fiber length; z is the distance between
the fiber centroid and the crack plane; L. is the fiber embedment length. Figure 2.10 illustrates

those parameters.

Lyl 2
Le
¢
Fiber
z
Matrix
Crack plane

Fig. 2.10: Schematic illustration of a bridging fiber.

P(0, Le) represents the load carried by a single fiber aligned normal to the crack plane (i.e. =0).
The P-o relation depends predominantly on the initial fiber embedment length (L), fiber

properties (length, diameter, Young’s modulus), and chemical and frictional bonding properties
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of fiber/matrix interface. Besides, when a fiber is inclined from the normal to the crack plane,
additional frictional force occurs at the exit point of the fiber from the matrix [114]. This effect is
taken into account by g(¢), which is analogous to the belt friction equation. P(J, L) together with
g(p) represents the pull-out behavior of a single fiber with arbitrary embedment length L. and

inclination angle ¢.

p1(p) and p2(z) are probability density functions (PDFs) of the fiber inclination angle and
location of fiber centroid, which account for the random distribution of fibers in the composite.
The double integral in Eq 2.3 calculates the total load carried by all bridging fibers in the crack
plane with various orientation angles and centroid locations. The bounds of ¢ integration might
be limited between ¢y and ¢; depending on the casting condition. The upper bound of z
integration is (L#/2)cos(p), since fibers with a larger centroid distance than that value have no

embedded part in the matrix and therefore are not counted as bridging fibers.

VilAs is equivalent to the number of fibers per unit area of the crack plane with ¢=0. Eq. 2.3 then
gives the fiber-bridging stress at a crack plane for given parameters of matrix, fiber, and interface
properties. The complete mathematical expressions for P(J, Le), 9(p), pi(p), and p2(z), are

presented in Chapter 3.

In essence, the micromechanics-based constitutive law enables systematic tailoring of design
parameters for achieving desired composite tensile properties; the simulated o—¢ relation guides
modification of parameters to satisfy the strength/energy criterion for steady-state multiple
cracking, or to achieve higher tensile strength or smaller crack width of the composite. The
micromechanical modeling has been modified and extended [115-118], providing further

efficiency in materials design of ECC.
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2.2.3 Unsolved problems

In development of ECC materials, the design process typically starts with the matrix design:
matrix ingredients, their mix proportions, and curing method are first determined to achieve a
desired function (e.g. high strength, lightweight, self-compactability, etc.). Then, an appropriate
type of fiber and its volume fraction are selected, followed by experimental characterization of
fiber/matrix interface properties. Finally, the o relation for the given matrix and fiber is
simulated, which provides guidelines for required modification on matrix, fiber, and/or interface
properties. Therefore, once the matrix with a desired property is developed, subsequent

characterization, simulation, and modification can be systematically done.

Meanwhile, matrix design for various types of ECC has been drawing on accumulated scientific
and empirical knowledge on cement materials; effects of design parameters (water-to-cement
ratio, types of cement and aggregate, curing regime, etc.) on a variety of output properties
(compressive strength, matrix toughness, workability, etc.) have been extensively studied for
OPC-based materials for over a century. Ample data and literature are thus available for guiding
the matrix design to achieve a desired property. Conversely, when the matrix is a relatively new
material with short history of development (i.e. geopolymers), the matrix development tends to

rely on exhaustive trial-and-error approaches.

Another problem is related to the requirement of multi-response optimization in ECC design. If
the matrix with a desired property could be successfully developed, it is ideal to manipulate only
fiber or interface properties in the subsequent composite design phase. In some cases, however,
the simulated o—o relation indicates unrealistic modification of design parameters: very high
fiber strength, too small fiber diameter, and large fiber content that needs special processing are

good examples. Matrix modification would be also required in those cases, but such modification
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could also affect the added function achieved in the preceding matrix design stage. Therefore,
relevant parameters need to be optimized to simultaneously achieve the high tensile ductility and

added function, which adds further difficulty in the ECC design.

2.3 Challenges for development of Engineered Geopolymer Composite
The preceding discussion on geopolymer and ECC design has implications on the difficulty in

combining the two material technologies.

First and foremost, a geopolymer matrix that meets required mechanical performances, material
durability, and rheology for good fiber dispersion needs to be developed. In this matrix
development stage, there are more design variables in geopolymer than OPC-based matrix,
including types of the solid aluminosilicate source and alkaline activator, concentration of the
alkaline solution, curing temperature and duration, as well as mix proportions of ingredients.
Effects of those design factors on matrix properties need to be determined. However, because of
the relatively short history of geopolymers, accumulated knowledge on the matrix design is
limited compared to OPC-based matrix. Advanced characterization techniques are helpful in
understanding those factor effects, but the findings might be specific to each aluminosilicate
source because of the material variability, especially in fly ash. It is time and cost intensive to

explore the vast design space by trial-and-error approaches.

Development of EGC also requires design of fiber and fiber/matrix interface properties, which
adds further degrees of freedom in the material design. As in ECC design, the micromechanical
modeling is a promising tool to guide the composite design of EGC for achieving steady-state

multiple cracking with high tensile ductility. However, due to technical and economical
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limitations on possible modification of fiber and interface properties, matrix modification might
be also required. As discussed above, such modification might diminish the matrix properties
achieved in the matrix design stage. In addition, another limitation might be put on the selection
of fiber and matrix constituents because of requirement of high material greenness. Therefore,
optimization of multiple responses in EGC design is more complicated than geopolymer and

ECC design.

The difficulty in the material design of EGC slows the overall progress in research, development,
and applications of the technology. To overcome the challenges for rapid development of EGC,
we need to develop a novel design methodology that systematically solves the multi-response

optimization problem. This is explored in the next chapter.
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CHAPTER 3: Integrated Design Method

An integrated design method for Engineered Geopolymer Composite (EGC) is proposed in this
chapter. The new methodology combines three material-design techniques: design of experiment,
micromechanical modeling, and material sustainability indices, which synergistically work to

solve the multi-response optimization problem in EGC design.

3.1 Framework of proposed design method

As has been discussed in Chapter 2, material design of EGC involves many design parameters
and multiple responses to be optimized. Specifically, both high tensile ductility and enhanced
material greenness need to be achieved, as well as fundamental engineering properties such as
strength. While some existing design methods are useful to partly aid the multi-response
optimization, a comprehensive framework to integrate those approaches has not been developed
yet. In the present chapter, a new integrated design methodology is proposed to facilitate the

research and development of EGC.

Figure 3.1 illustrates the design scheme of the proposed design method. It consists of three
design phases: matrix, composite, and environmental designs, each of which utilizes a specific
material-design technique. This section outlines each design phase and corresponding design

technique. The detailed theories and procedures are later presented in the following sections.
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Fig. 3.1: Design scheme of the proposed integrated design method. Three design techniques for matrix,
composite, and sustainability design phases are utilized, working synergistically to guide the optimization.

The design process of EGC starts with developing the matrix; this design phase is aimed at

meeting requirements in fundamental engineering properties or at achieving desired added

functions. First and foremost, the relationship between design variables (types of ingredients,

mix proportions, curing regime, etc.) and a property of interest (compressive strength,

workability, setting time, etc.) needs to be known, preferably in a quantitative manner. To

achieve this, a statistics-based design method, called Design of Experiment (DOE), is used.

Specifically, the method is that developed by Taguchi [1], which has been applied to numerous

science and engineering fields.

In Taguchi’s approach, effects of design variables (or “input factors”) on performance (or

“output”) are systematically quantified without explicitly testing every combination of input
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factors. There are two key steps there. First, out of numerous possible combinations of input
factors and factor levels, only a portion of them is selected to test, based on a fractional-factorial
design using orthogonal arrays (OAs). Second, test results from the planned experiments are
statistically analyzed by using the Analysis of Variance (ANOVA) method. This step offers
quantitative evaluation on the significance of each factor and suggests optimum factor levels.
With Taguchi’s DOE technique, experimental costs can be substantially reduced, yet robust
information about the relationship between input factors and an output is obtained. The optimum

matrix design can be determined based on the information.

Once a desired EGC matrix is developed, fiber and fiber/matrix interface properties are tailored
to impart high tensile ductility and multiple-cracking characteristic to the material.
Micromechanical modeling is a design technique adopted in this composite-design phase [2],
which has been outlined in Section 2.2.2. In this design stage, micromechanical parameters —
fracture toughness and tensile strength of matrix, bonding properties between fiber and matrix,
and so forth — are first measured for the developed matrix and selected fiber. Then, the composite
tensile behavior is simulated by an analytical model that relates the measured micromechanical
parameters and macroscopic composite properties. Based on the simulation result, required
modification of micromechanical parameters are determined for achieving desired composite

properties.

The last phase is the environmental design that evaluates material sustainability of the developed
composite. Here, Material Sustainability Indices (MSI) are employed to measure the energy
consumption and carbon footprints associated with the material production [3]. MSI values
represent a partial life cycle analysis (LCA) of the material greenness that accounts for raw-

material acquisition, processing, and manufacturing, while the use and disposal phases are
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omitted. In general, reliable life-cycle inventory data are collected from literature or database, for
all ingredients of the material. MSI values are then calculated by taking the sum of the
energy/carbon footprints of the ingredients. MSI are useful for comparing the carbon and energy
footprints of different materials on a mass or volume basis, and for quantifying the overall

environmental performance of materials, regardless of the application.

Each of the three design techniques above has been individually applied to geopolymer and
ECC development. The uniqueness of the proposed integrated design method is that those three
design stages are linked with each other and work in a synergistic manner. For example,
sustainability aspects are considered in both the matrix-design and composite-design stages by
pre-screening out energy/carbon-intensive ingredients. In addition, information from the matrix-
design stage can be utilized in the other stages; a DOE study in the matrix development may
identify some design variables as “insignificant factors” on the property of interest. Then,
without compromising the target matrix property, those design variables can be used to either
modify micromechanical parameters for the composite design or lower the energy/carbon
footprints for the environmental design. Thus, information from all three design techniques can
be fed back into each design step, systematically confining the vast design space of multi-

response optimization in EGC.

Detailed theories and procedures of the method are most easily understood through an example,

which is presented in the following sections.
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3.2 Matrix development

As a simple example, consider that a geopolymer matrix with higher compressive strength than
that of the current design needs to be developed, and that four design factors are studied: A, B, C,
and D, which may influence the compressive strength of the matrix. Preferably, design factors
are those taking on numerical values; the amount of fly ash, mixing ratio of fly ash to alkaline
activator, curing temperature, and curing duration are good examples. Then, to evaluate the
effect of each factor on the compressive strength, levels for each factor are selected, e.g. 30, 60,
and 90 °C for curing temperature. The number of factor levels is important; if two factor levels
are selected, nonlinearity in the relationship between the input factor and output performance
cannot be detected; if many factor levels are chosen, the number of experiments to be conducted
is impractical. Here, three factor levels are set for the four design variables each. The objective is
to identify factors that significantly affect the compressive strength, and to find the optimum

factor levels.

3.2.1 Orthogonal array

The most reliable but least efficient way to investigate is to test all possible combinations of
factor levels; it requires 3* = 81 experimental runs, if only one sample is tested for each
combination. As mentioned in Section 2.1.3, this full-factorial experiment is the trial-and-error
approach which has often been taken in geopolymer development. However, strength of
geopolymers is typically associated with many design variables, and the number of required
experiments exponentially increases with the number of factors. It is here that Taguchi’s

orthogonal arrays are utilized.

Orthogonal arrays (OAs) are a tool to aid the design of efficient fractional-factorial experiments.

Table 3.1 shows an orthogonal array, called an L9 array, which is used for the example here.
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Underlined tabulated values in a row represent the combination of factor levels that is tested in
the experimental run indicated in the first column. For example, in the third experiment (i.e. trial
no. 3), the level of Factor A is set at the first level, while the levels of the other factors are set at
the third one. In general, actual numerical values are assigned to each factor level (e.g. 30, 60,
and 90 °C for the three levels of the curing-temperature factor). In the case of the present
example, geopolymer specimens are prepared based on the nine different combinations of factor
levels, and tested to measure the compressive strength of each series. Thus, only nine of 81

possible combinations are selected with the aid of the OA.

Table 3.1: L9 standard orthogonal array. Underlined tabulated values represent the coded factor levels.

Column ID

Trial No.

W (W (W NN N P - | D
W IN = W IN - W IN - @
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© 00 N O Ol A W DN P

It should be noted that each column contains three tests under each level of the factor; for
example, there are three experimental runs for the first level of Factor A (i.e. trials no. 1, 2, and
3), and the same is true for the second and third levels of the factor. This is one of the
characteristics of OAs that provides “orthogonality” among the factors; here, the orthogonality

means that the effect of a factor can be evaluated independently of effects of the other factors.
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To understand orthogonality, consider that the effect of Factor A is to be assessed. For simplicity,
it is suppose that an output performance can be expressed as the superposition of each factor

effect:
Yia =& +b; +¢ +d, (3.1)

where yiju is the output performance under i-, j-, k-, and I-th levels of Factors A, B, C, and D,
respectively, and X, represents the effect of Factor X at the n-th level. Then, one way to evaluate
the factor effect is to compare the averaged output values between different factor levels.

Namely, for Factor A in the above L9 array, the following quantities are compared:

T = Yun™® Yoo Yisss _ a, + (b +b, +b) +(¢ +¢, +¢;) +(d, +d, +d)

! 3 3 (3.2)

T, = Y2123 Yoo31F Yaz10 _ a, + (b, +b, +b;) +(c +¢, +¢;) +(d, +d, +d) (3.3)
3 3

T = Yoz Yaora® Yaam _ o (b, +b, +b,)+(c, +¢, +¢;) +(d, +d, +d,) (3.4)

3 3 3 3

It should be noted that subtracting one of the above three quantities from another gives the effect
of Factor A only, by cancelling out the effects of the other factors. In other words, evaluation of
a factor effect is not bothered by the other factors. OAs are designed such that this orthogonality

holds true for every factor assigned to the columns.

It should be however mentioned that, more generally, there are two other terms to be considered
in the above discussion: interaction effects and errors. First, the effect of a factor often differs

depending on the level of another factor. Mathematically, additional terms need to be included in
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Eq. 3.1. Those terms are typically not cancelled out in evaluating factor effects, and the
interaction effect is therefore mixed with main effects of factors (called “confounding”, which is
discussed in detail in Appendix A). Thus, if interaction effects are expected to be significant, an
appropriate OA that can separate the interaction effects from main-factor effects needs to be
chosen. Second, the output performance measured in experiment always contains errors to some
extent. Aside from random experimental errors, those errors could be caused by “noise factors”,
which cannot be controlled and “unknown factors”, which are not considered in the selected OA.
In either case, it might be possible to misevaluate the significance of factors if the error effect is
relatively large. To overcome this problem, it is required that the estimated factor effect be
compared with the error effect. This is the essence of Analysis of Variance, which is discussed

below.

3.2.2 Analysis of Variance
Once the fractional-factorial experiment is well planned and conducted, the obtained test data
need to be analyzed and interpreted. Analysis of Variance (ANOVA) is the most objective

method to examine the significance of factors through the test result.

As an example, Factor A is evaluated here; the following procedure is equally applicable to the
other factors. Suppose that three samples are tested for each experimental run in the L9 array.
Table 3.2 lists an example data set of the measured compressive strength. Also, Fig. 3.2 plots the
mean compressive strength at each trial, the total mean of all the data (T), and the group mean
for each factor level (T;), which is the average of data in the same factor level. As can be seen in
the L9 array (Table 3.1), the first level of Factor A (A;) is included in the first to third trials, Az in

the fourth to sixth, and Az in the seventh to ninth ones.
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Table 3.2: Example data set of measured compressive strength.

Compressive strength (MPa)

Trial No. Samplel Sample2 Sample 3 Mean
1 43 45 44 44
2 38 39 43 40
3 32 35 41 36
4 40 36 29 35
S) 33 31 38 34
6 31 32 45 36
7 40 44 48 44
8 52 52 52 52
9 48 52 50 50
Compressive strength (MPa)
60 -
52 50
50 - 4 s s s s s = 4-_T
Y 40 a4 3
40 = - ====- 36 35 34 36 _ -
Ty ° m----g----8-_T, T
30 -
20 -
10 - A, A, A,
0 T T T T T T T T T
1 2 3 4 5 6 7 8 9
Trial No.

Fig. 3.2: Mean compressive strength at each trial, and the total and group means.

When Factor A has a statistically significant effect, some of the group means should be largely

deviated from the total mean. One way to quantify this deviation is to use the sum of squares

(SS):

53



Z” (T-T) (35)

where n; is the sample size in the i-th level of the factor, by which the squared deviation for the
group is weighted. SS of other factors can be also calculated in the same manner. This quantity

reflects the variation caused by the factor.

Similarly, the total sum of squares can be defined as the squared deviation of each data point

from the total mean:
SS; :ZZ(XU _-r)2 (3.6)
i

where Xj; is the data for j-th sample in the i-th trial. This quantity reflects the total variation in the
data set. In general, the total variation is larger than the sum of the variations caused by factors.
Thus, the variation due to errors (SSe) can be defined as the difference between the total variation

and variation due to factors:
SS, =SS, —(SSA+SSB +SS. +SSD) (3.7)

This quantity includes not only effects of random errors, but also interaction effects and

unknown-factor effects.

Then, to determine the significance of Factor A, the variation due to the factor and the variation
due to errors are compared; if the former is relatively large compared to the latter, then Factor A
is a statistically significant factor. However, the magnitude of SS depends on the number of data
points included in the calculation. Thus, direct comparison of SS might not reflect the

significance of the factor. Here, degree of freedom (DOF) is introduced to normalize SS; in the
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present example, the total DOF (vy) is calculated as the number of all data points minus one (i.e.
27 — 1 = 26). It should be noted that one DOF is consumed by the total mean (i.e. if the total
mean is fixed, values of 26 points can be independently selected, while that of the remaining one
point is not). Similarly, since three factor levels are considered in the example, the DOF for
Factor A (va) iIs 3—1 = 2. The same is true for the other factors. Finally, the DOF for errors (ve)

is calculated by subtracting the sum of DOF for factors from the total DOF (i.e. 26 — 2x4 = 18).

Now, each SS is normalized by the corresponding DOF, which gives the mean square (MS):

SS

MS, =224 (3.8)
VA
SS

MS, = > (3.9)
|4

MS is also knows as variance because the formula is similar to that for the sample variance in
statistics. Also, this is the reason why the method is called Analysis of Variance. Next, a

statistical F-test is conducted on the ratio of MSx to MSe:

MS
Fo=—"4 3.10
e (310)

e

The null hypothesis here is that two normally-distributed populations have the same variance. In
other words, it hypothesizes that the variation due to Factor A is not statistically significant
compared to the variation due to errors. Here, a confidence level of 5% is used for the hypothesis

test. Then, the required F-ratio to achieve the confidence level is:

= Fy 05218 =3-95 (3.11)

aVpLVe
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This value can be found from the F-table in most textbooks on statistics. If the calculated F-value
in the Eq 3.10 is larger than the required F-ratio in Eq. 3.11, then the null hypothesis is rejected
and it is concluded that Factor A is a significant factor. Further, the larger F-value typically

suggests the larger magnitude of the factor effect.

Table 3.3 summarizes the ANOVA result in this example. According to the F-ratios, it is
suggested that Factors A and C have significant effects on the matrix compressive strength,
while Factors B and D do not. In addition, Factor A is the most significant factor, and Factor B is

the most insignificant one.

Table 3.3: ANOVA results on the example problem.

Factors DOF Sum of square  Mean square F-ratio
A 2 860.67 430.33 25.15
B 2 8.67 4.33 0.25
C 2 164.67 82.33 4.81
D 2 32.67 16.33 0.95
Error 18 308 17.11 —
Total 26 1374.67 - -

3.2.3 Main-effect plot and optimum conditions
The ANOVA study only determines whether each factor is a significant one or not. To

understand trends of the factor effect on the output, main-effect plots are useful.

Figure 3.3 shows a main-effect plot for the present example; it plots mean compressive strength
at each level of the factors. The most influential effect of Factor A is made clear by the graph,
but more importantly, the third level gives the highest compressive strength on average. In

contrast, the effect of Factor C has a decreasing trend, and the first level gives the maximum.
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Thus, the predicted optimum design should include the third level of Factor A and the first level

of Factor C.

Mean compressive strength (MPa)

50

45

40

35

30

e

1 2 3 1 2 3 1 2 3 1 2 3

Level of Factor A Level of Factor B Level of Factor C Level of Factor D

Fig. 3.3: Main-effect plots showing mean compressive strength at each level of factors.

Meanwhile, other factor levels can be arbitrarily set, without diminishing the compressive

strength. It is here that the proposed design method links the material-development stage with the

other design stages: these insignificant factors are utilized to complement optimization in the

other design phases. For example, levels of those factors can be selected so that desired

modification on micromechanical parameters are made in the composite design phase. Or, a

higher material greenness can be achieved by choosing appropriate levels of the factors, for the

environmental design stage. The decision is made based on what is most required in the material.

It should be noted that the determination of significant factors and their trends is based on the

selected ranges of the factor levels. It might be possible that different trends are found outside

the ranges, and that different conclusions on the significance of factors are made. This is why the

selection of levels is critical, and why the subsequent confirmation experiment is essential.
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3.2.4 Confirmation experiment

The primary objective of the confirmation experiment is to verify the predicted optimum design.
The first step is to prepare samples based on the optimum design and test them for compressive
strength. Then, based on statistics, the mean compressive strength and its confidence interval
(C1) of the predicted optimum design are estimated. If the measured mean is inside the estimated

Cl, then it is concluded that the predicted optimum design is valid.

The following formula gives a statistical estimate of the mean for the present example:

fne, = A+C,-T (3.12)

where fi,, ¢, is the estimated mean at the optimum condition, X; represents the mean at i-th level
of Factor X (as plotted in the main-effects plots), and T is the total mean of all data points. The
estimated mean is calculated to be 51.44 MPa in this example. More generally, the formula takes
the sum of mean values of significant factors at the predicted optimum levels, and subtracts the

total mean multiplied by the number of significant factors minus one.

Next, to calculate the CI, the SS and DOF of insignificant factors are combined with those of
errors, which is a procedure known as “pooling”. Table 3.4 lists the pooled ANOVA result for

the present example.

Table 3.4: Pooled ANOVA results on the example problem.

Factors DOF Sum of square Mean square ~ F-ratio
A 2 860.67 430.33 27.10
C 2 164.67 82.33 5.19
Error 22 349.33 15.88 -
Total 26 1374.67 - -

Then, the corresponding Cl is given by the following equation:
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. 1 1
Cl = zuASCl * Fa;l;vevep [_ + _] (313)
77eff r

Fo,1,v, represents the F-ratio at a significance level of a with the DOF of pooled errors (ve); Vep is
the variance (equivalent to MS) of the pooled errors; 7. is the effective number of replications
expressed as (Total number of samples) / (1 + Total DOF associated with significant factors); r is
the sample size for the confirmation experiment. In the present case, a, ve, Vep, and #es are 0.05,
22, 15.88, and 5.4, respectively. If three samples are tested for the confirmation experiment, the

Cl ranges from 45.49 to 57.40 MPa in this example.

As mentioned above, it is checked if the measured mean compressive strength is inside the
estimated CI. Then, if the predicted design is indeed an optimum one, further improvement may
be explored; for example, because of the observed monotonically-decreasing trend of Factor C,
using a smaller factor level than the optimum design (i.e. outside the selected range), with other
factors set at the optimum-design levels, may result in a higher compressive strength. Conversely,
if the measured compressive strength is outside the estimated CI, more rounds of experiments
will be required; a new experimental plan needs to be prepared to detect any significant
confounded interaction or unknown factor that was not considered in the first trial. The detailed

strategies and procedures for this can be found in the literature [4].

In this section, the concept and procedures of the matrix development aided by the Taguchi’s
DOE have been presented through an example. More information on the DOE technique, such as
different OAs and their characteristics, can be found in the literature (e.g. [5]). In the next section,
the subsequent composite-design stage to impart desired tensile properties to the developed

matrix is discussed.
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3.3 Composite Design

3.3.1 Experimental characterization

The first step of the composite-design stage is to select the type of reinforcing fiber. Apart from
the economical aspect, the selection may be confined by the environmental-design aspect:
energy- or carbon-intensive fibers may be pre-screened out for achieving higher material
greenness. This is another type of integration in the proposed design method that links different

design stages.

Then, the next step is to characterize micromechanical parameters of the developed matrix,
selected fiber and their interface, which govern composite tensile properties. As has been
discussed in Section 2.2.2, there are two required conditions for the steady-state multiple

cracking characteristic:

o) < mjin of (3.14)

Jip <030y — [ &' (5")ds = 3! (3.15)
0

The variables in the left hand side of Egs 3.14 and 3.15 represent the crack-initiation stress (o)
and crack-tip toughness (Jip) for a plane of the composite. These two can be determined by

experiment, which is first discussed in this section.
(i) Crack-initiation stress

For the crack-initiation stress o, a typical measurement method is uniaxial tension testing on

composite specimens. Specifically, a dog bone test recommended by the Japan Society of Civil
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Engineers (JSCE) [6] is most commonly used. The specimen geometry and test setup are shown

in Fig. 3.4.
Front view Side view 1 Load T b
60 13 or 30 éoading Coupon
r T —P‘ r grip specimen 0
X — f LVDT
o L. ﬂ
® g
ig || ] I OO0 l 1
o\
3 9 30 = 00 |
™
R=25 | | . Fixing 30 LVDT 8_
o bol holder
< {
I | @ 2
0 L
v . (mm) l Elevation l Plan

(a) (b)

Fig. 3.4: (a) Specimen geometry and (b) test setup for JSCE dog bone testing [6].

In this testing, the load should be applied under displacement control, using a chucking
mechanism with a fixed support on one end and a pin (hinge) support on the other end. The
loading rate is approximately 0.5 mm/min. For strain measurement, two linear variable
differential transformers (LVDTS) are typically attached on the specimen to measure extensions
within gauge length. Tensile strain is computed from the average of the extensions divided by the
gauge length. Then, for the obtained stress-strain curve, the first-cracking strength (equivalent to
oci) 1s determined by a data point above which linear-elasticity assumption does not hold.
Because of material and processing-induced variability, testing more than four specimens is

recommended to obtain the average first-cracking strength.
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(if) Crack-tip toughness

An approximation can be used for the crack-tip toughness Jip; at small fiber content, Ji, can be
approximated as Kn?/En, Where K, and E,, are the fracture toughness and Young’s modulus of the

matrix. Both of the properties can be experimentally determined.

In the case of En, the composite Young’s modulus (Ec), which can be obtained in the above dog
bone test, may be used instead; there is no significant difference between the two quantities when
the fiber volume is low. Or, it might be possible to directly measure En, by using mortar dog bone
specimens in the uniaxial tension test. In this case, the composite crack-initiation stress (o)
could be approximated as the cracking strength of the mortar. This method has been adopted in

the development of an optimized EGC, which is detailed in Chapter 4.

To measure K, a three-point bending test specified by ASTM E399 [7] can be used. Figure 3.5
shows an example of the specimen geometry. A single-edge notch is made on the beam specimen
with the notch depth-to-height ratio of about 0.4. The loading rate of 0.5 mm/min can be used,
and only the peak load needs to be recorded during the test. Then, the following formula is used

to calculate K,:

PS a
K =———.f| — 3.16
™ BW? (Wj ( )
where
a a a aY
1'99_(Wj(l_Wj{2'15_3'93W+2'7(Wj }
f(VE\IIJ:3 a. (3.17)

W 15
2(1+ 2aj(1— aj
Wl w
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P is the peak load; S is the span of the beam; B is the specimen thickness; W is the specimen

height; a is the notch depth.

P
Notch W=76 mm
|I T a=30mm
Q | O 1
I‘ ‘ B=38mm
25 mm %:127 mm §=127 mm 25mm
Front view Side view

Fig. 3.5: Specimen geometry for matrix fracture-toughness test.

Next, fiber-bridging capacity (oo) and complementary energy (J ) in the right-hand sides of Eqgs
3.14 and 3.15 are considered. As mentioned in Section 2.2.2, the o—¢ relation needs to be known
for determining these two quantities. The micromechanical modeling offers an analytical scale-
linking model that predicts the o—o0 relation (i.e. macroscopic composite property) from
micromechanical parameters. For the —0 simulation, some of the micromechanical parameters

need to be characterized by experiment.

