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ABSTRACT

Owing to its properties and cost benefit, concrete is the most widely used construction
material globally. The rapid increase in industrialization and urbanization because of
the global economy and population growth has increased environmental awareness
and attracted attention to new methods and innovations in concrete technology.

To respond to these needs, three novel concrete technologies are investigated in this
thesis: eco-binder concrete, concrete produced with recycled concrete, and the use of
external and internal reinforcements in conventional high-strength concrete (HSC).
Gaps in the current literature were identified and addressed by performing new tests at
the University of Adelaide. The investigations have resulted in five journal papers,
which are parts of this thesis.

First, the mechanical and durability-related properties of geopolymer concrete (GPC)
are reported. GPC is currently investigated as an environmentally friendly alternative
to concrete based on ordinary Portland cement (OPC). Because of the lack of
literature data regarding the behaviour of coal ash-based geopolymer concrete cured
under ambient conditions, this study uses ambiently-cured GPCs to identify the key
parameters that affect the properties of fresh and hardened concrete.

Second, the mechanical and durability-related properties of recycled aggregate
concrete (RAC) was experimentally investigated in this research. In addition to this,
confinement of RAC with fibre-reinforced polymer (FRP) has shown great potential
as concrete for high-performance structural elements. Moreover, its use can reduce
the environmental impact of natural resources depletion. This thesis also discusses the
experimental results that aim to fill in the knowledge gap in the key parameters of the
axial compressive behaviour of RAC-filled FRP tubes (RACFFTs) manufactured with
carbon FRP (CFRP) or basalt FRP (BFRP) tubes.

Finally, owing to the inherently brittle nature of HSC, even well-confined columns
often exhibit temporary postpeak axial strength-softening behaviour, which negatively
affects their overall performance. In this study, steel fibres, which effectively delay
and stop crack propagation, were used as internal reinforcement to address the
aforementioned shortcomings of conventional FRP-confined HSC. To date, this is the
first experimental investigation of the effect of key parameters on the axial
compressive behaviour of steel fibre-reinforced HSC (SFRHSC)-filled FRP tubes
(SFRHSCFFTS).
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INTRODUCTION

Concrete is the most important and commonly used construction material in the world
and second only to water as the most used substance on the planet. It is produced by
mixing cementitious materials, water, aggregates, and, if required, admixtures in
predetermined proportions. Owing to its favourable material properties and cost
benefit, the demand for concrete is growing rapidly because of the increase in world
population and improved standards of living in emerging economies. Therefore, the
scientific and technological challenges in developing new methodologies and
incorporating innovations in concrete technology for improving the structural
performance of concrete while reducing its environmental impact are significant.

Ordinary Portland cement (OPC) is typically used as the primary binder in concrete
production. However, the production of 1 t of OPC generates nearly 1 t of carbon
dioxide and consumes approximately 2.5 t of fuel and raw materials [1-3]. Therefore,
the increasing environmental awareness focuses on the need to switch to geopolymer
concrete (GPC), which is currently investigated as an environmentally friendly
alternative to OPC-based concrete. Owing to its high worldwide availability, the use
of coal ash, including fly ash and bottom ash, to produce geopolymer concrete is an
attractive recycling option. However, the majority of studies to date on fly ash- and
bottom ash-based geopolymers are concerned with geopolymer products cured at high
temperatures and the behaviour of ambiently-cured GPCs is somewhat unknown with
only a few reports in the literature [4-7]. Chapters 1 and 2 of this thesis report on the
first series of experimental investigations on the behaviour of ambiently-cured GPCs.
These studies provide important insights into the behaviour of GPCs cured under
standard curing conditions that are present in most construction sites.

In recent decades, the rapid increase in industrialization and urbanization owing to the
growth of the global economy and population has led to an increased worldwide
demand for concrete. Natural aggregates (NA) constitute approximately 70% of the
total volume in a concrete mix. The increased use of concrete thereby depletes the
natural aggregate resources [8, 9]. Moreover, the demolition of old structures
generates large amounts of construction and demolition (C&D) waste that is
subsequently disposed to landfills at significant cost, reducing the landfill space as
well. To conserve natural aggregate resources and minimize the environmental impact
of C&D waste, recycled concrete aggregate (RCA), which is obtained from C&D
waste, has been considered as an alternative to natural aggregates in structural
concrete over the past two decades [10,11]. It is presently recognized that the use of
RCA as coarse aggregate to make RAC is a highly attractive and promising
technology for conserving natural resources and reducing the environmental impact of
the construction industry. However, a careful review of the literature on RACs shows
that there are no studies to date regarding the effect of particle size of coarse
aggregate on the behaviour of concrete prepared with different amounts of RCAs and



the same compressive strength. Chapter 3 of this thesis presents the first experimental
study to address these research gaps on RACs. The results of this study indicate that
RACs exhibit slightly lower mechanical and durability-related properties compared to
those of the companion NACs of the same compressive strength. These properties are
satisfactory to allow the use of RAC as a feasible alternative to conventional concrete
in structural applications, thereby enabling significant environmental and economic
benefits that result from the replacement of NACs with RACs to materialize.

In addition, when compared with NACs, RACs exhibit slightly inferior short- and
long-term material properties [12-14]. Owing to these shortcomings, RACs are mostly
used as non-structural concrete only and the development and applications of such
concrete are somewhat limited. It is well established that the external confinement of
concrete with FRP tubes significantly improves the concrete compressive behaviour.
Over the past few decades, a large number of studies investigated FRP techniques in
strengthening existing columns or constructing new composite columns. However, a
careful review of the existing literature on confined RACs shows that only a few
studies focused on FRP-confined RACs (i.e. [15-18]). Chapter 4 of this thesis presents
the first experimental investigation on the axial compressive behaviour of basalt and
carbon FRP (BFRP and CFRP) confined RACs. The results of this study show that
external confinement of RACs with FRP tube results in a significant improvement in
the compressive behavior of the concrete. This in turnopens the great potential of
using RAC in infrastructure applications.

FRP-confined HSC columns exhibit highly ductile behaviour under concentric and
simulated seismic loading [19-20]. However, as it was shown in several of these
studies, because of the inherently brittle nature of HSC, even well-confined columns
often exhibit temporary postpeak axial strength-softening behaviour, which negatively
affects their overall performance. It is known that the inherently brittle behaviour of
plain concrete can be improved by adding steel fibres to the concrete mix [21, 22].
Steel fibre-reinforced HSC (SFRHSC) filled- FRP tubes (SFRHSCFFTs) may form an
attractive composite system that is capable of addressing the aforementioned
shortcomings in FRP-confined conventional HSC. Chapter 5 of this thesis reports on
the first experimental results to date on the axial compressive behaviour of
SFRHSCFFTs. The outcome of this experimental study indicates that the presence of
steel fibres can partially or fully eliminate the postpeak strength loss of FRP-confined
HSC, thereby improving the behaviour of FRP-confined HSC.

Research objectives

This research aims to develop novel concretes for structural applications and address
the aforementioned research gaps. Through careful literature reviews, the key
parameters of novel concrete were identified and experimentally investigated. Finally,
the test results allow to understanding the mechanical and durability properties of
ambiently-cured GPCs and RACs with the same compressive strength, and the axial



compressive behaviour of FRP-confined RACs and FRP-confined steel fibre-
reinforced HSCs are investigated.

Thesis overview

This thesis consists of five chapters. Each chapter is a manuscript that has been
submitted for publication as journal article [1-5]. Table 1 lists the focus areas of each
manuscript, including the type of novel concrete technology, experiments, and
parameters investigated. Table 2 presents the details of each experimental program as
well as the specimen details and experimental results.
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Abstract

This paper presents the results of an experimental study on the behavior of fly ash-, bottom ash- and blended fly and bottom ash-based
geopolymer concrete (GPC) cured at ambient temperature. A total of 10 bathes of GPC and a single batch of ordinary Portland cement concrete
(OPC) were manufactured. The tests of compressive strength, elastic modulus, flexural strength, workability, drying shrinkage and absorption
capacity were carried out to determine the properties of fresh concrete and mechanical and durability-related properties of hardened concrete. Test
parameters included the mass ratio of fly ash-to-bottom ash, liquid alkaline-to-coal ash binder ratio, coal ash content and concrete type. The
results indicate that the selected parameters significantly affect the microstructure and the behavior of GPCs. It is seen that bottom ash-based
GPCs exhibited significantly lower geopolymerization than that of the fly ash-based GPCs, resulting in the inferior behavior of the former

compared to the latter.
© 2015 Elsevier Ltd and Techna Group S.r.1. All rights reserved.

Keywords: Geopolymer concrete (GPC); Bottom ash; Fly ash; Alkali-activated cement; Ambient temperature

1. Introduction

It is well-understood that the manufacture of ordinary Port-
land cement (OPC)-based concretes requires large quantities of
fuel and raw materials, which are obtained through resource
exhausting, energy intensive processes that generate emission of
large amounts of greenhouse gases (essentially CO, and NOy)
into atmosphere. For every ton of OPC produced, nearly one ton
of CO, is generated and around 2.5 tons of materials, including
fuel and other raw materials, are consumed [1-8]. It is estimated
that the emission of CO, resulting from the production of OPC
adds to about 1.35 billion tons per annum, or about 7% of the
total greenhouse gas emissions to the earth's atmosphere [9,10].
It is also predicted that global demand of the OPC will have
increased by almost 200% by 2050 from 2010 levels [8], and
hence the impact of the OPC industry on the environment is
believed to become a real issue. With the aim of reducing the

*Corresponding author. Tel.: +618 8313 6477; fax: +618 8313 4359.
E-mail address: togay.ozbakkaloglu@adelaide.edu.au (T. Ozbakkaloglu).

http://dx.doi.org/10.1016/j.ceramint.2015.01.031
0272-8842/© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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handicap of the production of OPCs, a new type of green and
environment-friendly concrete, namely, geopolymer concrete
(GPC) has recently received some research attention. The term
‘geopolymer’ was first introduced by Davidovits in 1970s to
represent the mineral polymers resulting from geochemistry,
as alternative building materials [11,12]. The production of
geopolymers takes place through the geopolymerization process
and it requires source materials that are rich in silica (Si*h)
and alumina (Al3+) content, such as coal ash, kaolin or
metakaolin.

Current global production of coal ashes is estimated to be
over 600 Mt per annum, of which the fly ash, which is
recognized as one of the world's top 5 raw material sources
[13], represents 75-80%. A by-product of coal-fired power
stations, fly ash is widely used as the source material to
manufacture geopolymer products, owing to its aluminosilicate
composition, fine size, significant amount of glassy content
and availability across the world. However, it is estimated that
70-80% of the produced fly ash is still being disposed of as
waste, which causes the coal-fired power industry significant
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concern in relation to environmental issues, while also
demonstrating the surplus availability of the material [14].

In the geopolymerization process of the fly ash-based GPC,
the reaction of aluminosilicate source (i.e. fly ash) and alkali
polysiliates results in the formation of a hardened material with
three dimensional polymeric chain and ring structure consisting
of Si~O-Al-O bond structure [15-21]. A review of the existing
literature indicates that most of the existing studies on the
behavior of coal ash- based geopolymer concrete have focused
on the use fly ash as the aluminosilicate source (i.e. [15-36]).
These studies found that such geopolymer concretes have better
durability-related (i.e. [21,22,24,34]) and mechanical properties
(i.e. [26,27,29]) compared to those of OPCs. Another type of
coal ash material, namely the bottom ash, which is produced
during the combustion of coal and has similar chemical
composition to fly ash, in contrast, has received less research
attention in the area of geopolymers. As reported in the
literature, bottom ash contains relatively large and irregularly
shaped particles with pores and cavities, which results in lower
reactivity when used in GPC [37-42]. As a result, at the
moment, most of the bottom ash products are being buried in
landfills due to lack of development in recycling technologies
[43]. Given the similar chemical composition of the material to
that of the fly ash and its higher worldwide availability, the
utilization of bottom ash in production of geopolymer concrete
might form an attractive recycling option. However, only a
limited number of studies have been reported in literature to date
on the development of bottom ash-based geopolymers, with the
majority of these studies focusing on the behavior of geopoly-
mer pastes (i.e. [34,39,4447]) and mortars (i.e. [37,38,40—
43,48-50]) and only a single study reporting on the behavior of
bottomash-based geopolymer concretes (i.e. [51]).

The majority of the studies reported to date on fly- and
bottom-ash based geoploymers have been concerned with
geopolymer products cured under higher temperatures (i.e.
curing temperatures over 40 °C), with only a few studies
investigating the behavior of fly ash- (i.e. [30,52-56]) and
bottom ash- (i.e. [34,43,47]) based geopolymers cured at
ambient temperature. Furthermore, the studies on bottom ash-
based geopolymers all focused on the behavior of geopolymer
pastes or mortars and no study reported to date on bottom ash-
based geopolymer concrete cured at ambient temperature. The
ambient environment is the typical curing condition of concrete
in the majority of the standard construction sites, and hence
understanding the behavior of GPCs cured under ambient
conditions is of significant interest. Furthermore, it is well
known that the stress-related mechanical properties and other
long- and short-term behavior of concrete not only depends on
the behavior of each constituent materials but the interactions
among them. A few studies have been reported to date on the
behavior of blended coal ash-based geopolymers (i.e. [38-
40,42,48,51]), with the majority of these studies concerned with
the behavior of geopolymer mortars and pastes and not concrete.
It is revealed by the careful review of the existing literature that
no study has been reported to date on the behavior of blended
fly and bottom ash-based geopolymer concrete cured at ambient
temperature, and the only existing study on the behavior of

blended coal ash-based geopolymer concrete adopted curing
temperatures of over 60 °C [51].

As the first experimental study reported to date on the behavior
of bottom ash- and blended fly and bottom ash-based geopolymer
concrete cured under ambient temperature, the study presented in
this paper was aimed at examining the microstructure and
mechanical and durability-related properties of fly ash-, bottom
ash- and blended fly and bottom ash-based GPC. To establish
relative performance of GPCs with respect to OPCs, a companion
OPC mix was also designed and manufactured. The paper
initially provides a summary of the experimental program,
including material properties, specimen properties and testing
procedures. Following this, the results of the experimental
program are presented. Finally, a detailed discussion on the
results of the experimental study is provided, where the influences
of mass ratio of fly ash-to-bottom ash, liquid alkaline-to-coal ash
binder ratio, coal ash content and concrete type are presented
along with other key experimental observations.

2. Test program
2.1. Test specimens

A total of 11 batches of concrete, including a single batch of
OPC and 10 batches of GPCs, were manufactured in the presented
study. A series of tests were undertaken on each batch to establish
the properties of the fresh and hardened concrete, including
workability, compressive strength, elastic modulus, flexural stre-
ngth, drying shrinkage, and absorption capacity. In addition, micro-
structures of the hardened concretes were examined using scanning
electron microscopy (SEM). Two types of specimens were used in
specimen testing, namely, cylinders and beams. The cylinder
specimens were 100 mm in diameter and 200 mm in height,
whereas the beam specimens were 100 mm in width, 100 mm in
depth and 500 mm in length. To study the behavior of blended
coal ash- and bottom ash-based GPCs, some of the specimens were
designed to have partial or complete replacement of fly ash with
bottom ash. All of the specimens were cured under ambient
conditions. The test parameters included: mass ratio of fly ash-to-
bottom ash (Mza.54), liquid alkaline-to-binder ratio (I/b), coal ash
content (M,) and concrete type (i.e. OPC or GPC). Three
nominally identical specimens were tested for each unique speci-
men configuration in every type of test.