(iii) Chemical bond, frictional bond, and slip-hardening coefficient

Fiber/matrix interface properties are major micromechanical parameters that need to be
experimentally determined. A single-fiber pullout test is most commonly used to measure them.
Figure 3.6 shows the specimen geometry and test setup. The specimen consists of a single fiber
embedded in a small geopolymer-mortar prism, with a fiber inclination angle of ¢. The fiber

embedment length (L) is identical to the specimen thickness (d) when ¢ equals zero. Details on
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the specimen preparation can be found in [8]. In the test setup, the bottom surface of the
specimen is first glued to a specimen mount equipped with a load cell. The free end of the fiber
is then firmly attached to an aluminum plate, which is gripped by the load frame, by using
masking tape and super glue. This method prevents the slippage between the fiber and aluminum
plate. After the glue sufficiently dries, the specimen position is carefully adjusted to align the
fiber with the loading direction, by using the X-Y stage. The loading is applied under

displacement control at the rate of 0.5 mm/min.

Fiber .
Top grip

R4
R4
R4

Masking tape + | —~
7 super glue Al plate

/ . <
L, . 9 ‘ Specimen mount ‘
,'. ‘ Load cell
5 d
‘ o . X-Y stage
R4 o Matrix
: 4
Bottom grip

(a) (b)
Fig. 3.6: (a) Specimen geometry and (b) test setup for single-fiber pullout test.

In general, there are three distinct stages in the fiber-pullout load versus pullout displacement
curve (P-u curve) [9]. The first stage is associated with the elastic stretch of the free end of the
fiber. This stage is negligible if the fiber free length (the distance between the aluminum plate
and the specimen) is sufficiently small. The second stage is called “debonding stage”; if the fiber
is chemically bonded to the surrounding matrix, it must first debond the interface before being

pulled out. This chemical bond is significant in hydrophilic fibers such as poly-vinyl alcohol
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(PVA) fiber. Then, after complete debonding, the pullout process is controlled by frictional bond
only, which is called “pullout stage”. Typically, the pullout load suddenly drops at the onset of
the pullout stage. The load drop is an evidence of the significant chemical bond, and its
magnitude reflects the bond strength. In addition, depending on the fiber type, a slip-hardening
effect could be observed in the pullout stage: the frictional bond effectively increases with the
pullout displacement, mainly due to jamming effect resulted from fiber-surface abrasion [10].

The general profile of the P-u curve is illustrated in Fig. 3.7.

Pullout load: P

N

I:)debond (U) E I:)pullout (U)
! i ; u !
ﬁ H ﬁ
— P | — P
<~ I Q
' Le ! U —Uo

Slip-hardening: >0

—> U'=u—"Uo

v

Uo L+ Uo
Pullout displacement: u

Fig. 3.7: Typical singe-fiber pullout curve with slip-hardening.

From the obtained P-u curve for a single aligned fiber (i.e. ¢ = 0), the chemical bond (G4) and

frictional bond (7o) can be determined as follows:
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2 2
Gd = 7Z'2E—fdf3 {Pdebond(uo) - Ppullout(uo)} (318)
P u
= pullout( 0) (319)
ﬂdf Le

Es and df are the Young’s modulus and diameter of the fiber; Pgebond(Uo) and Ppunout(Uo) are the
pullout loads in the debonding and pullout stages, for the threshold pullout displacement (uo) at
which the full-debonding is completed and the load drop takes place. In addition, the least-square
estimation (LSE) can be used for determining the slip-hardening coefficient ; define u” = u — uy
where u > ug (i.e. the post-peak pullout displacement) and Pe(u;i’) as the measured pullout load
at the i-th data of the post-peak pullout displacement. Then, the least square estimation of £ is
obtained by:

S YA )

ﬁ": i 7Z'T0 i

Sl -u)f

(3.20)

Detailed derivations for Gg, 7o, and f can be found in Appendix B.

(iv) Snubbing coefficient and fiber-strength reduction factor

It should be noted that the formulae above are those for aligned fibers. When the inclination
angle ¢ is nonzero, two more parameters need to be considered: snubbing coefficient (f) and

fiber-strength reduction factor (f°).

Morton and Glove [11] and Li et al. [12] studied the fiber-inclination effect on the pullout load.
They suggested an empirical equation to express the increased fiber-bridging force P due to

inclination angle ¢:
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P(u,¢) = P(u,¢=0)g(¢) = P(u,0)e"” (3.21)

where P(u,0) is either Pgenond(U) OF Ppunout(U), depending on the pullout displacement u. To
experimentally determine f, the peak pullout load in the single-fiber pullout test is typically

compared between aligned and inclined fibers:

f = L) o) (3.22)
¢ Ppeak(o)

In addition to the increased pullout load, Kanda and Li found the decreased in-situ strength for
both aligned and inclined fibers [13]. First, when an aligned fiber is embedded in a mortar matrix,
its strength is typically less than the nominal strength reported by the manufacturer. It is
suggested that the reduction is attributed to fiber-surface abrasion that occurs in the debonded
zone of the fiber. Further, another significant reduction is observed for inclined fibers. Based on
experimental results for PVA fiber, Kanda and Li suggested an exponential function to express

the strength-reduction effect of inclined fibers:
o (¢)=0,(0)e " (3.23)

where ¢ /(0) and o {¢) are the in-situ strength of aligned and inclined fibers. Then, the strength-

reduction factor f’ is determined by:

frotp) o @ (3.24)
¢ |o:(0)

It is suggested that both f and f’ depend mainly on the fiber type. The snubbing coefficient f

ranges from 0.2 to 0.8 [14], and the strength-reduction factor f’ is about 0.3, for PVA fiber [9].
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3.3.2 Analytical model
After characterizing micromechanical parameters, the composite tensile behavior is predicted by
using the analytical scale-linking model. Here, the fiber-bridging constitutive law presented by

Yang et al. [15] is used, with a slight modification to the model.
As presented in Section 2.2.2, the constitutive law is expressed as:

# (Li/2)cos¢

Vv

o@)=-"[  [P©.L)9(@)p.(#)p,(2)dzdg (3.25)
f ¢ z=0

There are four functions in the double integral: P(d, Le), g(¢), p1(p), and p2(z). The third function

g(p) is identical to that in Eq. 3.21. The other three functions are presented below. In addition,

two additional mechanisms that modify the oo relation — matrix micro-spalling and Cook-

Gordon effect — are introduced.
(i) P, Le)

P(o, Le) represents the bridging force of a single aligned fiber for a crack opening 6. The
embedment length L. may be that for the short-embedment side, and the other side has the
embedment length of L; — L.. It should be noted that pullout displacements for both ends of the

embedded fiber contribute to the crack opening:
O =U_+Ug (3.26)

where u_ and us are the pullout displacements for the long- and short-embedment sides. The
solution of P(d, Le) can be obtained from Eq. 3.26 and the equilibrium of pullout loads for the
long- and short-embedment segments, which are given by either Pgepona(U) OF Ppuiout(U). Here,

Pdebond(U) Or Ppuiiout(U) can be modeled by the following equations [9]:
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2E d 31+
Piebona(U) = \/ﬂfff(n) {Tou +Gy }' O<u<u, (3.27)
(S ﬂdf‘l'o{l-i- M}(Le —U+Uy), Uy <u<L, +u, (3.28)
f

n is expressed as ViEs / ViEn Where V; and Vi, are the volume fractions of fiber and matrix, and

Enm is the matrix Young’s modulus. Also, the threshold displacement uy can be expressed as

L2y [Be,L00)

3.29
’ E.d; E.d; (329

For the single-fiber pullout, V¢ is so small that # is assumed to be negligible.

In determining the pullout load for each side, there are two scenarios, which are illustrated in Fig.
3.8. In either scenario, both sides of the fiber first undergo the debonding stage. This is the case
when 6 < 2ups, Where ugs is the threshold displacement for the short-embedment side. Also,
pullout displacements for the two sides are identical in this case (i.e. u. = us = 6/2). Thus, P(,

Le) is expressed as

P(S,L) =P, . (gj 5 <2, (3.30)

Subsequently, in the first scenario, the short-embedment side enters the pullout stage, while the
other side remains in the debonding stage. Mathematically, it is expressed as 6 = u_ + us such
that us > Ugs and up < ug. Where ug_ is the threshold displacement for the long-embedment side.

For this pullout-debonding case, P(J, L) is given by

P(é" Le) = I:)pullout(us ; Le): I:)debond(uL; Lf - Le )' uS > uOS and uL < |"IOL (331)
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While the second scenario also has the pullout-debonding phase, the pullout load of the short-
embedment side can exceed the peak debonding load of the long-embedment side, Pgenond(UoL)-

Thus, for d = u_ + us such that us > ups and u, > ug, both sides can undergo the pullout stage:

P(51 Le) = Ppullout(us; Le): Ppullout(uL; Lf - Le)’ uS > uOS and uL > uOL (332)

This two-way fiber pullout occurs for fibers with a large slip-hardening coefficient g such as

PVA fiber.
P Short-embedment side P Long-embedment side
A
Pdebond (UOS)
(a) i'
L S uS H “‘, S uL
Uos Le + Uos UoL (Lf_Le)+u0L
P P
maX[Ppullout (US)] A
Pdebond (UOL)
(b)
L > US H “‘ uL
Uos L.+ Uos UoL (Lf—Le)+u0L

Fig. 3.8: (a) One-way pullout case; only the short-embedment side enters the pullout stage, while the
other side remains in the debonding stage. (b) Two-way pullout case; the long-embedment side also
undergo the pullout stage for d = u, + us such that us > ugs and up > .
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Here, a slight refinement to the above model is introduced, regarding the pullout-debonding case
(i.e. Eq. 3.31). As detailed in Appendix B, Pgenong(U) is derived by assuming the tunnel-crack
propagation along the fiber/matrix interface, which initiates from the fiber free end. Based on
this assumption, the long-embedment segment should have some debonded zone at the onset of
the pullout-debonding phase. Then, unless further tunnel-crack propagation in the long-
embedment side occurs in this phase, the P-u relationship should be modified for taking into
account the debonded zone. However, the existing model assumes no hysteresis for the P-u

relationship of the debonding side.

In this study, the following hysteresis curve is used for the debonding load in the pullout-

debonding phase:

aE.d? d, 1+
4f,fuL+m°+n)a', O<u, <ul (3.33)
a

h
Pdebond(u L ) =

a’ is the length of the debonded zone and can be obtained by solving the following quadratic

equation:

ﬂ-TOdf (1+77) ar2 _ Pdebond(u'L) ar + ﬂd?“L

=0 (3.39)
2E, E, 4

where u’, is the maximum pullout displacement of the debonding side in the preceding loading
history. It should be noted that, during further tunnel-crack propagation (i.e. u. > u’), the

debonding load is given by Eq. 3.27, as in the original model.

Figure 3.9 shows the proposed hysteresis in the P-u relationship. Parameters used for the plot are
those for a standard ECC (M45) [15], and a’ has been supposed to be the same as the short-

embedment length Ls, which is 4 mm here. As can be seen, the difference between Pgepong and
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P"sebond beCOmMes more significant as the pullout displacement gets smaller. Nevertheless, the
effect of this modification on the composite tensile property (i.e. o—o relation) is negligible; this
might be attributed to the fact that the pullout-debonding phase is not predominant in M45.
Conversely, the effect of the modification could be significant for composites with higher
chemical bond. Detailed discussion on this is presented in Appendix C, as well as the derivation

of this modification.

Pullout load P (N)
1 .

0.8 4
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h
04 -+
Pdebond
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0 20 40 60 80 100

Pullout displacement u (um)

Fig. 3.9: Proposed hysteresis of the debonding curve for a standard ECC (M45).

(i) pa(p) and p2(2)

As mentioned in Section 2.2.2, p1(p) and p,(z) are probability density functions (PDFs) of fiber
inclination angle and fiber-centroid location, respectively. These two PDFs account for the
random distribution of discontinuous fibers in the composite. When fibers are randomly oriented

with uniform distribution, p1(¢) and p2(z) are expressed as

% for 3D distribution
0.(4) = cos(g,) —cos(,) 0

1 for 2D distribution
¢1_¢0

(3.35)
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0= 2 OSZSLZf (3.36)
f

It should be noted that, depending on the specimen geometry and processing method, the fiber
inclination angle ¢ might be limited to the range of ¢o to ¢, as indicated in the bounds of the

double integral in Eq. 3.25. Derivations of these formulae can be found in [16].
(iif) Matrix micro-spalling

When an inclined fiber is pulled out from the mortar matrix, stress concentration can occur at the
bearing point, leading to local failure of the matrix. This phenomenon is often observed in brittle
matrices with low tensile strength. As a result of this matrix micro-spalling, the fiber inclination
angle gets smaller, while the crack opening becomes larger, as illustrated in Fig. 3.10. Then, the

modified inclination angle (¢ ) and corresponding effective crack opening (derf) can be expressed

as [17]
¢ = sinl(ﬂj (3.37)
5

Sy =0 —25 (3.38)
where

' =/4s% +4s5cos p+ 52 (3.39)
and

Psin((/ﬁ)
= \2) _ (3.40)

kd,o, cosz(ﬂ
2
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Here, s is the size of the spalled matrix piece, P is the pullout load of the fiber, k is the spalling
coefficient, and o, is the matrix tensile strength. Derivations of these semi-empirical equations
can be found in [17]. To experimentally determine k, the actual spalling size (s) may be
measured in the single-fiber pullout test, from which k can be calculated based on Eq. 3.40. In
the o—o simulation, Jer and ¢’ replace the original 6 and ¢, and the fiber pullout load is updated

based on the modification.

3

Fig. 3.10: Schematic illustration of matrix micro-spalling [17].

(iv) Cook-Gordon effect

When a steady-state matrix crack propagates toward an embedded fiber, debonding of premature
fiber/matrix interface can occur even before the crack tip reaches the interface [18] (Fig. 3.11).
Stretching of the debonded segment () causes additional crack opening d¢, which may be

estimated as

4aP
O, = 341
cg ﬂdef ( )
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Here, a is typically expected to be multiples of the fiber diameter dr. Details can be found in a
study by Li et al. [19]. Based on experimental results, they suggested that Eq. 3.41 is applicable
to all fibers regardless of the inclination angle ¢. Thus, the total crack opening dital = 6 + g
simply replaces the 6 (may have been updated by the matrix micro-spalling consideration) in the

o—o simulation.

E— <

t%

\/
i w= 38+ g
f

Fig. 3.11: Schematic illustration of Cook-Gordon effect [19]. (a) Matrix crack approaching an embedded
fiber triggers debonding of the premature fiber/matrix interface, (b) which results in additional crack

opening dcg.

(a)

(b)

3.3.3 Analytical simulation

Based on the analytical model detailed above, the o—¢ relation can be simulated by using
micromechanical parameters as the inputs. Due to the complexity of the model, numerical
analysis is typically used to compute the o—J curve. Figure 3.12 shows a flow chart of the

computation, which was originally proposed by Yang et al. [15].
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— Loop for 6

— Loop for ¢

— Loop for L,

Input v’ Check fiber status
v’ Calculate P(5, L,)g(¢p) (Egs. 3.21, 3.26-3.34).
v Mi ; s Ce , Output
Mlcromfchanlcal || | | ¥ Update 6 and ¢ (Egs. 3.37-3.40), and 5
v Earame fegs modify P(6, L )g(®): Matrix micro-spalling o(6)
angeo v’ Update fiber status

v' Compute o (Egs. 3.35, 3.36).
v Update 6 (Eq. 3.41): Cook-Gordon effect

Fig. 3.12: Flow chart of numerical simulation of 6—0 curve.

The computation starts with inputting micromechanical parameters and the range of crack
opening (9), for which the composite fiber-bridging stress (o) is computed. The maximum 6 may

be half of the fiber length (Ly).

The next step is to calculate o for a given ¢ in loop calculation. The loop computes and averages
pullout loads of individual fibers, varying the fiber embedment length (L¢) and fiber inclination
angle (p). Thus, there are two loops inside the loop for J: one for L. and the other for ¢. For
efficient computation, each step in the loop starts with checking the fiber status; if a single fiber
with given L and ¢ has been already pulled out or broken in the preceding step, its pullout force
is not calculated in the following steps. Otherwise, P(d, Le)g(p) is computed based on Egs. 3.21
and 3.26-3.34, and corresponding fiber status is determined: the computed pullout displacement
(us) is compared with L. to check the fiber pullout, and P(d, Le)g(@) with the in-situ fiber strength
(Eq. 3.23) to check the fiber rupture. Here, if the matrix micro-spalling is taken into account,
then ¢ and ¢ are updated based on Eqgs. 3.37-3.40, and P(d, L¢) and the fiber status are modified

accordingly.
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After completing the loops for L. and ¢, the composite bridging stress o is computed by
averaging the computed pullout loads of effective bridging fibers, based on Egs. 3.35 and 3.36.
Also, if the Cook-Gordon effect is included, Eqg. 3.41 is used to modify 6. Then, the final o—o
curve is obtained by completing the loop for 6. As an example, Fig. 3.13 shows the simulated o—

o curve of M45.

Bridging stress o [MPa]
8 -

o, = 6.27 MPa

0 T T 1
0 200 400 600

Crack opening 6 (um)

Fig. 3.13: Simulated &4 curve of ECC M45 (input data from [15]). Three-dimensional uniform fiber
distribution was assumed, and both matrix micro-spalling and Cook-Gordon effect were included.

The o—0 simulation provides lots of insights on the composite design; along with the
experimentally determined o and Jip, the strength- and energy-based criteria (Egs. 3.14 and
3.15) can be checked for the developed matrix and selected fiber. Here, the ratios of op/o¢i and
Jo/Jiip — pseudo strain-hardening (PSH) index for strength and energy, respectively — are
calculated to check if both are greater than unity. For achieving robust tensile strain-hardening of

the composite, Kanda and Li suggested to use oo/ > 1.3 and Jp /Jiip > 2.7, due to the material

variability caused by the random matrix flaw size and fiber dispersion [20]. If either criterion is
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violated, then the analytical simulation guides the required modification on micromechanical
parameters by manipulating the inputs in the computation. In addition, optimization of the
subsequent environmental design can be complemented; for example, the simulation can find the
minimum fiber volume fraction to satisfy the criteria, which is beneficial for the enhanced

environmental performance.

3.3.4 Confirmation experiment

To verify the optimum composite design predicted by the oo simulation, confirmation
experiment is conducted. The simplest way is to conduct the JSCE dog bone testing (detailed in
Section 3.3.1) on composite specimens; the test checks if the desired composite tensile properties
— strain-hardening behavior, high tensile ductility, and multiple tight cracking — have been
achieved. Another way is to conduct the single-crack test proposed by Fischer and co-workers
[21-23] (Fig. 3.14). In this test, a notched uniaxial-tension specimen is loaded to deliberately
create a single crack in the notched section. The obtained stress-strain curve is a direct
measurement of the oo relation. This method is useful to validate the o—0 simulation and

identify required modification on the analysis or input data.

ol

| (e ]

Jo, 30 1o o

—

(a)

Fig. 3.14: Singe-crack test: (a) specimen geometry, (b) test setup, and (c) fracture plane after testing [23].
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In this section, experimental and analytical methods used in the composite-design stage have
been detailed. With the aid of the micromechanics-based design technique, strain-hardening
ductile EGC can be systematically developed. Then, in the subsequent environmental design

stage, the material sustainability of the developed composite is evaluated.

3.4 Environmental assessment

The final stage of the proposed integrated design is the assessment of the material greenness. In
this study, Material Sustainability Indices (MSI) are used to quantify environmental impacts
associated with production of the developed composite. Here, as an example, the material
greenness of a preliminary version of EGC developed in a previous study is evaluated, with
respect to the energy and carbon intensity. The calculation of MSI values for ECC has been

detailed in [24].

The environmental impact categories to investigate are first specified. Here, embodied-energy
consumption and global warming intensity (GWI1) are used. The embodied energy includes both
the process energy, which is electricity and fuel directly used in material production, and the
feedstock energy, which represents organic resource inputs that comprise the material, rather than
being used as a fuel. The feedstock energy is significant especially in plastics (i.e. organic
polymers) in which petroleum-based inputs are the primary constituent. For geopolymer
materials, GWI (i.e. carbon dioxide (COy)-equivalent emission) is often used to show the
advantage of the materials compared to cement-based counterparts. Other impact categories —
acidification potential (AP), eutrophication potential (EP), water consumption, solid waste

generated, and so forth — may be crucial, depending on the application of the material.
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Next, life-cycle inventory (LCI) data are collected for all ingredients of the developed composite.
The LCI data account for all inputs (energy and natural resources) and outputs (solid waste and
air pollutants generated) associated with raw-material acquisition, processing and manufacturing
of each ingredient. While there are a number of data sources available for various materials,
reliable data must be selected; specifically, reasonable and consistent system boundaries (the
range of processes and phases included in the calculation) are important. Among various
databases, ecoinvent, originally developed by the Swiss Centre for Life Cycle Inventories, is one
of the most-cited [25]. The database covers many areas, including energy supply, agriculture,
transport, biomaterials, chemicals, construction materials, and waste treatment, with 12,800 LCI
datasets. The data are typically calculated for the average conditions of European industries.
Meanwhile, for the US industries, US National Renewable Energy Laboratory (NREL) offers a
comprehensive database for various materials and processes [26]. Also, the Portland Cement
Association (PCA) provides extensive LCI data for concrete ingredients, including portland
cement, aggregate, supplementary cementitious materials (e.g. fly ash, slag, and silica fume) and

admixtures [27].

For the GWI evaluation, the LCI emission data of various greenhouse gasses need to be
converted into a single category indicator (i.e. CO,-equivalent emission). For this purpose, the
characterization model and corresponding characterization factor are specified. In this example,
the ICPP 2013 model and the 100-year Global Warming Potential (GWP) values are used [28].
The weighting values of the characterization factor are shown in Table 3.5. Then, based on the
LCI data and weighting factors, the total GWI value is determined for each ingredient. Table 3.6

lists an example dataset for ingredients of EGC.
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Table 3.5: 100-year GWP values of greenhouse gasses [28].

Greenhouse gas 100-year GWP"
(kg COz-eq/kg)
Carbon dioxide (CO;) 1
Methane (CHy) 28
Hydrofluorocarbon (HFC-134a) 1300
Chlorofluorocarbon (CFC-11) 4660
Nitrous oxide (N,O) 265
Carbon tetrafluoride (CF4) 6630

" Climate-carbon feedbacks are not included. Details can be found in [28].

Table 3.6: Life-cycle inventory data of EGC ingredients.

Ingredients [data source] Embodied energy GWI
(MJ/kg) (kg CO,-eq/kg)
Fly ash [27] 0.11 0.0074
Fine silica sand [29] 0.17 0.025
Sodium silicate
(3.3WR, 37% solids) [30] 4.6 0.43
Sodium hydroxide pellets [31] 18 0.86
Water ~ 0 0
PVA fiber [32] 101 3.4

“ Assumed negligible.

From the converted inventory data and mix proportions of ingredients, the energy- and carbon-
MSI values of the preliminary EGC can be calculated. Here, the embodied energy and GWI
associated with a unit volume of the EGC are computed. Table 3.7 presents the mix design and
computed embodied energy and GWI. Following the procedures presented above, MSI of the
optimized EGC can be also calculated. Then, by comparing their MSI values, the degree of
improvement in material greenness can be quantified. In addition, if further improvement is
required, the matrix- and composite-design stages can be revisited to do the iterative design

process.
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Table 3.7: Mix design and computed energy- and carbon-MSI of preliminary EGC.

Ingredient Mix design Embodied energy GWI
(kg/m®) (GJ/m?) (kg CO,-eq/m’)

Fly ash 1131 0.12 8.4

Fine silica sand 340 0.06 8.5
Sodium silicate 289 1.34 125.2

Sodium hydroxide 63.5 1.15 54.6

Water 179 0 0
PVA fiber 26 2.63 88.4
Total 5.29 285
3.5 Summary

This chapter has documented the detailed procedures of the proposed integrated design method
for EGC. There are three stages in the EGC design: matrix development, composite design, and

environmental assessment.

The EGC design starts with the matrix-design stage. Here, Taguchi’s Design of Experiment
(DOE) technique is used to develop an optimum EGC matrix that meets required engineering
properties or has desired added functions. Specifically, orthogonal arrays (OA) aid the design of
efficient fractional-factorial experiments, and the Analysis of Variance (ANOVA) statistically
analyze the obtained experimental results to determine significance of design variables. Based on
the ANOVA result and complementary main-effect plots, an optimum EGC-matrix design can be
identified by choosing appropriate levels of the significant factors. Besides, factors that have
been determined to be insignificant can be used to complement optimization in other design

stages.

In the subsequent composite-design stage, the micromechanical modeling is used to

systematically tailor the fiber and fiber/matrix interface properties. First, micromechanical
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parameters for the developed matrix, selected fiber and their interface are measured by various
experimental techniques. Then, the analytical model simulates the composite o—o relation by
using the measured micromechanical parameters as the inputs. The simulation result guides
required modification on the parameters to satisfy the two criteria for achieving the steady-state
multiple cracking characteristic. Also, by determining the minimum fiber volume content to
satisfy the criteria, the o—¢ simulation can complement optimization in the environmental design

stage.

For the optimized EGC, the overall material greenness is evaluated in the environmental design
stage. Here, Material Sustainability Indices (MSI) are used to quantify environmental impacts of
the material production. Particularly, embodied-energy consumption and global warming
potential are focused for EGC materials, but other impact categories may be of concern,
depending on the application. By comparing the MSI values of the optimized EGC with those of
other counterparts (preliminary EGC, normal concrete, ECC, etc.), the degree of improvement in
material greenness can be quantified. If further improvement is required, another round of
experiment/analysis can be conducted in the matrix- and composite-design stages to do the

iterative design process.

With the aid of the proposed integrated design method, EGC materials can be systematically
designed. Thus, this comprehensive design method can facilitate the research and development in
both the academic and industrial communities. To demonstrate the applicability and

effectiveness of the design method, an optimized EGC is developed in the following chapter.
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CHAPTER 4: Application of Integrated Design Method

This chapter reports analytical and experimental investigations to demonstrate the applicability
and effectiveness of the proposed integrated design method. Optimized EGC with enhanced

compressive strength, high tensile ductility, and lower energy and carbon footprints is developed.

4.1 Preliminary study

Before the development of the integrated design method, a preliminary study was conducted to
confirm the feasibility of ductile fiber-reinforced geopolymer composites. The matrix design was
determined from the literature of fly ash-based geopolymers (FAGP) and several trial mixings,
such that good workability and setting time of the fresh paste were achieved. Polyvinyl alcohol
(PVA) fiber at a volume fraction of 2% was used, which is the most common reinforcement in
current ECC materials. To measure mechanical properties of the composite, uniaxial
compressive and tensile tests were conducted. In addition, crack patterns were measured and
visualized by using the Digital Image Correlation (DIC) technique [1]. Detailed information on

the materials and methods can be found in [2].

Table 4.1 lists the compressive and tensile strengths, and tensile ductility of the composite. The
tensile stress-strain curves of four specimens in the same series are shown in Fig. 4.1. As can be
seen, the distinct strain-hardening behavior was observed in all specimens. The achieved tensile

ductility of 4.3% on average is as high as ECC materials, and several hundred times that of
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normal concrete. In addition, saturated multiple microcracks were confirmed by the DIC
analysis; the computed average crack width was less than 50 um, even at a high imposed tensile
strain of over 4%. The summary of crack patterns is presented in Table 4.2, and visualized strain

maps of a uniaxial-tension specimen are shown in Fig. 4.2.

Table 4.1: Mechanical properties of preliminary EGC.

Compressive strength Tensile strength Tensile ductility
(MPa) (MPa) (%)
27.6 1.7 34+0.5 43+0.3

Tensile stress (MPa)
5 —

Tensile strain (%)

Fig. 4.1: Stress-strain curves of preliminary EGC specimens under uniaxial tension.

Table 4.2: Number of cracks and crack width of preliminary EGC at various strain levels.

Strain level Number of Maximum crack  Average crack
(%) cracks width (um) width (um)
1.0 12 79 47 £ 17
2.0 27 83 43+ 17
3.0 36 92 47+ 19
4.0 43 100 45 +£22
4.5 45 117 45 +23
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(a) =1.0%
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Fig. 4.2: Strain maps obtained from the DIC analysis. Multiple-crack formation at progressively increased
imposed strain was visualized.
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While the desired tensile properties could be achieved in the preliminary version of EGC, its
compressive strength was relatively low compared to ECC. The lower strength might limit the
range of possible applications of the material, especially in large-scale structural applications.

Moreover, the material was not optimized with respect to the material greenness.

In the following sections, the proposed integrated design method is applied to the preliminary
version of EGC so as to simultaneously achieve three objectives: to (i) improve the compressive
strength, (ii) maintain the high tensile ductility and tight-cracking characteristics, and (iii) lower

the energy and carbon footprints of the EGC.

4.2 Matrix development

A DOE study was first conducted to develop an optimized EGC matrix with higher compressive
strength. Types of ingredients, mixing and casting methods, and curing conditions of the
preliminary EGC are used as a basis. In this study, the mix proportion of ingredients is mainly

optimized.

4.2.1 Materials and testing methods

Table 4.3 presents the mix proportion of the preliminary EGC matrix. Two types of fly ash were
blended in the mixture: one from the W.H. Sammis power plant in Stratton, Ohio (labeled “Fly
ash A”), and the other from a power plant in Monroe, Michigan (labeled “Fly ash B”). Both of
them are classified as class F fly ash as designated by ASTM C 618 [3]. Table 4.4 lists their
chemical compositions and physical properties reported by the manufacturer. F-75 Ottawa silica
sand (US Silica) was used as aggregate. As in ECC, coarse aggregate was not used since it tends

to increase the matrix fracture toughness, which is a disadvantage in achieving steady-state
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multiple cracking (See Section 3.3.1). The alkaline activator was prepared by dissolving
laboratory-grade sodium hydroxide (NaOH) pellets (Fischer Chemical) in mixture of sodium
silicate solution (PQ Corporation, Type N — Na,SiO3 with 8.9 wt% Na,O, 28.7 wt% SiO,, and
62.5 wt% H,0) and tap water (labeled “Pre-mix water” in Table 4.3). The solution preparation
was done at least 24 hours before its use as the activator so that chemical equilibrium is attained,
as suggested by Davidovits [4]. Additional water (labeled “Mix water””) was used when mixed
with solid materials (i.e. fly ash and silica sand) so that the rheology of the fresh mortar becomes

similar to that of a standard ECC.

Table 4.3: Mix proportion of preliminary EGC matrix (by mass).

FlyashA  Flyash B Sand Na,Si0O; NaOH Pre-mix Mix
(Sammis)  (Monroe) (pellet) water water
0.8 0.2 0.3 0.256 0.056 0.039 0.12

Table 4.4: Chemical compositions (mass %) and physical properties of fly ash.

Fly ash A (Sammis) Fly ash B (Monroe)

SiO, 46.09 42.20
ALO; 23.15 22.51
Fe,03 19.48 9.20

CaO 5.08 15.66

SO3 0.77 1.85
MgO 1.12 3.20
Na,O 0.58 0.98

K,0 1.73 1.53

Moisture 0.16 0.12

Loss on ignition 1.99 1.34

density (g/cm’) 2.58 2.53

Fineness (% retained on 45 pm sieve) 22.24 16.58

Fly ash and silica sand were first dry-mixed for 2 minutes. The activator solution and mix water
were then added to the mixture. After the fresh mortar reached the desired rheological state, the

mixture was cast into molds on a vibration table, and cured at room temperature (23 + 3 °C) for
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24 hours. Subsequently, the hardened specimens were cured in an oven at 60 "C for another 24

hours, followed by air curing at room temperature until testing.

To measure the compressive strength, three 2-inch (51-mm) cube specimens were prepared for
each mix proportion and subjected to uniaxial compression with the loading rate of 50 + 10 psi/s

(0.34 £ 0.07 MPa/s). The test was conducted at the specimen age of 28 days.

4.2.2 Design of Experiment

In this study, six ratios of the ingredients by mass were investigated as the design variables:
(1) FAE) / FA —ratio of fly ash B to the total amount of fly ash (i.e. fly ash A plus B)
(2) S/FA —ratio of silica sand to FA

(3) Alk/ FA — alkaline activator-to-FA ratio where Alk is the total amount of Na,SiO3 solution,

NaOH pellets, and pre-mix water

(4) NaySiO3z / NaOHspy — ratio of Na;SO3 to NaOH solution where NaOHso)) is the total amount

of NaOH pellets and pre-mix water

(5) Pre-W / NaOHoy — reflecting the concentration of NaOH solution where Pre-W is the

amount of pre-mx water, and
(6) Mix-W / FA — ratio of mix water to FA, which affects the rheology of the mixture.

In the preliminary EGC matrix, those six ratios were (1) 0.2, (2) 0.3, (3) 0.35, (4) 2.7, (5) 0.41,
and (6) 0.12, respectively. To quantify individual effects of the six factors, three different factor
levels were considered for each mixing ratio, meaning that there were 3° = 729 possible

combinations.
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The L18 orthogonal array was used in this study to assign the six factors with three levels each.

The factor levels and corresponding absolute values of each mixing ratio are shown in Table 4.5.

Table 4.5: L18 orthogonal array for EGC-matrix development.

Assigned factors, their absolute values and codes (levels)
Mix — — FA(B) / S/FA Alk / FA Na28i03 / Pre-W / Mix-W /
FA NaOHon NaOHsol FA
(1) (1) 0.2 (1) 0.2 (1) 0.30 (1) 24 (1) 031(1) 0.10(1)
(1) (1) 0.3 (2) 0.3(2) 0.35(2) 2.7(2) 041(2) 0.12(2)
(1) (1) 0.4 (3) 0.4 (3) 0.40 (3) 3.0(3) 051 3) 0.14(3)
(1) (2) 0.2 (1) 0.2 (1) 0.35(2) 2.7(2) 051 3) 0.14(3)
(1) (2) 0.3 (2) 0.3 (2) 0.40 (3) 3.0(3) 031(1) 0.10(1)
(1) (2) 0.4 (3) 0.4 (3) 0.30 (1) 2.4 (1) 041(2) 0.12(2)
(1) 3) 0.2 (1) 0.3 (2) 0.30 (1) 3.0(3) 041(2) 0.14(3)
(1) 3) 0.3 (2) 0.4 (3) 0.35(2) 2.4 (1) 0.51(3) 0.10(1)
(1) 3) 0.4 (3) 0.2 (1) 0.40 (3) 2.7 (2) 031(1) 0.12(2)
(2) (1) 0.2 (1) 0.4 (3) 0.40 (3) 2.7 (2) 041(2) 0.10(1)
(2) (1) 0.3 (2) 0.2 (1) 0.30 (1) 3.0(3) 051 (3) 0.12(2)
(2) (1) 0.4 (3) 0.3 (2) 0.35(2) 2.4 (1) 031(1) 0.14(3)
(2) (2) 0.2 (1) 0.3 (2) 0.40 (3) 2.4 (1) 051 (3) 0.12(2)
(2) (2) 0.3 (2) 0.4 (3) 0.30 (1) 2.7 (2) 031(1) 0.14(3)
(2) (2) 0.4 (3) 0.2 (1) 0.35(2) 3.0(3) 041(2) 0.10(1)
(2) 3) 0.2 (1) 0.4 (3) 0.35(2) 3.0(3) 031(1) 0.12(2)
(2) (3) 0.3 (2) 0.2 (1) 0.40 (3) 2.4 (1) 041(2) 0.14(3)
(2) (3) 0.4 (3) 0.3 (2) 0.30 (1) 2.7 (2) 0.51(3) 0.10(1)

=
©
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The L18 orthogonal array can accommodate 1 two-level factor and 7 three-level factors, testing
only 18 combinations. The advantage in use of the L18 orthogonal array is the more reliable
evaluation on main effects of factors; in some types of orthogonal arrays and their arrangements,
interaction effects between factors are confounded with a specific factor effect, which might
result in misevaluation on the main effect. In contrast, in the L18 orthogonal array, all interaction
effects are almost evenly spread across main-factor effects, allowing more accurate evaluation on
the main effects. When only 6 three-level factors are considered, they should be assigned to the

third through eighth columns so that the degree of uniform distribution of confounding is
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maximized. The first and second columns are thus set as empty columns which have no assigned
factors. Based on the prepared L18 orthogonal array, specimens were prepared for each of the 18

different mix proportions.

Using experimental data obtained from the L18 series, an ANOVA study was conducted to
analyze the relationship between each design variable and the output (i.e. compressive strength).
The sum of squares (SS) for each factor, which reflects deviation from the mean caused by the
factor, was first calculated, and then normalized by the degree of freedom (DOF) to find the
mean square (MS). SS and MS for error were also computed to measure the variation attributed
to inherent experimental errors. Subsequently, the F-ratio was calculated for each factor by
taking the ratio of MS-for-factor to MS-for-error, the magnitude of which reflects the
significance of the factor on the output. Finally, factors were classified as either significant or
insignificant factors based on a statistical F-test with 5% significance level. Detailed procedures

and formulae have been presented in Section 3.2.2.

As has been discussed in Section 3.2.3, trends of factor effects in the above approach are derived
from the selected ranges of the factor levels. It is possible that a different trend is found outside
the ranges, resulting in a different conclusion on the significance of the factors. Therefore, the
selection of factors and factor levels should be carefully done based on the knowledge and
experience on the subject; otherwise more rounds of experiments would be required.
Nevertheless, a lot of insights on the main factor effects can be obtained from the smaller
number of experiments, predicting the most promising direction for optimization of the design
variables. In addition, confirmation experiments are typically conducted to verify the prediction
from the analysis results. Based on those findings, optimum levels of significant factors are

determined to achieve the best performance.

94



4.2.3 Results and discussion

Table 4.6 lists the compressive strength of the 18 mixtures with three specimens each. The SS,
MS, and F-ratio of each factor are summarized in Table 4.7. According to the ANOVA results,
the most influential factor is Pre-W / NaOHoy, which reflects the concentration of NaOH
solution. The second highest F-ratio is found in Mix-W / FA, this factor affects the rheology of
the mixture and is therefore assumed to affect the pore size distribution of the hardened matrix.
The third most significant factor is FAg) / FA, followed by S / FA. The other factors — Alk / FA
and Na,SiO3; / NaOHoy — are suggested to be insignificant within the selected ranges of the
factor levels; those F-ratios are less than the theoretical F-score at 5% significance level (i.e.

Fo.os.2.41 = 3.23), meaning that there is less than a 5% chance that they are significant factors.

Table 4.6: Compressive strength of 18 EGC mixtures with 3 samples each (in MPa).

Mix Measured compressive strength Mean + standard
no. (3 samples) deviation
1 45.5 33.9 31.5 37.0+7.5
2 335 33.1 33.0 33.2+0.3
3 249 27.4 26.2 262+1.3
4 243 21.8 22.1 22.7+1.3
5 50.1 49.7 53.1 51.0+1.8
6 49.2 48.6 49.0 48.9+0.3
7 26.9 26.7 28.3 27.3+0.9
8 39.3 37.6 37.0 38.0+1.2
9 40.5 38.7 43.4 40.8 +2.4
10 38.0 34.5 39.5 374+2.6
11 27.6 31.1 32.1 303+23
12 52.7 39.9 35.6 42,7+ 8.9
13 32.6 38.5 36.5 359+3.0
14 46.8 46.8 47.9 472+0.6
15 44.6 45.4 45.5 452 +0.5
16 47.0 43.0 43.7 44,6 +2.1
17 34.1 33.8 37.4 35.1£2.0
18 38.9 36.0 37.1 373+ 1.5
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Table 4.7: ANOVA results on six design variables of EGC matrix (unpooled).

Factors DOF Sum of square Mean square  F-ratio
FA@®)/ FA 2 377 189 7.47
S/FA 2 242 121 4.80
Alk / FA 2 0.903 0.452 0.0179
Na,SiO3 / NaOHjs) 2 92.9 46.4 1.84
Pre-W / NaOHso1y 2 1,330 665 26.3
Mix-W / FA 2 530 265 10.5
Error 41 1,035 25.2 -
Total 53 3,608 - -

Note: F0.01’2’41 = 516, F0.05'2'41 = 323, F0.10’2’41 =2.44

It should be noted that, in contrast to the above finding here, the alkaline activator-to-FA ratio is
often considered an influential factor on strength of geopolymer materials; indeed, this parameter
has been intensively studied in the research community. For example, Hardjito and Rangan
conducted an extensive experimental investigation on effects of various design parameters on
compressive strength and workability of fly ash-based geopolymer concrete [4]. Based on the
observed complex relationship between the parameters and the compressive strength, they
proposed a single parameter called “water-to-geopolymer solids ratio” to assist mix design of
geopolymer concrete. The water-to-geopolymer solids ratio represents the ratio of the total mass
of water (including water contained in Na,SiO3; and NaOH solution) to the total mass of fly ash
and solids in Na,SiO3 and NaOH solution. This parameter is, by its definition, linked to the
alkaline activator-to-fly ash ratio. However, the Alk / FA ratio is concluded — in the selected
range — to be the most insignificant factor in the present study. This fact indicates the complex
chemistry in geopolymer formation, which has not been fully understood yet, as discussed in
Chapter 2. That would be a primary reason that there is currently no comprehensive design
procedure for geopolymer concrete, and that trial-and-error approaches are still often used in the

research field.
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To study the detailed trends of the factor effects, main-effects plots, which plot mean
compressive strength at each level of parameters, are prepared for the test results (Fig. 4.3). As
can be seen, an increase of Pre-W / NaOHsoy and Mix-W / FA monotonically lowers the
compressive strength in the selected ranges. Conversely, an increase of FAg) / FA and S/ FA
raises the compressive strength. Besides, statistically insignificant effects of Alk / FA and

Na,SiO3z / NaOHsopy can be seen in the plots.

Mean compressive strength (MPa)

50 -
45 -
40 -
*~— —e ®
35 -
30 T 1 [ T 1 [ T 1
0.2 0.3 0.4 0.2 0.3 0.4 0.30 0.35 0.40

(1) FAg, / FA (2)S/FA (3) Alk / FA

Mean compressive strength (MPa)

50 -

45 -

40

35

30 \ \ ‘ ‘ ‘ \ \ \
2.4 2.7 3.0 031 0.41 0.51 0.10 0.12 0.14
(4) Na,Si0, / NaOH,,  (5) Pre-W / NaOH,, (6) Mix-W / FA

Fig. 4.3: Plots of mean responses at each level of factors to visualize the main factor effects.
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Some of the observed trends agree with previous studies while others do not. Regarding either
Pre-W / NaOHsoy or Mix-W / FA ratio, it is consistent with research findings by Hardjito and
Rangan [4] that a higher amount of water in the mixture reduces the compressive strength by
increasing the porosity. Also, the observed trend of FAg) / FA is in agreement with positive
effects of calcium compounds on compressive strength of geopolymers, reported in [5]; since fly
ash B contains a larger amount of calcium oxide (CaO) than fly ash A, it is suggested that a
higher FAg) / FA ratio would cause more formation of C-S-H gel in the geopolymer matrix,
contributing to higher compressive strength development, as suggested by Yip et al. [6]. On the
other hand, the increasing trend of S/ FA ratio does not agree with the decreasing trend observed
by Thakur and Ghosh [7]. As mentioned above, insignificant effects of Alk / FA and Na,SiOs /
NaOHs are also inconsistent with the study by Hardjito and Rangan [4] and many other studies.
A further study is required to fully understand the mechanisms behind the relationships between
the design variables and compressive strength of EGC mortar. Nevertheless, an optimum EGC-
mixture design can be systematically predicted by means of the statistical approach without a

complete understanding of such mechanisms.

4.2.4 Optimum conditions

The ANOVA results and main-effects plots suggest that optimum conditions for the significant
factors are (1) FAg) / FA=0.4, (2) S/FA =0.4, (5) Pre-W / NaOHsoj) = 0.31, and (6) Mix-W /
FA = 0.10. Due to their monotonic increasing/decreasing trends, it is suggested that a
higher/lower ratio than the selected ranges could offer further improvement on the compressive
strength. However, it was found in a subsequent verification experiment that any of those

directions resulted in too fast setting or too high viscosity of the fresh mixture to cast.
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Meanwhile, due to their insignificant effects, factor levels of (3) Alk / FA and (4) Na,SiOs /
NaOH sy can be set to any value in the selected ranges, without compromising the compressive
strength. In the present study, priority is put in the sustainability aspect: appropriate factor levels
are determined such that material greenness of the matrix is maximized. For Alk / FA, a lower
ratio provides a higher material greenness, since fly ash is an industrial byproduct while the
alkaline activator consists of primary products. On the other hand, a higher ratio is preferred for
Na,SiO3 / NaOHsory since NapSiO3 production is less energy and carbon intensive than NaOH
(detailed in Section 4.4). Therefore, (3) Alk / FA = 0.3 and (4) Na,SiOz / NaOH sy = 3.0 are

chosen for their optimum EGC-matrix mixture.

The resultant mixture design is presented in Table 4.8. It should be noted that all mixing ratios
have been modified from the preliminary design, through the minimal effort of experiment. If
conventional trial-and-error approaches were taken, it could take considerable amounts of time

and cost to arrive at the optimized condition with many possible mixture combinations.

Table 4.8: Mix proportion of optimum EGC matrix (by mass).

FlyashA  Flyash B Sand Na,Si0; NaOH Pre-mix Mix
(Sammis)  (Monroe) (pellet) water water
0.6 0.4 0.4 0.225 0.052 0.023 0.10

4.2.5 Verification experiment for compressive strength

To confirm that the mix proportion predicted by the DOE study is actually an optimum,
verification experiments were conducted. Three 2-inch (51-mm) cube specimens were prepared
for the predicted optimum design, and their compressive strength was measured as in the L18
experiments. The measured compressive strength was then compared with a statistically-

predicted mean and its confidence interval (Cl). As detailed in Section 3.2.4, the predicted
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optimum design is valid if the measured mean compressive strength is inside the predicted CI.
Otherwise, more rounds of experiments would be required to detect any significant confounded

interaction or unknown factor that was not considered in the first trial.

To calculate the predicted mean compressive strength and its Cl, SS and DOF of the insignificant
factors were combined with those of errors (i.e. pooling). The pooled ANOVA results are
summarized in Table 4.9. An example calculation of the pooled ANOVA has been presented in

Section 3.2.4.

Table 4.9: Pooled ANOVA results on six design variables of EGC matrix.

Factors DOF Sum of square  Mean square F-ratio
FA®)/ FA 2 377 189 7.52
S /FA 2 242 121 4.83
Pre-W / NaOH o1 2 1,330 665 26.5
Mix-W / FA 2 530 265 10.6
Error 45 1,129 25.1 -
Total 53 3,608 - -

Table 4.10 presents the measured and predicted compressive strengths of the optimum EGC
matrix. As can be seen, the measured compressive strength of 50.5 MPa (with a standard
deviation of 0.2 MPa) is inside the CI ranging from 44.8 to 59.1 MPa, and close to the predicted
mean of 52.0 MPa. Therefore, the test result verifies the predicted optimum condition for EGC-

matrix mixture.

Further, the compressive strength of the optimized EGC is relatively high compared to those
reported in the literature; the design compressive strength of geopolymer concrete — with the
same “water-to-geopolymer solids ratio” and curing temperature and duration as the optimized
EGC — is about 32.5 MPa, according to a design method which was developed by Rangan and

co-workers [8] based on their extensive laboratory experiments [4, 9, 10].
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Since the achieved compressive strength in the optimized EGC matrix is sufficiently high for
various kinds of infrastructure applications, the primary objective of this matrix-development

stage has been successfully achieved.

Table 4.10: Measured and predicted compressive strengths of optimum EGC matrix (in MPa).

Measured compressive strength Measured Predicted Predicted
(3 samples) mean mean CI
50.2 50.9 50.5 50.5 52.0 [44.8, 59.1]

4.3 Composite design
In this design stage, the micromechanical modeling technique is used to develop strain-hardening

ductile EGC based on the optimized EGC matrix.

4.3.1 Experimental and analytical methods

Fiber/matrix interface properties were first determined by experiment. For the optimized EGC
matrix, small prismatic specimens with an embedded single fiber were prepared for conducting
the single-fiber pullout test. The specimen thickness — equivalent to the fiber embedment length
—varied from 0.9 mm to 2.7 mm. Polyvinyl alcohol (PVA) fiber with 1.2% oil coating by weight
[11] was employed, considering its preceding successful applications in ECC materials. The
embedded fiber in each specimen was uniaxially pulled out with the loading rate of 0.5 mm/min.
From the obtained single-fiber pullout curves, 79, G4, and  were computed based on Egs. 3.18—

3.20 presented in Section 3.3.1.

Matrix properties were also experimentally evaluated. To determine the matrix fracture
toughness (Kn), notched beam specimens with 305 mm in length, 76 mm in height and 38 mm in
thickness were prepared for conducting a three-point bending test. Four specimens with the notch

depth-to-height ratio of 0.4 were tested in accordance with ASTM E399 [12]. The loading rate
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was 0.5mm/min. In addition, four dog bone-shaped mortar specimens were prepared to measure
the matrix Young’s modulus (Ey,) and the matrix tensile strength, which was approximated as the
composite first-cracking strength (o1; equivalent to crack initiation stress o). The rectangular
gauge section of specimens measured 100 mm in length, 30 mm in width, and 13 mm in
thickness. Specimens were subjected to quasi-static uniaxial tension loading under displacement
control at the rate of 0.5 mm/min. For precise measurement of tensile strain, two LVVDTs were
attached on each specimen to measure extensions within the gauge length. Tensile strain was

computed from the average of extensions divided by the gauge length.

For all the above tests, specimens were subjected to the same curing condition as that in the DOE
study and tested at the age of 28 days. The detailed testing configurations can be found in

Section 3.3.1 or the literature (e.g. [13] and [14]).

Following the experimental characterization, the ¢—o relation was computed by using a modified
fiber-bridging constitutive law developed by Yang et al. [15], as presented in Section 3.3.2. In
their study, the contribution of the matrix micro-spalling and Cook-Gordon effect to the oo
curve of a PVA-ECC was small. Thus, for the sake of brevity, both the matrix spalling and the
Cook-Gordon effect were not taken into account in this study. Also, two-dimensional fiber
distribution was assumed based on the specimen geometry, and the apparent strength [16],
snubbing coefficient [16], and strength reduction factor [17, 18] of PVA fiber were assumed to
be the same as those found or estimated for cement matrix. To determine the effect of fiber
volume fractions (Vi), three different input values of 1.0, 1.5, and 2.0% were used. The
micromechanical parameters used in the simulation are listed in Table 4.11. From the predicted

o—o relation, oo and J,” were determined to compare with experimentally measured or. and Jsip.
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Table 4.11: Micromechanical parameters used as model input.

Fiber properties Interface properties
Diameter Length  Young’s Apparent Volume Snubbing Strength
(um) (mm) modulus  strength (%) coefficient  reduction
(GPa) (MPa) coefficient
39 12 42.8 1092* 1.0, 1.5,2.0 0.2° 0.33°

# Reduced fiber strength when the fiber is embedded in cementitious matrix [11].

p Assumed values based on experiment [15].

4.3.2 Results and discussion

Table 4.12 summarizes the test results of the single-fiber pullout test, matrix fracture toughness
test, and mortar dog bone uniaxial tension test. According to the test results, EGC is
characterized by the strong chemical bond and weak frictional bond and slip-hardening,
compared to ECC: the chemical bond (G4) between the optimized EGC matrix and PVA fiber is
6.1 J/m?, which is 4-5 times higher than those found in ECC materials [11, 15]; on the other hand,
the frictional bond (zp) of 0.7 MPa and the slip-hardening coefficient () of 0.33 for EGC are
both lower than 7o of 1.11MPa and £ of 1.15 reported by Li and Wu [11], or 1.31-1.91 MPa and
0.58-0.63 found by Yang et al. [15]. The strong chemical bond typically results in smaller crack
width by limiting the crack opening during the strain-hardening stage. While the weaker
frictional bond and smaller slip-hardening coefficient might cause lower bridging capacity (o), a
high tensile ductility can be achieved by suppressing fiber rupture and facilitating fiber pullout.
These properties have been indeed demonstrated in the preliminary version of EGC; it exhibited

smaller average crack width than ECC materials, with high tensile ductility of over 4.5% [2].
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Table 4.12: Measured micromechanical parameters of optimum EGC matrix.

Interface properties - Matrix properties
Chemical  Frictional Slip-hardening Fracture Young’s Tensile
bond bond coefficient toughness modulus strength
(J/m?) (MPa) (MPa*m'?)  (GPa) (MPa)
6.1 0.70 0.33 0.37 7.9 1.4

" Averaged values of 42 specimens for single-fiber pullout test

Regarding the matrix properties, EGC matrix shows relatively weaker and more brittle

characteristics than ECC matrix: the fracture toughness (K.) of 0.37 MPa*m'?

, Young’s
modulus (En,) of 7.9 GPa, and tensile strength (approximated as ot;) of 1.4 MPa are about half of
those for ECC materials [19, 20]. It should be, however, mentioned that this is beneficial for
satisfying the strength- and energy-based criteria, by reducing or. and Jip in Egs. 2.1 and 2.2 in

Chapter 2. From the obtained results, Ji, ~ Ky*/Eqy is determined to be 17.3 J/m?.

Figure 4.4 shows the computed fiber-bridging capacity (oo) and complementary energy (J,’)
versus fiber volume fractions (V). As can be seen, an increase of V; elevates both oo and Jp’
almost linearly. It is obvious that the fiber content has a significant impact on tensile properties
of the composite. In addition, the ratios of ao/or. and J, /Jiip — pseudo strain-hardening (PSH)
index for strength and energy, respectively — are shown as the secondary y-axis in the graphs of
Fig. 4.4. Both of them are greater than unity for all the series, meaning that both the strength- and

energy-based criteria are satisfied. As mentioned in Section 3.3.3, ago/ore 2 1.3 and Jp 1Jiip 2 2.7

are recommended to achieve robust tensile strain-hardening in ECC, due to the material
variability caused by the random matrix flaw size and fiber dispersion [21]. The computed
energy-PSH values are considerably higher than the recommended value, while there is a smaller
margin between the computed strength-PSH index of the V¢1.0% case and the recommended

value.
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If either of the computed PSH values violates the corresponding necessary condition, appropriate
modifications will be done on the micromechanical parameters; using a different length,
diameter, volume fraction, or oiling quantity [11] of PVA fiber are good examples. The use of a
different type of fiber, such as polyethylene (PE) or polypropylene (PP) fiber, is another
possibility. In this study, such modification is, in fact, not required; the predicted oo relation
and resultant PSH indices suggest that the optimized EGC matrix reinforced with PVVA fiber can

exhibit tensile strain-hardening and multiple microcracking, even for a fiber volume fraction of

1.0%.
0 o (MPa) 00/ 0 Jp' (0/m?) o/ Jp
® 1 -4 250 - - 15
[ J
5
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(a) (b)
Fig. 4.4: Computed (a) fiber-bridging capacity and (b) complementary energy with their PSH indices.
Dashed lines indicate recommended PSH values for practical design [21].
4.3.3 Verification experiment for tensile ductility
To verify the prediction from the micromechanical-modeling study, a confirmation experiment
was conducted. Three batches of the optimized fresh EGC mortar were first prepared and the

PVA fiber was then slowly added so that each of the batches had the fiber content of 1.0, 1.5,
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and 2.0%. Four dog bone-shaped specimens were prepared from each mixture and subjected to
the same curing condition as that in the DOE study. The uniaxial tension test was conducted on
the composite specimens, with the same test configuration as that for the mortar dog bones,

detailed in Section 4.3.1.

Figure 4.5 shows tensile stress-strain curves of the EGC specimens with three different fiber
volume fractions. As predicted, all the series exhibit strain-hardening behavior with high tensile
ductility. There is, however, significant difference in performance among the series. First, EGC
with 1% fiber volume shows relatively large load drops during the strain-hardening stage, which
is associated with larger crack width, compared to the other series. Moreover, variability among
specimens is large in the V¢1.0% case, while both the first-cracking strength (o) and ultimate

tensile strength (i.e. fiber-bridging capacity o) are limited.

It is suggested that the degree of performance variability is related to the predicted PSH indices.
While both the strength- and energy-PSH indices of all series are greater than the recommended
values, the margin gets smaller as the fiber volume is decreased (Fig. 4.4). Meanwhile,
variability among specimens, especially in tensile ductility, gets larger with the reduced fiber
content. It is therefore suggested that PSH indices determine the degree of robustness in tensile
ductility, as well as the satisfaction of the strength and energy criteria. In addition, from the
magnitude of load drops during the strain-hardening stage, it may be concluded that the larger
the PSH indices, the smaller the crack width will be. To confirm this hypothesis, extensive crack-

width measurement will be conducted on EGC materials in the following chapter.
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Fig. 4.5: Tensile stress-strain curves of all EGC series show strain hardening with high ductility.
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Table 4.13 summarizes the measured mechanical properties of the three EGC series. As the fiber
volume increases, the compressive strength, first-cracking strength and ultimate tensile strength
are all increased. However, it should be noted that the composite compressive strength is
significantly lower than that of the EGC mortar (50.5 MPa as measured in Section 4.2.5). It
should be noted that fiber reinforcement does not always increase compressive strength of
concrete; some positive effect can be provided by the matrix-confining effect, while some
negative effect is also possible when fiber addition causes more voids and larger flaw size in the
matrix due to the lowered workability. In the case of V+1.0% series, that negative effect seems
dominant, and the confinement effect might be limited due to the low fiber volume. The higher
compressive strength in V¢#1.5% and 2.0% cases would be a result of combined effects of
improved confinement effect and increased voids and flaw size, because of the larger fiber

content than the Vs+1.0% series.