2.2. Materials

2.2.1. Coal ash

Two types of coal ashes, including fly ash and bottom ash,
were blended in different mass ratios and utilized in the present
study. The fly ash and the bottom ash were obtained from Port
Augusta Power Station, South Australia. These coal ashes
were added at different fly ash- to-bottom ash mass ratios
(Mg4.54) of 100:0, 50:50, 25:75 and 0:100 for the GPC mixes.
Both the fly ash and the bottom ash were pre-oven dried for
24 h and cooled at room temperature for more than 3 h before
the casting to reduce their moisture content.
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Table 1
Mix proportions of concrete.

5947

Fly ash-based GPC

OPC Bottom ash-based GPC Blended coal ash-based GPC
Label OPC B100-1.1  B100-0.5
FA (kg/m®) 0 0 0 200 200
BA (kg/m®) 0 220 400 200 200
Cement (kg/m?) 400 0 0 0 0
Aggregate (kg/m®) 1265 1325 1269 1269 1329
Sand (kg/m®) 542 567 543 550 550
NaOH +Na,SiO; (kg/m*) 0 240 200 200 123
Water (kg/m?) 200 0 0 0 0
Liquid/binder ratio (//b) 05 1.1 0.5 0.5 0.3
Slump (mm) 35 160 150 220 185
Hardened density (kg/m’)! 2389 2088 2035 2282 2286

B50F50-0.5 BS5O0F50-0.3 B25F75-0.5

F100-0.5A F100-0.5B F100-0.25 F100-0.3 F100-0.35

300 400 400 475 475 475
100 0 0 0 0 0

0 0 0 0 0 0
1280 1280 1280 1253 1248 1235
547 547 547 539 535 529
200 200 200 119 140 166
0 0 0 0 0 0

0.5 0.5 0.5 0.25 0.3 0.35
165 250 260 60 140 235
2345 2377 2393 2378 2372 2382

1. At concrete age of 28 days.

Table 2
Chemical compositions of the cement fly ash and the bottom ash (XRF
analysis).

Compositions Cement (%) Fly ash (%) Bottom ash (%)
SiO, 21 49 54
AlL,O4 6 31 25
Fe,03 3 3 4
CaO 64 5 5
MgO 2 3 2
Na,O 0 4 3
K,0 1 1 1
SO, 1 0 0
TiO, — 2 2
P,0s5 — 1 1
SrO — <0.1 <0.1
Mn,03 — 0 0
LOI: — 0 2

1. Loss on Ignition.

2.2.2. Alkaline activator solution

The multi-compound alkaline activators applied in the present
study were premixed by a local supplier and they consisted of
distilled water, sodium hydroxide (NaOH) solution and sodium
silicate (Na,SiO3) solution. The proportions of the three
components of the alkaline activator solution were 65.3% water,
24.8% Na,SiO; and 9.9% NaOH by weight. The sodium
hydroxide (NaOH) solution at 14 M concentration was used in
all GPC mixes. The sodium silicate solution used in the alkaline
solution had a silicon dioxide to sodium oxide ratio (SiO,/
Na,0) of 3.22 in weight (3.33 in molar) and had 62% water by
the total weight. The alkaline activator solution was premixed
and left to rest for 24 h at ambient temperature prior to casting.

2.2.3. Ordinary Portland cement (OPC)

The ordinary Portland cement (OPC) used in this research
was classified as general purpose blended cement and was
obtained from a local supplier. The mix proportions of OPC
concrete are given in Table 1, and the chemical composition of
the OPC is supplied in Table 2.
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2.2.4. Aggregates

The coarse and fine aggregates of the present study consisted
of crushed bluestone gravel with 7 mm and graded sand with
0.4 mm maximum nominal particle sizes, which were respec-
tively sourced from the McLaren Vale Quarry (Fleurieu Penin-
sula) and Price Pit (Yorke Peninsula). The same aggregates were
used in all concrete mixes and their amounts are supplied in
Table 1.

2.3. Mix designs and specimen preparation

As shown in Table 1, seven of the 11 concrete mixes
prepared in the present study were designed to contain a single
type of coal ash (i.e. either fly ash or bottom ash). These mixes
had different alkaline liquid-to-binder (//b) ratios and the coal
ash contents (M,). The remaining three GPC mixes were
manufactured as blended fly and bottom ash-based GPCs.
Two fly ash-to-bottom ash mass ratios (i.e. Mya.54=50:50 or
75:25) were considered. As can be seen in Table 1, Mps.pa=
50:50 series GPCs contained sister mixes with different //b
ratios of 0.5 and 0.3 (i.e. B5SOF50-0.5 and B50F50-0.3). The
F100-0.5A and F100-0.5B series adopted an exact same mix
design and they were considered as repeat specimens to verify
the results were reproducible. The single OPC mix was designed
with a water to cement (w/c) ratio of 0.5 as a companion to GPC
mixes with a liquid-to-binder (I/b) ratio of 0.5.

In the preparation of the OPC and GPC mixes, all the dry
materials including the fine and coarse aggregates and binder (i.e.
coal ash or Portland cement) were initially mixed in an 80 L
capacity rotating pan mixer with fixed blades for approximately
three minutes. Subsequently, the liquid components (i.e. premixed
alkaline activator solution for the GPCs or water for the OPC)
were gradually added to the mixes and wet mixing continued for
approximately five minutes to form the concrete. Gentle external
vibration was used throughout the pouring processes of all OPC
and GPC mixes to ensure proper placement of concrete. All
mixing and pouring processes were conducted under the ambient
temperature for both OPC and GPC mixes.

Hardened GPC and OPC specimens were demolded after 24 h
after casting. Any GPC specimens those were not fully hardened
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Table 3
Temperatures of GPCs and ambient temperature during early curing ages.

Concrete series T. (°C)!/T, (°C)* after mixing

1-h 2-h 3-h 4-h
B100-0.5 17.6/17.4 17.7/17.6 17.4/17.5 17.5/17.3
B50F50-0.5 17.5/17.5 17.4/17.4 17.4/17.4 18.2/18.5
B25F75-0.5 16.4/16.2 16.3/16.1 16.3/16.3 16.4/16.1
F100-0.5 A 17.4/17.5 17.3/17.5 17.2/17.7 17.4/17.5
F100-0.25 17.5/17.1 17.5/17.7 17.4/17.0 16.7/17.7

1. Surface temperature of the concrete.
2. Ambient temperature.

after these 24 h periods were allowed extra time to cure in their
molds. The demolded specimens were then covered with plastic
bags at the top and they were left to cure at ambient temperatures
until testing. The strength gain of the OPC and GPCs with age
was monitored by compression test at the ages of 3, 7, 28, 56 and
70 days. The temperature of the specimens and ambient
environment were monitored during the early stages of curing.

2.4. Specimen designation

The concrete series in Tables 1, 3—5 were labeled as follows:
the letters B (for bottom ash) and F (for fly ash) were used to
represent the coal ash types used in the GPCs. Each letter was
followed by a number that was used to represent the particular
mass ratio of fly ash-to-bottom ash used in the mix in percentage.
The letter combination OPC was used to indicate the ordinary
Portland cement concrete mix. Finally, the last number in the
specimen designation was used to make a distinction among the
mixes with the same amount of coal ash proportion but different
I/b ratios. For F100-0.5 series specimens, additional letters A and
B were used at the end of the specimen designation to distinguish
between the two repeat batches. For instance, BSOF50-0.5 is a
GPC mix that contained a blend of 50% bottom ash and 50% fly
ash with an //b ratio of 0.5.

2.5. Instrumentation and testing

The mechanical properties, including: compressive strength,
flexural strength and elastic modulus of concrete were tested
using the universal testing machine in the Materials Laboratory
of the University of Adelaide. Prior to the compression tests,
all cylinder specimens were first ground and then capped at
both ends to ensure uniform distribution of the applied
pressure. The drying shrinkage of the concrete was monitored
up to 70 days of concrete age through measurement of
shrinkage strains and related weight losses of the specimens.

3. Test results and experimental observations
3.1. X-ray fluorescence (XRF) analysis of the coal ashes

The chemical compositions and the loss on ignition (LOI) of
the fly ash and the bottom ash were determined by using XRF
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Fig. 1. Sieving test results of fly ash and bottom ash: Particle Size
Distribution (PSD).

(X-ray fluorescence). As can be seen from the results of the
XREF analysis given in Table 2, both the fly ash and bottom ash
had no more than 5% calcium oxide (CaO) and the most
abundant oxides in these coal ashes were those of Si** and
AP’ which represented approximately 80% of the content by
weight. Based on these results, the fly ash used in the present
study can be classified as type ‘F’ low-calcium fly ash according
to ASTM standard C618-12a [57]. Due to the low CaO and
significant SiO, and Al,Oj3 contents of the coal ashes, the GPCs
of the present study contained mainly sodium aluminosilicate
hydrates (N-A-S-H) with only an insignificant amount of
calcium silicate hydrates (C—S—H). The chemical composition
of the bottom ash reported in Table 2 indicates that the bottom
ash had a higher content of SiO, and a lower content of Al,O3
compared to those of the fly ash from the same source, which
resulted in a significantly higher SiO,/Al,Oj; ratio of the bottom
ash compared to that of the fly ash (i.e. 2.16 vs 1.58 in weight).

3.2. Grading of FA and BA

The Particle Size Distribution (PSD) of the fly and bottom ashes
were obtained through the sieving test using a Malvern particle size
analyzer. Fig. | illustrates the PSD results for both ashes. It is
evident from the figure that compared to the fly ash the bottom ash
contained coarser particles. The median particle size of the fly ash
was 12 pm, whereas that of the bottom ash was 54 pm.

3.3. Morphological characterization of the coal ashes
by scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) micrographs were
evaluated to investigate the microstructure of the coal ashes, as
present in Fig. 2(a) and (b). It can be seen from the Fig. 2(a) that
the particles of the fly ash appear to be spherical and with varying
sizes. As reported previously [41], these tiny spheres are known
as the cenospheres, which have perfectly rounded and intact
shapes. In addition, the micrograph of the fly ash also shows that
there are no evidently visible pores in the microstructure of the fly
ash particles. Fig. 2(b) demonstrates the SEM micrograph of the
bottom ash. When compared with the SEM micrograph of the fly
ash with the same magnification (i.e. 2000X), the micrograph of
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Fig. 2. SEM images of the coal ashes (2000X magnification): (a) fly ash; and
(b) bottom ash.

the bottom ash illustrates that the particles of the bottom ash were
significantly larger and angular, with plenty of irregular fragments
and only a small amount of semi-spheres. The figure also shows
some visible pores in the microstructure of the bottom ash. These
observations are in agreement with those reported previously on
the microstructure of the bottom ash [37,41]. In addition, some
foreign objects were observed in the microstructure of the bottom
ash samples, for instance, the rectangular shaped foreign object
shown in Fig. 2(b). A composition test undertaken indicated the
object primarily as Radium — a radioactive earth—metal found in
uranium ores. On the other hand, no foreign objects or impurities
were observed under SEM for the fly ash samples. These
observations clearly indicate that the bottom ash contains more
impurities compared to the fly ash, and this can be explained by
the fact that the bottom ash is extracted from the base of the
furnace, where larger and foreign objects can fall and accumulate.

3.4. Observations of GPC during the curing process

3.4.1. Workability

The workability of each batch of concrete was obtained through
slump tests performed in accordance with ASTM standard C143/
Cl143 M [58]. As can be seen from the slump test results
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summarized in Table I, the workability of the GPC was found
to increase with an increase in the /b ratio. This observation is in
general agreement with those previously reported on the coal ash-
based geopolymer [38,48], and the increased workability can be
explained by the fact that, with an increase in fluid content, the
interaction among the coal ash particles decreases due to an
increase in the interparticle distance, which in turn results in a
lower interference among particles. In addition, for the specimen
series B100-0.5, B5S0F50-0.5, B25F75-0.5, F100-0.5A and F100-
0.5B with identical liquid-to-binder ratio (i.e. //b=0.5), it was
observed that the slump value increases with an increase in the
mass ratio of fly ash-to-bottom ash (Mj4.54). This observation
indicates that the spherical particle shape and smooth surface of the
fly ash provide significant ball-bearing effects, as was also noted
previously [1,30], which in turns result in an increase in work-
ability compared to that of the GPCs manufactured with bottom
ash. The results also show that the OPC with a w/c ratio that was
equal to the //b ratio of companion GPC mixes exhibited a
significantly lower slump compared to those of the GPCs.

3.4.2. Density

The hardened densities of the OPC and GPCs are reported in
Table 1. The densities were established from concrete cylinders at
28 days of age. It is evident from the results given Table 1 that the
density of the GPCs increased with an increase in the mass ratio of
fly ash-to-bottom ash (Mgs.p4). The results show that, with an
otherwise identical mix design, the 100% bottom ash-based GPCs
exhibited significantly lower densities compared to those of the
100% fly ash-based GPCs. This can be attributed to the more
porous structure and larger and more irregularly shaped particles
of the bottom ash, which results in a GPC with a less dense and
homogeneous microstructure. This finding is in agreement with
those reported in previous studies on GPCs [37,41] and it can be
attributed to that the bottom ash-based concrete contains signifi-
cant amount of residual liquid (i.e. water and alkaline solution)
that remains in its structure after casting. This free liquid
subsequently evaporates during the curing process, which results
in significantly lower densities of the hardened concrete. The
observations presented in this section are also useful in explaining
the drying shrinkage and weight loss of GPCs during the
shrinkage process, which are discussed later in the paper.

3.4.3. Exothermic reaction

It is well established in the previous studies on OPC that the
cement hydration reaction of OPC is exothermic [59-61]. For
GPCs, some of the existing studies on coal ash-based geopolymer
reported that the mechanism of geopolymerization consists of
three phases, including dissolution, transportation/orientation and
polycondensation, and it takes place through an exothermic
process [9,62—64]. In addition, the exothermic reactions of the
GPC were also experimentally observed in some of the previous
studies on coal ash- based GPCs those are cured at higher
temperatures (i.e. [37,65,66]). Therefore, to examine the exother-
mic reaction of GPCs cured under ambient conditions, the surface
temperature (7,) of each GPC series and the ambient temperature
(T,) were monitored at early stages of curing. It can be seen from
the T. and T, values reported in Table 3 that no significant
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difference was observed between 7. and 7, This can be
attributed to lower degree of geopolymerization experienced by
GPCs at ambient temperature, which resulted in an insignificant
exothermic reaction of the GPCs. The above observation is in
support of a previous experimental study done by Hardjito and
Rangan [2], which found that fly ash-based GPC did not
experience a significant exothermic reaction at around 60 °C
curing condition. However, this finding is not in general
agreement with the theory of geopolymer concrete that geopoly-
mers are formed through an exothermic reaction. This seemingly
unexpected observation can be explained by the slow chemical
reactions experienced in GPCs at lower ambient temperatures
[47,54], which resulted in a less severe heat release process.

3.4.4. Efflorescence

It is well known that, in OPCs, the efflorescence is caused
by the formation of carbonate deposits through the reaction of
soluble calcium with the water and CO, near the surface of
concrete [67,68]. The efflorescence is generally not harmful for
the OPCs except for the surface discoloration and it is often
seen as a ‘skin problem rather than a deep-seated disease’ [69].
However, previous research established that the efflorescence
is detrimental to the durability and mechanical properties of
geopolymer materials [31,70-72]. It is well known that, the
efflorescence formation in GPC is mainly caused by the
reaction of the atmospheric CO, with the residual soluble
alkalis at the surface of resultant products of geopolymer
binders, when the concrete products are exposed to humid air
or they get in contact with water [52,73-75]. The mechanism
of the efflorescence formation in GPC can be described
through the expressions given in Egs. (1) and (2).

CO,(g)+20H "~ (aq) —»CO3 ™~ (aq)+H,0 (1)

2Na ™ (aq) +CO3 ™ (aq) + 7H,0 — Na,CO;3-7 H,0 (s) ()

In the present study, the GPC specimens were cast and cured at
ambient temperature and they were exposed to the air. As Fig. 3
(a) and (b) show, visible efflorescence formations were observed
in some of the GPC specimens. With the aim of reducing the
efflorescence, some of the subsequent GPC specimens were
cured under sealed conditions. As illustrated in Fig. 3(b),
appearance of efflorescence was not observed in the sealed
F100-0.5A series specimens, whereas efflorescence was visible
in the companion unsealed specimens manufactured using the
same concrete mix design. Fig. 4 illustrates the influence of the
efflorescence on the 7-day compressive strength (f.) of the
F100-0.5A and F100-0.25 series. The comparisons indicate that
the unsealed specimens exhibited higher 7-day compressive
strengths than those of the companion sealed specimens. This
observation can be attributed to that the sealed curing prevented
the evaporation of water from the GPC, and the presence of
excess water in turn resulted in a lower compressive strength. In
addition, as shown in Fig. 5, for F100-0.25, F100-0.3 and F100-
0.35 series, which contained around 20% additional fly ash
content compared to that of F100-0.5A and B series, no
significant efflorescence was observed even under the unsealed
curing condition. This observation can be explained by the

a

e

Fig. 3. Efflorescence in geopolymer concrete: (a) efflorescence at the edge of the
beam specimen and (b) comparison between a cylinder with efflorescence present
(on the left) and a sealed cylinder that exhibits no efflorescence (on the right).
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Fig. 4. 7-day compressive strength of sealed and unsealed F100-0.5 and F100-
0.25 series of GPCs.

presence of higher amount of the coal ashes in these mixes,
which resulted in full utilization of the alkaline solution during
the geopolymerization process.
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Fig. 5. Appearances of F100-0.25, F100-0.3 and F100-0.35 series: no visible
efflorescence.

3.5. Scanning electron microscope (SEM) analysis of the coal
ashbased concrete

The SEM micrographs of the hardened GPCs with different fly
ash and bottom ash contents are shown in Fig. 6(a)—(e) and Fig. 7
(a)—(e) in 200X and 3500X magnifications, respectively. These
SEM micrographs present the microstructures of the B100-0.5,
B50F50-0.5, F100-0.5A and FA100-0.25 series of GPCs. Con-
tinuous mass of aluminosilicate can be observed from the SEM
micrographs shown in Fig. 6(a)-(e) with 200X magnifications.
The comparisons of the SEM micrographs of the different GPC
mixes in the same figure indicate that the denseness and
homogeneity of the GPC microstructure, as the indication of
the degree of geopolymerization of GPCs, increase with an
increase in the mass ratio of fly ash-to-bottom ash (Mg4.54). This
finding is in support of those reported in previous studies that
compared fly and bottom ash-based GPCs, where it was found
that the smaller and more regular particle shape of the fly ash
resulted in a higher degree of geopolymerization [37,41]. Another
important observation that can be made based on the SEM
micrographs at 3500X magnification presented in Fig. 7(a)—(e) is
that, in all GPC mixes, a certain amount of coal ash did not fully
react during the geopolymerization process and remained in the
structure of the hardened concrete. This phenomenon can be
explained by the previously noted observation that the reaction of
coal ash was relatively slow at ambient temperature.

4. Influence of test parameters on observed behavior
4.1. Mechanical properties of hardened concrete

4.1.1. Axial compressive strength

The compressive strengths (f.) of the OPC and GPCs of the
present study were obtained through axial compression tests that
were performed in accordance with ASTM standard C39/C39M-
05 [76]. Table 4 presents the compressive strength (f'.) of each
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concrete mix, where the results were averaged from compression
tests on three 100 x 200 mm cylinders. Influences of liquid-to-
coal ash binder ratio (//b), mass ratio of fly ash-to-bottom ash
(Mga.54), and coal ash content (M) on the compressive strength
(f.) of GPCs are discussed in the following sections.

4.1.1.1. Effect of alkaline liquid-to-coal ash binder ratio.
The influence of alkaline liquid-to-coal ash binder (/) ratio on
the compressive strength (f.) of GPCs is investigated through
the comparison of the GPCs with different /b ratios. As can be
seen from the results presented in Table 4 and Fig. 8, in general,
B100-0.3, F100-0.25 and F100-0.3 series GPCs with lower I/b
ratios developed higher compressive strengths (f.) compared to
those of the companion mixes with higher /b ratios at a given
age. This can be explained by the fact that the increase in the /b
ratio leads to an increase in the water content of the reaction
medium, thereby reducing the friction between the particles,
which in turn results in a decrease in the compressive strength
(f.) [48,77]. The above observation is in agreement with those
reported previously on coal ash-based GPCs, which noted that
the compressive strength (f.) of GPCs increases with a decrease
in the /b ratio [21,22,48,53,77]. It should be noted that the
F100-0.25 series with lower //b ratio, in contrast, developed a
slightly lower compressive strength (f'.) compared to that of the
F100-0.3 series with higher //b ratio. This seemingly unexpected
observation can be explained by the fact that F100-0.25 series
had relatively lower workability compared to that of the F100-
0.3 series, which caused problems during the placement of
concrete that affected the compressive strength negatively.

It can be seen from the results shown in Table 4 and Fig. 8 that
the compressive strengths of the companion fly ash-based speci-
mens, F100-0.5 A and F100-0.5B, were similar to each other, and
they were significantly higher than that of their bottom ash-based
counterpart, B100-0.5, which had the same mix proportions. As
mentioned in Section 3.1, the bottom ash used in the present
study had a higher SiO,/Al,O; ratio compared to that of the
companion fly ash. It was noted in previous studies on GPCs that
the coal ash-based geopolymers manufactured using an ash with a
higher SiO,/AlL,O; ratio tend to develop higher compressive
strengths () [21,32]. However, the results of the present study
indicate that the influence of the lower degree of geopolymeriza-
tion of the bottom ash had a much more pronounced influence on
the compressive strength compared to that of the higher SiO,/
Al,Oj5 ratio of the bottom ash.

The compressive strengths (f'.) given in Table 4 and Fig. 8
also indicate that the compressive strength (f.) of OPC was
significantly higher than those of the companion GPCs. As
mentioned in the previous section, the OPC used in the
presented study was designed to have the same liquid-to-
binder ratio (I/b) and similar mix proportions with that of the
B100-0.5, F100-0.5A and F100-0.5B series GPCs. This pro-
nounced difference between the compressive strengths of OPC
and GPC can be attributed to the differences in chemical
reactions experienced by the two types of concretes, namely
hydration in OPC and geopolymerization in GPC. This observa-
tion indicates that GPCs cured ambient temperature tends to
develop lower compressive strengths than those of OPCs.
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Fig. 6. SEM micrographs (200X magnificantion): (a) B100-0.5 series; (b) BSOF50-0.5 series and (c) B25F75-0.5 series; FA100-0.5A series and F100-0.25 series.

4.1.1.2. Effect of mass ratio of fly ash-to-bottom ash. To
investigate the influence of mass ratio of fly ash-to-bottom ash
on the compressive strength of GPCs, comparisons were
conducted among B100-0.5, BSOF50-0.5, B25F75-0.5, F100-
0.5A and F100-0.5B series GPCs, which had an identical
liquid-to-binder ratio (I/b) but different fly ash-to-bottom ash
mass ratios (Mg4.z4). The results shown in Table 4 and Fig. 8
indicate that the compressive strength (f.) increased with an
increase in the mass ratio of fly ash-to-bottom ash (Mp4.54)
used in GPCs. As the properties and quantities of the coarse
and fine aggregates used in the companion mixes remained

nearly the same among these mixes, this observation indicates
that GPC mixes with a higher Mg4.54 developed stronger
geopolymer mortars. This observation is in agreement with
those reported in previous studies on blended fly and bottom
ash-based geopolymer mortars [38-40,42,49], and it can be
explained by the fact that the degree of polymerization of the
bottom ash-based geopolymer is lower than that of the fly ash-
based geopolymer [38-40,42,49]. This results in a large
amount of unreacted bottom ash particles in the structure of
the hardened GPCs, which adversely affect the compressive
strength of the bottom ash-based GPCs [37—42]. In addition, as
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Fig. 7. SEM micrographs (3500X magnification): (a) B100-0.5 series; (b) BSOF50-0.5 series and (c) B25F75-0.5 series; F100-0.5A series and FA100-0.25 series.

illustrated in the SEM micrographs shown in Fig. 2(a) and (b),
the structure of bottom ash-based GPCs contained micro-
cracks and they were less uniform compared to that of the fly
ash-based GPCs, which also contributed to their lower com-
pressive strengths.

4.1.1.3. Effect of coal ash content. The influence of coal ash
content (M,) on the compressive strength of GPCs can be
studied through the comparison of the F100-0.5A, F100-0.5B,
F100-0.25, F100-0.3 and F100-0.35 series of GPCs. As noted
previously, F100-0.25, F100-0.3 and F100-0.35 series contained

23

around 20% more fly ash compared to those of F100-0.5 series.
It is evident from the results shown in Table 4 and Fig. 8 that
the GPCs with higher coal ash content (M,) developed higher
compressive strengths (f'.) than their companions. As mentioned
previously, the efflorescence formations were observed in F100-
0.5A and F100-0.5B series, but no visible efflorescence
appeared on the F100-0.25, F100-0.3 and F100-0.35 series of
GPC specimens, which indicates that the alkalis were comple-
tely consumed in the later mixes. These observations suggest
that the degree of geopolymerization was relatively higher in
F100-0.25, 0.3, 0.35 series compared to that in F100-0.5A, B
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Table 4
Axial compressive strength of concrete at different curing ages.

Concrete fe (7-day) fe (28-day) fe (56-day) fe (70-day)
series (MPa) (MPa) (MPa) (MPa)
OPC 28.4 38.3 38.9 39.1
B100-1.1' — 0.3 0.6 1.1
B100-0.5 0.2 0.6 — —
B50F50-0.5 0.8 1.1 1.5 1.8
B50F50-0.3 1.4 35 54 6.2
B25F75-0.5 3.6 8.4 10.2 12.7
F100-0.5A 7.3 18.8 29.3 32.1
F100-0.5B 7.1 19.5 29.7 33.2
F100-0.25 11.0 30.4 44 .4 48.2
F100-0.3 12.6 34.3 — —
F100-0.35 94 27.2 — —

1. The B100-0.5 series of GPC was too soft for testing at the age of 7 days.

B100-1.1
B100-0.5
B50F50-0.5
B50F50-0.3
B25F75-0.5
F100-0.5A
F100-0.5B
F100-0.25
F100-0.3
F100-0.35
OPC

0 8 16 24 32 40
Compressive strength, f, (MPa)

Fig. 8. Compressive strength of concrete at 28 days.

series, which contributed to the higher compressive strength (f'.)
of the former group.

4.1.2. Elastic modulus of GPC

The elastic moduli (E,) of the selected series of GPC speci-
mens were obtained through the compression tests performed in
accordance with ASTM standard C469/C469M-14 [78]. Fig. 9
illustrates the comparison of elastic moduli of B50F50-0.5,
B25F75-0.5 and F100-0.5A, which had identical //b ratio and
coal ash content (My). It can be seen from the Fig. 9 that the
elastic modulus of GPCs increased with an increase in the fly ash-
to-bottom ash, mass ratio (My4.z4). The results also indicate that
there is a strong correlation between the elastic modulus (£,) and
the compressive strength (f.) of GPCs, with the elastic modulus
of the concrete increasing with an increase in the compressive
strength. This observation was expected and it is in accordance
with the well-established relationship between elastic modulus
(E.) and compressive strength (f.) in OPCs.

4.1.3. Flexural strength of GPC

The flexural strengths (f',..,,) of OPC and B100-0.5, B50F50-
0.5, B25F75-0.5 and F100-0.5A series GPC mixes of the
present study were obtained through three-point bending tests
performed in accordance with ASTM standard C293/C293M-10
[79]. Three 100 mm x 100 mm x 500 mm beams were tested

for each mix at three different concrete ages (i.e. 7-day, 28-day
and 70-day). It is evident from the results summarized in Table 5
that, at a given concrete age, flexural strengths (f',..,,) of GPCs
increased with an increase in the fly ash-to-bottom ash mass ratio
(MFga.pa)- The results also indicate that the relationship between
the compressive (f)) and flexural strengths (f..,) of GPCs are
similar to that in OPC, with an increase in the compressive
strength (f)) resulting in an increase in the flexural strength
(fr.exp)- The theoretical 28-day flexural strengths (f;,.,) of the
OPC and GPCs, calculated from Eq. (3) as per ACI-318-08 [80],
are also reported in Table 5.

fr,theo‘ = 0623\/f70' (3)

where both f', .., and f. are in MPa.

The comparisons of the experimental and theoretical flexural
strengths (f'..., and [’ ;..,) at the concrete age of 28 days show
that the ACI-318-08 expression provides accurate estimates of
the flexural strengths of the OPC and GPCs with a higher fly ash
mass ratio (i.e. Mp4 > 75%). Conversely, in GPCs that con-
tained higher amounts of bottom ash (i.e. B100-0.5 and
B50F50-0.5), the differences between the theoretical and
experimental values of flexural strengths were pronounced, with
the ACI-318 expression underestimating the flexural strengths
of the GPCs with higher bottom ash mass ratios (Mp,).

4.2. Durability-related properties of concrete

4.2.1. Drying shrinkage

Figs. 10 and 11 respectively illustrate the shrinkage and related
weight loss during the drying progress of the OPC mix and
B50F50-0.5, B25F75-0.5 and F100-0.5A series GPC mixes,
which were cured under constant moisture and ambient tempera-
ture up to the age of 70 days. It is evident from Figs. 10 and 11
that the shrinkage strains and associated weight losses of the
GPCs were higher than that of the OPC. This is due to the lower
degree of geopolymerization experienced by GPCs at ambient
temperature, which resulted in structures containing unreacted
porous coal ashes. These unreacted coal ashes were filled with
water, which was subsequently released during the chemical
reaction process of geopolymers. In ambient curing conditions,
this water evaporated over a period of time resulting in higher
drying shrinkage of GPCs. It was also observed that GPCs with a
lower fly ash-to-bottom ash mass ratio (Mps.p4) exhibited
significantly higher drying shrinkage compared to that of GPCs

12
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Fig. 9. Elastic modulus of GPCs at the age of 28 days.
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Table 5

Flexural strength of concrete at different curing ages.