Nevertheless, EGC with 1.5% and 2.0% fiber volume fractions have strength of over 40 MPa,
which is favorable for various applications. In the case of ductility, EGC with 1.5% Vs has
slightly larger tensile-strain capacity than V¢2.0% series, but the variability among specimens is

much smaller in the V¢+2.0% case, as discussed above.

Table 4.13: Mechanical properties of EGC with three different fiber volume fractions.

Series Compressive Tensile-strain First-cracking  Ultimate tensile ~ Strength
strength capacity strength strength PSH
(MPa) (%) (MPa) (MPa)
Ve-1.0% 385+54 30+1.3 25+0.3 35+0.2 1.40
Ve-1.5% 43.1+£3.0 4.7+0.7 29+0.2 53+£03 1.83
Ve2.0% 433+1.0 44+0.1 3.5+0.1 54+03 1.54
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Interestingly, the observed strength-PSH indices in Table 4.13 (i.e. ratio of the ultimate
composite tensile strength to the first-cracking strength) are significantly lower than the model-
predicted values. This discrepancy results from the difference between the composite first-
cracking strength and the mortar tensile strength that was used as the model input; as presented
in Table 4.13, the composite first-cracking strength for any of the three series is significantly
higher than the mortar strength of 1.4 MPa. Also, the measured first-cracking strength increases
with an increment of the fiber volume, while the same value was used for all the three cases in
the model. Therefore, it seems inappropriate to approximate mortar tensile strength as composite

first-cracking strength.

The increased first-cracking strength might be attributed to the way of measurement; in this
study, the composite first-cracking strength was determined by a point of the stress-strain curve
after which a significant non-linearity was observed. However, Yang and Li showed in their
numerical simulation study [22] that composite stress at the peak, after which a significant non-
linearity occurs (and the steady-state-cracking stage begins), can be larger than the matrix
strength because of fiber bridging. This is especially the case when the matrix tensile strength is
significantly low compared with cohesive traction associated with the fiber bridging. Due to the
higher first-cracking strength of the composite, the observed strength-PSH values reported in
Table 4.13 can be apparently lower than the model predicted values. Therefore, the definition of
composite first-cracking strength should be carefully considered for calculating the strength-PSH

index.

From this verification experiment, it has been found that smaller fiber content lowers
compressive and tensile strengths, and also causes larger variability in the ductility. Nevertheless,

all the EGC series have strain-hardening and multiple cracking characteristics with high tensile
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ductility. In addition, due to the adequate compressive strength and excellent tensile properties,
EGC with 1.5 or 2.0% V; seems promising for large-scale infrastructure applications. In the

following section, material greenness of these two series is assessed in the final design stage.

4.4 Environmental performance comparison

4.4.1 Materials and methods

Environmental performances of the developed EGC-1.5% and EGC-2.0% were compared with
that of the preliminary version of EGC, in terms of the Material Sustainability Indices (MSI) [23].
As references, MSI of OPC concrete and ECC materials were also investigated. Specifically,
embodied-energy consumption and global warming intensity (GWI) associated with unit volume
of the materials were calculated by accounting for all required energy and generated emissions in
the cradle-to-gate phases: raw-material acquisition, processing and manufacturing. Energy and
emissions associated with temperature curing of EGC were not included; similar heat/steam-
induced accelerated curing is often employed in precast-concrete production, and the comparison
study of the materials is therefore not affected by the exclusion. For the carbon-footprint
calculations, 100-year GWP values of the ICPP 2013 report [24] were used to calculate the

carbon dioxide (CO,) equivalent emissions.

For the MSI calculation, the quality and reliability of life-cycle inventory data for ingredients are
crucial. The inventory data used in this study are listed in Table 4.14. The data were collected
from literature that uses consistent system boundaries and assumptions, report both the energy
consumption and greenhouse gas emissions, and have significance in the research field. It should

be noted, however, that some of the data are a little too old; current production of those
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ingredients might have lower energy and emissions than those in the data. Unfortunately, such

data have been not available so far, and the collected data seem the latest and most reliable.

Table 4.14: Life-cycle inventories of raw ingredients of concrete, ECC and EGC materials.

Ingredients Embodied energy GWI
(MJ/kg) (kg COz-eq/kg)
Portland cement [25] 4.8 0.93
Coarse/fine aggregate [26] 0.12 0.0062
Fine silica sand [27] 0.17 0.025
Fly ash [26] 0.11 0.0074
PVA fiber [28] 101 34
Super plasticizer [27, 29] 35 1.5
Water 0 0
Sodium hydroxide pellets [30] 18 0.86
Sodium silicate (3.3WR, 37% solids) [31] 4.6 0.43

" Assumed negligible based on [29].

For the reference studies, two types of cement concrete were considered: non-air-entrained (Non-
AE) and air-entrained (AE) concrete. Both of them were designed to have 6,000 psi (41 MPa)
compressive strength (i.e. similar strength to the developed EGC materials), based on the ACI
211 mix-design method [32]. For ECC materials, the most studied version (called M45 [33]) and
a greener version that contains high volumes of fly ash (HVFA ECC with FA/C = 2.8 [34]) were

examined. The mixture designs of these materials are shown in Table 4.15.
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Table 4.15: Mixture proportions of EGC, concrete, and ECC materials (in kg/m®).

Prelim EGC- EGC- Non-AE* AE . ECC HVFA
EGC 2.0% 1.5%  concrete concrete M45 ECC
Type I cement 470 547 571 324
Coarse aggregate 1079 1079
Fine aggregate 647 492
Fine silica sand 340 460 463 456 456
Fly ash 1131 1151 1157 685 906
PVA fiber 26 26 19.5 26 26
SP 6.8 53
Water 179 142 142 193 175 332 320
NaOH (pellet) 63.5 59.8 60.1
Na,SiO3 289 259 260

" Designed for compressive strength of 6000 psi (41 MPa), slump of 3 in (76 mm), maximum aggregate
size of 1 in (25 mm), fine aggregate modulus of 2.80, and absorption capacity of 0.5% and 0.7% for
coarse and fine aggregate, respectively. The air contents of Non-AE and AE concrete are 1% and 4.5%,
respectively.

4.4.2 Results and discussion

Figure 4.6 shows the computed energy- and carbon-MSI of EGC, concrete, and ECC materials.
For EGC materials, the effect of optimizations during the matrix- and composite-design phases
can be quantified; the embodied energy of the preliminary EGC is reduced from 5.29 to 4.46
GJ/m® in EGC-1.5%, while the GWI decreases from 285 to 251 kg CO,-eq/m>. These are 16 and

12% reduction in the embodied energy and CO; equivalent emissions, respectively.

The large contributors to the embodied energy of EGC series are the alkaline activator and PVA
fiber, which account for 45 and 51%, respectively, of the total energy for EGC-2.0%, and 51 and
44% for EGC-1.5%. While the total energy consumption of EGC is greater than that of concrete,

the geopolymer binder (i.e. fly ash plus alkaline activator) consumes comparable or even less
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energy than the cement binder in normal concrete. Thus, use of the energy-intensive PVA fiber is

the primary cause of the higher energy consumption of EGC.

The large embodied energy of the synthetic fiber is associated with the feedstock energy (i.e.
heat content of the petroleum-based ingredients), as well as the process energy consumed in the
manufacturing process. Due to the high energy intensity of the PVA fiber, ECC materials also
have larger embodied energy than normal concrete. Therefore, regardless of the type of matrix,
the amount of PVA fiber dominates the material greenness of the composite. In other words,
significant improvement can be made if the fiber volume is lowered. Indeed, EGC-1.5% has 13%
less embodied energy than EGC-2.0%, which is slightly less than the greener version of ECC

(HVFA ECC).

In the case of CO, equivalent emissions, EGC materials show higher performance than the OPC-
based counterparts: GWI of EGC-1.5% is about half of those of concrete materials, and 40% less
than the green HVFA ECC. The substantially low GWI of EGC materials can be explained by
two aspects. First, the carbon footprints of PVA fiber are moderate, unlike its high embodied
energy; use of PVA fiber is not a significant disadvantage in the comparison with cement
concrete. In addition, use of no cement materials in EGC has a huge impact on the GWI
reduction. Indeed, cement contributes to a large portion of high GWI values in both concrete and
ECC materials (Fig. 4.6). It should be mentioned that, while this study used the value of 0.93 kg
CO,-eq per kilogram of portland cement, the carbon intensity of cement is highly dependent on
the efficiency of the combustion kiln. For instance, Damftoft et al. estimated that the total CO,
emissions in cement production range from 0.84 — 1.15 kg per kilogram of clinker [35].

Therefore, the GWI values of concrete and ECC could be higher in developing countries that
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have relatively old and inefficient kilns. EGC will be particularly promising in such countries to

replace cement concrete.

Embodied energy (GJ/m?3)
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Fig. 4.6: (a) Embodied energy and (b) global warming potential for EGC, concrete, and ECC materials.
CO, equivalent emissions of EGC-1.5% are about half of regular concrete.

4.5 Summary and conclusions
In this chapter, an optimized EGC with compressive strength of 43.1 + 3.0 MPa and tensile

ductility of 5.3 £ 0.3% has been successfully developed, while reducing 16% embodied energy
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and 12% CO, equivalent emissions compared to the preliminary EGC. The embodied energy and

GWI of the optimized EGC are 23 and 61% lower, respectively, than those of a standard version

of ECC (M45). Therefore, the applicability and effectiveness of the proposed design method

have been demonstrated through the systematic design process and the achieved results.

The proposed design method is applicable to not only fly ash-based fiber-reinforced geopolymers

but most other types of fiber-reinforced brittle matrix composites. The efficient and systematic

design process facilitates the research and development of high-performance sustainable

composite materials.

In addition, the following new findings can be derived from this study:

The alkaline activator-to-fly ash ratio is the most insignificant factor for compressive strength
of the EGC matrix, in the selected range of this study. This contrasts with previous studies

that reported the alkaline activator-to-fly ash ratio as the most significant factor.

Compressive strength of EGC matrix increases when a larger amount of fly ash with higher

calcium content is incorporated, even if the fly ash is classified as class F (i.e. low-calcium).

EGC matrix has relatively low tensile strength and more brittle behavior compared to ECC
matrix materials. This is, however, beneficial in achieving robust tensile strain-hardening and

multiple microcracking.

Interface between EGC matrix and PVA fiber has strong chemical bond, weak frictional
bond and small slip-hardening coefficient. The strong chemical bond is beneficial for
achieving smaller crack width, while increasing the chance of fiber rupture and lowering the

complementary energy (Jp’). On the other hand, weak frictional bond and small slip-
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hardening coefficient might reduce the bridging capacity (o), but could contribute to a high
tensile ductility by suppressing fiber rupture and facilitating fiber pullout. In the case of the
developed EGCs, both smaller crack width and higher tensile ductility could be achieved

because of the synergistic effects of bonding properties.

® The optimized EGC shows high tensile ductility of 3.0% even with the small fiber volume
fraction of 1.0%. However, due to a small margin between the first-cracking strength and
fiber-bridging capacity, variability among specimens is larger than EGC with higher fiber

contents.

® EGC materials have a huge advantage in terms of the global warming intensity (GWI)
associated with the material production. Although the embodied energy of EGC is higher
than that of normal concrete, improvement is possible by reducing the volume fractions of
energy-intensive PVA fiber, or by replacing the PVA fiber with one with lower embodied

energy.

® EGC with 1.5% PVA fiber shows balanced properties in tension and compression, and in
MSI. This composite has suitable mechanical properties for civil infrastructure applications

and support infrastructure sustainability through a low GWI.

As mentioned in the last finding, EGC-1.5% seems to be the most promising material because of
the high mechanical performances and material greenness. Despite the superiority of EGC-1.5%,
it might be too early to draw the conclusion; indeed, crack width of EGC-1.5% is suggested to be
larger than that of EGC-2.0%, based on their stress-strain curves. The larger crack width might

result in lower durability properties, which is detrimental to sustainability of the structure.
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Therefore, it is necessary to evaluate durability properties of the developed EGC, which is

addressed in the next three chapters.
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PART I1l: CHARACTERIZATION OF EGC DURABILITY

CHAPTER 5: Cracking Characteristics and Water Permeability of EGC

This chapter describes experimental characterization of crack patterns and water tightness of the
developed EGC. Crack patterns of EGC materials with different fiber volumes are first
determined, and permeability coefficients of intact and cracked EGC are then measured. Based
on the experimental result, the relationship between the cracking characteristics and water

permeability is investigated.

5.1 Introduction

Durability of concrete materials is highly dependent on their transport properties. Buenfeld
pointed out that major deterioration mechanisms of concrete — reinforcement corrosion, sulfate
attack, frost attack, and alkali-silica reaction (ASR) — are controlled by the transport of
aggressive agents [1]. There are many transport processes within concrete, but most of them are
governed by three mechanisms: permeation, diffusion, and absorption. Their driving forces are
hydrostatic head, chemical concentration gradient, and capillary suction, respectively. Detailed
discussion on the three mechanisms can be found in the literature (e.g. [2]). In general, the

dominant mechanism is determined by the surrounding environment of the concrete structure.
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Transport properties of concrete drastically change if cracking occurs; particularly, increase in
permeability is significant. Wang et al. reported that water permeability of cracked concrete was
five orders of magnitude higher than that of intact concrete, when the crack opening was 350 pm
[3]. Tsukamoto also found that the water flow rate in concrete scales to the third power of crack
width [4]. The severe degradation in water tightness is detrimental to concrete durability, as well
as functionality when used as hydraulic infrastructure. It should be noted that some design codes
use a maximum permissible crack width of 300 pum (e.g. [5-7]), meaning that such a degree of
damage can occur in actual concrete structures. In reality, due to the difficulty in crack-width

control, crack width in structures may far exceed the permissible value [8].

Despite the marked effect of cracking on concrete permeability, the degree of degradation is
limited when the crack opening is sufficiently small; Shah and coworkers suggested from
extensive experimental studies that approximately 100 um is a threshold value of crack opening
under loading, below which the water permeability of concrete materials does not increase
significantly [3, 9-12]. In addition, Lepech and Li demonstrated that water permeability of
cracked ECC, which has tightly-controlled crack width of less than 80um, is comparable to that
of uncracked ECC and cement mortar [13]. Therefore, cracking characteristics of concrete play a

key role in determining the water tightness and associated durability properties.

In this chapter, crack patterns of the developed EGC with 1.5% and 2.0% fiber volume fractions
are first investigated. The number of cracks and residual crack-width distribution are determined,
by using an optical microscope, for EGC specimens that are uniaxially strained to either 1 or 2%.
Subsequently, the preloaded EGC specimens, as well as intact specimens, are tested for their

water permeability by means of a newly-developed test setup. To calculate the permeability
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coefficient for the new test configuration, a formula is derived based on Darcy’s law. Based on

the test results, the relationship between crack width and water permeability is discussed.

5.2 Materials and methods

5.2.1 Materials and mix design
Table 5.1 lists the ingredients and mix proportions of two types of EGC used in this study. The
mix designs are those developed in Chapter 4 — optimized EGC with fiber content of either 1.5 or

2.0%. Detailed information on the ingredients can be found in Section 4.2.1.

Table 5.1: Mix designs of EGC used in this study (by mass).

Series  Flyash A FlyashB Sand Na,SiO; NaOH  Pre-mix  Mix PVA

(Sammis) (Monroe) (pellet) water water  fiber

Vif-1.5% 0.017
0.6 0.4 0.4 0.225 0.052 0.023 0.10

Vi{-2.0% 0.023

5.2.2 Specimen preparation

The fresh EGC mortar was first prepared as detailed in Section 4.2.1. Then, PVA fiber was
slowly added to the mixture, and mixing continued until good fiber dispersion was achieved. The
mixture of each series was cast into 12 x 3 x 0.5 inch (305 x 76 x 12.7 mm) prism molds. The
molds were designed so that specimens had smooth molded surfaces on both the 305 x 76 mm
faces, with the 305 x 12.7 mm face sitting on the bottom of the mold (Fig. 5.1). This casting
method could reduce variability in crack patterns between one surface and the opposite side of
the surface. Consistent crack patterns were beneficial for relating permeability coefficients to
crack width, as well as obtaining more uniform water flow in the permeability test. However, it

was difficult to achieve good compaction due to the narrow opening of the molds (12.7 mm). To
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improve the compaction, molds were placed on a vibration table during casting, and additional

manual compaction was applied to the fresh EGC with a mallet.

Casting direction

LS S S O SO S N O U e B

76 mmé
Va < |
Mold 12.7 mm 305 mm
Front view Side view

Fig. 5.1: Design of prism mold.

Seven prisms were prepared for each series and divided into three groups. The first group had
one prism that was cut into three specimens with 90 mm in length. The specimens were tested for
their water permeability without preloading. On the other hand, another three prisms in the
second group were preloaded to a uniaxial tensile strain of 1.0% before the permeability test.
Prior to the preloading, the specimens were cut to 180 mm in length so as to minimize edge
effects and bending stress that could occur in the tensile test. The third group also had three
prisms, but they were preloaded to 2.0% strain prior to the permeability test. Respectively,
specimens in the three groups were referred to as V1.5-€0, V¢1.5—¢1, Vi1.5-€2 for the series of
fiber volume fraction of 1.5%, and V;2.0-€0, V2.0—1, V;2.0-€2 for the series of 2.0% fiber

content.

The curing procedure is illustrated in Fig. 5.2. All specimens were demolded 24 hours after

casting, and then oven-cured at 60 °C for additional 24 hours. Subsequently, the V1.5—¢0 and
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V¢2.0—€0 specimens were cured at room temperature (23 + 3 °C) for 12 days, followed by water
curing at room temperature for at least 14 days (i.e. age of 28 days or older). In this curing
method, the specimens are water-saturated and at least 28 days old prior to permeability testing.
The water saturation ensures steady-state water flow through the specimens during the
permeability testing, which is a required condition for using Darcy’s law to compute the
permeability coefficient. In the case of preloaded specimens, the same oven-curing method was
applied but the subsequent room-temperature curing continued for 26 days. The specimens were
then loaded at the age of 28 days. After the preloading, the cracked specimens were sectioned
into 90 mm in length to fit the permeability test apparatus, and cured in a water bath for at least

14 days prior to the permeability test, as in the uncracked specimens.

0 1 2 14 28 42
>  Specimen age
d
Air,23 =3 °C Water, 23 &= 3 °C (days)
V,1.5-€0, V;2.0—€0 > Permeability testihg
Vil.5-€l, V{1.5-€2 > Al 23 £37°C Waten 2323 ¢ Permeability testing
V2.0-e1, V202 | | | _
Preloading
Air,23 +=3°C
|
Oven, 60 °C

Fig. 5.2: Curing conditions for intact and cracked EGC specimens prior to permeability testing.

5.2.3 Preloading and crack width measurement

The 1%- and 2%-strain specimens were loaded in uniaxial tension under displacement control at
the rate of 0.5 mm/min. Prior to the preloading, aluminum plates were glued to both ends of the
specimens so as to facilitate the gripping of the specimens by the load frame. Two LVDTs were
attached to each specimen for measuring extensions within gauge length of about 80 mm.

Tensile strain was computed from the average of extensions divided by the gauge length.
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Once the desired strain level was reached, the load was incrementally removed from the
specimens to obtain their unloading stress-strain curves. The unloaded specimens were then
observed by a digital optical microscope to record the number of microcracks and their crack
width. To accurately characterize the crack patterns, crack-width measurement was performed
across three lines parallel to the loaded direction, which were drawn on the center and both near-
edge sides of the specimen surface. Variability in crack width between one surface and the other

side was assumed to be small, because of the employed casting method mentioned above.

5.2.4 Permeability testing

The permeability-test setup in this study followed the falling-head test method proposed by
Wang et al. [3]. Figure 5.3 schematically illustrates the apparatus developed by Lepech and Li
[13]. The specimen was mounted and clamped between the top and bottom open-head containers,
both of which were filled with water. Water permeated from the top to bottom because of the
pressure head. The test started with filling both the inflow and outflow pipes with water, and the
water-level decrease in the inflow pipe was measured at regular time intervals. The outflow-pipe
water level was kept constant since extra water overflowed from the end of the pipe. The water-
pressure head was thus measured between the falling water level and the constant outflow-pipe

water level.

For this test configuration, Wang et al. derived the following formula to calculate the

permeability coefficient (k, in cm/sec), based on the Darcy’s law [3]:

alL, h
a1y [

o
A, (5.1)
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where aj, and A are the cross-sectional areas of the inflow pipe and specimen, L is the specimen

thickness, t is the test duration, and hy and hs are the initial and final water heads.

B ERRRREEEEE L L EEEEEEREED - Initial water level

Inflow pipe
1 e N ---- Final water level

A A ,

Caulk/Putty h;
| Specimen |
Plexiglas L
water container H H -¥enoee- *--- Constant water level
Outflow pipe

Fig. 5.3: Permeability-testing apparatus developed by Lepech and Li [13].

It should be mentioned that Li and Lepech used a constant-head method for cracked ECC
specimens, while the falling-head setup was used for intact ECC. They reported that cracked
ECC specimens had too high permeability to practically use the falling-head method. In this
study, however, emphasis is placed on that the identical test setup and conditions are used for

both intact and cracked specimens, so that the measured values can be fairly compared.

There were two major problems in the above test setup: unintended multi-directional flows and
leakage of water. To ensure unidirectional flow, specimen edges were sealed with epoxy before
being subjected to water curing. To prevent leakage, silicon caulk and plumber’s putty were
filled into gaps between the apparatus and the specimen. Despite such a careful setup, small, but
non-negligible, leakage occasionally happened. The effect of leakage was significant especially
in intact specimens with low permeability, even when the amount of leakage was small and

difficult to measure or detect.
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To solve the leakage-derived problem, the test condition was slightly modified, and a
corresponding formula to compute the permeability coefficient was derived. The modified test
condition is shown in Fig. 5.4. In the setup, the outflow-pipe water level is not constant but rises
with time, without overflowing. Then, the permeability coefficient can be determined using the

following equation:

In ~out

Al In&
(ain + a‘out) At hf

(5.2)

where ag IS the cross-sectional area of the outflow pipe. The detailed derivation can be found in
Appendix D. In this study, the values of ai,, aou, A, and L were 0.71 cm?, 1.23 cm?, 42.71 cm?,

and 1.27 cm, respectively.

------------------------ s--- Initial inflow-pipe water level

------- ---- Final inflow-pipe water level

=

; .
; f
£
r
A
A
:
E $ Final outflow-pipe water level
------- “---Initial outflow-pipe water level
dhOUt

Fig. 5.4: Modified permeability-testing setup used in this study.

In addition, validity of measured values was examined as follows. From the mass conservation
law, the volume of water associated with the change in the inflow-pipe water level should be

equal to that associated with the outflow-pipe water-level change (i.e. dhiy X ai, = dhgyt X @out)-
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The total absence of leakage was assumed when this condition was met, and the permeability

coefficient was then calculated by using Eq. 5.2.

5.3 Results and discussion

5.3.1 Crack patterns of EGC

Figure 5.5 shows tensile stress-strain curves of preloaded specimens. The strain-hardening
behavior can be seen in all series. However, a few specimens showed a localized crack during
the loading. The unintended large cracking might be attributed to poor compaction and resultant
large flaws in those specimens, caused by the difficult casting method mentioned above. Despite
the localized damage, significant difference is not observed in their stress-strain curves.
Regarding the comparison between V1.5 and V+2.0 series, the former shows larger load drops
during the strain-hardening stage and has larger residual strain, especially in the 2% strain case.

Both of these characteristics imply the larger crack width of V1.5 than that of V;2.0.

Table 5.2 presents measured crack patterns of preloaded specimens. Overall, tightly-controlled
multiple cracks are observed in most of the specimens. However, there are significantly large
cracks in a few specimens (i.e. Vf1.5-¢2 Specimen 1 with 779.9 um, V{2.0-&1 Specimen 3 with
351 um, and V{2.0-e2 Specimen 1 with 770.4 pm), as mentioned above. Such cracking
characteristic is not an inherent material property of EGC, and it is therefore reasonable to regard
those specimens as outliers. With the outliers excluded, the overall average crack width ends up
with 26.8, 38.2, 17.7, and 24.5 um for V¢l.5-1, V¢1.5-€2, V{2.0—¢l, and V;2.0-€2, respectively.

The average crack width of V¢1.5 series is 1.5 times that of V2.0, at both 1% and 2% strains.
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Fig. 5.5: Tensile stress-strain curves of EGC specimens under preloading.
Table 5.2: Residual-crack patterns of EGC.
. ) Nuymber of cracks' Maximum crack  Average crack
Series Specimen  Left  Center Right width (um) width (itm)
edge edge K H
1 13 12 9 73.4 30.3
Vil.5-¢l 2 8 14 10 66.8 24.6
3 15 8 12 57.3 254
1 16 15 12 779.9 " 61.8
Vil.5-€2 2 15 16 19 156.0 38.6
3 23 23 17 110.1 37.9
1 13 12 22 78.8 16.5
Vi2.0-¢l 2 17 14 11 54.8 19.1
3 17 19 15 351.0° 28.4
1 25 36 17 770.4 " 33.8
Vi2.0-€2 2 24 22 28 61.4 22.8
3 24 27 42 102.8 25.8

" A large localized crack was observed, probably due to insufficient compaction. These specimens might
be regarded as outliers.
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It should be noted that the number of cracks varies among the center and near-edge areas of the
specimen surface. This variation results from cracks that bifurcated during propagation, and
cracks that did not fully propagate through the matrix. In addition, crack width at the near-edge
area was mostly larger than that at the central area. Typically, crack width measurement for ECC
materials is performed on only the central longitudinal area [14], assuming that the crack
opening is constant along each crack. However, the result here shows that the assumption of a
constant crack width is not always true in ECC-type materials. Thus, multiple-point
measurement for each crack is important, especially for the permeability test on cracked
specimens where any part of the surface, not only the central area, can serve as a dominant

pathway of water.

To better illustrate EGC cracking characteristics, density histograms of crack width and their
fitted probability distributions are plotted in Fig. 5.6. The sample size N represents the total
number of measurements on each series (i.e. measurements on the center and near-edge areas of
each specimen), excluding the outliers. The bin width of 10um is used as in previous studies on
ECC [15, 16]. As can be seen, lognormal distributions are well fitted to all series of EGC. When
compared with V2.0 series, V1.5 specimens have larger standard deviations for both 1% and
2% strain levels, as well as the larger estimated means. As a result, the V1.5 series has wider

distributions with a higher probability of forming larger cracks (Fig. 5.7).

Lognormal distributions of crack width have been also reported for ECC materials [15-17], and
are therefore regarded as general cracking characteristics of multiple-cracking fiber-reinforced
cementitious composites. Besides, Ranade et al. demonstrated for ECC materials that the mean
and standard deviation — two required parameters to fully characterize the lognormal distribution

— of crack width can be expressed as cubic functions of the applied tensile strain. Based on the
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estimated parameters, evolution of the crack-width distribution with strain can be predicted.
However, the estimated mean and standard deviation might depend on the number of
measurement points for each crack, as discussed above. To avoid inaccurate prediction of crack

width distributions, multiple-point measurement is recommended in future studies.

Density Density
0.06 0.06
V,1.5-¢1 V,1.5-€2
0.05 - N =101 0.05 - N =113
Mean = 26.8 Mean = 38.2
0.04 1 STD=16.3 0.04 1 STD=24.5
0.03 - 0.03
0.02 0.02
0.01 - 0.01
0 T 1 . 1 T T T 0 1 1 1 1 1 = T
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
Crack width (um) Crack width (um)
Density Density
0.06 0.06 -
V;2.0-€1 V,2.0-£2
0.05 - N =389 0.05 - N =167
Mean =17.7 Mean =24.5
0.04 1 STD=13.4 0.04 1 STD=16.7
0.03 0.03 Q‘
0.02 0.02
0.01 &A_‘ 0.01 -
0 I I I I 1 1 1 0 I I I I 1 1
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Fig. 5.6: Density histograms of EGC crack width and their fitted lognormal distributions.
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Fig. 5.7: Comparison between fitted probability distributions of V(1.5 and V2.0 series.

5.3.2 Water permeability

Figure 5.8 shows coefficients of permeability for intact and cracked EGC, excluding the outliers.
The average permeability coefficients of intact V1.5 and V2.0 specimens are 3.82 x 10°°, and
2.28 x 10° cm/sec, respectively. This compares well with the permeability coefficients of
uncracked normal concrete, FRC, and ECC reported in previous studies [3, 10, 11, 13, 16]. When
strained up to 1%, both EGC series show considerable increase of 3 to 4 orders of magnitude in
their permeability coefficients. On the other hand, the difference in permeability coefficients

between 1% and 2% strains is only one order of magnitude or less.

Despite the larger crack width of V1.5 series, their water tightness is comparable to that of V;2.0.
When compared with V2.0 series, V1.5 specimens have larger permeability coefficients, but the
difference is less than one order of magnitude in all strain levels. Therefore, while V¢1.5 series
has 1.5 times larger average crack width than V:2.0, the present result implies their similar

durability performance related to permeation of aggressive agents.
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Fig. 5.8: Permeability coefficient of EGC versus applied tensile strain.

To further evaluate the water permeability of EGC, it is necessary to compare their permeability
coefficients with those of normal concrete materials. However, when subjected to a similar
tensile strain applied to the above EGC series, normal concrete definitely develops a very large
crack and even fails. Thus, most previous studies on concrete permeability carefully controlled
the applied deformation to specimens, and investigated the relationship between permeability
and maximum crack width. Meanwhile, Lepech and Li prepared a series of reinforced-mortar
specimens with various amounts of steel reinforcing mesh (ranging from 1.9% to 2.9%) to
prevent the brittle failure and achieve desired crack widths [13]. The specimens were deformed
to uniaxial tensile strain of 1.5%, and their water permeability coefficients were compared with
those of ECC specimens subjected to similar strain levels. Detailed information on the reinforced
mortar and ECC can be found in [13]. Those data from the study by Lepech and Li are useful to

compare with EGC permeability data obtained in this study.
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Figure 5.9 shows the comparison of permeability coefficients for EGC, ECC and reinforced
cement mortar. Permeability coefficients of cracked reinforced mortars range from 3.02 x 10 to
4.46 x 10 cm/sec. Only one of the series shows a comparable permeability to cracked EGC, but
the specimen has a high amount of steel reinforcement of 2.9%, which is not economical in
practice. Therefore, when subjected to the same strain level, degradation in water permeability is
significantly limited in EGC compared to typical reinforced mortar/concrete. On the other hand,
cracked ECC shows better water tightness than cracked EGC: their permeability coefficients
range from 1.95 x 10°® to 7.74 x 10°® cm/sec, which are 2 to 3 orders of magnitude smaller than

those of cracked EGC, even at a tensile strain of 3%.

Permeability coefficient (cm/sec)

1.0E+00
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¢
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Fig. 5.9: Comparison of permeability coefficients for EGC, ECC and reinforced cement mortar.

The test results also show that permeability coefficients are highly dependent on crack width,
regardless of the material type. The reinforced-mortar specimen that shows comparable
permeability to EGC has similar maximum crack width and number of cracks to those of EGC.

Other reinforced mortars have fewer cracks with a large localized crack of 240 to 500 pm, and
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show 2 to 3 orders of magnitude higher permeability coefficients than EGC. In the case of ECC,
the maximum crack width is only 63 pm even at 3% strain. While the average crack width is not
reported in the paper, those ECC specimens have more microcracks and smaller crack spacing

than EGC, implying a tighter average crack width.

The critical role of crack width in concrete permeability has been also pointed out by many
researchers. In those studies, permeability coefficients are typically plotted against maximum
crack width. Since the water flow rate in concrete materials scales to the third power of crack
width [4], the largest crack is supposed to dominantly govern the water permeation. The
permeability coefficient versus maximum crack width is thus analyzed for EGC, as well as
cement concrete studied by Wang et al. [3], and reinforced cement mortar and ECC by Lepech

and Li [13] (Fig. 5.10). The outliers of EGC are also plotted in the graph for reference.
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Fig. 5.10: Permeability coefficient versus maximum crack width (after unloading) for cement concrete [3],
reinforced cement mortar, ECC [13], and EGC (outliers included).
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For crack width of less than 200 pum, similar increasing trends in the permeability coefficient can
be seen in all the materials. Data on EGC do not include the outliers in this range and therefore
represent the inherent property of EGC permeability. It should be noted, however, that EGC
specimens have many microcracks in the tested area, with a small variance in crack width. In
such cases, many cracks — not only the largest one — can serve as a significant pathway of water.
In contrast, concrete and reinforced mortar have fewer cracks, with damage localized in a single
crack. The largest crack has a dominant effect on the permeability in such materials. Therefore,
when related to maximum crack width, EGC permeability coefficients tend to be overestimated
compared to normal concrete materials. The same is true for ECC materials. To make a fair
comparison, Lepech and Li suggested normalizing the permeability coefficients of cracked ECC
by the number of cracks [13]. By applying this normalization, permeability coefficients of EGC

compare well to those of concrete and reinforced mortar.

A different trend can be seen in data for crack width of over 200 um: permeability coefficients of
EGC are limited compared to those of concrete and reinforced mortar in this range. As discussed
in the preceding section, those EGC specimens have localized large cracking and do not reflect
the inherent cracking characteristics of EGC. However, if the quality of workmanship were poor
in actual applications, it might be possible for such a large crack to form in the EGC structure.
The test result implies that EGC can significantly limit the permeability increase even in the
unfavorable case. On the other hand, a large crack is not uncommon in RC structures even when
the concrete is well compacted and finished. Then, water permeability of the structure
considerably increases with crack opening, as suggested by the data of concrete and reinforced

mortar in Fig. 5.10.
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The limited EGC permeability for crack width of over 200 um might be attributed to the unique
distribution of damage. As mentioned in the preceding section, crack width in EGC is not
constant along each crack. The unintended large cracking mostly started from the edge of the
specimen, but the localized damage did not propagate fast and was confined to the near-edge
area. Indeed, the measured maximum crack width only represents the crack opening at a small
area. As a result, the rate of water flow in that small area might not be dominant in the total flow
rate of the tested area. This could explain the little correlation between permeability coefficient
and maximum crack width of EGC, especially for V2.0 series. It should be noted that ECC
materials with unintended poor compaction or fiber dispersion typically exhibit strain-softening
behavior with a localized crack that propagates through the matrix much faster. Further research
is required to understand mechanisms behind the suppressed propagation of unintended localized

cracking in EGC.

From the discussion above, the maximum crack width is not an appropriate factor to relate the
water permeability of EGC. However, when plotted against average crack width, EGC
permeability shows a distinct positive correlation even when the outliers are included (Fig. 5.11).
Particularly, a linear relationship can be seen between the average crack width and the log of
permeability coefficient of cracked EGC. While few previous studies focused on the average
crack width of the tested specimens, it might be possible to predict water permeability from
average crack width for ECC-type materials. Further research is also needed to verify this

hypothesis.
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Fig. 5.11: Permeability coefficient versus average crack width of EGC.

5.3.3 Sealed cracks and reduction in permeability

During the course of this study, a possibility of self-healing in EGC was discovered. There was
an extra specimen that was preloaded to create microcracks and then stored in water for months.
Interestingly, white substance was formed on the specimen surface, especially within the cracks.
The same phenomenon was also reported for ECC in previous studies [13, 18]. As a result of the
sealed cracks, cracked ECC specimens showed significant decrease in permeability coefficients
(i.e. recovery in water tightness) with time. This could be another reason that permeability
coefficients of cracked ECC are significantly lower than those of EGC, apart from the difference
in crack width (discussed in the preceding section). The white substance in EGC implied that a
similar decrease in the permeability was possible. Therefore, the preloaded specimens used in the
permeability test were moved back to a water bath after the test, and cured for about 90 days

prior to the second round of the permeability measurement.
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The test result indicates that consistent decrease in permeability coefficients is only observed in
Vil.5-el and V;i2.0-€l. Table 5.3 lists the initial permeability coefficients (labeled “Pre-
permeability coefficient”) and permeability coefficients measured in the second round (labeled
“Post-permeability coefficient”). Positive values in Percent change represent permeability
coefficients that decreased after the 90-day water curing. Thus, all specimens show recovery in

water tightness to some extent.

Table 5.3: Change in permeability coefficients of EGC with time.

Pre-permeability Post-permeability =~ Percent

Series ~ Specimen coefficients coefficients change

(cm/sec) (cm/sec) (%)

1 3.65E-05 1.27E-05 65.1

Vil.5-¢l 2 2.16E-05 3.28E-06 84.8
3 2.21E-05 5.50E-06 75.1

1 5.37E-06 2.56E-06 52.4

Vi2.0-¢l 2 4.04E-06 6.03E-07 85.1
3 7.90E-06 6.37E-06 19.4

Despite the observed decrease in permeability coefficients, there was a limited amount of white
substance visible on the specimen surface, compared to the extra specimen mentioned above. In
addition, the degree of reduction in EGC permeability coefficients was significantly smaller than
that found in ECC by Lepech and Li [13]. Therefore, robust self-healing in EGC materials could

not be completely evidenced by this result.

Precipitation of the white residue might be even detrimental. Some studies reported that white
precipitates on geopolymer surface were a result of efflorescence — formation of salt deposits
caused by the reaction of cations leached from the pore solution with CO; in air [19]. In portland
cement concrete, efflorescence also occurs from the reaction of leached calcium ions with water

and CO,, but is generally considered harmless; the amount of calcium ions in the pore solution is
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typically limited, and the effect of efflorescence on binder degradation is thus negligible.
Conversely, efflorescence in geopolymers might be a significant issue because of the higher
concentrations of soluble alkali metal cations available [20]. Indeed, Zhang et al. found that
efflorescence had negative effects on compressive strength and stiffness of fly ash-based
geopolymers [21]. Therefore, it is important to know whether the white substance formed in
EGC results from beneficial self-healing or detrimental efflorescence. Further research to address

this question has been conducted, which is reported in the following chapter.

5.4 Summary and conclusions

Cracking characteristics and water tightness have been experimentally determined for the
developed EGC with fiber contents of 1.5% and 2.0%. The test result indicates that V1.5 series
has 1.5 times larger crack width on average than V2.0 series. Nevertheless, their water
permeability is comparable at both 1% and 2% strain levels. It is therefore suggested that the
V1.5 series has comparable transport properties and related durability to the V2.0, even with
the smaller fiber content. Combined with the results on their mechanical properties and
environmental performances obtained in Chapter 4, it can be concluded that the V1.5 series is
preferable to V¢2.0. In addition, it has been found that degradation in water tightness of EGC is
significantly limited compared to that of normal reinforced mortar/concrete. This result suggests

better transport properties and related durability of EGC.

The other findings obtained in this study are listed below;

® Residual crack width of EGC is lognormally distributed for both 1% and 2% strain levels.
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® A few specimens showed a localized large crack during the uniaxial tension test, but the
crack did not propagate through the matrix and the damage was confined to the near-edge
area. Mechanisms behind this suppressed propagation of localized cracking would be a
subject of further studies.

® Crack width of EGC is not constant along each crack, and the numbers of cracks are
different between the central area and near-edge sides of the specimen surface. Measuring
multiple points for each crack is recommended to accurately evaluate the crack patterns.

® Due to the nonuniform opening along each crack, maximum crack width only represents the
crack opening in a small area. As a result, there is little correlation between the maximum
crack width and permeability coefficients of EGC.

® Instead, a distinct linear relationship is observed between average crack width and
permeability coefficient. It might be possible to predict EGC water permeability from the
average crack width, but further research is required to verify the hypothesis.

® During the course of this study, a white substance formed on the specimen surface and
blocking the microcracks was observed. Time-dependent decrease in permeability

coefficients has been also confirmed in specimens subjected to 1% strain.

The last finding suggests a possibility of self-healing phenomenon in EGC materials. However, it
is also possible that precipitation of the white substance resulted from efflorescence, which could
be detrimental to mechanical properties of geopolymers. Thus, a further investigation on the
white precipitate is required to confirm the feasibility of self-healing EGC. The following

chapter is concerned with this.
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CHAPTER 6: Feasibility Study of Self-healing EGC

In this chapter, a feasibility study on self-healing functionality of EGC is documented. An
experimental investigation is conducted to measure the mechanical-performance recovery of pre-
cracked EGC due to self-healing. In addition, self-healing products are observed by scanning

electron microscopy (SEM) and examined using energy dispersive spectroscopy (EDS).

6.1 Introduction

Cement materials have inherent self-healing functionality. Indeed, autogenous healing of cracks
in cement concrete has been reported for many years, even since the 19th century [1]. Early
academic research on the phenomenon dates back to the end of 19th century [2], and active
research activities have been done in the past few decades. Based on the intensive studies, three
major mechanisms have been proposed for the self-healing phenomenon in cement-based

materials:

® Hydration of unreacted cement — unhydrated cement in the hardened matrix reacts with
water in cracks, creating calcium silicate hydrates (CSH) and other hydration products.

® Calcite (CaCOg3) formation — binding of calcium ions on crack surfaces with carbonate ions
dissolved from atmospheric carbon dioxide (CO,).

® Pozzolanic reaction — aluminate or silicate species and calcium hydroxide (CaOH) in the

matrix react with water, producing CSH and other phases.
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Theoretically, self-healing can occur in the presence of only water and CO; (i.e. under a normal

condition of most structures).

Recently, the concept of self-healing concrete has been gaining increasing attention. Particularly,
the technology is attractive to many developed countries facing a huge financial burden for repair
and rehabilitation of their aging infrastructure. Moreover, smart concrete structures that can
autogenously recover from damage are also promising for enhancing the resiliency for public
safety. Such societal needs are driving the active research and development of new technologies
to maximize the self-healing functionality of cement concrete. Today, various types of self-
healing concrete and relevant techniques have been developed, including encapsulation of
healing chemicals [3] or calcite-producing bacteria [4], inclusion of mineral admixtures [5], and

healing agents activated by a heating device embedded in the cement matrix [6].

ECC is another promising candidate for self-healing concrete. Yang et al. experimentally
demonstrated that ECC exhibits significant stiffness recovery (more than 80% of the initial
stiffness) even when strained up to 3% [7]. Herbert and Li also found that self-healing of ECC is
repeatable under multiple loading cycles [8]. Moreover, ECC has been demonstrated to self-heal
even under chloride or highly alkaline environments [9, 10]. More importantly, self-healing ECC
simply utilizes the intrinsic healing functionality of cement materials to achieve the high
performance recovery, repeatability, and versatility; in contrast, other technologies often require
cost-intensive additives, components, or devices to impart the self-healing capability to the

concrete material.

It is the self-controlled microcracking that realizes the enhanced self-healing in ECC. The tight

crack width is beneficial for self-healing products to precipitate and fully seal the crack.
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Conversely, even if a material has a self-healing functionality, it cannot autogenously heal large
cracks, just as human bodies cannot cure serious wounds by themselves. Therefore, damage
control plays a key role in bringing out the healing potential of cement materials. The same may
be true for geopolymers; today, only a handful of papers have been published to report the self-
healing of geopolymers [5, 11, 12], which does not necessarily imply low/no self-healing
functionality of the material. If the crack width can be tightly controlled, robust self-healing

might also be possible in geopolymers.

The objective of this study is to demonstrate the feasibility of self-healing EGC. EGC specimens
are first uniaxially loaded to create cracks and subjected to three different conditioning regimes
prior to reloading: air-curing or water-curing for 120 days, or no curing (i.e. reloading right after
preloading). Stiffness recovery due to self-healing is evaluated by comparing the initial stiffness
of intact specimens and the residual stiffness in reloading. During the course of curing, cracks
are photographically recorded regularly, to capture the formation of healing products. In addition,
the microstructure of healing products is observed by using a scanning electron microscope
(SEM). An elemental analysis is also conducted by using an energy dispersive spectroscopy

(EDS) system.

6.2 Materials and methods

6.2.1 Mix design and specimen preparation
The mix design of EGC in this study is similar to the V2.0 series developed in Chapter 4. Table
6.1 presents the mix proportion of ingredients. A lower amount of sand was incorporated to

facilitate the self-healing by relatively increasing the paste volume. Also, the fiber volume
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fraction of 2% was used since it has been reported that self-healing products in cement materials

are preferably precipitated around PVA fibers due to the high polarity of the hydroxyl group [13].

Table 6.1: Mix design of EGC used in this study (by mass).

FlyashA Flyash B Sand Na,Si0; NaOH Pre-mix Mix PVA
(Sammis) (Monroe) (pellet) water water fiber
0.6 0.4 0.2 0.225 0.044 0.031 0.10 0.021

The mixing procedure and the method of temperature curing were the same as those detailed in
Section 4.2.1 and 5.2.2. A total of 11 dog bone specimens were prepared, two of which included
no sand and were investigated by SEM and EDS. Those two specimens consisted of only
components involved in self-healing (i.e. paste, fiber, and self-healing products), which were

easier to be differentiated in the microscopic observation and elemental analysis.

6.2.2 Mechanical testing
Specimens were divided into four groups, referred to as “W-1%", "A-1%", "R-1%”, and

“SEM-1%", respectively. Test procedures for each group are schematically illustrated in Fig. 6.1.

0 1 2 28 148
, , ; P Specimen age
P i (days)
i i i Water
W-1% ! X X
E E i Air
A-1% —> X X
R-1% —p XX
P i Water
SEM—1% bl X SEM / EDS
Air, 23 £ |3 C Air X : Preloading / Reloading
Oven, 60 °C

Fig. 6.1: Test schedule and curing condition for each series of EGC.
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The first group, W—1%, had specimens that were uniaxially loaded to a tensile strain of 1% at the
age of 28 days. The test setup was the same as the dog bone testing detailed in Section 4.3.1.
After unloading, the preloaded specimens were cured in water for 120 days, during which the
microcracks were regularly photographed under an optical microscope. The specimens were then
air-dried for at least 24 hours, followed by reloading of the specimens in the identical test setup.
Specimens in the second group were also preloaded to 1% strain, but cured in air for 120 days
prior to reloading. For the third group, specimens were also preloaded to 1% and unloaded.
Reloading was then conducted right after the preloading, without any conditioning. Specimens in
the fourth group underwent the same preloading and conditioning as those of W-1%. The
preloaded specimens were then investigated by using the SEM and EDS analysis. Each group

had three specimens, except the fourth group (SEM-1%) which had only two specimens.

If self-healing of geopolymers requires the presence of water as in self-healing cement concrete,
W-1% series should have the largest amount of healing products and the highest stiffness
recovery. Conversely, the degree of self-healing might be limited in A-1%. Therefore, effects of
water curing on geopolymer self-healing can be evaluated by comparing the stiffness recovery of
W-1% and A-1%. On the other hand, the third group, R-1%, is a control series without any

conditioning, and can be used to determine the stiffness reduction due to the applied 1% strain.

For stiffness measurement, chord modulus was used in this study; chord modulus is the slope of
the line drawn between two specified points on the stress-strain curve [14], and calculated by

using the following equation:

B =7 (6.1)
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where E, __ is the chord modulus between two stresses o, and g, (at point b and a, respectively);

ep and g, are the corresponding strain values. As in a previous study on self-healing ECC [8],
chord modulus between 0.5 and 2 MPa was measured for each specimen. Then, stiffness ratio

was defines as the ratio of residual stiffness at reloading to initial stiffness at preloading:

_E’,,, (reload)
~E,_, (preload)

(6.2)

O —0a

When the full recovery is achieved, the value of R becomes unity.

6.2.3 SEM observation and EDS analysis

After the 120-day water curing, a small prism that contained a microcrack and white precipitates
within the crack was cut from a specimen of SEM-1% series. Grinding and polishing were not
applied so as to prevent damage on the white deposits. For SEM observation, a large-field

detector that captures secondary electrons was used in a low-vacuum environment.

For the elemental analysis of white precipitates, an EDS analyzer equipped with the SEM was
used. The accelerating voltage and spot size were 10 kV and 0.23 nA, respectively. Elemental
compositions were analyzed along a line segment that crossed a microcrack (and healing
products within the crack), starting from the uncracked region of the composite. This line-scan
function was useful to detect the relative difference in chemical compositions between the EGC
matrix and healing products. In addition, a map-scan was conducted to complement the line-scan
elemental analysis. The mapping function enabled information on the element concentration to
be overlaid on top of the SEM image. Thus, the relative difference in the atomic percent could be

visualized at any point in the mapped region.
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6.3 Results and discussion

6.3.1 Visual appearance of sealed crack

During the course of water curing, white precipitates were observed within microcracks of W-
1% and SEM-1% specimens. The degree of precipitation was, however, variable; some cracks
were completely sealed with the white residue, while some cracks were only partially sealed.
Figure 6.2 shows images of completely- and partially-sealed cracks in the water-cured series. In
addition, different rates of healing were also found; white precipitates in the completely- and
partially-sealed cracks can be seen in photographs taken at 7 and 30 days after preloading,
respectively. Despite the different degrees and rates of healing, both cracks are tightly controlled,
and there is no significant difference in their crack width. Although factors causing the
variability are not clear, self-healing in EGC is clearly limited compared to that in ECC where
most of microcracks are completely sealed. This limited formation of healing products implies

lower performance recovery in EGC.

In the case of A-1% series, no white substance was observed in all specimens during the 120-
day air curing. The number of cracks and crack width distribution is similar to those of W-1%,
and SEM-1% series. Yang et al. reported that air-cured ECC specimens also showed no
significant healing product [15]. Therefore, the presence of water is essential in self-healing of
geopolymers, as in cement-based self-healing. The total absence of white precipitates in A-1%
specimens suggests no performance recovery in this series, and their stiffness ratio R should be

close to the reference values of R—1% series.
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Fig. 6.2: Images of EGC microcracks right after preloading and after water curing: (a)(b) a completely-
sealed microcrack; and (c)(d) a partially-sealed microcrack.

6.3.2 Stiffness recovery

Table 6.2 summarizes the averaged initial and residual stiffnesses, and stiffness ratio for each
series. First and foremost, no significant recovery can be found in all series. The stiffness ratios
of W-1% and A-1% are 9.0 £ 3.8 and 7.8 + 3.1%. The difference between the two series is
statistically insignificant based on a t-test assuming that the data are normally distributed with
the equal variance. Therefore, completely or partially sealed cracks in W—1% specimens provide

no significant recovery in the chord modulus between 0.5 and 2 MPa. It should be also noted that
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the stiffness ratio of R—1% (i.e. no conditioning and aging) is larger than that of W—1%. This
might be attributed to the relatively lower initial stiffness of R—1%, probably caused by material
variability. Due to the lower initial stiffness, the stiffness ratio of R—1% is calculated to be higher
by its definition. Indeed, the residual stiffness of R—1% is close to those of W-1% and A-1%.
This implies that the applied 1% strain reduces the stiffness to a similar level in all series, and

that no significant recovery has been achieved in both W-1% and A-1% series.

Table 6.2: Initial and residual stiffness and stiffness ratio for the range of 0.5 — 2.0 MPa.

Series Initial stiffness Residual stiffness Stiffness ratio
Eys 20 (GPa) E’p5.20 (GPa) Ro.5-20 (%)
W-1% 84+£22 0.70+0.17 9.0+3.8
A-1% 8.7+3.0 0.62 +£0.07 7.8+3.1
R-1% 56+0.8 0.68 £0.06 12.5+2.6

Despite the no recovery observed for the chord modulus between 0.5 and 2.0 MPa, detailed
examination of the stress-strain curves has revealed a possibility of stiffness recovery in W-1%
series. Figure 6.3 shows portions of typical stress-strain curves of each series during preloading
and reloading, and corresponding chord modulus between 0.5 and 2 MPa for reloading. As can
be seen, there is a high nonlinearity in the reloading curve of W-1% compared to the drawn
chord. In contrast, deviation of the stress-strain curve from the chord is limited in both A-1%
and R—1%. It is clear that W—1% series has significantly higher stiffness in the range of lower
stress than those of the other series. Thus, the chord modulus between 0.5 and 2 MPa does not

fully reflect the stiffness profile of EGC in reloading.
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Fig. 6.3: Portions of stress-strain curves at preloading and reloading and chord modulus for reloading.
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To accurately evaluate the stiffness recovery, the chord modulus between 0.5 and 1.0 MPa is
measured for all series, which is presented in Table 6.3. Now, the averaged residual stiffness of
W-1% is more than twice that of A—1% or R—1%. The W-1% stiffness ratio is 24.6% on average,
which is significantly higher than the other series. Also, the stiffness ratio of A—1% is similar to
that of R—1% for this chord modulus. This agrees with the initial expectation that the stiffness
ratio of A-1% should be close to that of R—1%, as a result of no self-healing. Therefore, the
chord modulus for the lower stress levels seems appropriate for evaluating the stiffness recovery

in EGC.

Table 6.3: Initial and residual stiffness and stiffness ratio for the range of 0.5 — 1.0 MPa.

Series Initial stiffness  Residual stiffness Stiffness ratio
Eys-10 (GPa) E’51.0 (GPa) Ros-1.0 (%)
W-1% 104+ 1.1 2.60+ 0091 24.6 + 8.6
A-1% 8.1+2.1 1.18+0.17 15.5+5.2
R-1% 7.0+£1.5 1.11 +£0.09 16.2+2.6

From the above discussion, stiffness recovery in the present version of EGC is limited and only
significant for lower stress levels. Nevertheless, the present test result has confirmed the
possibility of self-healing EGC with mechanical-performance recovery. If most of the
microcracks could be completely healed, enhanced recovery should be possible. To improve the
self-healing functionality, mechanisms behind self-healing in EGC should be investigated. The
following SEM observation and EDS analysis provide some information to understand the

mechanisms.

6.3.3 Observation and elemental analysis on self-healing products
Figure 6.4 shows SEM micrographs of a sealed crack in an SEM-1% specimen. Most of the

white precipitates sealing the microcrack seem to have angular, stone-like shape (Fig. 6.4(a)). As
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mentioned in Section 6.2.1, no silica sand is incorporated in this specimen. Kan et al. reported
that stone-like particles were formed within microcracks of self-healing ECC, and found to be
mainly composed of calcite (CaCOs3). While they also found fiber-like healing products
(identified as CSH gel), such substance has not been observed in EGC. Instead, the magnified
view of the healing products in Fig. 6.4 (b) reveals the presence of spherical particles, which are
unreacted fly ash. The presence of unreacted fly ash suggests a possibility of further
geopolymerization (reaction between the unreacted fly ash and alkaline solution that may be
supplied from some source) and/or pozzolanic reaction, which forms hardened matrix and can

seal the crack.

Fig. 6.4: (a) SEM image of a microcrack and self-healing products sealing the crack; and (b) magnified
view of the healing products.

Then, to characterize chemical compositions of the white precipitates, EDS analysis was
conducted along the line shown in Fig. 6.5. In general, the surface analyzed by EDS should be
flat for accurate characterization. Thus, the region where a microcrack and white deposits formed

such flat and continuous surface was selected for the line-scan analysis. In addition, PVA fibers
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were not visible along the line, and therefore the detected elements should be those of
geopolymer matrix or white precipitates. The line was 78 um long with the scanning interval of
0.08 um. Detected elements were carbon (C), oxygen (O), iron (Fe), sodium (Na), magnesium
(Mg), aluminum (Al), silicon (Si), phosphorous (P), sulfur (S), and potassium (K). The atomic
percent of each element was calculated as x-ray counts for the element divided by the total

counts for all elements.

Fig. 6.5: EDS line-scan analysis was performed on the line that crosses a microcrack sealed with white
precipitates, including the uncracked region of the geopolymer matrix.

As discussed in Section 5.3.2, white precipitates in EGC might be a result of efflorescence as
reported in previous research. In a study by Zhang et al., the efflorescence product in a fly ash-
based geopolymer has been identified to be Na,COs3;7H,O [16]. It should be noted that

geopolymer binders are mainly composed of aluminosilicate phases (i.e. Al, Si, and O) with some
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amount of charge-balancing Na™ ions. Thus, if the white deposits results from efflorescence, the
relative amount of Na or C should be higher in the region. On the other hand, if the EGC self-
healing forms calcite (CaCOs3) as in cement-based materials, the region of the sealed crack
should indicate a high concentration of Ca in the EDS analysis.

Figure 6.6 shows the atomic percent of Na, O, C, Ca, Si, and Al along the scanned line. The sum
of x-ray counts for these elements is almost 90% of the total detected counts, over the entire
scanned region. As can be seen in the upper graph, the amount of Na does not significantly vary
along the line, keeping the low level. A similar trend is found for C, except in a small region that
has a short peak. The peak might be associated with the presence of unreacted fly ash or PVA
fiber which may be embedded near the surface, affecting the analysis through the interaction
volume of the electron beam. Such peaks do not represent typical chemical characteristics of the
white precipitates, which is indeed evidenced by the EDS mapping in Fig. 6.7 discussed below.
Therefore, the EDS result suggests that efflorescence is unlikely to be the mechanism of sealing
microcracks in EGC. In addition, the lower graph in Fig. 6.6 shows that Ca concentration is
relatively low within the sealed crack, compared to the intact binder phase. Instead, the relative
increase of Si and Al can be observed in the cracked region. Thus, calcite is not the main product
of the white deposits, either.