Concrete .fnexp (7'day) fr’exp (zg'dﬁy) f‘r,exp (70'(13}’) .f:,rheo
series (MPa) (MPa) (MPa) (MPa)
B100-0.5 0.30 0.58 — 0.48
B50F50-0.5 0.67 0.83 1.42 0.65
B25F75-0.5 1.01 1.69 2.69 1.80
F100-0.5A 1.52 2.56 3.58 2.70
OPC — 3.67 — 3.85

1. The theoretical values of flexural strength were calculated by the expression
given in ACI-380-08.

0
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£
2
@ -1500
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£ -2000
—_
<
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-2500

Curing age (day)

Fig. 10. Drying shrinkage of geopolymer concrete (shrinkage strain).

with a higher fly ash to bottom ash mass ratio (Mpa.p4). As
explained in Section 3.4.4, the bottom ash contained particles that
are larger, more porous and more irregularly shaped compared to
the particles of fly ash, resulting in a higher ‘water holding’ effect
of bottom ash-based GPCs.

4.2.2. Absorption capacity

Absorption tests were carried out on B100-0.5, BSOF50-0.5,
B25F75-0.5, F100-0.5A and F100-0.25 series GPCs in accor-
dance with ASTM standard C642-13 [81]. 48 h after casting in
ambient temperature, the hardened GPC specimens were initially
dried in the oven at a temperature of 105 °C over 24 h, and then
they were subsequently cooled at the room temperature to
determine their oven-dried masses (My). Following this, the
specimens were immersed in water for 48 h to establish their
saturated surface-dry masses (Ms). The absorption capacity (Aif)
of GPCs was determined from Eq. (4), as per ASTM C642-13
[81], and the calculated values are shown in Fig. 12.

Ai=Ms—Mo)/Mo x 100 4)
It can be seen from the results given in Fig. 12 that the absorption
capacities of GPCs increase with a decrease in the mass ratio of
fly ash-to-bottom ash (Mps.p4). As was discussed in previous
sections, this can be explained by the lower degree of geopoly-
merization observed in bottom-based GPC, which in turns leads
to a more porous structure and higher absorption capacity.
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Fig. 11. Weight loss of geopolymer concrete during the shrinkage process.
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Fig. 12. Absorption capacity of GPCs.

5. Conclusions

This paper has presented the results of an experimental
study on the behavior fly ash-, bottom ash- and blended fly and
bottom ash-based geopolymer concrete cured at ambient
temperature. Based on the results and discussions presented
in this study, the following conclusions can be drawn:

1. The workability of the coal ash-based GPCs is directly
related to the mass ratio of fly ash-to-bottom ash (Mya.p4)
and the liquid-to-binder ratio (I//b), and mixes with a higher
fly ash content and I/b ratio exhibit a better workability.

2. No significant exothermic reactions were observed during
the curing of the GPCs at the ambient temperature. This
indicates that GPCs cured at ambient temperature do not
undergo exothermic processes to the extent that are
experienced by conventional OPCs.

3. Efflorescence of GPCs can be reduced by using sealed curing
method. However, these curing conditions also tend to decrease
the early-age compressive strength of GPCs. It is also found
that increasing the coal ash content (M,) with respect to the
activator solution can also eliminate efflorescence.

4. SEM micrographs show that the density and homogeneity of
the GPC increase with an increase in the mass ratio of fly ash-
to-bottom ash (Mp4.4). This indicates that fly ash undergoes a
higher degree of geopolymerization compared to that seen in
bottom ash. SEM micrographs also show that a large amount
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of coal ash remains in the hardened GPC structures, which
suggests that at the ambient temperature coal ash-based GPCs
undergo a lower degree of geopolymerization.

5. Compressive strength () of coal ash-based GPCs increases
with a decrease in the liquid-to-binder ratio (I/b) or an increase
in the mass ratio of the fly ash-to-bottom ash (Mp4.p4).

6. OPC exhibits a higher compressive strength (f.) than that of
a companion GPC that is manufactured with the same liquid-
to-binder ratio (I/b) and cured under ambient conditions.

7. Both the elastic modulus (E,.) and flexural strength (f',) of
GPCs have strong correlations to their compressive strength
(f.), and they both increase with an increase in fly ash-to-
bottom mass ratio (My4.4). ACI-380 model, which is given
to predict the flexural strength of OPCs, also provides
reasonable estimates of flexural strengths of GPCs manu-
factured with fly ash mass ratios (Mg4) higher than 75%.

8. The ambient temperature cured coal ash-based GPCs exhibit a
higher drying shrinkage compared to that of OPCs due to the
large amount of unreacted coal ash particles in the hardened GPC
structure that results from a lower degree of geopolymerization
when coal ash-based GPC is cured at ambient temperature.

9. GPCs with a lower fly ash-to-bottom ash mass ratio (M.
pa) develop higher drying shrinkage due to the lower degree
of geopolymerization they experience, and the presence of
large, porous and irregularly shaped unreacted bottom ash
particles they contain. Likewise, GPCs with a lower Mr4.p4
exhibits a higher absorption capacity.
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This paper presents the results of an experimental study on the behaviour of fly ash (FA) and bottom ash (BA) based
geopolymer concretes (GPCs) cured at ambient temperature. A total of 11 batches of coal-ash-based GPCs were
manufactured. Axial compression tests were carried out to determine the compressive behaviour and strength
development of hardened GPCs. Test parameters included the type, particle size and chemical composition of coal
ash, the alkaline liquid to binder ratio and concentration of sodium hydroxide solution. The results indicate that the
chemical composition of BA has a pronounced influence on the compressive behaviour of GPCs, with concretes
manufactured with BA with a higher silicon dioxide/aluminium oxide ratio developing higher strengths. The results
also indicate that milling of the coal ash and the increased calcium oxide content of the BA both lead to significant
improvements in the compressive strength of GPCs. It was also found that strength gain of ambiently cured coal-ash-
based GPCs continues beyond a concrete age of 28d and is significantly influenced by the type, particle size and

chemical composition of the coal ash and the concentration of sodium hydroxide solution.

Notation

dsg median coal ash particle size

E. elastic modulus

1 concrete compressive strength

Ib alkaline liquid to coal ash binder ratio
Eco peak axial strain

Introduction

Owing to its favourable material properties and economic
benefits, concrete is the most commonly used construction
material in the world. Ordinary Portland cement (CEMI) is
conventionally used as the primary binder to produce concrete.
However, according to statistics, the production of 1t of
CEMI generates nearly 1t of carbon dioxide and consumes
approximately 2-5t of materials, including fuel and other raw
materials (Arellano-Aguilar et al., 2014; Guo et al., 2010;
Hardjito and Rangan, 2005; Pacheco-Torgal et al., 2008,
2011). Global carbon dioxide emissions from the production
of CEMI amount to around 1-35 billion tonnes annually,
which is 5-8% of total anthropogenic greenhouse gas emis-
sions (Chotetanorm et al., 2012; Habert et al., 2011; Meyer,
2009; Reed et al., 2014; Shi et al., 2012; Topgu et al., 2014).
Increasing environmental awareness has seen recent research
attention turn to geopolymer concrete (GPC), which is cur-
rently being investigated as a sustainable and environmentally
friendly alternative to CEMI-based concrete. The term ‘geopo-
lymer’ was first coined by Davidovits in the 1970s to represent
the mineral polymers resulting from geochemistry as potential

32

alternative binders to CEMI (Davidovits, 1979, 1999). The
chemical reaction process for producing geopolymers is com-
monly known as ‘geopolymerisation’, and it requires source
materials that are rich in silica (Si**) and alumina (AI**)
content such as coal ash, kaolin or metakaolin.

In the geopolymerisation of coal-ash-based geopolymers, the
reaction of the aluminosilicate source (i.e. coal ash) and alkali
polysilicates results in the formation of a hardened material with
a three-dimensional polymeric chain and ring structure consist-
ing of a Si-O-Al-O bond structure (Davidovits, 1991; Duxson
et al., 2007; Hardjito et al., 2004a; Khale and Chaudhary, 2007;
Palomo and Glasser, 1992; Van Jaarsveld et al., 1997, 2002).

Fly ash (FA), a type of coal ash material that accounts for
over 70% of the global production of coal ash per annum
(Ahmaruzzaman, 2010; Nassar et al., 2013), is widely accepted
across the world as a source material to produce geopolymers
owing to its rich aluminosilicate composition, fine size, signifi-
cant glassy content and high availability (Chindaprasirt et al.,
2007; Cwirzen et al., 2014; Ferreira et al., 2013; Fu et al.,
2008; Hardjito et al., 2004b; Kovalchuk et al., 2007; Pan
et al., 2011; Rattanasak and Chindaprasirt, 2009; Ryu et al.,
2013; Temuujin et al., 2009b, 2010; Thokchom et al., 2012;
Wallah and Rangan, 2006; Zhang et al., 2014b).

Bottom ash (BA) is a byproduct produced during the com-
bustion of coal, which shares a similar chemical composition
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to FA but, in contrast, has received significantly less research
attention in the area of geopolymers. As established in pre-
vious studies, when compared with FA, BA contains relatively
large and irregularly shaped particles with pores and cavities,
which results in lower reactivity when used in geopolymers
(Boonserm et al., 2012; Chindaprasirt and Rattanasak, 2010;
Chindaprasirt et al., 2009; Kunjalukkal and Licciulli, 2014;
Li et al., 2012; Sinha et al., 2014). Currently, most BA pro-
ducts are being buried in landfills due to lack of development
in recycling technologies (Kim et al., 2012). However, given its
similar chemical composition to FA and its greater worldwide
availability, BA might provide an attractive option for use as
the raw material in the production of geopolymers.

A review of existing studies on FA- and BA-based geopolymers
revealed that the majority were concerned with geopolymer
products cured at higher temperatures (i.e. over 40°C), with
only a few studies focusing on the behaviour of FA-based
(e.g. Kong et al., 2007; Kumar and Kumar, 2011; Somna et al.,
2011; Temuujin et al., 2009a, 2009b; Wongpa et al., 2010) and
BA-based (e.g. Antunes et al., 2013; Geetha and Ramamurthy,
2013) geopolymers cured at ambient temperature. In the
majority of engineering applications, concrete is typically cured
under ambient conditions, and hence evaluation of the per-
formance of concrete in practice requires an understanding of
the behaviour of geopolymers cured under such conditions.
The literature review also revealed that, among the reported
studies on the use of BA to develop geopolymers, most have
focused on the behaviour of geopolymer pastes (e.g. Antunes
et al, 2013; Boonserm et al, 2012; Chen et al., 2012;
Geetha and Ramamurthy, 2013; Slavik et al., 2008; Topgu and
Toprak, 2011; Topgu et al., 2014; Xu et al., 2010) and mortars
(e.g. Chindaprasirt and Rattanasak, 2010; Chindaprasirt et al.,
2009, 2011; Chotetanorm et al., 2012; Kim et al., 2012;
Kunjalukkal and Licciulli, 2014; Li et al., 2012; Sata et al.,
2012; Sathonsaowaphak ez al., 2009; Sinha et al., 2014), with
only one reported study on the behaviour of BA-based GPCs
(e.g. Mathew et al., 2013). It is well known that the stress-related
behaviour of concrete not only depends on the behaviour of each
constituent material but also on the interactions among them.
Further research is thus needed to fully investigate the behaviour
of geopolymer ‘concrete’, which is manufactured using coarse
and fine aggregates together with geopolymer paste.

Furthermore, existing studies on BA-based geopolymers have
focused on using BA from a single source — there are no re-
ported studies on the relative performance of geopolymers
manufactured using BAs obtained from different sources. Due
to differences in the design of coal-fired boilers and the charac-
teristics of the coals and raw mineral materials in different coal
ash sources, the chemical composition and physical condition
of coal ashes vary from one power station to another, which in
turn could affect the properties of the resulting geopolymer
products. It is therefore important to gain an understanding of
the influence of the coal ash source on the mechanical

properties of GPC. In addition, as revealed in several previous
studies (e.g. Antunes et al, 2013; Boonserm et al., 2012;
Chindaprasirt and Rattanasak, 2010; Chindaprasirt et al.,
2009; Kiattikomol ez al., 2001; Kim et al., 2012; Kong et al.,
2007; Sathonsaowaphak et al., 2009; Somna et al., 2011;
Temuujin et al., 2009b; Topgu and Toprak, 2011; Topgu et al.,
2014), reducing the particle size of FA (e.g. Kiattikomol e al.,
2001; Somna et al., 2011; Temuujin et al., 2009b) and BA (e.g.
Antunes et al., 2013; Boonserm et al., 2012; Chindaprasirt and
Rattanasak, 2010; Chindaprasirt et al., 2009; Kim et al., 2012;
Kong et al., 2007; Sathonsaowaphak et al., 2009; Topgu and
Toprak, 2011; Topgu et al., 2014) through grinding can
promote the reactivity of coal ashes, thereby significantly im-
proving the mechanical properties of the resulting geopolymer
products. However, research on the use of milled coal ash in
ambiently cured GPC is so far extremely limited, with only a
few studies reported on ambiently cured FA-based GPCs (e.g.
Somna et al., 2011; Temuujin et al., 2009b) and BA-based
GPCs (e.g. Antunes et al., 2013; Kim et al., 2012). Further
research is needed to better understand the influence of milling
on the compressive behaviour of FA- and BA-based GPCs.

The study presented in this paper aimed at examining the com-
pressive behaviour and strength development of BA-based
GPCs. To establish the relative performance of BA-based
GPCs with respected to FA-based GPCs, four batches of FA-
based GPCs were also designed and manufactured. The paper
initially provides a summary of the experimental programme,
including material properties, specimen properties and testing
procedures. Following this, the experimental results are pre-
sented and discussed in detail. The influences of coal ash type
(FA or furnace BA), particle size (as-received or milled) and
chemical composition (considering ashes obtained from differ-
ent power plants), alkaline liquid to coal ash binder ratio
(I/lb=0-25 to 1-1) and concentration of sodium hydroxide
(NaOH) solution (10M or 14M) are presented along with
other key experimental observations.

Test programme

Test specimens

A total of 11 batches of GPC — four batches of FA-based GPC
and seven batches of furnace BA-based GPC — were manufac-
tured. The specimens were tested under axial compression to
establish the mechanical properties of the hardened GPCs
including compressive strength, peak axial strain and modulus
of elasticity. The cylindrical specimens used in the compression
tests were 100 mm in diameter and 200 mm in height. The com-
pressive strength of each GPC mix was monitored up to 70d to
investigate the strength development of the coal-ash-based GPCs
cured at ambient temperature. Three nominally identical speci-
mens were tested for each unique specimen configuration in each
test. In addition, the microstructures of the raw and milled coal
ashes were examined using scanning electron microscopy (SEM)
to investigate the effect of milling on the coal ash particles.

33



Magazine of Concrete Research

Influence of coal ash properties on
compressive behaviour of FA- and
BA-based GPC

Xie and Ozbakkaloglu

Materials

Fly ash

The FA used in the present study was sourced from Port
Augusta Northern power station in South Australia. To study
the effect of FA particle size on the compressive behaviour of
FA-based GPCs, two different particle sizes were used in the
GPC mixes — the as-received FA and FA that was milled for
3 min. To reduce its moisture content, the FA was oven dried
for 24 h at 105°C. It was subsequently cooled at ambient temp-
erature for more than 3 h before mixing of the concrete.

Bottom ash

The furnace BAs used in the presented study were sourced from
three different power stations in Australia, namely Port Augusta
Northern power station in South Australia, Bayswater power
station in New South Wales and Tarong power station in
Queensland. The effect of a reduction in BA particle size on the
compressive behaviour of GPCs was studied through the use of
as-received BA and BA that was milled for 3 min. As with the
FAs, BAs were also oven dried for 24 h at 105°C and cooled at
ambient temperature for more than 3 h before mixing.