From the above discussion, it seems clear that self-healing in EGC is distinct from efflorescence
and cement-type self-healing, but produces Si- and Al-rich precipitates. This can be supported by
the EDS mapping shown in Fig. 6.7; higher concentrations of Si and Al, and lower concentration
of Ca can be clearly seen over the entire region of the microcrack. To completely understand the
chemical nature of the healing products, a further research using more advanced techniques such

as X-ray diffraction (XRD) is required.
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Fig. 6.6: Elemental compositions along the scanned line. The presence of efflorescence products
(Na,CO3) and calcite (CaCOy) is not confirmed. The healing products are Si- and Al-rich substance.
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Fig. 6.7: EDS mapping. Regions of higher concentration are shown in higher brightness. Higher

concentration of Si and Al, and lower concentration of Ca in the sealed crack can be clearly seen.
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6.4 Summary and conclusions

The feasibility of self-healing EGC has been confirmed in the present study. In cracked EGC
specimens subjected to water curing, white precipitates are formed on the surface, sealing the
microcracks. Also, while the degree of performance recovery is relatively low compared to ECC,
significant stiffness recovery can be observed for lower stress levels. In addition, the elemental
analysis by EDS has revealed that the healing products are not likely to be a result of detrimental

efflorescence.

The SEM observation has discovered the presence of unreacted fly ash within EGC microcracks.
Therefore, it might be possible to enhance the self-healing functionality by promoting further
geopolymerization and/or pozzolanic reaction from the unreacted fly ash (e.g. cured in alkaline

solution, or at higher temperature).

The other findings obtained in this study are summarized below;

® The degree and rate of self-healing in EGC are variable; some microcracks are completely
sealed within 7 days of water curing, while others are partially sealed after 30 days. The
limited formation of healing products explains the relatively low performance recovery in
stiffness, as well as water tightness studied in Section 5.3.2.

® Because of the limited performance recovery, chord modulus between 0.5 and 2.0 MPa is
not appropriate to evaluate the stiffness recovery in EGC. A parameter that can reflect lower
stress levels should be used.

® No healing product is formed in air-cured cracked EGC. Consequently, no stiffness recovery
is observed in the series. This indicates that EGC self-healing requires the presence of water,

as in cement-type self-healing.
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® Healing products in EGC are mostly angular, stone-like substance, and relatively rich in Si
and Al but low in Ca, compared to the geopolymer matrix. Thus, calcite (CaCQOs) is unlikely

to be a main healing product of EGC self-healing.

Chemical compositions of the healing products have not been completely identified in this study.
A further study is required to fully understand the chemical nature of the healing products and
corresponding reaction mechanisms. With that information, it would be possible to develop an

effective method to improve the self-healing functionality of EGC.
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CHAPTER 7: Sulfuric Acid Resistance of EGC

This chapter presents an experimental study on sulfuric acid resistance of EGC. Weight loss and
residual mechanical performances of acid-exposed EGC specimens are measured, in comparison

with OPC concrete and ECC.

7.1 Introduction

Sulfuric acid resistance is an important durability property for wastewater infrastructure. Under
sewer environments, sulfate compounds present in the wastewater are typically converted into
sulfuric acid, through metabolisms of sulfate-reducing and sulfur-oxidizing bacteria. This
sulfuric acid reacts with calcium hydroxide, calcium silicate hydrates and calcium monosulfate
in the cement matrix, forming loose and expansive gypsum and ettringite. As a result, the
structural integrity and load-bearing capacity of the sewer concrete are reduced. Detailed
information about the mechanisms of sulfuric acid formation in the wastewater can be found in

literature [1, 2].

Because of the biogenic sulfuric acid attack, unexpected early deterioration of concrete
wastewater facilities has been often reported [2, 3]. Further, much of sewer infrastructure is
outdated, reaching the end of their service life in many countries. The aging and deterioration of
wastewater infrastructure systems create an urgent need for repair and replacement; for example,

according to the US Environmental Protection Agency (EPA), $271 billion would be
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required to maintain and upgrade the deteriorating wastewater infrastructure in the US [4]. Since
sewage treatment is essential for maintaining the quality of life of citizens and ecosystems, their
failure can result in social and environmental impacts (including drinking water contamination),
as well as economic burden. For overcoming the challenge of crumbling wastewater
infrastructure, much effort has been made to improve the vulnerability of concrete pipes under

wastewater environments [5-8].

Of those newly developed technologies, geopolymer is a promising alternative to cement
materials for sewer-infrastructure applications. Previous studies reported high sulfuric acid
resistance of geopolymer concrete, especially in terms of weight loss caused by acid exposure
[9-13]. While strength reduction due to the acid attack is observed in geopolymer concrete, the
degree and rate of degradation are considerably lower than those of portland cement concrete. It
is suggested that the better performance of geopolymers in acidic environments is attributed to
the lower calcium content involved in the matrix formation [12]. Driven by the promising acid-
resistant property, many field-demonstration projects have been conducted in the US to use
spray-applied geopolymer for repair/rehabilitation of concrete sewer pipes and culverts [14].
Further, precast geopolymer-concrete pipes have been commercially available in Australia [15].
Hence, more and more geopolymer applications for wastewater infrastructure will be expected in

the near future.

However, as has been discussed throughout this dissertation, durability performance of
geopolymers might be limited if extensive cracking takes place in field applications. Particularly,
large-diameter concrete pipes, which typically require steel reinforcement, can be seriously
damaged by corrosion that is induced by acidic media penetrating through the wide cracks. One

promising solution to this challenge is to use EGC; EGC has tightly-controlled crack width even
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under a high imposed strain (as demonstrated in Chapter 5), and it might be even possible to
eliminate steel reinforcement in the pipe, fully relying on the ductile EGC for crack control.
Therefore, applications of EGC for large-diameter concrete pipes are worth considering; the first

step is to verify the durability of EGC under sulfuric acid attack.

This chapter reports an experimental investigation on sulfuric acid resistance of EGC in
comparison with OPC concrete and ECC; the latter two materials serve as controls. Weight loss
and residual compressive strength of cylinder specimens subjected to sulfuric acid exposure are
presented. In addition, to study the combined effects of cracking and acid attack on mechanical-
property degradation, residual flexural strength and deflection capacity are measured for beam

specimens that are preloaded to create cracks before acid exposure.

7.2 Material and methods

7.2.1 Materials and mix designs

Table 7.1 lists the ingredients and their mix proportions of portland cement concrete, ECC and
EGC used in this study. The EGC design is that of 1.5% fiber volume fraction, developed in
Chapter 4. Properties of the ingredients can be found in Section 4.2.1. For cement concrete and
ECC, Type | portland cement and ASTM class F fly ash from the Monroe power plant (Section
4.2.1), were used as their binder materials. Crushed limestone with a maximum size of 25 mm
and silica sand with a fineness modulus of 2.43 were used as coarse and fine aggregate of cement
concrete, respectively. F-75 Ottawa fine silica sand and short polyvinyl alcohol (PVA) fiber with
1.2% oil coating were used for ECC, as in EGC mixture. To obtain adequate workability,

polycarboxylate-based superplasticizer (ADVA 190, GCP Applied Technologies Inc.) was added
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to the concrete and ECC mixture. The mix proportion of cement concrete followed the mixture
design by Payvandi et al.[16] , which is commonly used in dry-mixed concrete pipe production.
ECC used in this research was the most-studied standard version, M45 [17], with a fiber volume
fraction of 2%. It should be mentioned that the source of fly ash used for ECC in this study is

different from that used when M45 was developed (the supplier was changed).

Table 7.1: Mixture proportions of cement concrete, ECC, and EGC (in kg/m®).

Cement ECC EGC
concrete M45 (Vr—1.5%)
Type I cement 292 581
Fly ash (Sammis) 694
Fly ash (Monroe) 103 697 463
Coarse aggregate 873
Fine aggregate 956
Fine silica sand 464 463
PVA fiber 26 19.5
Super plasticizer 2.1 4.4
Water 174 337 116
NaOH (pellet) 60.1
Na,Si0; 260
Pre-mix water * 26.6

% Pre-mix water is mixed with NaOH pellets and Na,SiOjs solution to prepare the alkaline activator.

7.2.2 Specimen preparation

The mixing procedure of EGC has been presented in Section 4.2.1 and 5.2.2. For concrete
mixing, type | cement, fly ash, and silica sand were first dry-mixed for 2 min. Water along with
the superplasticizer was then added to the mixture to prepare fresh cement mortar, which was
followed by the addition of coarse aggregate. In the case of ECC, PVA fiber was added to the

fresh ECC mortar, instead of coarse aggregate, and mixing continued until a desired fresh state
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was obtained. The mixture of each material was cast into 3 x 6 inch (76 x 152 mm) cylinder and

4 x 4 x 14 inch (102 x 102 x 356 mm) beam molds.

Steel wire reinforcement was placed for concrete beam specimens, as shown in Fig. 7.1. The
steel wire mesh of W 1.4 (gauge 10) that meets ASTM 1064 [18] was used for both the
longitudinal and transverse reinforcement. The reinforcement ratio satisfied requirements of
Class 1V, Wall C reinforced concrete pipe, specified in ASTM C76 [19], which has a wall
thickness of 4 inches (102 mm) — the same as the thickness of the beam specimens — and an
internal diameter of 27 inches (686 mm). The reinforced-concrete (RC) beam specimens were

supposed to represent mechanical performances of the ASTM-specified RC pipes.

25 mm 25mm , 102 mm 102 mm ;
<> <> ‘
: [ N A 4 A 4 1
i : IZS mm !
{ S e i B [ L ]
102 mm
D e S S Q [ ] ]
IZS mm ‘ ‘ ‘
102 mm ' '
25 mm 152 mm 152 mm 25 mm

Cross section
* W-1.4 (gage 10) welded wire mesh for both transverse and longitudinal reinforcement

Fig. 7.1: RC beam design and testing setup of four-point bending.

All the specimens were demolded 24 hours after casting. Concrete specimens were then moist-
cured with a relative humidity of over 95% at room temperature (23 + 3 °C) until the age of 28
days. ECC specimens were moist-cured for only 6 days and then air-cured at room temperature

until the age of 28 days, as recommended in previous studies. As presented in Section 4.2.1,
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EGC specimens were dry-cured at 60 °C for 24 hours right after demolding, followed by air

curing at room temperature until the age of 28 days.

7.2.3 Sulfuric acid exposure

A sulfuric acid resistance test developed by Kaempfer and Berndt [20] was adopted in this study.
Figure 7.2 illustrates the exposure conditions. At the age of 28 days, specimens were immersed
in tap water. They were removed from water after two days and wiped with paper towels. The
water-saturated cylinder specimens were weighed with a precision of 0.01 g. Subsequently,
specimens were immersed in diluted sulfuric acid solution with a pH value of 2. The pH value of
the acid bath was checked daily and kept constant by adding extra sulfuric acid solution. After
six days of acid exposure, specimens were gently brushed under running water to remove loose
particles on their surface, followed by curing in a water bath for 24 hours. The weight
measurement, 6-day acid exposure, and 1-day water bath, which constituted one cycle of the

acid-resistance test, were then repeated. The sulfuric acid bath was replaced every cycle.

Based on a comparison study, Kaempfer and Bernd suggested that five cycles of the testing (i.e.
35-day acid and water exposure) represent the 20-year corrosion stress of ordinary concrete
sewer pipes in the field [20]. It should be noted, however, that they used automated mixer and
pump to continuously circulate the solution and adjust the pH, while the pH check and stirring in
this study were manually done once a day. In addition, it has been argued that the accelerated
sulfuric acid resistance test does not fully represent the microbial effects on sewer concrete in the
field, where hydrogen sulfide gas and sulfates, as well as microbially produced sulfuric acid, in
the wastewater attack the concrete [2]. Thus, the acid-induced damage observed in the present

experiment might be less severe than that in actual field applications.
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1st cycle (7 days) 2nd cycle

Water bath Sulfuric acid exposure (PH 2) Water| Sulfuric acid
*  PH value checked daily bath exposure

* Acid bath replaced every cycle
' ' 3  Specimen age
(days)

28 30 36 37

Weight measurement )
Weight measurement

Fig. 7.2: Test conditions of sulfuric acid exposure. Five cycles (35-day exposure) correspond to average
corrosion damage observed in 20-year-old ordinary concrete sewer pipes [20].

7.2.4 Test procedures

Cylinder specimens

Uniaxial compression testing was first conducted on three cylinder specimens of each material
for their 28-day compressive strength. Specimens were capped with sulfur capping compounds at

least one day prior to testing. The loading rate was 35 + 7 psi/s (0.25 + 0.05 MPa/s).

Nine intact cylinders for each material were subjected to the acid exposure. Out of these, three
randomly-selected ones were tested for residual compressive strength after each five cycles (i.e.
35 days of exposure). Namely, the average weight change was determined for nine specimens for
1-5 cycles, six specimens for 6-10 cycles, and three specimens for 11-15 cycles. To evaluate the
effects of continuous hydration of cementitious materials, another set of nine cylinders for
concrete and ECC were prepared as control specimens and subjected to water bath for the same
exposure periods as those of acid-exposed specimens. The control specimens were then tested for
reference compressive strength. For EGC cylinders, no significant strength increase after 28 days

was observed in preliminary studies. Thus, control specimens for EGC were not prepared here.
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Beam specimens

A four-point bending test was first performed on three beam specimens of each material for their
28-day flexural strength — known as modulus of rupture (MOR) — and their deflection capacity
(i.e. deflection at MOR). The span length was 12 inches (305 mm) and a constant loading rate of
0.003 in/min (0.076 mm/min) was applied under displacement control of the loading head. To
measure the mid-point net deflection, two potentiometers were mounted on both sides of a
rectangular jig that surrounded the beam specimen and was clamped at mid-depth directly above

the loading supports.

Another set of three beams for each material was preloaded at the age of 28 days. The testing
configurations were identical to the above flexural strength test, except that the test was stopped
at the net mid-point deflection of 0.02 inches (0.51 mm), which was equivalent to 1/600 of the
span length. After unloading the specimens, cracks were observed by an optical digital
microscope to measure their crack width. For each crack, crack width was measured on the
center and both edges of the specimen surface (i.e. measured at three points) and averaged.
Subsequently, the preloaded specimens were immersed in tap water for two days, and subjected
to the acid exposure of 15 cycles (105 days). The acid-exposed beams were then reloaded for

their residual MOR and deflection capacity.

7.3 Results and discussion

7.3.1 Visual appearance and weight change
Figure 7.3 shows visual appearances of specimen surfaces before and after acid exposure. As can

be seen, concrete and ECC specimens have remarkable erosion of the surface due to sulfuric acid
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attack. Fine aggregate of concrete and PVA fiber of ECC on their surface are loose and easily
brushed off after the acid exposure. However, from specimens crushed in the compressive
strength test, it has been found that the marked color difference is only observed in a thin layer of
the surface. In the case of EGC cylinders, fine surface cracking has been found while storing
specimens in air after the acid immersion. This might be attributed to its relatively low tensile
strength of the matrix and resultant damage by drying shrinkage. Nevertheless, the degree of
surface erosion in EGC is not as severe as cement concrete and ECC; only a small number of

PV A fibers have been brushed off from the EGC surface.

Before exposure After 35 days After 70 days After 105 days

Concrete |

ECC

EGC

Fig. 7.3: Typical appearances of specimen surface with various acid exposure periods.
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The limited erosion of EGC is also evidenced by the weight-change measurement (Fig. 7.4).
Both concrete and ECC specimens show slight weight gain in the first two cycles, which has
been also reported in many other studies. Chang et al. suggested that weight gain during the early
exposure period could be attributed to many factors, including continuous cement hydration,
formation of gypsum due to acid attack, and increase in absorbed water of specimens [5].
Despite the initial weight gain, the rate of subsequent weight loss of concrete and ECC is about
three times that of EGC. Consequently, after 15 cycles (105 days), the weight loss of concrete
and ECC is more than double that of EGC. Therefore, long-term sulfuric acid resistance of EGC

is significantly higher than cement concrete and ECC, in terms of weight loss.

Weight change (%)

Exposure time (days)

Fig. 7.4: Slight weight gain is observed for both concrete and ECC in the first two cycles (i.e. 14 days),
but the rate of subsequent weight loss is three times that of EGC.

7.3.2 Compressive strength degradation
Results of the initial and residual compressive strength of each material are shown in Fig. 7.5.

Despite the observed surface erosion due to acid attack, all series show strength increase after
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acid exposure, compared to their 28-day compressive strength (“0d” in the graph). These data
imply that there is little correlation between the weight loss and compressive strength
degradation, within the extent of erosion damage observed in this study. It should be noted,
however, that continuous cement hydration and pozzolanic reaction of fly ash are supposed to
continuously elevate the compressive strength of concrete and ECC, even under the acidic
environment. Moreover, for concrete or ECC pipes in the field, much of continuous hydration
would be completed within months, while significant acid-induced deterioration occurs after
years. Therefore, to extract effects of continuous hydration of cementitious materials, the raw
strength data should be normalized by those of water-cured control specimens with the same
specimen age. The resultant net effects of sulfuric acid exposure represent the real-time strength

degradation of concrete/ECC pipes in the field.

Compressive strength (MPa)

80 m Od
@ 35d
T
60 T H @ 70d
as 0 105d
40 - T
=T
20
0
Concrete ECC EGC

Fig. 7.5: Compressive strength of concrete, ECC, and EGC before and after sulfuric acid exposure. All
the series show strength increase even after the acid attack, compared to their 28-day compressive
strength (i.e. “0d”).
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Figure 7.6 plots the normalized residual compressive strength. For EGC, the raw residual-
strength data have been normalized by its 28-day compressive strength. No significant
degradation is observed for ECC, suggesting negligible effects of the observed weight loss on
strength degradation. Conversely, continuous degradation can be clearly seen for concrete. The
average residual strength of concrete after 15 cycles (105 days) is 79% of that of the water-cured

control specimens.

Normalized residual strength (%)

120 +—————1H""—"1"—"—""""—"—"—" " ————-
—
& _
80 +» - _ﬁ_h.
60O +—————-—"1—"H—+-"—————
—e— Concrete
490 +———-—H—"""—""""""""""“"“"“"—————-
—=—ECC
20+ " ————————-
EGC
0 1 1 J
0 35 70 105

Exposure time (days)

Fig. 7.6: Strength increase due to continuous hydration is extracted by normalizing the raw compressive
strength data by those of control specimens cured in water. Continuous strength degradation due to the
acid attack is observed in concrete, while there is no significant effect on ECC and EGC.

Although concrete and ECC show a similar trend in weight loss (Fig. 7.4), effects of the weight
loss on compressive strength are limited in ECC. This could be attributed to a smaller amount of
loss of cement matrix in ECC than cement concrete. The measured weight loss of ECC includes
brushed-off PVA fibers from the surface. On the other hand, the weight loss of concrete is

associated with lost hardened cement paste and aggregate. In addition, the larger amount of fly

176



ash incorporated in ECC than cement concrete could enhance the sulfuric acid resistance of the
cement matrix, as reported by Torii and Kawamura [6]. As a result, relatively large loss of
cement matrix in concrete could cause significant strength degradation, while effects of the lost
fibers from ECC surface are limited. Nevertheless, if the ECC specimens were to undergo further
acid exposure and lose more weight, the compressive strength degradation could be significant,

compared to EGC that has a slower rate of weight loss.

7.3.3 Flexural strength and deflection capacity at 28 days

Of three specimens tested for each material, typical flexural stress-mid deflection curves in the
flexural strength test are shown in Fig. 7.7. While ECC beams show considerably higher MOR
than RC and EGC, only a few multiple cracks have been observed, with unexpectedly low
deflection capacity. In contrast, EGC beams show more than ten microcracks in the deflection-
hardening stage and have high deflection capacities. The average MOR and deflection capacity
of EGC are 17 and 331% higher than those of RC, respectively. Results of the average flexural
properties are later shown in Table 7.3, together with the residual flexural properties after acid

exposure.

It should be noted that the flexural behavior of ECC beams is similar to that of ordinary fiber-
reinforced concrete (FRC), rather than high performance fiber-reinforced cementitious
composites (HPFRCCs). It is suggested that the Monroe fly ash, which has relatively high
calcium content and reactivity, causes formation of a too strong cement matrix. The high tensile
matrix strength could result in violation of a fracture mechanics-based criterion [21] that is
essential for steady-state crack propagation and resultant multiple cracking with high tensile

ductility. Therefore, it might be appropriate to consider that the ECC specimens prepared in this
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study represent the behavior of ordinary FRC with limited strain-hardening under uniaxial

tension.

Flexural stress (MPa)

16 - e

i |

Mid deflection (mm)

Fig. 7.7: Typical flexural stress—mid deflection curves of RC, ECC, and EGC beams. Due to relatively
high reactive fly ash, ECC beams show lower deflection capacities than expected, with a few multiple
cracks.

7.3.4 Crack patterns in preloading

Table 7.2 presents crack patterns of preloaded beam specimens. RC beams have a smaller
number of cracks with larger crack width than ECC and EGC. The maximum crack width of RC
beams is less than 300 um, which is the permissible crack width in the ASTM specification of
RC sewer pipe design [19]. It is suggested in the specification that cracks of less than 300 pm
have limited effects on structural properties and water tightness of RC pipes. Therefore, the
degree of damage introduced by the preloading is reasonable; the specification implies that such

damage can occur in actual RC pipes in the field.
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In the case of ECC and EGC beams, crack width is tightly controlled to be less than 100 um.
However, their crack width distributions are different; a lognormal distribution is well fitted to
the EGC crack data, as in coupon specimens discussed in Section 5.3.1, while the crack data of
ECC beams appear a more scattered, random distribution. This supports the above discussion
that ECC beams prepared in this study behave like ordinary FRC. As a result, both the maximum

and average crack widths of EGC are the smallest among the three materials.

Table 7.2: Crack patterns of preloaded beam specimens.

Material ~ Specimen  Number of Maximum crack  Average crack

cracks width (um) width (um)

1 1 272 261

2 1 274 220

RC 3 2 184 140
1 3 94 54
2 3 84 42
ECC 3 4 94 57
1 4 60 33
2 4 34 21
EGC 3 4 37 31

Note: Crack width was measured at three points for each crack, i.e. center and both edges of the surface,
and averaged. Maximum crack width is the largest crack width observed at a single point.

It should be mentioned that cracks in both RC and ECC beams were completely sealed during
the acid exposure. In contrast, crack sealing was not observed in EGC beams, and fine surface

cracking was found instead, as in the cylinder specimens.

7.3.5 Residual flexural strength and deflection capacity

Average MOR and deflection capacities of beam specimens at 28 days and after acid exposure
are summarized in Table 7.3. Unfortunately, data of one acid-exposed RC beam was lost due to
an unexpected power outage during its reloading, and the average flexural properties are

therefore computed for only two specimens. For RC and EGC series, slight increases/decreases
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can be found in their residual MOR and deflection capacities, in comparison with their 28-day
performances. However, with the assumption that the data are normally distributed with the
equal variance, a statistical t-test reveals that those differences before and after acid exposure are
insignificant, compared to the observed variations among specimens. Therefore, the acid-induced
surface erosion observed in this study does not cause any remarkable degradation in the MOR

and deflection capacity of RC and EGC.

Table 7.3: Flexural properties of RC, ECC, and EGC at 28 days and after acid exposure.

28-day performance After acid exposure
MOR, fy Deflection MOR, f; Deflection
(MPa) at MOR, ¢ (MPa) at MOR, ¢; f] /ﬁ) 0;/ 0y
(mm) (mm)
RC 92+14 1.25+0.27 83+£0.7 1.39+0.14 0.90 1.11
ECC 150+04 1.23+049 13.8+£03 2.30£0.16 0.92 1.87
EGC 10.8+1.0 539+1.09 I1.6+1.5 526+0.95 1.08 0.98

In contrast, effects of acid exposure on both the MOR and deflection capacity of ECC are
statistically significant. While the residual MOR has only 8% reduction from the 28-day value,
the decrease is significant when the observed small sample variance is taken into account. The
degradation could be mainly attributed to brushed-off PVA fibers due to the surface erosion;
unlike compressive strength, flexural strength of ECC beams highly depends on the number of
fibers that can bridge cracks. Thus, loss of a considerable number of PVA fibers has a direct
impact on the load-carrying capacity. Conversely, 87% increase in the deflection capacity could
be associated with the degraded cement matrix; due to the acid-induced surface erosion, first-
cracking strength of ECC could be lowered, which is beneficial for achieving a higher ductility,

as discussed in Section 2.2.2. Indeed, more multiple cracks have been observed during reloading

180



on ECC beams than the 28-day flexural strength test. Therefore, although ECC matrix is eroded

by sulfuric acid attack, the damage can offer a higher deflection capacity of the composite.

7.3.6 Residual bending stiffness

Aside from the MOR and deflection capacity, significant reduction in bending stiffness has been
observed for all the acid-exposed beams. Figure 7.8 shows typical bending curves of each
material for preloading and reloading on the same specimen. For easy comparison of linear
bending stiffness, bending curves are plotted up to a mid-deflection of 1 mm. As can be seen, the
RC beam shows the largest stiffness reduction, despite the completely sealed cracking. The
residual bending stiffness of ECC, on the other hand, is comparable to its initial performance.

The stiffness reduction of EGC is moderate.

For conducting a quantitative evaluation, linear bending stiffnesses were computed for data with
stresses from 0.5 to 4 MPa by linear regressions, which showed high r-squared values of over 0.9
in all the series. Then, the stiffness ratio was calculated as the ratio of residual stiffness at

reloading to initial stiffness at preloading.

The average stiffness ratios of RC, ECC, and EGC are 5, 43, and 33%, respectively. This result
indicates the mechanical-property recovery due to self-healing in ECC. On the contrary, cracking
is completely sealed in RC beams, but not healed along with stiffness recovery. Remember that
the observed crack width in preloaded RC beams is permissible based on ASTM C76 (discussed
in Section 7.3.4). Nevertheless, their stiffness reduction due to combined effects of preloading
and acid attack is remarkable. In the case of EGC, the stiffness ratio is significantly higher than

that of RC, although no crack sealing has been observed.
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Fig. 7.8: (a) RC beam shows significant reduction in bending stiffness due to the preloading and
subsequent acid attack. The smallest stiffness reduction of (b) ECC beam is suggested to be a result of
recovery due to self-healing.
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7.4 Summary and conclusions

This chapter has experimentally demonstrated the high sulfuric acid resistance of EGC. Acid-
induced surface erosion of EGC specimens is limited compared to cement concrete and ECC,
especially in terms of weight loss. No significant degradation has been observed for its
compressive strength, MOR and deflection capacity after acid exposure. While combined effects
of preloading and acid attack cause remarkable degradation in its linear bending stiffness, the
degree of reduction is significantly less than RC. Due to the considerably slower rate of weight
loss in EGC than concrete and ECC, differences in mechanical-property degradation among the
materials would be more remarkable when subjected to longer acid exposure or more severe

acidic environments.

The following findings have been also obtained during this study;

® A limited number of PVA fibers are brushed-off in EGC due to the acid-induced surface
erosion, while acid-exposed ECC loses a significant amount of fibers. The loss of fiber does
not reduce compressive strength of both materials, but causes statistically significant

degradation in MOR of ECC.

® While the deflection capacity of EGC shows insignificant reduction after acid exposure, that
of ECC can be rather increased. The increase could be attributed to the degraded cement

matrix with lower matrix tensile strength, which is beneficial for achieving a higher ductility.

® Self-healing of EGC is not observed under acidic environments. Conversely, cement
materials show significant healing; cracks of preloaded RC and ECC beams have been

completely sealed during the acid exposure.
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® Significant mechanical-performance recovery due to the self-healing has been observed in
linear bending stiffness of ECC beams only. Despite the sealed cracking in preloaded RC

beams, their stiffness reduction is the largest among the materials.

As mentioned in Section 7.2.3, the chemical test method used in this study might not fully
represent the microbial effects on sewer concrete in the field. Therefore, further research would
be required to verify the durability of EGC under sewer environments. Nevertheless, the high
sulfuric acid resistance of EGC has been experimentally demonstrated, which shows the promise
of EGC for sewer-pipe applications. Then, based on the experimental result obtained here, the

next chapter conducts a life-cycle assessment on environmental performances of EGC sewer

pipes.
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PART 1V: APPLICATION OF EGC

CHAPTER 8: Application and Environmental Life Cycle Assessment

This chapter is concerned with a promising infrastructure application of EGC: large-diameter
sewer pipes. The market demand, existing technologies, and technical challenges are first
outlined. Then, an environmental life cycle analysis (LCA) is conducted to evaluate the

sustainability of the EGC pipe, in comparison with RC and ECC pipes.