Alkaline activator solutions

The multi-compound alkaline activator liquid used in the
present study was premixed by a local supplier and consisted of
distilled water, sodium hydroxide solution and sodium silicate
solution. The proportions of the three different components were
65-3% water, 24-8% sodium silicate and 9-9% sodium hydroxide
by weight before mixing. Two different concentrations of sodium
hydroxide solution (i.e. 10M or 14M) were used. The sodium
silicate solution used in the alkaline solution had a constant
silicon dioxide to sodium oxide ratio of 3-22 in mass ratio (3:33
in molar ratio) and contained 62% water by total weight. The
alkaline activator solution was premixed and rested for 24 h in
the ambient environment prior to GPC mixing.

Aggregates

The coarse and fine aggregates used consisted of crushed blue-
stone gravel of a maximum nominal particle size of 7mm and
graded sand of 0-4mm maximum nominal particle size,
respectively sourced from the McLaren Vale Quarry (Fleurieu
peninsula) and Price Pit (Yorke peninsula). The same aggre-
gates were used in all the concrete mixes, and the amounts
used are listed in Table 1.

Specimen designation

The specimens were labelled as follows. The first letter indi-
cates the coal ash type used in the GPC — B represents bottom
ash and F represents fly ash. The second letter in each speci-
men designation represents the type of coal ash used in the
GPCs — P means the ash was sourced from Port Augusta
Northern power station, B represents Bayswater power station
and T is used for Tarong power station. The third letter indi-
cates if the coal ash was used in the concrete mix as-received
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(A) or after milling (M). These letters are followed by two
numbers that respectively indicate the molar concentration of
sodium hydroxide solution used in the activator liquid (i.e.
either 10M or 14M) and the alkaline liquid to ash binder ratio
(UIb) of the mix. For example, BPM10-0-5 is a GPC mix manu-
factured using milled BA sourced from Port Augusta power
station, and had a sodium hydroxide concentration of 10M
and an //b ratio of 0-5.

Mix design and specimen preparation

As shown in Table 1, four of the concrete mixes prepared in
the present study were designed as FA-based mixes. These
mixes had different //b ratios, coal ash particle sizes and
sodium hydroxide concentrations. The remaining seven mixes
were manufactured as BA-based GPCs.

In the preparation of concrete mixes, all the dry materials (fine
and coarse aggregates and binder (i.e. coal ash)) were initially
mixed in an 801 capacity rotating pan mixer with fixed blades
for approximately 3 min. Subsequently, the liquid component
(i.e. premixed alkaline activator solution) was gradually added
to the mixes and wet mixing was continued for approximately
Smin to form the concrete. After the slump test, additional
superplasticiser was added to the mixes that were found to
exhibit lower slumps based on the initial slump tests, in order
to attain workable mixes. Gentle external vibration was used
throughout the pouring processes of all GPC mixes to ensure
proper placement of the concrete. All mixing and pouring pro-
cesses were conducted at ambient temperature.

Hardened specimens were demoulded 24 h after casting. Any
specimens that were not fully hardened after this 24 h period
The
demoulded specimens were then covered at the top with plastic
bags, and they were left to cure at ambient temperature until
testing. Strength development of the GPCs was monitored by
compression tests undertaken at ages of 7, 28, 56 and 70 d.

were allowed extra time to cure in their moulds.

Instrumentation and testing

A LabTechnics LMS5-P mechanical grinder (Figure 1) was used
to grind the coal ashes to reduce their particle sizes. The
axial compression tests were undertaken in accordance with
ASTM C39/C39M-05 (ASTM, 2005), using a universal testing
machine in the Materials Laboratory of the University of
Adelaide. The elastic modulus (E.) of the selected specimens
was established according to ASTM C469/C469M-14 (ASTM,
2014). Prior to the compression tests, all cylinder specimens
were first milled and then capped at both ends to ensure
uniform distribution of the applied pressure.

Experimental observations and results

X-ray fluorescence (XRF) analysis of the coal ashes
The chemical composition and loss on ignition of the FAs and
BAs were determined using XRF. As shown in Table 2, the
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FA BA
Type-P Type-P Type-B Type-T
(Port Augusta) (Port Augusta) (Bayswater) (Tarong)
Silicon dioxide (Si0;): wt% 49-0 541 566 68-4
Aluminium oxide (Al,O3): wt% 31-0 24-8 23-0 24-3
Iron oxide (Fe,03): wt% 28 39 99 29
Calcium oxide (CaO): wt% 50 49 4.3 0-2
Magnesium oxide (MgO): wt% 25 24 12 0-2
Sodium oxide (Na,O): wt% 3-8 35 0-3 0-0
Potassium oxide (K,0): wt% 12 0-7 11 0-5
Sulfur trioxide (SO3): wt% 0-3 0-1 <0-1 <01
Titanium dioxide (TiOy): wt% 21 2:2 13 12
Phosphorus pentoxide (P,0Os): wt% 0-9 0-6 0-2 <01
Strontium oxide (SrO): wt% <01 <01 <01 <01
Manganese(lll) oxide (Mn,0s3): wt% <01 0-1 01 <01
Loss on ignition: wt% 03 1-8 1-8 1-3
Table 2. Chemical composition of FA and furnace BA as
determined by XRF analysis
The calcium oxide content of the type-T BA was also signifi- 100 1
cantly lower than that of the type-P and type-B BAs. 9047 Raw type-P FA Zz
8™ Raw type-P BA z
Grading of fly ash and bottom ash o 7047 Rawiype-BBA //
The particle size distributions (PSDs) of the as-received and g 604" Ground type-P BA /
milled coal ashes (Figure 2) were obtained through sieving g SOA_X_Ground type-B BA /
tests using a Malvern particle size analyser. It is evident from % 40 | = Ground type-T BA ‘
Figure 2 that the as-received (raw) BAs contained much =
coarser particles than the raw FA. The median size (dsg) of 3 301
the raw type-P FA was 12 um, whereas that of the raw type-P 20
BA was 54 um. The figure also shows that the dso of BAs 104
decreased significantly after grinding. For example, for the 0 ~— I ‘
as-received type-B BA, dsp was 48 um whereas dso for ground 1 10 100

type-B BA was 13 um. As is also evident from Figure 2, the
three different BAs used in this study had nearly identical
PSDs after milling.

Scanning electron microscopy analysis

Scanning electron microscopy images (Figure 3) were eval-
uated to investigate the microstructure of the raw coal ashes.
Figure 3(a) shows that the FA particles appear to be spherical
and of varying size. As reported previously (Kunjalukkal and
Licciulli, 2014), these tiny spheres are known as cenospheres
and have perfectly rounded and intact shapes. In addition, the
micrograph shows that there are no evidently visible pores in the
microstructure of the FA particles. SEM micrographs of the
three types of raw BA are shown in Figures 3(b)-3(d). When
compared with the SEM micrograph of the FA under the same
magnification (i.e. 5000x), the micrographs of the BAs show
that the BA particles were significantly larger and angular,
with plenty of irregular fragments and only a small amount of
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Sieve size: um

Figure 2. Particle size distributions of FA and furnace BA

semi-spheres. Some pores are also visible in the microstructure
of the BAs. These findings are in agreement with previously
reported microstructural observations of BA (Chindaprasirt
et al., 2009; Kunjalukkal and Licciulli, 2014). Some foreign
objects were also observed in the microstructure of the BA
samples, such as the rectangular-shaped object shown in Figure
3(b). A composition test undertaken indicated that this object
was primarily radium, a radioactive earth-metal found in
uranium ores. No foreign objects or impurities were observed in
the SEM images of the FA samples. These observations clearly
indicate that the furnace BA contained more impurities than the
FA, and this can be explained by the fact that BA is extracted
from the base of a furnace where larger and foreign objects can
fall and accumulate.
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The SEM micrographs of the milled BAs are shown in
Figures 4(a)-4(c). Comparing these with the SEM images of
the as-received BAs shown in Figures 3(b) and 3(c) indicates
that milling of the BA significantly reduced the number of
large particles, and helped break the agglomerations seen in
the raw BAs. However, some large particles were still present
after milling. As shown in Figure 2, the PSDs of the BAs
became closer to that of the raw FA after milling. However,
comparison of the micrographs of the as-received FA with
images of the milled BAs indicates that the milled BAs con-
tained larger and more angular particles and plenty of and
pores and cavities were present.

Observations of GPCs during curing

Workability

The workability of each batch of GPC was obtained through
slump tests performed in accordance with ASTM C143/
C143M (ASTM, 2012b). The slump test results are

summarised in Table 1, which shows that the workability of
the FA- and BA-based GPCs increased with an increase in /b
ratio. This observation is in general agreement with previously
reported results on coal-ash-based geopolymers (Chindaprasirt
and Rattanasak, 2010; Sathonsaowaphak et al., 2009) and can
be explained by the fact that, with an increase in fluid medium
content, the interactions among the coal ash particles decrease
with an increase in interparticle distance, which in turn results
in lower interference among those particles. Furthermore, the
slump values shown in Table 1 indicate that the workability
of the FA- and BA-based GPCs increased with a decrease
in the concentration of the sodium hydroxide solution used
in the alkaline liquid activator. This observation is in agree-
ment with other works (Chindaprasirt and Rattanasak, 2010;
Chindaprasirt et al., 2007) and can be explained by the fact
that the viscosity of alkaline activator liquid generally increases
with an increase in concentration of the sodium hydroxide sol-
ution, which in turn reduces the workability of concrete.
In addition, the slump values in Table 1 show that milling the
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Figure 4. SEM images of furnace BAs after 3 min grinding
(5000 magnification): (a) type-P BA; (b) type-B BA,; () type-T BA

FA adversely affected the workability of the FA-based
concretes. This reduction in workability is attributable to the
change in shape of FA particles from spherical to angular
due to milling, which leads to a reduced ‘ball-bearing effect’
(Temuujin et al., 2009b). Conversely, milling of the BAs
resulted in significant improvements to the workability of
BA-based GPCs. This observation can be explained by the
fact that milling reduced the amount of pores inside the BA
particles, which in turn resulted in lower liquid absorption
of these particles during the mixing process. Moreover, as
shown in Table 1, the workability of the FA-based GPCs was
much higher than that of the BA-based GPCs. This obser-
vation indicates that the spherical particle shape and smooth
surface of the FA provide significant ball-bearing effects, as
has also been noted previously (Bai et al., 2004; Malhotra,
2002; Temuujin et al., 2009b), which translates into improved
workability. Furthermore, as shown in Figure 5, numerous
small balls of wet paste were formed during the mixing process
of some of the BA-based GPC mixes. This can be attributed
to insufficient liquid content as a result of the higher absorp-
tion capacity of BAs. In order to attain workable mixes, some
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polycarboxylic ether polymer based superplasticiser was sub-
sequently added to the GPC mixes that exhibited low slump
values, as noted in Table 1.

Efflorescence

Previous research has established that efflorescence is detrimen-
tal to the durability and mechanical properties of geopolymer
materials as it consumes residual alkalis (Huang et al., 2012;
Pandey et al., 2012; Temuujin et al., 2010; Williams and Van
Riessen, 2010). It is well known that efflorescence formation in
GPC is mainly caused by the reaction of atmospheric carbon
dioxide with residual soluble alkalis at the surface of resultant
products of geopolymer binders when the concrete is exposed to
humid air or contact with water occurs (Najafi ez al., 2012;
Skvara et al., 2009; Temuujin et al., 2009a; Zhang et al., 2014a).

The specimens used in the present study were cast and cured at
ambient temperature and were exposed to air. Visible efflore-
scence (Figure 6) was observed in all but one specimen series
(i.e. FPA14-0-25): this can be explained by the presence of a
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Figure 5. Balls of wet paste formed during the mixing of
BA-based GPC

higher amount of coal ash in this mix, which resulted in full
utilisation of the alkaline solution during the geopolymerisa-
tion process.

Density

The hardened densities of the GPCs are reported in Table 1.
The densities were established from concrete cylinders at 28 d
of age. It is evident from the results given in Table 1 that,
with an otherwise identical mix design, the BA-based GPCs
exhibited significantly lower hardened densities than the FA-
based GPCs. This can be attributed to the more porous struc-
ture and larger and more irregularly shaped particles of the
BA, which results in a GPC with a less dense and homogen-
eous microstructure. This finding is in agreement with previous
studies on GPCs (Chindaprasirt et al., 2009; Kunjalukkal and
Licciulli, 2014). The BA-based concrete contains a significant
amount of residual liquid (i.e. water and alkaline solution) that
remains in its structure after casting. This free liquid sub-
sequently evaporates during the curing process, which results
in significantly lower densities of the hardened concrete.

Influence of test parameters on observed
behaviour

Compressive behaviour

Effect of coal ash milling

The influence of milling the coal ash on the compressive
behaviour of GPCs can be studied through a comparison of
the companion specimen series that were manufactured using
either as-received or milled coal ashes. For the FA-based
GPCs, this comparison was made between FPM14-0-5 and
FPA14-0-5 GPC series, which were manufactured using as-
received and milled FA respectively. The results in Table 3
show that series FPM14-0-5 gained significantly higher com-
pressive strength (f7) than series FPA14-0-5. This finding is in

Figure 6. Efflorescence in GPC

agreement with previous work on coal-ash-based GPCs (Diaz
et al., 2010; Temuujin et al., 2009b), where it was found that
the compressive strength of GPCs increased with a decrease in
FA particle size. Table 3 also shows that the milled FA-based
GPCs had a higher modulus of elasticity (E.) but lower peak
axial strain (g.,) compared with the companion GPCs manu-
factured with as-received FA.

A comparison of the results of BA-based GPCs (i.e.
BBM10-0-5 with BBA10-0-5 and BPM10-0-5 with BPA10-0-5)
in Table 3 shows findings similar to those obtained from

Series fl: MPa E.. GPa Eco. Yo
FPM10-0-5 34-4 297 0-19
FPM14-0-5 42-3 359 0-14
FPA14-0-5 18-8 110 0-26
FPA14-0-25 30-4 254 0-21
BPM10-0-5 7-6 5-8 0-33
BPA10-0-5 0-8 - -

BPA14-0-5 0-6 — —

BPA14-1-1 0-3 — —

BBM10-0-5 13:5 81 0-30
BBA10-0-5 4-8 22 0-46
BTM10-0-5 25 0-4 0-57

Table 3. Summary of axial compression test results at concrete
age of 28d
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FA-based GPCs. That is, the compressive strength of BA-
based GPCs increased with a decrease in BA particle size as
a result of milling. Comparison of the compressive strengths
of BBM10-0-5 and BBA10-0-5 indicates that using milled
type-B BA in the concrete mixes led to an approximately three-
fold increase in compressive strength. An even more significant
strength improvement was observed in the GPCs manufactured
with milled type-P BA, with series BPM10-0-5 exhibiting a
compressive strength around ten times higher than that of
series BPA10-0-5. These findings can be explained by the fact
that milling increases the surface area of the coal ash particles,
which results in an improvement in the reactivity of the coal
ash in the GPC mixes (Diaz et al., 2010; Sathonsaowaphak
et al., 2009; Somna et al., 2011; Temuujin et al., 2009Db).
Furthermore, milled coal ash particles also contain less
capillary pores than the as-received coal ash (Diaz et al., 2010;
Temuujin et al., 2009b), resulting in reduced absorption of
alkaline liquid during the mixing process, which in turn con-
tributes to a higher compressive strength of the mix.

Effect of chemical composition of coal ash

The influence of the chemical composition of the coal ash on
the compressive behaviour of the GPC was investigated
through a comparison of the concretes manufactured using BA
from different sources. As noted previously, the three types of
BA (type P, B and T) were obtained from three different power
stations but their milled products had nearly identical PSDs.
The test results indicate that series BBM10-0-5 specimens man-
ufactured with type-B BA exhibited a significantly higher com-
pressive strength than the companion BPM10-0-5 series
manufactured with type-P BA. As noted earlier in the paper
and shown in Table 2, type-B and type-P BAs had comparable
calcium oxide contents, but the type-B BA had a slightly
higher silicon dioxide/aluminium oxide ratio than type-P BA.
Silva et al. (2007) and Thokchom et al. (2012) also reported
that the compressive strength of coal-ash-based GPC increases
with an increase in the silicon dioxide/aluminium oxide ratio
of the coal ash.

However, in contrast with the above observation, series
BTM10-0-5, manufactured using type-T BA with the highest
silicon dioxide content and the highest silicon dioxide/alu-
minium oxide ratio of all the BAs used, exhibited a lower com-
pressive strength than the companion series BBM10-0-5 and
BPM10-0-5. The significantly lower strength of the GPC man-
ufactured with the type-T BA can be attributed to the extre-
mely low calcium oxide content of the type-T BA (Table 2).
Temuujin et al. (2009a) reported that the addition of calcium
compounds to a coal-ash-based GPC mix can accelerate the
dissolution of coal ashes, leading to a more homogeneous
microstructure of the GPC and in turn resulting in an increase
in compressive strength: they showed that the addition of
calcium compounds up to 3% by weight of coal ash led to an
approximate doubling of GPC compressive strength. It is
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believed, therefore, that the low calcium oxide content of the
type-T BA adversely affected the compressive strength of the
resulting concrete. Furthermore, the results of the present
study suggest that the calcium oxide content of the BA has a
much more pronounced influence on GPC compressive
strength than the silicon dioxide/aluminium oxide ratio of the
BA used.

Effect of alkaline liquid to ash ratio (//b)

The influence of /b ratio on the compressive behaviour of the
coal-ash-based GPCs was also investigated. For the FA-based
GPCs, it is evident from Table 3 that, at a given age, series
FPA14-0-25 with a lower //b ratio showed significantly higher
compressive strength than the companion FPA14-0-5 series
with a higher //b ratio. Table 3 also shows that the concrete
modulus of elasticity decreased and peak axial strain increased
with an increase in //b ratio. A similar relationship between
axial compressive strength and /b ratio was also observed for
the BA-based GPCs: comparison of series BPA14-1-1 and
BPA14-0-5 indicates that BA-based GPCs with a higher /b
ratio developed a lower compressive strength than the compa-
nion specimens with a lower //b ratio. Due to restrictions of the
testing apparatus it was not possible to measure the peak axial
strains of series BPA14-1-1 and BPA14-0-5, with very low com-
pressive strengths.

These findings (i.e. compressive strength decreases with
an increase in //b ratio) are in agreement with previous
work on coal-ash-based GPCs (Hardjito and Jong, 2011;
Sathonsaowaphak et al., 2009) and can be explained by the
fact that an increase in //b ratio leads to an increase in the
water content of the reaction medium, thereby reducing fric-
tion between particles, which in turn results in a decrease in
compressive strength and other mechanical properties of GPCs
(Hardjito and Jong, 2011; Hardjito et al., 2004b; Nassar et al.,
2013; Sathonsaowaphak et al., 2009; Wongpa et al., 2010).

Effect of coal ash type

To investigate the influence of coal ash type on the compres-
sive behaviour of coal-ash-based GPCs, comparisons were con-
ducted between series FPA14-0-5 and BPA14-0-5 and series
FPM10-0-5 and BPM10-0-5: the specimens in each compari-
son pair had an identical mix proportion but were manufac-
tured using either FA or BA supplied from the same source.
Table 3 shows that series FPA14-0-5 and FPM10-0-5 both
showed significantly higher compressive strengths than their
BA-based counterparts. This observation is consistent with
other reports (Chindaprasirt et al., 2009; Kunjalukka and
Licciulli, 2014; Li et al., 2012) and can be explained by the
fact that the degree of polymerisation in BA-based GPC is
lower than that in FA-based GPC, resulting in a large number
of unreacted BA particles remaining in the structure of the
hardened concrete.
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Effect of sodium hydroxide concentration

Companion specimens prepared using different concentrations
of sodium hydroxide solutions were compared to study the
influence of sodium hydroxide concentration on the compres-
sive behaviour of coal-ash-based GPCs. Comparing the results
of specimens FPM10-0-5 and FPM14-0-5 in Table 3, an in-
crease in sodium hydroxide concentration led to an increase
in compressive strength of the FA-based GPCs. Sodium
hydroxide solution at a higher concentration can promote
the leaching of silicon and aluminium from the coal ash
particles into the solution and hence promote the reaction
of the aluminosilicate source with the solution, resulting in
improved compressive strength as was also noted previously
(Hanjitsuwan et al., 2014; Mishra et al., 2008; Rattanasak and
Chindaprasirt, 2009). However, no significant influence of
sodium hydroxide concentration was seen on the compressive
strengths of the companion BA-based GPCs (i.e. BPA10-0-5
and BPA14-0-5), with both groups exhibiting very low com-
pressive strengths.

Variation of compressive strength with time

The variations of compressive strength of the GPCs with
curing age are illustrated in Figure 7, and the relative increases
in strengths are listed in Table 4. These results indicate that,
unlike CEMI-based concretes, the compressive strengths of
the ambiently cured coal-ash-based GPCs showed significant
increases after a curing age of 28 d. This can be attributed to
the low degree of geopolymerisation that takes place under
ambient curing conditions (Geetha and Ramamurthy, 2013;
Somna et al., 2011; Temuujin et al., 2009b), which results
in ongoing chemical reactions of the significant amounts of
residual raw materials (i.e. alkalis and coal ashes) that remain
in the concrete after 28 d. Comparison of these results with
those reported in the literature for heat-cured geopolymers

757 —FPM10-0-5
FPM14-0-5
FPA14-0-5

-~ FPA14-0-25

- BPM10-0-5

-+ BBM10-0'5

= BBA10-0'5

~+BTM10-0-5

60

45 A

304

Compressive strength: MPa

28
Curing time: d

35 42 49 56 63 70

Figure 7. Variation of compressive strengths of GPCs with curing
age

10

Series Change in compressive strength: %
7dto 28d 28dto 56d 56dto 70d

FPM10-0-5 330 59 7
FPM14-0-5 350 49 9
FPA14-0-5 158 56 10
FPA14-0-25 176 46 9
BPM10-0-5 130 43 8
BPA10-0-5 100 75 14
BPA14-0-5 200 — —
BPA14-1-1 — 100 83
BBM10-0-5 141 50 7
BBA10-0-5 182 71 15
BTM10-0-5 150 120 13

Table 4. Change in compressive strength with curing age

(Antunes et al., 2013; Chen et al., 2012; Chotetanorm et al.,
2012; Kim et al., 2012) indicates that, compared with ambient
curing, heat curing results in a significantly higher initial com-
pressive strength, but a much less significant strength increase
over time after 7 d. This can be explained by the fact that heat
curing significantly accelerates the rate of geopolymerisation
and the consumption of reactive materials. Influences of par-
ticle size, chemical composition and type of coal ash on vari-
ations in compressive strength over time are discussed in the
remainder of this section.

As shown in Table 4, compared with the as-received FA-based
GPC (i.e. FPA14-0-5), the milled FA-based GPC (i.e. FPM14-
0-5) exhibited a more significant strength gain between the
curing ages of 7d and 28 d. On the other hand, a nearly identi-
cal level of strength change was observed in all FA-based
GPCs after 28 d. A possible explanation for this is that the
milled coal ash particles reacted with alkalis more rapidly
during the earlier curing ages, resulting in a more significant
strength gain of the concrete up to the age of 28 d. Beyond
28 d, the rate of reactions and the resulting strength gains of
the milled coal-ash-based GPCs subsequently reduced and
matched those of the companion as-received FA-based GPCs,
once most of the milled and finer coal ash particles were fully
consumed. Table 4 also indicates that the influence of milling
was not as significant for BA-based GPCs during early curing
(i.e. 7d to 28d), with the concretes prepared with as-received
and milled BAs exhibiting similar increases in compressive
strengths.

Table 4 also shows that no major difference was observed in
the 7-28d strength gains of series BPM10-0-5, BBM10-0-5
and BTM10-0-5 GPCs. However, during the curing ages of
28d to 56d, series BTM10-0-5 series showed a more pro-
nounced strength gain than the other series. As discussed
earlier, this can be attributed to the lower reactivity of the
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type-T BA due to its lower calcium oxide content, resulting
in a lower dissolution rate of the BA and in turn leading to
an extended period of chemical reactions in the concrete
beyond 28 d. Furthermore, comparison of the strength changes
of the milled FA- and BA-based GPCs (i.e. FPM10-0-5 and
BPM10-0-5) shows that the strength gain of the FA-based
GPCs was more significant than that of the BA-based GPCs
at 7-28d. After 28d, on the other hand, the FA- and
BA-based GPCs exhibited similar changes in strengths. These
observations can be explained by the higher reactivity of the
FA particles, which results in a more significant strength gain
in their concretes during the earlier curing ages. After con-
sumption of the highly reactive particles beyond 28d, the
strength gains of the FA-based GPCs matched those of the
companion BA-based GPCs.

Conclusions

The results of an experimental study on the behaviour of geo-
polymer concretes (GPCs) made with fly ash (FA) and furnace
bottom ash (BA) cured at ambient temperature have been pre-
sented. The following conclusions are drawn from this study.
(a) The workability of coal-ash-based GPCs is strongly
influenced by the liquid to binder (//b) ratio, the concen-
tration of sodium hydroxide solution and the type of
coal ash. GPC mixes manufactured with a higher /b
ratio, a lower concentration of sodium hydroxide sol-
ution, and FA (instead of BA) exhibit better workability.
Efflorescence of GPCs can be eliminated by increasing
the coal ash content with respect to the activator
solution.

At a given curing age, otherwise identical GPCs
manufactured using FA develop higher compressive
strengths than GPCs produced using BA. The
compressive strength of FA- and BA-based GPCs
increases with a decrease in particle size of the coal ash
used. Furthermore, GPCs manufactured using coal ashes
with finer particles exhibit a higher modulus of elasticity
but a lower peak axial strain.

The compressive strengths of both FA- and BA-based
GPCs increase with a decrease in /b ratio. GPCs manu-
factured using a lower //b ratio also exhibited a higher
modulus of elasticity and a lower peak axial strain.

®)

(©)

(d)

(¢) An increase in the silicon dioxide/aluminium oxide ratio
or calcium oxide content of the coal ash results in an
increase in the compressive strength of the ash-based
GPC.

Within the range investigated in the present study, it
was observed that an increase in sodium hydroxide
concentration results in an increase in the compressive
strength of FA-based GPCs.

The compressive strength of ambiently cured coal-
ash-based GPCs continues to increase after a concrete
age of 28 d. GPCs manufactured using milled coal ash
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)

(o)

(instead of as-received coal ash) and FA (instead of BA)
exhibited more significant compressive strength gains
before the curing age of 28 d.
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ABSTRACT
Over the past two decades, recycled concrete aggregate (RCA), which is obtained by
crushing of old concrete elements from construction and demolition (C&D) waste, has been
considered as an alternative aggregate material for use in structural concrete with the aim of
achieving resource sustainability in construction industry. It is now recognized that the
application of RCA as coarse aggregate to form recycled aggregate concrete (RAC) is a
highly attractive and promising technology for conserving natural resources and reducing the
environmental impact of the construction industry. This paper presents an experimental study
that investigated the mechanical and durability-related properties of concretes manufactured
with RCAs of different sizes and contents. A total of 14 batches of RACs were manufactured.
Tests were undertaken to establish the compressive strength, elastic modulus, flexural
strength, splitting tensile strength, workability, drying shrinkage and water absorption of each
batch. Test parameters included the RCA replacement ratio, size of coarse aggregates and
mixing method used in the preparation of concrete. The results indicate that the compressive
strength is not the only decisive factor on mechanical and durability-related properties of
RACs. It is seen that the size and content of recycled aggregates significantly affect the

mechanical and durability-related properties of RACs.
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INTRODUCTION

Concrete is by far the most widely used construction material. In recent decades, the rapid
increase in the rate of industrialization and urbanization due to parallel growths in economy
and population has led to a great worldwide demand for concrete. Natural aggregates (NA),
including both the coarse and fine grades, constitute around 70% of total concrete volume in
a concrete mix. According to current estimates, the global demand for construction
aggregates is over 20 billion tons per annum (Behera et al., 2014; Cakir 2014; Sonawane and
Pimplikar, 2013). The increased use of concrete thereby leads to the depletion of the natural
aggregates as well as to the consumption of large amounts of energy on the production,
transportation and use of raw materials (Mefteh et al., 2013; Radonjanin et al., 2013).
Meanwhile, the growth in the rate of demolition of old structures, as prompted by the limited
availability of new construction sites, have resulted in generation of large amounts of
construction and demolition (C&D) wastes. These C&D wastes, as the largest waste streams
of solid waste in most of countries, are commonly and ineffectively disposed of in landfills at
a significant cost, while also resulting in the depletion of landfill space, as was discussed in a
number of recent studies on utilization of C&D wastes (Behera et al., 2014; Dilbas et al.,
2014; Medina et al., 2014; Rodrigues et al., 2013; Torgal and Jalali, 2011; Tosi¢ et al., 2015).
For the conservation of natural resources and minimizing the impact of C&D waste on the
environment, recycled concrete aggregate (RCA), which is obtained from C&D wastes, has
been considered as an alternative aggregate in structural concrete over the past two decades.
However, due to concerns regarding the inferior quality of RCA compared to that of NA, the

use of RAC in construction industry as structural concrete remains limited.
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RCA is a type of granular material created by crushing of old concrete elements sourced from
C&D wastes. Recycled aggregate concrete (RAC) is produced with partially or fully
substitution of NAs by RCAs in the concrete mix. To date, a significant volume of studies
have been reported in the literature on the behavior of RACs. These studies have shown that
RAC has a great potential to be a feasible alternative to natural aggregate concrete (NAC) in
the construction industry. However, when compared with companion NACs, RACs
manufactured with full replacement of NAs by RACs exhibit around 20 to 30% lower
compressive strengths (Abd Elhakam et al., 2012; Barbudo et al., 2013; Limbachiya et al.,
2012a; Limbachiya et al., 2012b; Mas et al., 2012; Sheen et al., 2013), 30 to 50% lower
elastic moduli (Ajdukiewicz and Kliszczewicz, 2002; Beltréan et al., 2014; Kwan et al., 2012;
Radonjanin et al., 2010; Rahal, 2007; Rao et al., 2007; Rao et al., 2011; Yang et al., 2008), up
to 23% lower splitting tensile strengths (Katz, 2003; Kou et al., 2007; Kou et al., 2008; Kou
et al., 2009; Tabsh and Abdelfatah, 2009; Yang et al., 2008), and 10% to 13% lower flexural
strengths (i.e. Ajdukiewicz and Kliszczewicz, 2007; Bairagi et al., 1990; Kheder and Al-
Windawi, 2005; Kou et al., 2008; Mefteh et al., 2013; Thomas et al., 2013). As reported in a
recent review study (Behera et al., 2014), there are technologies available that can help
enhance the quality of RACs. These include the addition of pozzolanic materials to the RAC
mix and using slightly different concrete mixing methods. Tam et.al (2005) introduced a new
mixing approach namely, two stage mixing approach (TSMA) and have shown that,
compared to the conventional mixing approach (NMA), TSMA can significantly enhance
mortar-RCA bond, resulting in improvements in both long- and short-term properties of

RACs.