8.1 Introduction

Wastewater infrastructure is facing an increasing crisis worldwide. For example, there are over
800,000 miles of public sewer mains in the US, many of which were installed in the early 20"
century [1]. Since then, repair and retrofit have been patchwork, and many of the outdated sewer
systems are susceptible to blockages and leakages; according to the US Environmental
Protection Agency (EPA), at least 23,000 to 75,000 sanitary-sewer overflows occur every year
[2], mainly caused by blockages and line breaks. It is clear that such wastewater leakages affect
the natural environment and human health. Therefore, there is an urgent need for replacement of
old sanitary pipes reaching the end of their service life. Considering the expected long lifespan of
public sewer systems, a durable piping material for new installation needs to be carefully

selected.
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Traditionally, concrete and steel were predominantly used for underground pipes; in recent years,
plastic has emerged as a competitive alternative [3]. Plastic pipes offer a variety of advantages;
for example, polyvinyl chloride (PVC) and high-density polyethylene (HDPE) pipes are light-
weight and corrosive-resistant technologies. Lightweight is beneficial for reducing time and cost
for installation, and high corrosion resistance prevents early deterioration/failure of the pipe,
extending the service life. These technical advantages lower the life-cycle cost of plastic-pipe
applications, which is attractive to asset owners. Indeed, demand for plastic pipes in the US is

predicted to rise at the most rapid pace of all piping materials [4].

However, there are also limitations in plastic pipes. PVC pipes, for example, have relatively low
crush resistance and are prone to cracking. Unlike reinforced-concrete (RC) pipes, plastic pipes
can easily lose structural integrity if cracking is extensive. Further, the material becomes more
brittle if the temperature is below 3 °C (37 °F), and therefore is not suitable for installation
during cold temperatures [3]. Aside from the technical aspect, plastic pipes have large embodied
energy due to petroleum-based raw ingredients. Indeed, embodied energy per unit mass of PVC
or HDPE is more than 20 times that of RC [5] (it should be noted that the density of PVC or
HDPE is roughly half that of RC). Meanwhile, the high carbon intensity of cement is a
disadvantage of RC pipes. Hence, to select the best piping material, each technology should be

comprehensively evaluated depending on the application.

The objective of this chapter is to investigate the feasibility of using EGC for sewer-pipe
applications. The market size and trends are first outlined to determine the target market. Then,
technical advantages of EGC pipes are presented in comparison with existing technologies in the
market. Finally, an environmental life cycle analysis (LCA) is conducted to assess the

sustainability of EGC pipes in terms of the energy use and carbon dioxide (CO;) emissions.
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8.2 Target Market

According to a comprehensive market report by the Freedonia Group [6], water- and wastewater-
pipe demand in the US amounted to $12.5 billion in 2013 and is expected to reach $18.1 billion
in 2018, with annual growth of 7.7%. The increasing trend mainly results from continuous need

for repair and replacement of the aging water- and wastewater-pipe network.

Out of the total demand of $12.5 billion, demand for plastic pipes accounts for 52.7%, while that
for concrete pipes is only 14.4%. PVC and HDPE are the dominant materials for plastic-pipe
applications, contributing to over 90% of the demand. One of the advantages of plastic pipes is
the ease of partial replacement; plastic pipes can be customized to replace a specific part of a line,
while concrete pipes must be replaced in whole sections. Also, plastic pipes are popular with
installers because of the low cost and quick installation. Because of the technical and economical
benefits, demand for plastic pipes is expected to increase by 8.9% annually through 2018, which

is the largest growth rate of any major piping materials.

Although plastic is capturing market share from competing materials, continuous need still exists
for concrete, especially in large-diameter underground pipes. Figure 8.1 shows demand for large-
diameter pipes (diameter of 381 mm or more) in the US in 2011. For this market, concrete and
steel pipes account for more than half of the market share. This results from the high crush
resistance and pressure capabilities of the materials, which are essential for large-diameter pipe
applications. While steel is the leading material in the market, it is typically used in oil and gas
applications. For sanitary sewers, cast iron and ductile iron (in recent years) are commonly used,
but they are generally more expensive than concrete [7]. As a result, concrete has a solid market
share for large-diameter sewer pipes. It should be noted that sewer pipes are the dominant

application in the market (Fig. 8.1 (b)).
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Total demand: 145.6 million liner feet

Concrete PVC Drainage Oil & Gas
23.4% 6.9% 17.6% 17.4%
Ductile Water
Iron & Other Transmissior
7.4% 10.6%
Sewer
HDPE Steel 50.3% Industrial &
30.9% 31.3% Other
4.1%
(a) (b)

Fig. 8.1: Large-diameter pipe demand in the US (a) by material and (b) by application, 2011 [8].

As presented in Chapter 7, EGC possesses good compressive strength and comparable flexural
strength to RC, which implies good crush resistance when used in pipe applications. Further,
high tensile ductility and controlled multiple microcracking in EGC should be also beneficial,
indeed, higher water tightness of cracked EGC than that of cracked reinforced mortar has been
demonstrated in Chapter 5. Therefore, the market of large-diameter sewer concrete pipes seems

promising for EGC to be introduced.

8.3 Technical advantage analysis

Major advantages of concrete pipes are the good crush resistance, reliability based on the long
use history, and low cost compared to other nonplastic materials. In addition, long service life is
often claimed for concrete pipes; in a design manual for conduits, culverts, and pipes, US Army

Corps of Engineers (USACE) provides a list of expected lifespans for pipe materials as follows

[9]:
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(i) Concrete — between 70 and 100 years.
(if) Steel — at least 50 years provided that coatings are properly applied.

(iii) Plastic — less than 50 years.

It should be noted that the design manual was published in 1997, and the recommended service
life for plastic pipes is relatively short because of the limited performance history of the material

at that time; a longer service life might be able to be claimed today.

Despite the long life expectancy for concrete pipes, the actual longevity highly depends on the
site conditions. Particularly, acidic environments significantly shorten the lifespan of concrete
pipes (Fig. 8.2). Indeed, unexpected early deterioration of concrete sewer facilities has been
reported worldwide [10, 11]. The severe deterioration is typically associated with formation of
biogenic sulfuric acid in wastewater; cement-based materials are severely eroded due to their low
sulfuric acid resistance, as discussed throughout Chapter 7. To improve the low acid resistance,
various technologies including surface coatings or plastic liners have been introduced, which

however require additional initial costs.

Years to Poor

100
50 |
10 f
5 | _
- Eqg. 17 with 1.0%
pipe slope [11]
1
1 2 3 4 5 6 7

pH

Fig. 8.2: Predicted concrete-pipe lifespan by Ohio Department of Transportation (ODOT) [12]. Years for
the pipe to reach a poor condition (based on ODOT classification) highly depend on pH of the stream.
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Another emerging technology is reinforced-geopolymer pipes, as mentioned in Section 7.1. The
geopolymer matrix has excellent sulfuric acid resistance, as well as similar or even better
mechanical properties compared to cement-based materials. Further, fly ash-based geopolymers
offer enhanced material greenness, especially in carbon footprints. Driven by the acid-resistant
property and low carbon intensity, geopolymer technologies are being accepted in the US and

Australia (Fig. 8.3).

Fig. 8.3: (a) Precast geopolymer sewer pipes of 1.8 m diameter, commercially available in Australia [13];
(b) repair of deteriorated concrete sewer pipes in the US by spray-applied geopolymer [14].

However, even with the improved sulfuric acid resistance by either protective coatings or
geopolymers, long service life might not be fully guaranteed. Cracking is practically inevitable in
those technologies, and as long as the pipe relies on steel reinforcement, significant performance
degradation could result from the steel corrosion. The resultant shorter lifespan of the pipe is
unsustainable because of more frequent replacement required. In contrast, EGC can tightly
control crack width and achieve high tensile ductility without steel reinforcement (Fig. 8.4). In
addition, its high sulfuric acid resistance has been verified in Chapter 7. Therefore, the enhanced
durability of EGC is expected to offer a longer lifespan and lower life-cycle environmental

impacts for sewer-pipe applications, compared to conventional concrete pipes.
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Fig. 8.4: Schematic illustrations of comparison between RC and EGC sewer pipes.

8.4 Life cycle environmental assessment

To verify and quantify the enhanced sustainability of EGC pipes, an environmental life-cycle
analysis (LCA) is conducted in this section. Specifically, energy consumption and carbon
emissions are inventoried here. For reference, life-cycle environmental performances of the EGC

pipe are compared with those of RC and ECC pipes.

8.4.1 LCA methodology
In general, LCA considers the entire life cycle of a product: from raw-material acquisition,
through production/manufacturing, to use and end-of-life treatment. The ISO 14040 provides

general requirements of an LCA study, defining the following four phases [15];

(i) Goal and scope definition — to state the objective(s) of the study and define the product
system(s) to be studied. The functional unit, system boundary, assumptions, and impact
categories are determined in this phase.

(if) Inventory analysis — to collect data of relevant inputs and outputs of the product system(s)
and relate them to the functional unit.

(iif) Impact assessment — to associate the inventory data with specific environmental-impact

193



categories and category indicators based on selected characterization models.
(iv) Interpretation — to draw conclusions about the product system(s) based on findings from the

inventory analysis and impact assessment.

This standard LCA procedure is adopted in this study. The above four phases are detailed in the

following sections.

8.4.2 Goal and scope definition
The objectives of this study are to quantify life-cycle environmental performances of a large-

diameter EGC sewer pipe and compare them with those of RC and ECC counterparts.

The functional unit used in this study is a sanitary sewer pipe with length of 1 m, internal
diameter of 686 mm (27 inches), and wall thickness of 102 mm (4 inches). The pipe diameter
and thickness are determined based on the Class IV reinforced-concrete pipe specified in ASTM
C76 [16]. As presented in Section 7.3.5, laboratory-scale experimentation has demonstrated that
ECC and EGC have significantly higher flexural strength and deflection capacity than RC. Thus,
it might be possible for ECC or EGC to meet mechanical-performance requirements with a
smaller thickness. One way to verify the performance difference is to conduct a typical crushing
test on laboratory-scale pipe specimens; from the peak line load and inner and outer pipe
diameters, the crushing stress (i.e. property independent of pipe dimensions) can be determined
for each pipe material based on a linear elastic analysis [17]. However, the ASTM C76 requires
that the three-edge-bearing test (specified in ASTM C497 [18]) be conducted on a full-scale pipe
to verify the crush resistance. Due to the lack of full-scale testing data, identical dimensions are
assumed for all pipes in this study. As a result, environmental-impact estimations for ECC and

EGC pipes might be conservative.
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Figure 8.5 shows the system boundary in this study. In general, assumptions and simplifications
are necessary to model the product system. First and foremost, the present LCA study omits the
use and end-of-life phases. In most products, the use phase significantly contributes to the life-
cycle environmental impacts. However, unlike pipes for drinking water, typical sewer lines are
not pressurized to transport the wastewater, but run at a slope. Consequently, the energy
consumption in the use phase is limited for a sewer pipe, compared to that for a pump-driven
water pipe [19]. In addition, Vahidi et al. concluded in their LCA study on wastewater piping
systems that maintenance and repair of a concrete pipe (15-year interval for a period of 50 years)
had almost negligible impacts in the life-cycle energy/material use and greenhouse gas emissions
[7]. Regarding the end-of-life stage, used concrete pipes are usually not recycled; the old pipes
are often abandoned in the site after their service life, and the disposal phase is therefore omitted
in many comparative LCA studies on underground pipe systems [5, 7, 19, 20]. Other

assumptions and simplifications are summarized in Table 8.1.
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Raw-Material
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Energy > Manufacturing
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Transportation
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Installation Emission >

A\ 4
Use and
Maintenance

A 4
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Fig. 8.5: System boundary of the sewer pipe system. Use and disposal phases are omitted because of the
low contribution to the life-cycle environmental impacts.

Table 8.1: Summary of assumptions and simplifications for LCA.

LCA phase

Assumption/simplification

All

- All accessories such as gaskets and sealants are excluded from the
analysis.

- Production and maintenance of machinery, equipment, and
transportation vehicles are excluded from the analysis.

Raw-material

- Transportation of manufactured ingredients (cement, fiber, steel, etc.) to
the pipe plant is excluded from the analysis.

acquisition
. - The same manufacturing method is assumed to be applicable to all pipe
Manufacturing materials (See Section 8 4.3).
. - The distance from the pipe plant to the installation site is assumed to be
Transportation 100 km
Installation - The same trench volume for pipe installation is assumed for all pipe

materials.
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Last but not least, two scenarios are considered about the lifespan of each pipe system.

(i) Scenario I: equal service life for all materials

The first scenario assumes a service life of 50 years for all pipe materials, for a project period of
100 years (i.e. all pipes are replaced once during the project period). There might be a couple of
arguments for this assumption. First, the lifespan of 50 years might be short for RC pipes,
considering the expected service life of 70 — 100 years by USACE (Section 8.3). However, as
presented in Fig. 8.2, the deterioration rate of RC pipes is highly dependent on the pipe slope and
pH of the wastewater; the 50-year lifespan is a reasonable estimate for a relatively acidic
environment. Second, considering the enhanced sulfuric acid resistance of EGC, it might be
argued that EGC pipes have a longer lifespan than RC and ECC pipes. However, longevity of
sewer pipes depends on multiple factors; the ODOT classification system [21] determines the
deterioration level of a pipe based on the crack width and depth, scaling/delamination area and
depth, presence of corrosion and section loss of exposed reinforcing steel, etc. Because of limited
knowledge on performance of ECC/EGC sewer pipes in the field, there is a great uncertainty in
estimating their service life. Therefore, this scenario serves as a reference case that estimates the

EGC-pipe lifespan conservatively.
(if) Scenario 1lI: service life estimated based on acid-resistance test data

Considering the uncertainty, the service life of each pipe material is estimated in this scenario,

based on the result of the acid-resistance test in Chapter 7.

In the ODOT classification system, one of the criteria to determine the pipe condition is the
surface scaling on the pipe invert caused by freeze-thaw cycles; if the scaling depth is greater

than 0.5 inches (1.27 mm), then the pipe is ranked as “poor”. This suggests that the surface loss
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of 0.5-inch depth can significantly affect the pipe performance (and possibly lose a large part of
cover depth in RC pipes). This criterion is adopted here to determine the service life of each pipe
material, combined with the relationship between weight loss and acid-exposure time for each

material, shown in Fig. 7.4 in Chapter 7.

Figure 8.6 illustrates the method for the service life estimation. Two assumptions are made here.
First, it is assumed that specimens in the acid-resistance test were uniformly eroded over the
entire surface area; namely the diameter and height of the cylinder specimen are equally reduced.

Then, the weight loss can be related to the reduced diameter and height as follows;

A-Y)pr— = pn] 5

dh [d—Zx
4

2
| 6-2 6
where y, p, d, and h are the weight loss (in percent), density, diameter, and height of the cylinder,
respectively, and x represents the depth of lost surface due to erosion. It should be noted that the
diameter and height are reduced by 2x. Then, by substituting x = 0.5 (plus, d = 3 and h = 6 for
the 3 x 6 inch cylinder specimen) into Eq. 8.1, a critical value of y for which the pipe is assumed

to reach the end of the service life can be determined.

The second assumption is that the rate of weight loss does not accelerate but keeps constant after
the test duration (105 days). Figure 8.7 shows the weight-loss data presented in Chapter 7 and
their linear regressions. For concrete and ECC, data from 35 days were used for the regression
analysis. As mentioned in Section 7.3.1, a slower rate of weight loss (and even weight gain) is
typically observed for cement-based materials, mainly due to continuous cement hydration and

formation of gypsum caused by acid attack. As a result, the weight loss-exposure time
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relationship seems to have a bilinear relation for both concrete and ECC. Thus, a constant rate

was assumed for data after 35 days, which gives the highest R? value.

Assumption 1: Uniform surface erosion

m Acid exposure i
d

d’h
a- y)pﬁf = p

2x ho2 Estimated service life
(h-2x) Exposure time to reach y_c.i

T . T Leone =50 yrs
Assumption 2: Constant weight-loss rate conc’ TECC’ TEGC Lecc = TECC/ conc * 50 yrs
Leae = Teaes Teone * 50 yrs

Weight loss (%)

Exposure time

Fig. 8.6: Service-life estimation procedure.

Weight change (%)

EGC
1 y = -0.0348t
5 R =0.9564
-3
-4 A
-5 -

ECC

-6 Concrete y =-0.1027t+3.2891
7 y =-0.1081t+3.2233 R =0.9931
g - R?=0.9893 u
-9 T T !

Exposure time (days)

Fig. 8.7: Liner regressions for weight loss-exposure time relationship for acid-exposed concrete, ECC and
EGC. For concrete and ECC, the constant rate was assumed for data after 35 days.
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Based on the above two assumptions, the exposure time to reach the critical value of y
(equivalent to critical surface-erosion depth) can be determined for each material. Then, by
assuming that the calculated exposure time for concrete is equivalent to a service life of 50 years,

lifespans of ECC and EGC can be determined by taking the ratio of their exposure times.

The calculated lifespans are 52.6 and 156.1 years for ECC and EGC pipes, respectively. It should
be mentioned again that service life of sewer pipes is affected by many factors, and the above
estimation method is therefore much simplified. A further study is required to develop a more
comprehensive method for the service-life estimation. Considering the uncertainty in the current
method, it is assumed for a project period of 100 years that RC and ECC pipes are replaced once,

while no replacement is scheduled for the EGC pipe.

Regarding the impact categories, life-cycle energy use and carbon dioxide (CO,) equivalent
emissions are selected in this study. As in the MSI calculation in Chapter 4, 100-year GWP

values of the ICPP 2013 report [22] are used to calculate the CO, equivalent emissions.

8.4.3 Inventory analysis

Data for the inventory analysis are collected from various sources, mainly from scientific
literatures and environmental reports from industrial bodies. The data sources are selected based
on the validity of system boundaries and assumptions, reliability, and significance in the research

field. Information on the inventory data for each LCA phase is presented below.

(1) Raw-material acquisition

For ingredients of concrete, ECC, and EGC, associated embodied energy and GWI per unit mass
of the materials have been presented in Table 4.14 in Chapter 4. For production of reinforcing

steel, the dataset developed by the International Iron and Steel Institute is adopted [23].
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The mix design for the RC pipe is that studied in Chapter 7, which is commonly used in dry-
mixed concrete pipe production. It incorporates fly ash and is different from the OPC concrete
studied in Chapter 4. Due to the use of fly ash, the RC is suggested to have a higher sulfuric acid
resistance than normal design. Therefore, any surface coatings are not considered here. For ECC

and EGC pipes, ECC M45 and EGC V1.5% are used as in Chapter 7.

(i1) Pipe manufacturing

Inventory data for production energy of RC pipes are obtained from a comprehensive LCA study
on water and wastewater pipe systems conducted by Recio et al. [19]. The study estimated that
the production energy is 0.45 kWh per kilogram of RC pipe, assuming that the energy used in the
production process is only electricity. Thus, carbon footprints of the pipe production can be
estimated from the energy intensity multiplied by a COj-emission factor for electricity
generation. In this study, a factor of 0.611 kg CO,.eq/kWh is adopted, which is estimated from
life-cycle greenhouse gas emissions from electricity generation in the US [24]. In addition, the
same temperature-curing method (at 60 °C for 24 hours) is assumed to be used for all pipes. The
associated carbon intensity is obtained from a study on CO; equivalent emissions from
geopolymer and cement-concrete production by Turner and Collins [25]. They assumed that
liquid petroleum gas (LPG) is used for the temperature curing, and used a CO,-emission factor of
1.54 kg CO,-eq/L for LPG. To calculate the energy associated with the LPG use, the higher

heating value (HHV) of 25.4 MJ/L is used for LPG.

It is assumed that the same energy and carbon intensities are applied to production of both ECC
and EGC pipes. Difference in pipe-manufacturing energy/emissions results from the different

weight per unit volume of each pipe.
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(iii) Transportation to the installation site

LCI data for production of cement, fly ash, and aggregate — obtained from LCA studies on
portland cement concrete conducted by Portland Cement Association (PCA) [26, 27] — include
energy and emissions for transportation from the extraction site to the manufacturing plant (note
that transportation from the manufactured ingredients to the pipe manufacturing plant is excluded
in the present LCA study). The study by PCA used energy consumption of 1,060 kJ/metric ton-
km, assuming that the transportation energy efficiency was 0.024 L of diesel fuel per metric ton-
km. This was based on the heat content of 44.2 MJ/L for diesel. Also, the carbon intensity was
calculated based on a CO,-emission factor of 2.77 kg-CO,/L for diesel. In this study, the same
energy and carbon intensities were used for transportation of the pipe to the installation site,

assuming that the same transportation vehicle and fuel were used.

(iv) Installation

Energy and emissions in this phase are mainly associated with trench excavation for pipe
installation. First, the required trench volume is determined based on an installation manual for
concrete pipe and box culvert, published from the American Concrete Pipe Association [28].
According to the trench-design recommendation, the minimum trench width for an RC pipe with
686-mm diameter is 1300 mm, which is adopted in this study. Also, the class D bedding for
circular pipes is selected as shown in Fig. 8.8; the minimum depth over the top of the pipe is 150
mm, and the trench depth of 937 mm (i.e. 150 mm plus 787 mm of the outside diameter) is used
for the analysis. This class of bedding requires no special care to shape the foundation surface
and to fill all spaces under and around the pipe with granular materials. Energy and emissions

associated with the granular materials are excluded from the analysis, by assuming that the
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excavated soil is used to backfill the pit. Based on this assumption, diesel used by the hydraulic
excavator is only accounted in this phase. Data on diesel use and greenhouse gas emissions
associated with excavation of 1-m® trench is obtained from the ecoinvent database [29]. To
calculate the energy intensity from the diesel use, the heat content of 44.2 MJ/L is used as in the
transportation phase [26, 27]. It should be noted that, since the pipe dimensions are the same in

all cases, the total energy and carbon footprints are also the same.

Loose
Backfill 1/8 H

150mm min.

FLAT SUBGRADE
CLASS D
Bi=1.1

Fig. 8.8: Trench design for circular RC pipe [28]. The total trench volume for this study is 1.22 m®.

The LCA inputs for this study are summarized in Table 8.2. It should be noted that emissions

data for all inputs have been converted into GWI values.
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Table 8.2: Summary of inputs for life-cycle inventory analysis.

Inputs for 1-m pipe

Material/process Energy igtaert?s??
LCA phase (data sof;rce] Unit intensity ' " 02-‘/_ RC ECC EGC
(MJ/unit) eq/unit)
Raw material Cement [27] kg 4.8 0.93 344 67.1
o Fly ash [26] kg 0.11 0.0074 12.1 80.5 136
acquisition Aggregate [26] ke 0.12 0.0062 215
Fine silica sand [30] kg 0.17 0.025 53.6 544
PVA fiber [31] kg 101 34 3.06 2.29
Super plasticizer [30, kg 35 1.5 0.25 0.80
32]
Water kg 0 0 204 39 167
Sodium hydroxide kg 18 0.86 7.07
[33]
Sodium silicate [34] kg 4.6 0.43 30.6
Reinforcing steel [23] kg 8.4 0.44 8.23
Manufacturing Electricity [19] kWh 3.6 0.611 131 110 111
LPG [25] L 25.4 1.54 26 26 26
Transportation Diesel [26, 27] L 44.2 2.77 0.70 0.59 0.59
Installation Excavation [29] m’ 6.95 0.409 1.22 122 1.22

" Assumed negligible.

8.4.4 Impact assessment and interpretation
To conduct the impact assessment, the sum of impacts from all LCA phases considered is

calculated. The impact-assessment results based on the Scenario | and I1 are shown below.

(i) Scenario I: equal service life for all pipes

As mentioned in Section 8.4.2, all pipes have a service life of 50 years and are to be replaced

once during a project period of 100 years. Thus, the summed energy and GWI values are simply
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doubled to account for the replacement.

Figure 8.9 shows the assessment results. As can be seen, the RC pipe performs best with regard
to life-cycle energy consumption. The biggest advantage of the material is its low impact from
the material-acquisition phase; energy associated with production of RC-pipe ingredients is only
30 and 39% of those for ECC and EGC, respectively. The large difference results from two
factors: the larger amount of fly ash incorporated in the RC mix design than normal concrete,
and the use of energy-intensive PVA fibers in both ECC and EGC pipes. In the case of pipe-
manufacturing energy use, the RC pipe has a slightly larger impact than ECC and EGC pipes due
to the heavier weight. However, the difference is less than 15% and relatively small compared to
that for the material-acquisition phase. The same is true for the transportation phase. In the case
of installation energy (and emissions), the impacts are almost negligible in all pipes, which is

consistent with previous LCA studies on water- and wastewater-pipe materials [5, 7, 19, 20].

On the other hand, the EGC pipe has the lowest impact for carbon emissions; the GWI for EGC
is 86 and 70% of those for RC and ECC, respectively. The difference mainly results from the
amount of cement used; EGC uses no cement and has the lower GWI1 for the material-acquisition
phase; conversely, ECC has the largest amount of cement and highest GWI. Due to the high
carbon intensity of cement, the material-acquisition phase has the largest contribution to the life-
cycle GWI of the ECC pipe, while the manufacturing phase is dominant in the EGC pipe. In the
case of RC, the material-acquisition phase is limited compared to ECC; the RC incorporates fly
ash substituting for a portion of cement and uses a smaller amount of cement than ECC. It should
be also noted that PVA fibers have relatively small impacts for GWI, as mentioned in Section 4.4

in Chapter 4.
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Fig. 8.9: Life-cycle energy use and GWI values of RC, ECC, and EGC pipes in Scenario I.

(if) Scenario Il: service life estimated based on acid-resistance test data

In this scenario, RC and ECC pipes are to be replaced once during the project period, while no
replacement is scheduled for the EGC pipe. Thus, the energy use and GWI values for EGC are
simply half those in Scenario I. As a result, the EGC pipe performs best with regard to both

energy consumption and carbon emissions. The impact-assessment result for each phase is
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presented in Tables 8.3 and 8.4. The total energy use and GWI for the EGC pipe is 66 and 43%

of those for RC, and 44 and 35% for ECC.

Table 8.3: Energy use of RC, ECC, and EGC pipes for each LCA phase in Scenario Il (in MJ).

LCA phase
Material Raw-ma}tgrlal Manufacturing Transportation Installation Total
acquisition
RC 404 1,096 62 17 1,578
ECC 1,353 946 52 17 2,368
EGC 525 478 26 8.5 1,037

Table 8.4: GWI of RC, ECC, and EGC pipes for each LCA phase in Scenario Il (in kg CO»-eq).

LCA phase
. Raw-material : . . Total
Material L Manufacturing Transportation Installation
acquisition
RC 67 169 3.9 1.0 241
ECC 152 144 3.2 1.0 299
EGC 29 73 1.6 0.5 104

From the above LCA results, it seems promising to use EGC for replacing the current technology
(i.e. RC pipes). However, as mentioned in Section 8.4.2, there is a great uncertainty in the
service-life estimation of each pipe. To understand the sensitivity, the threshold service life of
the EGC pipe, which results in the same energy use or GWI as that for the RC pipe, is calculated.
First, it is assumed that the lifespan of the RC pipe is 50 years. Then, the ratio of the sum of
energy use or GWI for EGC to that of RC (i.e. no replacement for both pipes) is calculated and
multiplied by 50 years. The calculated threshold lifespans for energy use and GWI are 66 and 43
years. In other words, if the service life of EGC pipes is more than 1.3 times that of RC pipes,
EGC has more environmental benefits than RC, with regard to both life-cycle energy

consumption and carbon emissions.
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8.5 Summary and conclusions

This chapter explored the feasibility of using EGC for sanitary sewer pipes. Based on the brief
reviews of the market demand and current challenges of existing technologies, it seems
promising to introduce EGC in the market of large-diameter sewer concrete pipes. In addition, to
verify and quantify the enhanced sustainability of EGC pipes, a comparative LCA study has been
conducted on three pipe materials: RC, ECC, and EGC. When equal service life is assumed for
all pipes, the LCA result indicates that the EGC pipe performs best with regard to GWI. On the
other hand, the RC pipe has the lowest life-cycle energy use. The sensitivity analysis shows that,
if service life of EGC pipes is more than 1.3 times that of RC pipes, EGC performs best in both

energy consumption and carbon emissions.

The other findings obtained in the LCA study are listed below;

® Life-cycle energy use for all pipes highly depends on the material-acquisition phase.
Because of the high energy intensity of PVA fibers, the EGC pipe has 2.6 times larger
energy use than the RC pipe for this phase.

® Life-cycle GWI is significantly affected by the amount of cement used. Since no cement is
used in EGC, contributions from the material-acquisition phase are limited, while the pipe-
manufacturing phase becomes dominant.

® For both life-cycle energy use and GWI, transportation and installation phases have

negligible impacts.

It should be noted that, in the present LCA study, the high tensile ductility and multiple
microcracking characteristic of EGC are not taken into account for the service life estimation. As

a result, steel-reinforced geopolymer pipes would have better environmental performances than
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EGC pipes. A further study is required to develop a more comprehensive method to estimate the

pipe lifespan based on mechanical properties, as well as sulfuric acid resistance.

In addition, life-cycle cost analysis is also important to select the best pipe material, especially
for asset owners. Considering the time and cost for manufacturing of steel cages, EGC pipes
would have significant advantages against reinforced concrete and geopolymer pipes. This will

also be a subject of future studies.