In the majority of the concrete design codes and standards (i.e. (ACI318, 2009; AS3600,

2009; BS, 1997)) compressive strength is used to predict the other mechanical properties (i.e.
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modulus of elasticity, flexural strength and splitting tensile strength) of NACs. Therefore, the
compressive strength of concrete is considered as the key indicator of mechanical properties
of conventional concrete. As was previously shown experimentally (Ajdukiewicz and
Kliszczewicz, 2002; Barbudo et al., 2013; Marie and Quiasrawi, 2012, Topcu, 1997), the
compressive strength of RACs is generally lower than that of the companion NACs prepared
using the same concrete mix proportions. Therefore, to maintain the same compressive
strength between RAC and NAC, adjustments to the concrete mix proportions based on both
the quality and quantity of RCAs are required. However, as revealed by a careful review of
the existing literature on RACSs, only a limited number of studies have been reported to date
on the relative behavior of concretes of the same compressive strength prepared using
different coarse RCA contents (Beltran et al., 2014; Butler et al., 2013; Etxeberria et al., 2007;
Limbachiya et al., 2000). These studies have indicated that there might be significant
differences between the mechanical and durability-related properties of RACs and NACs
having the same compressive strength. However, these studies on the relative performance of
RACs and NACs of the compressive strength investigated only a limited numbers of
parameters (i.e. RCA replacement ratio, aggregate to cement ratio), and no study to date has
investigated the influence of particle size of coarse aggregate on the behavior of concretes of
the same compressive strength that were prepared with different amounts of RCAs. The
particle size of coarse aggregate is known to be an influential parameter for the behavior of
NACs and has been widely studied previously (Akgaoglu et al., 2002; Elices and Rocco,
2008; Miled et al., 2012; Sim et al., 2013; Tumidajski and Gong, 2006). Therefore,
understanding the influence of coarse aggregate particle size on the behavior of RACs and

NACs of the same compressive strength is of significant interest.
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Moreover, the popularity of higher strength concretes in the construction industry has been
currently on a steady incline due to the superior performance and economy offered by high-
strength concrete (HSC) over normal-strength concrete (NSC) in a large number of structural
engineering applications. However, to date, only two studies have investigated the behavior
of high-strength RAC and NAC of the same compressive strength (Butler et al., 2013;
Limbachiya et al., 2000). This demonstrates the need for additional experimental studies on

HSCs that are manufactured using different RCA replacement ratios.

As the first experimental study reported to date on the behavior of concretes of the same
compressive strength prepared with coarse RCAs of different sizes and contents, the study
presented in this paper was aimed at investigating the variation of mechanical- and durability-
related properties of concrete with the size and replacement ratio of RCAs. The paper initially
provides a summary of the experimental program, including material properties, specimen
properties and testing procedures. Following this, the results of the experimental program are
presented. Finally, a detailed discussion on the results of the experimental study is provided,
where the influences of RCA replacement ratio, particle size of coarse RCA and mixing

method of concrete are presented along with other key experimental observations.

TEST PROGRAM
Test specimens

A total of 14 unique batches of concrete, including 3 batches of NAC and 11 batches of RAC,
were manufactured in the present study. A series of tests were undertaken on each batch to
establish the properties of the fresh and hardened concrete, including workability,
compressive strength, modulus of elasticity, flexural strength, splitting tensile strength,

drying shrinkage and water absorption. Three types of specimens were used in specimen
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testing, namely, beams, prisms, and cylinders. The beam specimens were used for flexural
strength tests and they were 100 mm in width, 100 mm in depth and 500 mm in length. The
compressive strengths and moduli of elasticity of the concretes were established by the
compression tests using cylinder specimens with 100 mm diameter and 200 mm height. The
splitting tensile strength tests were conducted on larger cylinder specimens with 150 mm
diameter and 300 mm height. To monitor the drying shrinkages of the concrete, prism
specimens which were 75 mm in width, 75 mm in depth and 285 mm in length, were used.
The test parameters included: RCA replacement ratio (RCA %), maximum nominal aggregate
size of RCA (@), and concrete mixing method (i.e. either NMA or TSMA). Three nominally

identical specimens were tested for each unique specimen configuration in every type of test.

Recycled concrete aggregate (RCA)

The RCAs used in the present study were supplied by Adelaide Recycled Resource (ARR) in
South Australia, which were produced by initially removing impurities from C&D wastes and
subsequently crushing the demolition concrete using a jaw crusher and sieving it to separate
the crushed concrete into different grades. As Figs.1 (a) and (b) illustrate, two different
grades of coarse RCAs, including a finer RCA with 7-mm nominal maximum size (&) and a
larger RCA with 12-mm nominal maximum size (@), were selected to study the influence of
RCA particle size on the mechanical and durability-related properties of RACs. These RCAs
were added at different RCA volume replacement ratios (RCA %) of 0, 25, 50 and 100 to
represent NAC and concrete contained low, moderate and high amounts of RCAs,
respectively. The physical properties of both grades of RCAs are given in Table 1. All coarse
RCAs were initially washed to remove the impurities, and then pre-oven dried for 24 hours at
105°C and subsequently cooled at ambient temperature for more than 3 hours before the

mixing of the concrete.
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Natural aggregate (NA)

The coarse NAs of the present study were crushed bluestone gravel and sourced from
McLaren Vale Quarry (Fleurieu Peninsula). To maintain consistency in the coarse aggregate
size of RAC and conventional concrete mixes, two grades of NAs with similar particle sizes
to those of their companion RACs (i.e. 7 mm and 12 mm nominal maximum sizes) were
selected. Figures 1 (c) and (d) illustrate these two types of coarse NAs. The physical
properties of the coarse NAs are given in Table 1. All natural coarse aggregates were also
pre-oven dried for 24 hours at 105°C and subsequently cooled at ambient temperature for
more than 3 hours before the mixing of the concrete. The natural sand with a maximum
nominal size of 0.4 mm was supplied from Price Pit (Yorke Peninsula) and used as the fine
aggregate for all concrete mixes. The physical properties of natural sand are also given in

Table 1.

Cementitious binder

Two types of cementitious binder materials were used in this study, namely ordinary Portland
cement and silica fume. The chemical compositions and physical properties of these binders

are supplied in Table 2.

Mix designs and specimen preparation

As shown in Table 3, eleven of the 14 concrete mixes prepared in the present study were
mixed by TSMA and designed to have different water-to-binder ratios (w/b), RCA
replacement ratios (RCA%), and coarse aggregates grades. Through proper adjustments of the
selected parameters in mix proportions of the concrete, an equivalent 28-day compressive

strength (f”;) of 40 MPa for NSC and 85 MPa for HSC were achieved. The remaining three
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100% RCA-based concrete mixes were manufactured using the same concrete mix
proportions as their companion RACs but a different mixing method (i.e. NMA). In Table 3,
the term ‘water-effective’ is defined as the amount of water that was available for reaction
with binder material. The ‘water-total’ reported in Table 3 was the total water added to each
mix, and it consisted of the effective water and saturation water that was absorbed by fine and
coarse aggregates. The effective w/b and total w/b ratios given in Table 3 were calculated

based on the effective and total water amounts for each mix, respectively.

In the preparation of the RACs mixed using NMA, all the dry materials including the fine and
coarse aggregates and binder (i.e. Portland cement and silica fume) were initially mixed in an
80-L capacity rotating pan mixer with fixed blades for approximately three minutes.
Subsequently, the total amount of required water was gradually added to the mix and wet
mixing continued for approximately five minutes to form the concrete. For the RACs
prepared using TSMA, the fine and coarse aggregates were initially dry-mixed for 3 minutes
and the water that saturated the fine and coarse aggregates together with one-half of the
effective water was then added to the mix and the mixing continued for an additional 3
minutes. The binder was subsequently added to the mix and the mixing continued for 2 more
minutes to finish the first stage of TSMA. In the second stage, the second half of the effective
water was added together with a polycarboxylic ether polymer-based superplasticiser and the
wet mixing continued for approximately five minutes to form the concrete. Gentle external
vibration was used throughout the pouring processes of all concrete mixes to ensure proper

placement of concrete.

Specimen designation
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The concrete series in Tables 3 and 4 were labelled as follows: the letters N and H were used
to label the normal-strength and high-strength concrete mix, respectively. The following
letter was used to represent the coarse aggregate grade used in each mix, either C (for coarser
aggregate) or F (for finer aggregate). This was followed by a number that indicated the
replacement ratio of RAC to NA in the concrete. Finally, the last letters in the specimen
designation was used to make a distinction between the mixes manufactured using different
mixing methods, either TSMA (T) or NMA (N). For instance, NF-100-T is a normal strength
RAC mix that contained smaller coarse aggregates with a RCA replacement ratio of 100%,

which was prepared using the two-stage mixing approach.

Instrumentation and testing

The mechanical properties, including: compressive strength, modulus of elasticity, flexural
strength and splitting tensile strength of concrete were tested using a universal testing
machine in the Materials Laboratory of the University of Adelaide. Prior to the compression
tests, all cylinder specimens were ground to ensure uniform distribution of the applied load at
specimen ends. The drying shrinkage of all specimens was monitored up to 70 days of

concrete age through the measurement of shrinkage strains.

TEST RESULTS AND EXPERIMENTAL OBSERVATIONS
Physical properties of RCAs and NAs

Table 1 presents the physical properties of the coarse RCAs and NAs used in this study. It is
evident from these results that the RCAs had lower densities and significantly higher water
absorption compared to those of the NAs. This can be explained by the porous nature of the
RACSs due to the higher amount of attached mortar on the aggregate (Behera et al., 2014;

Rahal, 2007). It can also be seen from Table 1 that the water absorption of the finer RCA was
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lower than that of the larger RCA. This can be explained by the lower amount of attached
mortar that was present in the finer RCAs. The particle size distributions (PSDs) of the RCAs

and NAs that were obtained by sieving tests are illustrated in Fig. 2.

Workability of fresh concrete

The workability of each concrete batch was obtained through slump tests performed in
accordance with ASTM standard C143/C143M (ASTM International, 2012). As can been
seen from the slump test results given in Table 3, the workability of RACs decreased with an
increase in the RCA% ratio. A constant compressive strength among the mixes was
maintained in each concrete grade through the adjustment of the effective w/b ratio with
respect to the RCA replacement ratio (RCA%) in each concrete mix. Consequently, the
effective w/b ratio was lower for both NSC and HSC mixes with a higher RCA%, which in
turn resulted in lower slumps of these mixes. In addition, for a given RCA replacement ratio,
NC series RAC exhibited higher workability compared to that of the companion NF series
RAC. This is mainly due to the increased surface area of the finer coarse aggregates, which
resulted in an increased water demand to coat the aggregate surface during the mix
preparation. It can be seen from Table 3 that the slumps of the RAC mixes prepared using
TSMA were higher than those of the RACs mixed by NMA. This finding can be explained by
the fact that TSMA can reduce the water absorption of RCAs by filling the cracks and pores
on the aggregate surface (Tam and Tam, 2007), which leaves more free water to interact with

the binder.

Density of hardened concrete
The densities of the hardened concrete, established in a saturated dry condition at the

concrete age of 28 days as per ASTM C642-13 (ASTM International, 2013), are reported in
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Table 3. The results given in Table 3 indicate that using a higher RCA% in the concrete mix
resulted in a lower hardened density of the RAC. This observation can be explained by the
facts that the air content of RAC is higher than that of NAC due to the higher porosity of
RCAs and the bulk density of the coarse RCAs is lower than that of the coarse NA (Katz,
2003; Rao et al., 2007; Topcu and Guencan, 1995). Furthermore, it is observed that the
hardened densities of the NF series RACs were lower than those of the companion NC series
RACs. This is attributable to the fact that the bulk density of the finer coarse aggregates was
lower than that of the larger coarse aggregates used in this study, as shown in Table 1. The
results given in Table 3 also indicate that the RACs prepared using TSMA had higher
hardened densities than those of the companion RACs prepared using NMA. This
observation can be attributed to the reduction in the porosity of RCAs through filling of their

pores and cracks by the cement paste during the two stage mixing (TSM) process.

Mechanical properties of hardened concrete

Compressive strength

The compressive strengths (f°c) of the concrete of the present study were obtained through
axial compression tests that were performed in accordance with ASTM standard C39/C39M-
05 (ASTM International., 2005). The loading was applied at a rate of 0.3 MPa per second, as
per the ASTM standard. Table 4 presents the compressive strength (f°c) of each concrete mix,
where the results were averaged from compression tests on three 100 x 200 mm cylinders. As
can be seen from test results given in Table 4, a comparable compressive strength (f°;) was
achieved for each concrete grade (i.e. 40 MPa for NSC and 80 MPa for HSC, respectively) at
the concrete age of 28 days. It can also be seen in the same table that the compressive
strength (f°c) of mixes prepared by NMA was slightly lower than that of the companion mixes

manufactured using TSMA. This can be attributed to the enhancement in the aggregate to
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mortar bond by TSMA (Tam et al., 2007; Thomas et al., 2013). It has been established in
previous studies that, for a given effective w/b ratio, the compressive strength of RAC
decreases with an increase in the RCA replacement ratio (Belén et al., 2011; Choi and Yun,
2012; Ulloa et al., 2013; Wang et al., 2011). In addition, it has been shown that, for normal-
strength concrete, a decrease in maximum aggregate size (@) results in a lower concrete
compressive strength (Alexander and Mindess, 2010; Meddah et al., 2010; Solyman 2005).
Therefore, in the present study, the w/b ratios of the concrete mixes were progressively
reduced with an increase in RCA% and decrease in @ of the mix. This can be seen in Table 3.
Through the approach summarized in this section, a nearly identical 28-day compressive
strength (f°c) was achieved for companion for NSC (i.e. /. = 40 MPa) and HSC (i.e. /.= 80

MPa) mixes with different RCA% and @.