Another important aspect excluded from the present LCA study is the externalities associated
with loss of use, repair, and replacement of sewer pipes. For example, when replacement of
buried pipes under high-traffic roads requires the trench excavation, the construction activities
could cause traffic congestion or delay. This leads to time loss of drivers on the route and more
emissions from the vehicles. Such externalities are critical when frequent/extensive replacement
is required, and are thus related to the pipe lifespan. The social cost and environmental impacts

associated with those externalities should be quantified in a future study.
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PART V: CONCLUSION

CHAPTER 9: Concluding Remarks

This doctoral research focused on development and characterization of green and durable —
therefore, truly sustainable — fiber-reinforced geopolymer composites for civil infrastructure
applications. In this chapter, research impacts and scientific contributions achieved in this study
are first highlighted. Major research findings are then summarized, and recommended subjects

for future studies are presented in the end.

9.1 Research impacts and contributions

(i) Development of a comprehensive design method for EGC

A new design method for ductile fiber-reinforced geopolymer composites has been proposed in
this dissertation. The method integrates three design techniques — Design of Experiment (DOE),
micromechanical modeling, and Material Sustainability Indices (MSI) — to systematically
optimize the matrix, fiber, and interface properties. Fundamental engineering properties, high
tensile ductility, multiple microcracking characteristics, and enhanced material greenness can be
simultaneously achieved with the aid of the multidisciplinary integrated scheme. This design
method facilitates development of various types of EGC and promotes the overall progress in the

research community. Further, the design concept is applicable to not only fiber-reinforced
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geopolymer composites but also many other composite materials in a variety of engineering

fields.

(i1) Development of green and durable geopolymer composites

By using the proposed integrated method, green and durable EGC materials have been developed
in Chapter 4. The optimized EGC shows tensile strain-hardening behavior with high ductility of
over 4%, and self-controls its microcracks as tight as 40 um on average (in residual crack width).
Such excellent tensile properties have not been achieved in any other geopolymer composites.
The high tensile ductility and tight crack width can suppress the inherent brittleness of
geopolymers, leading to improved material durability. Moreover, the fiber content is limited to
1.5% by volume, which offers significant reduction in energy and carbon footprints. Because of
the high durability and enhanced material greenness, the optimized EGC is promising for a broad

range of civil infrastructure applications.

(iii) Characterization of durability properties of EGC

Fundamental durability properties of EGC have been experimentally investigated in this study.
Particularly, crack patterns and water permeability of EGC studied in Chapter 5 are crucial for its
transport properties, which govern many types of deterioration processes. The obtained
experimental results will be useful in future studies on other durability properties of EGC. In
addition, sulfuric acid resistance of EGC has been evaluated in Chapter 7, in comparison with
OPC concrete and ECC. Those data can be used to estimate service life of EGC infrastructure

under sulfuric acid attack, such as wastewater facilities.
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(iv) Feasibility of self-healing EGC

The feasibility of achieving self-healing functionality in EGC has been demonstrated in Chapter
6. Only a handful of papers so far have reported self-healing phenomena in geopolymer materials.
Experimental results in this study confirm slight but significant stiffness recovery in preloaded
EGC due to self-healing of microcracks. Also, microstructure of healing products observed by
SEM has been presented, with elemental analysis results by using EDS. While mechanisms
behind the EGC self-healing have not been fully understood, this study will open a new window

toward developing self-healing geopolymer materials.

(v) Eeasibility of introducing EGC for sewer-pipe applications

Brief market research and technical-advantage analysis in Chapter 8 suggests that EGC is
promising for large-diameter sewer pipe applications. In addition, a comparative environmental
LCA shows lower life-cycle greenhouse gas emissions of the EGC pipe than RC and ECC pipes.
The study also reveals dominant ingredients and LCA phases in their life-cycle environmental
impacts, which provides valuable insights for developing a more sustainable EGC for those

applications.

9.2 Research findings

Major research findings obtained during investigations are listed below;
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From Part Il: Development of EGC

The alkaline activator-to fly ash ratio has statistically insignificant effects on compressive
strength of the EGC matrix. This is in contrast with many previous studies in the research
community.

EGC matrix has lower tensile strength and more brittle behavior than typical ECC matrix,
which is however beneficial in achieving robust multiple microcracking and resultant high
tensile ductility in the composite.

Interface properties between EGC matrix and PVA fiber are significantly different from
those for PVA-ECC,; it is suggested that the stronger chemical bond, weaker frictional bond,
and smaller slip-hardening coefficient of EGC contribute to the tighter crack with and higher
tensile ductility.

The developed EGC shows tensile strain-hardening behavior with high ductility of 3% even
with a small fiber volume fraction of 1.0%. However, the performance variability is
relatively large compared to that with 1.5 or 2.0% fiber content, which might be associated
with the magnitude of PSH indices.

GWI of the optimized EGC is roughly half that of normal cement concrete; conversely, the
embodied energy of EGC is about 70% higher, which results from the use of energy-

intensive PVA fiber.

(i) From Part I11: Characterization of EGC Durability

Chapter 5: Cracking Characteristics and Water Permeability of EGC

Residual crack width of EGC is lognormally distributed as in ECC materials.
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® Some EGC specimens under uniaxial tension showed suppressed propagation of localized
cracking; a large localized crack initiated from the edge of the specimen (probably due to
unintended poor compaction and fiber dispersion), but was confined to the near-edge area,
not propagating thorough the matrix. A further research would be required to understand the
mechanism behind this phenomenon.

® Multiple-point measurement is recommended to accurately characterize crack patterns of
EGC,; crack width is not constant along each crack, and the numbers of crack are different
between the central area and near-edge sides of the specimen surface.

® \When EGC and normal reinforced mortar/concrete are subjected to the same tensile strain,
the cracked EGC shows a significantly lower permeability coefficient than the cracked
reinforced mortar/concrete. This suggests better transport properties and related durability of
EGC.

® Average crack width of EGC has a stronger correlation with permeability coefficient than
maximum crack width; maximum crack width only represents the crack opening in a small
area because of the nonuniform opening along each crack.

® \White substance is formed on the surface of cracked EGC specimens during permeability

testing. This seals some microcracks, reducing the permeability coefficient.

Chapter 6: Feasibility Study of Self-healing EGC

® The sealed microcracks also offer slight but significant stiffness recovery of EGC in uniaxial
tension testing.
® However, the degree of EGC self-healing is limited compared to self-healing in ECC; some

microcracks are completely sealed, while others are only partially sealed. The limited
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formation of healing products would be a cause of the limited performance recoveries in
water tightness and stiffness.

® EGC healing products are mostly angular, stone-like substance, and relatively rich in Si and
Al but low in Ca. Unlike self-healing in cement-based materials, main healing products of

EGC are neither calcite (CaCOg3) nor CSH.

Chapter 7: Sulfuric Acid Resistance of EGC

® Self-healing in EGC requires the presence of water; however, no healing is observed for
EGC immersed in sulfuric acid solution. In contrast, most microcracks in ECC are
completely sealed even in the acidic environment.

® Meanwhile, surface erosion of EGC due to the sulfuric acid exposure is limited compared to
that of ECC and cement concrete; the rate of weight loss for acid-exposed EGC is roughly
one third that of the cement-based materials. This verifies the high sulfuric acid resistance of
EGC.

® In addition, no significant degradation in mechanical performances is observed for acid-
exposed EGC, except in linear bending stiffness. However, the stiffness reduction is

significantly lower than that for RC.

(iii) From Part IV: Application of EGC
® \When equal service life is assumed for large-diameter EGC, ECC, and RC sewer pipes, a
comparative LCA indicates the lowest GWI of the EGC pipe. On the other hand, the RC

pipe has the lowest life-cycle energy use.
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® |f service life of the EGC pipe is more than 1.3 times that of the RC pipe, EGC performs
best in both life-cycle energy consumption and GWI.

® Life-cycle energy consumption for large-diameter sewer pipes is highly dependent on the
material-acquisition phase. Particularly, PVA fiber has high energy intensity and largely
contributes to the energy use in EGC/ECC production.

® Similarly, life-cycle GWI is significantly affected by the amount of cement used in the pipe
material. Since EGC incorporates no cement, the material acquisition is not the dominant
phase. Instead, the pipe manufacturing has the largest contribution to the total GWP.

® For both life-cycle energy and GWI, transportation and installation phases have insignificant
impacts. This suggests that the LCA result is not so sensitive to assumptions and

simplifications in those phases.

9.3 Recommendations for future work
For continued development, characterization, and application of EGC, the following

investigations are recommended for future work:

(i) Development of natural fiber-reinforced EGC

To drastically enhance the material greenness of EGC, PVA fiber should be replaced because of
the high energy intensity. Specifically, use of natural fibers, instead of synthetic fibers produced
from petroleum-based inputs, is promising. In recent years, much effort is being made in
developing natural fiber-reinforced concrete. There is also ongoing research on natural fiber-

reinforced ECC. Knowledge and findings from those studies will be useful in developing natural
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fiber-reinforced EGC. Also, the integrated design method proposed in this doctoral research is

applicable to the development.

(i) Development of room temperature-cured EGC

The current EGC requires temperature curing to achieve good compressive strength. This is not
suitable for cast-in-place applications. To make a broader range of EGC applications possible,
development of room temperature-cured EGC is recommended. So far, various types of room
temperature-cured geopolymer concrete have been developed. Particularly, slag-based

geopolymers would be most promising.

(iii) Investigation on self-healing mechanisms in EGC

This doctoral research suggests that healing products of EGC are different from those of cement-
based materials. As such, they might be produced through different mechanisms. To achieve
better self-healing performance in EGC, those mechanisms should be first understood.
Particularly, more detailed chemical compositions of healing products need to be studied by
using advanced characterization techniques such as X-ray diffraction (XRD) and Fourier

transform infrared spectroscopy (FTIR).

(iv) Characterization of other durability properties

To verify the enhanced material durability of EGC, other important durability properties should
be investigated. Specifically, studies on the drying shrinkage, chloride-ion diffusivity, and fire
and frost resistance would be recommended. Many previous studies on geopolymer concrete

demonstrated comparable or better performances in such properties compared to cement concrete.
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Thus, EGC is expected to have similar or even better performances. Verifying this hypothesis

promotes introduction of EGC into a wider variety of civil infrastructure applications.

(v) Development of a more comprehensive LCA model for sewer pipes

First and foremost, the comparative LCA method used in this study has a great uncertainty in
estimating service life of EGC pipes. Particularly, the high tensile ductility and multiple
microcracking characteristics are not taken into account in the estimation. In addition, because of
those unique characteristics, EGC pipes might be able to meet mechanical-performance
requirements with a smaller wall thickness than RC pipes. It should be also mentioned that
externalities associated with loss of use, repair, and replacement of sewer pipes might have
significant impacts on the LCA result. Conducting further experimental and analytical
investigations and data collection, a more comprehensive LCA model to account for the above

aspects needs to be developed.

(vi) Cost analysis and minimization

No cost analysis has been conducted in this doctoral study. However, the material cost is one of
the most important factors for introducing the new technology, especially into large-scale
infrastructure applications. Since EGC uses no cement but utilizes fly ash (i.e. less expensive
industrial byproduct), it has some advantage over cement concrete and ECC. On the other hand,
the cost of alkaline solution could be a significant disadvantage of EGC. It is recommended to
estimate the total material cost for EGC and compare it with those of competing materials. In
addition, a further investigation will be required to minimize the EGC cost; using less expensive

fibers or alkaline activators would be promising.
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APPENDIX A

Confounding of interaction effects

As an example, consider the simplest orthogonal array (OA), shown in Table A-1. For the L4
OA, up to three factors can be assigned to the columns, each of which has two factor levels. For
simplicity, only an interaction effect between Factors A and B is considered. Then, the output

performance can be expressed as the superposition of the factor effects and the interaction effect:
Vi =& +b; +¢, +ab; (A-1)

Yijk IS the output performance under i-, j-, and k-th levels of Factors A, B, and C, respectively; x,
represents the effect of Factor X at the n-th level; a;b; represents the interaction effect between

Factors A and B at the i-, and j-th levels of the factors.

Table A-1: L4 standard orthogonal array.

Column ID
Trial No. A B C
1 1 1 1
2 1 2 2
3 2 1 2
4 2 2 1
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The interaction effect can be measured by the difference between the averaged outputs at the
A1B; plus A;B; levels and the A;B, plus A;B; levels. Namely, the following quantities are

compared:

= y111+y221:(ai+az)+(b1+b2)+c +a1b1+a2b2

Tll+22 - 2 2 1 2 (A'Z)

T = Yisat Yoro _ (8 +3,) + (b +D,) te, + ab, +ab (A3)
2 2 2

By subtracting Eq. A-3 from Eq. A-2:

= — +a,b,)—(a,b, +a

T2 =T = (6, —C) + (@ +ab,) ~(ab, +ah) (A-4)

2

Equation A-4 indicates that the interaction effect between Factors A and B is confounded with
the main effect of Factor C, i.e. (c; — Cy) in the equation. In other words, if no factor is assigned
to the third column, the interaction effect between assigned Factors A and B can be quantified as
the main effect of the third column. This is one way to deal with significant interaction effects in

OAs.

Following the similar derivation to that above, it can be shown that, in L9 OA discussed in
Chapter 3, the interaction effect between Factors A and B is confounded with both the third and
fourth columns (Factors C and D). Further, many other interaction effects are also confounded
with various main factor effects. This is a reason that the L9 OA is not suitable for evaluating
factors that are expected to have significant interaction effects. Conversely, in L18 OA used in
Chapter 4, all interaction effects are almost evenly confounded with main factor effects, and the

influence on the evaluation of the main factor effects is minimal.
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APPENDIX B

Derivation of P-u relations for debonding and pullout stages

(v) Debonding stage

Consider the fiber-debonding model shown in Fig. B-1; a single fiber with embedment length of
L. is loaded by external load P, and a portion of the fiber/matrix interface has been debonded due
to the pullout load. Here, it is assumed that the tunnel-crack propagation initiates from the fiber

exit point from the matrix, and that the length of the debonded zone is a.

Le
Debonded zone 7,
dogx)
Fiber > p o/{x) E-S oflx) + —L=Ax
(dfl Lf) ~
Matrix - N
Ax

(a) (b)

Fig. B-1: (a) Model of fiber debonding process; (b) a small fiber segment of the debonded zone.

In the debonded zone, only frictional bond resists the relative displacement between the fiber and
matrix. Consider a small fiber segment at distance of x from the tunnel-crack front, illustrated in
Fig. B-1(b). Then, if the frictional stress (zo) is constant in the debonded zone, the load balance in

the small segment is given by:
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{of (X)+ do_éx(x) Ax}Af — o, (0A, +7,(xd, AX) (B-1)

where o¢(x) is the stress in the fiber at distance X, Ax is the length of the segment, At is the fiber
cross-sectional area, and d is the fiber diameter. Since As can be expressed as z(di/2)?, Eq. B-1

can be rewritten as:

dO'f (X) 41'0 (B-Z)

dx d;

The boundary condition for the above differential equation is of(a) = o = P/A:. Therefore, ox(x)

can be expressed as:

o, (X) = %(x —a)+o (B-3)

f

Next, the stress in the matrix, om(X), is considered. From the load balance in the debonded

segment shown in Fig. B-2, the following equation is obtained:
o (XA +0, () A, =oA (B-4)

where A, is the cross-sectional area of the matrix. Here, the fiber volume fraction Vs can be

expressed as A¢ /(Ar+An). Therefore, dividing both sides of Eq. B-4 by (Ar+An):

o (X)V; +o,(X)A-V() =0V, (B-5)
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Debonded zone
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Fiber

<+ u
Oml(X) &

Matrix

Fig. B-2: Force equilibrium in the debonded fiber and surrounding matrix.

By substituting Eq. B-3 into Eq. B-5, om(X) is expressed as:

V
am(x):ﬁ%(a—x) (B-6)

Now, the displacement of the fiber (us) and that of the matrix (uy) at distance x, caused by the
external load are considered. It should be noted that the relative displacement between the fiber
and matrix (y) — i.e. interface slip — is given by us — uy,. Define & and er, as the strains for the fiber
and matrix, respectively. Then, from the definition of strain and stress-strain constitutive law, y at

distance x can be calculated as:

y(x) = jgf (X) — &, (X)X’ = ijE(X) - 0 g (B-7)

where Ef and Ep,, are Young’s modulus of the fiber and matrix. Substituting Egs. B-3 and B-6 into

Eq. B-7:

7(X)=Eix+w(x_z_

ax B-8
f Efdf 2 ) ( )
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where 7 is defined as ViE; /VnErn and Vi, is the volume fraction of the matrix. It should be noted
that, at x = O (i.e. the tunnel-crack front), y is zero since there is no interface slip in the bonded
zone. On the other hand, the interface slip at the fiber exit point (x = a) is given by:

o2 2r,(1+7)
a)=—a-——9" a2y B-9
7(@) E, E.d, (B-9)

This is equivalent to the fiber pullout displacement u. Since a is an unknown variable, Eq. B-9
cannot be solved for the fiber pullout load P; another condition to eliminate a from the equation

is needed.

Here, an infinitesimal propagation of the tunnel crack is considered, assuming that the fiber and
matrix comprise an elastic body. Based on the linear elastic fracture mechanics (LEFM), the

energy balance in the system requires:
Pdu} =dU +dW, +G,dA (B-10)

Pdu’;, dU, dW;, and GqdA represent the work done by the external load, change in the stored
strain energy of the elastic system, dissipated energy by the friction at the fiber/matrix interface,
and fracture energy consumed to debond the interface, respectively. It should be noted that u s is
the displacement of the fiber including not only the elastic stretch of the debonded zone but also
that of the bonded zone. The force equilibrium of Eqg. B-5 also holds in the bonded zone, while

the elastic strains of the fiber and matrix are identical (i.e. & = &n). Namely:
oV, =0V, +o,V,=E. &V, +E &V, =(E,V, +EV,)e, (B-11)

Therefore, u s is expressed as:
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r X oV
R 1 __(L-a (B-12)
f e
0 Ef Efvf + Eme

Meanwhile, regarding the friction term:

W, = [z, (0 6-13)

0

From Egs. B-8 and B-13:

_ mryd o a— 4rry (L+17) 33

B-14
" 2E, 3E, (B-14)

For the strain energy term, a theory in LEFM that the change in elastic strain energy of the
system is half the work done by external load is used. Considering the friction as surface traction,
the work term minus the friction term can be regarded as the available energy for the strain-

energy change. That is:

du =%(Pdu'f —dw,) (B-15)
From Egs. B-10 and B-15:

GddA=%(Pdu'f +dwW,) (B-16)

where dA represents the area of the extended tunnel crack and can be expressed as zd:da where
da is the length of the crack extension. Then, substituting Egs. B-12 and B-14 into Eq. B-16, the

following equation is obtained:
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d o2 z'oaa+ 275(1"‘77) a2

Gy=——0"-2% (B-17)
8E, (L+7) E, E.d,
Solve the above equation for o > 0:
8G,E; (1
6=4ro(1+77)aJr B (1+7) (B-18)
dy dy

By combining Egs. B-9 and B-18, the following solution is obtained:

2E. (1+
oU) =2 \/% (7,U+G,), 0<u<uy, (B-19)

f

Or, by converting the stress o into the force P, the equation can be rewritten as:

Ed (1
P(U) = J”fff(m) fru+G,}, 0<u<u, (B-20)

This is identical to the Eq. 3.27 in Chapter 3. Here, up is the critical pullout displacement at

which full-debonding is completed (i.e. a = L¢). Therefore, from Eq. B-18:

4ry@+m) | [BGE (+n)

u)= + B-21
U( 0) df e df ( )
Also, from Eq. B-9:
uO — 7(Le) — O-(UO) L _ 22-0 (1+77) L2 (B'22)

Ef ’ Efdf ’

By substituting Eq. B-21 into B-22:
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o =20k 0+r) | [8GLi(L+n)

B-23
’ Eqd; Ed; ( )

This is identical to the Eq. 3.29 in Chapter 3.

(vi) Pullout stage

Consider the fiber pullout model shown in Fig. B-3; When no slip-dependent behavior is taken

into account, the following force equilibrium is obtained:
zord {L, — (U—U,)} =P (B-24)

Then, to include the slip-hardening/softening effect, modify the friction by multiplying a factor

that depends on the slip-hardening coefficient (5). The simplest model is given by:

u_

- Yoy, u <us<L, +u, (B-25)
f

P(u)=7zr,d, (L, —u+u,)1+p

This is identical to the Eq. 3.28 in Chapter 3.

Matrix

Fig. B-3: Model of fiber pullout process.
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(vii) Determination of Gg, 7o, and £ from results of single-fiber pullout test

First, since Vs is sufficiently small in the single-fiber pullout model, it can be assumed that # is

negligible. Then, by converting the stress ¢ into the force P in Eq. B-21:

,G E.d3
Piebona(Uo) = 7rod( L, + 7 % (B-26)

Also, when u = up, Eq. B-25 gives:
Poutiout(Up) = 77700 Ly (B-27)
From Eq. B-27, the Eq. 3.19 in Chapter 3 is obtained. In addition, by combining Egs. B-26 and

B-27, it can be shown that:

2
Gd = Ffdfs {Pdebond(uo) - Ppullout(uo)} (B'28)

This is identical to the Eq. 3.18 in Chapter 3.

Next, the Eq. 3.20 in Chapter 3 is derived, which gives the least square estimation (LSE) of /.

For the one-parameter LSE, the following equation needs to be solved:

d

052 P U) =Pt =0 (B-29)

where Pe(U;’) is the measured pullout load at the i-th data of the post-peak pullout displacement.
Then, from the chain rule in calculus:

d - W2 . 3 d . .

37 2 Pt = P = 226 = Pt ) 5 P U] ~Pr@)} =0 (B:30)

dg 5 i
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It should be noted that

d

@Pex(ui) =0

Therefore, the following equation for $ needs to be solved:

' ) d :
Z {Pex (ui) - Ppullout(ui)}@ Ppullout(ui) =0

By substituting Eqg. B-25 into Eq. B-32:

r ) S -

ﬁ‘: i Ty i

Sk -u)

This is identical to the Eg. 3.20 in Chapter 3.
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APPENDIX C

Derivation and analysis of the proposed hysteresis for fiber debonding load

Consider the pullout-debonding phase in single-fiber pullout shown in Fig. C-1. Suppose that the
point A represents the current fiber pullout load and displacement of the short embedment side,
and the points B and By, indicate those of the long-embedment side for the original debonding-
load model and the proposed hysteresis, respectively. Define u’. as the maximum pullout
displacement of the debonding side in the preceding loading history, and a’ as the length of the

debonded zone.

Short-embedment side Long-embedment side

L - > U > H S S
Cdl S rd
Uos L+ Uos u'. Uo (L — L) + Ua

u,

Fig. C-1: Pullout-debonding phase of single-fiber pullout.

For the debonding-side displacement u,, further tunnel-crack propagation does not take place

unless u_ is greater than u’.. Thus, Eq. B-9 in Appedix B also holds for this case:
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O 27,(1+1n) 37 (C-1)
Ef Ef df

u =

Also, it should be noted that

ﬂd 2
GTf = Pdr:ebond(uL) (C_Z)

Then, by combining Egs. C-1 and C-2:

nE.d fz o+ nr,d (1+7)
4a’ 2

Pesona(UL) = a', O<u, <uf (C-3)

This is identical to the Eq. 3.33 in Chapter 3. In addition, by substituting u. = u’_ into Eq. C-3,
the debonded length a’ can be obtained by solving the following equation:

7E.d? d, (1+
f fu.+7n'0 f( 77)a,

Pdhebond(ulL )= aa Ot 5

(C-4)

This is equivalent to the Eq. 3.34 in Chapter 3. The comparison between Pgenong(UL) and

P"sebona(UL) has been shown in Fig. 3.9 in Chapter 3.

Now, the effect of this modification on the composite o—o relation is considered. As an example,
the o—o curve of a standard ECC M45 is simulated by using the original and modified models.
Three-dimensional random fiber distribution is assumed, but, for simplicity, both the matrix

micro-spalling and Cook-Gordon effect (detailed in Section 3.3.2) are not taken into account.

Figure C-2 shows the simulation result. Significant difference cannot be seen between the two
curves. This might be attributed to the fact that the pullout-debonding phase is not predominant

in M45; as shown in Fig. C-3, most of fibers in the ECC are broken for large crack opening. As a
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result, the model modification for the pullout-debonding phase has insignificant effect on the

composite o—o relation.

Bridging stress o (MPa)
10 +

h
P debond

Pdebond
0 T T 1

0 200 400 600

Crack opening 6 (um)

Fig. C-2: Simulated & relations of ECC M45 by using the original and modified models.

Percentage of total fibers (%)
100

N Pulled out fibers
90 I Broken Fibers

[ 2-way pullout

I Debond — Pullout
80 I 2-ay debond

70
60
50
40
30

20

0 100 200 300 400 500 600

Crack opening & (um)

Fig. C-3: Simulated fiber status at each crack opening.
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Conversely, if the pullout-debonding phase is predominant in a composite, there could be a
significant effect of the modification. Here, to prevent the fiber rupture, a higher fiber nominal
strength of 2000 MPa is used, instead of the original value of 1,060 MPa for M45. Also, from
Egs. B-20 and C-3, the difference between Pgepong(UL) and P"ebona(UL) can be larger when the
composite has a higher chemical bond (Gg) on the fiber/matrix interface. Thus, Gy of 10 J/m? is

used instead of the original value of 1.08 J/m?.

Figure C-4 shows the o—o curve simulated with the high chemical bond and fiber strength. The
difference between the original and modified models is now significant around the peak bridging
stress. Indeed, the computed complementary energy Jy " is 766 J/m? for the original model, while
that for the modified model is 790 J/m>. Also, as expected, the pullout-debonding phase is

predominant (Fig. C-5).

A further research would be required to verify this model modification.

Bridging stress o (MPa)

10 - I:’hdebond

Pdebond

0 T T 1
0 200 400 600

Crack opening 6 (um)

Fig. C-4: Simulated o— relations with high chemical bond of 10 J/m? and fiber strength of 2000 MPa.
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Fig. C-5: Simulated fiber status with high chemical bond and fiber strength.
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APPENDIX D

Derivation of the modified formula for permeability coefficient

Consider the permeability-testing setup shown in Fig. D-1. Define water levels of the inflow and

outflow pipes at time t as hiy(t) and hoy(t), respectively. Then, the hydraulic head h(t) is given by
h(t) = hin (t) - hout (t) (D'l)

Suppose that the water head changes from hg to h¢ for the test duration of T.

AT x--- Initial inflow-pipe water level
I dh;,

I Rl Sl ---- Final inflow-pipe water level

A h,
hy
| Specimen |
>
ﬂ ...... Final outflow-pipe water level

\_@ $ Initial outflow-pipe water level

Fig. D-1: Modified permeability-testing setup used in this study.

From Darcy’s law:

() ,

q(t) = kT (D-2)
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where q(t) represents the volumetric flow rate of water (cm>/s) permeating through the specimen
with thickness of L (cm) and cross-sectional area of A (cm?), and k is the corresponding
permeability coefficient (cm/s). Also, from the mass conservation law, the following two

equations are obtained:

q(t)At =-a,, %At (D-3)

q(t)At = Ay

dt

where 4t is an infinitesimal time increment, and aj, and ay: are the cross-sectional areas of the

inflow and outflow pipes, respectively.
Taking the derivative of both sides in Eq. D-1 with respect to t:

dh(t) — dhin (t) _ dhout(t)

D-5

dt dt dt (b-5)

Also, from Egs. D-2 through D-4,

dh, ) _ 1, h() , (D-6)
dt a, L

dhout(t) — 1 k h(t) A (D'?)
dt a,, L

Then, substitute Eqs. D-6 and D-7 into Eq. D-5:

dh(t) :—ikh(t)A— 1 kh(t)A (D-8)

dt a. L a

n out
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the above equation can be rewritten as

1

Tl dt (D-9)

L

dh(t) — (ain + aouth_A

inaout

Integrating the above equation with respect to t from 0 to T and h from hg to h;:

.n(h_o]:(m]k_/ﬁ (D10

a, a L

in~"out

Solving the above equation for k:

_ @l Ry (D-11)
(a, +a,, )AT { h;

This is equivalent to the Eq. 5.2 in Chapter 5.

It should be noted that, if ao is sufficiently large, then dhy, becomes negligible. This ends up
with the same testing condition as the original falling-head test setup (see Section 5.2.4), in
which the outflow-pipe water level is constant during the test. Mathematically, Eq. D-11 is

rewritten as

k= tim | — 20l P | iy AL LU | BT LY (D-12)
s (8, +a,)AT | h, || 2w (a,/a,, +1)AT h, AT | h,

This is identical to the original formula, Eq. 5.1, presented in Chapter 5.
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