Modulus of elasticity

The modulus of elasticity (E¢) of the concrete was established through the compression tests
performed in accordance with the ASTM standard C469/C469M-14 (ASTM International,
2014). The loading was applied at a rate of 275 kPa per second, in accordance with the
ASTM standard. The results of these tests are given in Table 4. It is evident from these results
that, at a same compressive strength, RACs with a lower RCA% exhibited a higher modulus
of elasticity than the companion RACs with a higher RCA%. This observation is in agreement
with those reported previously (Butler et al., 2013; Etxeberria et al., 2007). It is well
understood that the modulus of elasticity has a strong correlation with the compressive
strength of the concrete, as well as the volumetric proportion and quality of aggregates used
in the concrete mix (Li et al., 1999; Yang, 1998; Zhou et al., 1995). Therefore, the reduction
in the elasticity modulus of concretes of the same compressive strength with an increase in

RAC% can be explained by the inferior mechanical properties of the RCAs compared to those
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of the NAs. As can be seen in Table 4, the drop in the E; value with an increase in RCA% was
more significant in HSCs than that in NSCs. This phenomenon can be explained by the
decreased compatibility between the mortar and coarse aggregate due to the increased
difference in their strengths. In addition, comparisons of elastic moduli of NF and NC series
mixes given in Table 4 indicate that an increase in the nominal particle size of coarse
aggregates led to an increase in E.. It was reported in previous studies that the E. decreases
with an increase in the volume fraction of the interfacial transition zone (ITZ) (Li et al., 1999;
Simeonov and Ahmad, 1995; Vilardell et al., 1998). The decreased particle size (@) of coarse
aggregate leads to an increase in the overall surface area of the aggregates, resulting in an
increased volume fraction of ITZ, which explains the reduction in E. with a decrease in @.
The results in Table 4 also show that the modulus of elasticity (Ec) of the RACs
manufactured using TSMA was slightly higher than that of the RACs manufactured using
NMA, which is attributable to the fact that TSMA improves the aggregate-mortar bond of

RACs (Tam et al., 2005; Tam et al., 2007).

Flexural and splitting tensile strength

The flexural strength (f°;) of each concrete series was obtained through three-point bending
tests performed in accordance with the ASTM standard C293/C293M-10 (ASTM,
International 2010). The loading applied at a rate that increased the maximum stress recorded
on the tension surface between 0.9 and 1.2 MPa per minute, in accordance with the ASTM
standard. Three 100 mm x 100 mm x 500 mm beams were tested for each mix at the
concrete age of 28 days. The splitting tensile strength (f’s) of each concrete series was
determined through the tests performed as per ASTM standard C496/C496M-04 (ASTM
International, 2004). The loading was applied at a constant rate within the range of 0.7 to 1.4

MPa per minute as suggested by the ASTM standard. Three 150 mm x 300 mm cylinders
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were tested for each mix at the concrete age of 28 days. It is evident from the comparisons
shown in Figs. 3 and 4 that the flexural (f’r) and the splitting tensile strengths (f’s)) of both
NSC and HSC mixes decreased with an increase RCA%. This finding can be attributed to the
decrease in the strength of the aggregate-mortar ITZs with an increase in the amount of RCA
in the concrete, resulting in a lower mechanical strength under flexure and indirect tension
(Akgaoglu et al., 2002; Lee and Choi, 2013; Sidorova et al., 2014). Furthermore, as is evident
from Figs. 3 and 4, the NSC mixes with smaller coarse aggregates exhibited a slightly higher
flexural (f”) and splitting tensile strengths (f’s) compared to that of their companion mixes
with larger coarse aggregates. This observation can be explained by the fact that the increased
aggregate size results in an increase in the roughness of aggregate surface, leading to
increased stress concentrations and propagations of cracks within the ITZ, which in turn
results in a lower strength of aggregate-mortar ITZs (Akgaoglu et al., 2002; Elices and Rocco,
2008; Van Mier, 1996). It should also be noted that, in the present study the RACs
manufactured with larger coarse aggregates had a lower mortar strength caused by their
higher effective w/b ratios, which in turn contributed to their lower flexural and splitting
tensile strengths. Moreover, as explained previously, with the enhancement of the bond
strength between aggregates and mortar, flexural (f’r) and splitting tensile strengths (f’s;) of

the RACs prepared by TSMA were slightly higher than those of the RACs mixed using NMA.

Durability-related properties

Drying shrinkage

The drying shrinkage of the concrete mixes was monitored up to the concrete age of 70 days
following the test method given in ASTM C596-07 (ASTM International, 2007). Figures 5 (a)
to (c) illustrate the shrinkage during the drying process for concrete mixes of the present

study. It is evident from the figure that the RCA replacement ratio (RCA%) had a pronounced
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influence on the drying shrinkage, with the concretes containing higher amount of RCAs
exhibiting a higher shrinkage strain at a given curing age in all mixes. This observation can
be attributed to the lower capability of RCA compared to that of NA in restraining
deformations in the cement paste due to the higher porosity of the RCA in the concrete
(Ajdukiewicz and Kliszczewicz, 2002; Katz, 2003; Tam and Tam, 2007). As shown in Figs. 5
(@) and (b), the drying shrinkage of the RACs manufactured using finer RCAs was lower than
that of the companion RACs manufactured using larger RCAs. This can be attributed to the
decreased absorption of RCAs with smaller particle size (@) as evident from Table 1, due to
reduced attached mortar amount. Furthermore, it can be seen from Figs. 5 (b) and (c) that,
although HSC mixes had a higher early age shrinkage beyond the concrete age of 21 days,
the drying shrinkage of NSC mixes continued at a higher rate compared to those of the
companion HSC mixes. By the curing age of 70 days, the NSC mixes had a higher shrinkage
than that of the companion HSC mixes. This phenomenon can be explained by the higher rate
of chemical reactions experienced by HSCs during the earlier curing ages, resulting in
significantly higher endogenous shrinkage of HSCs during this phase (Gilbert, 2001; Kovler
and Zhutovsky, 2006; Tazawa, 1999). However, due to the presence of a larger amount of
residual water in the structure of NSC after hydration (Gilbert, 2001), NSCs exhibited
significantly higher shrinkage than that of the HSCs during the later stages of curing. The
results shown in Figs. 5 (a) to (c) also indicate that only marginal differences existed between

drying shrinkages of companion mixes prepared using TSMA and NMA

Water absorption
Absorption tests were carried out on all concrete mixes in accordance with ASTM standard
C642-13 (ASTM International, 2013). 48 hours after casting in ambient temperature, the

hardened concrete specimens were initially dried in the oven at a temperature of 105 C over
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24 hours, and then they were subsequently cooled at the ambient temperature to determine
their oven-dried masses (Mo). Following this, the specimens were immersed in water for 48
hours to establish their saturated surface-dry masses (Ms). The water absorption (Ai) of the
concretes was determined from Eq. (1), as per ASTM C642-13 (ASTM International, 2013),

and the calculated values are shown in Fig. 6.

A = (Mg —My)/My x 100 (1)

It can be seen from the results given in Fig. 6 that water absorption of NC and HC series
mixes increased with an increase in their RCA%. On the other hand, as illustrated in Fig. 6,
there was no clear influence of RCA% on water absorption of NF series mixes. As discussed
previously, the RCAs had significantly higher water absorption than those of the NAs. This in
turn resulted in the increased water absorption of concretes that contained higher amounts of
RCAs. The differences between the observations from NC and NF series of mixes can be
explained by the differences in water absorption of the larger and smaller RCAs used in the
present study, as was discussed previously. This is also evident from the comparison of the
relative water absorption of the companion NC and NF series specimens, which indicate that
water absorption of RACs increased with an increase in the RCA particle size (@) used in the
concrete mix. This observation is in agreement with those reported in previous studies on
RAC (Katz, 2003; Tam and Tam, 2009), and it can be explained by the lower absorption of
the finer RCAs compared to that of their larger counterparts, and the better compaction of
concretes manufactured with finer coarse aggregates that potentially leads to a reduced
volume of pores in concrete. Results shown in Fig. 6 also indicate that the water absorption of
the HC series mixes was slightly lower than that of the companion NC series mixes. This is
attributable to the denser structure of HSC owing to its lower w/b ratio. Finally, the results in
Fig. 6 show that the NSC mixes manufactured using TSMA exhibited slightly lower water

absorption compared to that of the companion NSC mixes prepared using NMA. On the other
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hand, as can be seen from Fig. 6, no influence of the mixing method was evident on the water

absorption of the HSC mixes.

CONCLUSIONS

This paper has reported the results of an experimental study on the mechanical and durability-
related properties of concretes prepared with coarse RCAs of different sizes and contents.
These results indicate that RACs exhibit close but slightly lower mechanical and durability-
related properties compared to those of the companion NACs of the same compressive
strength. These properties are satisfactory to allow the use of RAC as a feasible alternative to
conventional concrete in structural applications, thereby enabling the significant
environmental and economic benefits that result from the replacement of NACs with RACs
materialize. It has been shown that through a proper adjustment of the effective w/b ratio with
respect to the RCA replacement ratio and particle size of coarse aggregate, it is possible to
achieve an equal compressive strength in concretes manufactured with different RCA grades
and contents. The results of such concretes of a similar compressive strength show that an
increase in the RCA replacement ratio results in a decrease in the elastic modulus and
flexural and splitting tensile strengths of the concrete, whereas an increase in the coarse
aggregate size results in an increase in the elastic modulus but a decrease in the flexural and
splitting tensile strengths. It is also found that an increase in the RCA replacement ratio and
coarse aggregate particle size results in an increase in the drying shrinkage and water
absorption of concrete. Finally, the results indicate that in the preparation of RAC the use of
TSMA leads to some improvements in mechanical and, to a lesser extent, durability
properties of the concrete compared to those attained by companion mixes prepared using

NMA.
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Table 1. Properties of coarse and fine aggregates

NorTmlnaI Oven-dried Relative Apparent Water .

maximum bulk . . . Fineness
Aggregate type . . density density absorption

particle density (ke/dm®)  (kg/dm’) (%) modulus

size (mm) (kg/dm?) & & ?
Larger NA 12 1.54 2.71 2.86 2.01 5.16
Larger RCA 12 1.18 2.22 2.56 6.12 5.08
Finer NA 7.0 1.46 2.57 2.68 1.96 3.76
Finer RCA 7.0 1.14 2.15 2.45 4.08 3.48
Natural sand 0.40 1.52 2.62 - 0.820 -
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Table 2. Chemical composition and physical properties of cementitious materials

Cementitious materials (%)

ftem Ordinary Portland cement Silica fume
SiO, 21.4 92.5
Zr0, + HfO, - 5.50
Al,O3 5.55 0.35
Fe,0; 3.46 0.40
P,0s - 0.30
Ca0 64.0 0.03
MgO 1.86 -
SO3 1.42 0.90
K,O 0.54 0.02
Na,O 0.26 0.02
Compounds
CsS 51.0 -
C,S 23.1 -
CA 8.85 -
C,AF 10.5 -
Fineness
Surface area (m?/kg) 330 18,000
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Table 4. Results of axial compression tests

. ' (7-da ' (28-da E.(28-da
Concrete series f (§\/|Pa)y) f ((MPa) V) ((GPa) V)
N-C-0-T 29.4 40.9 29.3
N-C-25-T 29.9 41.0 29.0
N-C-50-T 29.0 40.5 28.2
N-C-100-T 29.3 40.3 27.2
N-C-100-N 26.7 38.0 26.7
N-F-O-T 28.8 40.1 28.1
N-F-50-T 29.8 41.2 27.9
N-F-100-T 30.2 40.8 25.7
N-F-100-N 28.3 39.2 25.1
H-C-0-T 69.0 82.6 36.5
H-C-25-T 68.6 83.5 34.8
H-C-50-T 68.7 84.1 32.7
H-C-100-T 67.9 82.4 31.3
H-C-100-N 68.5 79.3 30.8
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Behavior of Recycled Aggregate Concrete-filled Basalt and Carbon FRP Tubes
Tianyu Xie' and Togay Ozbakkaloglu?

ABSTRACT
Confinement of recycled aggregate concrete (RAC) with fiber-reinforced polymer (FRP) has
shown its great potential as a high-performance structural element that also contributes to the
reduction in environmental impact of natural resource depletion. This paper presents the
results of an experimental study on the axial compressive behavior of concrete-filled FRP
tubes (CFFTs), prepared using different amounts of recycled concrete aggregate (RCA). A
total of 36 CFFTs were tested under axial compression. The effects of the RCA replacement
ratio, specimen cross-sectional shape, FRP type, and concrete strength were studied. The
results indicate that the axial stress-strain behavior of CFFTs is influenced by the amount of
RCA, with particularly significant influences noted on the ultimate axial strain and FRP hoop
rupture strains. It was observed that, at the same in-place concrete strength, FRP-confined
concrete with a higher RCA content exhibited a lower compressive strength and a higher
ultimate axial strain under axial compression. It was also found that the increased RCA
content leads to a decrease in hoop rupture strain of CFFTs. CFFTs manufactured with CFRP
tubes (instead of BFRP tubes) and CFFTs with circular cross-sections (instead of square
cross-sections) exhibit a higher compressive strength and a lower ultimate axial strain. The
influences of specimen cross-sectional shape and FRP type on axial compressive behavior of

CFFTs were seen to vary with the RCA content.

Keywords: Recycled concrete aggregate (RCA); Recycled aggregate concrete (RAC); Fiber-

reinforced polymer (FRP); Confinement; Compressive strength; Stress-strain relationship.
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1. INTRODUCTION

In recent years, the increased rate of urbanization has led to the generation and release of
large amounts of construction and demolition (C&D) wastes. From the viewpoint of
environmental preservation and effective utilization of resources, it is beneficial and
necessary to reuse the C&D wastes. Recycled concrete aggregate (RCA), which is obtained
by crushing old concrete elements from construction and demolition (C&D) waste, has been
considered as an alternative aggregate material for use in structural concrete, with the aim of
achieving resource sustainability in the construction industry. Recycled aggregate concrete
(RAC) is an environment-friendly concrete in which a part or all of the natural aggregate (NA)
is replaced by RCA. A significant volume of studies have been reported to date on the
behavior of RACs in literature. These studies have shown that RAC has great potential to be
a feasible alternative to natural aggregate concrete (NAC) in the construction industry.
However, when compared with companion NACs, RACs manufactured with full replacement
of NAs by RACs exhibit around 20 to 30% lower compressive strengths [1-5], 30 to 50%
lower elastic moduli [6-9], and up to 270% higher drying shrinkages [3,10]. Due to these
shortcomings, currently RACs are mostly used as non-structural concretes, which greatly

limits their use in infrastructure applications.

It is well established that external confinement of concrete with FRP tube results in a
significant improvement in the compressive behavior of concrete. Over the past few decades,
a great number of studies have been conducted to investigate the application of FRP
confinement techniques in strengthening existing columns [11-17], and in the construction of
new composite columns [18-22], as revealed by recent review studies [23-26]. However, a
careful review of existing literature on confined RACs shows that only limited research

attention has focused on the investigation of FRP-confined RACs, with four studies to date
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reporting on their behavior [27-30]). Xiao et al. [27] and Xiao et al. [28] reported on the
behavior of 25 concentrically or eccentrically loaded RAC specimens confined by glass FRP
(GFRP), which had in-place concrete strengths up to 42.7 MPa and a fiber orientation of 30
degrees measured from lateral axis. Zhao et al. [29] tested 18 RAC specimens confined by
GFRP sheets, with an approximately 45 MPa in-place concrete strength. Islam et al. [30]
investigated the axial-compressive behavior of 10 square RAC specimens confined by carbon
FRP (CFRP) or GFRP sheets, with the maximum unconfined concrete strength of 40.8 MPa.
A review of existing studies on FRP-confined RACs revealed that no study has reported to
date on the behavior of basalt FRP (BFRP)-confined RACs, and no information is currently
available on the effect of cross section shape on axial compressive behavior of FRP-confined
RACs. In addition, as reported in previous studies [31-33], the popularity of high-strength
concrete (HSC) in the construction industry has been undergoing steady growth due to the
superior performance and economy offered by the material over normal-strength concrete
(NSC). However, no study has been reported to date on the behavior of high-strength RAC

(HSRAC)-filled FRP tubes (HSRACFFTSs).

This paper presents an experimental study that aimed to address the aforementioned research
gaps through examination of influences of key parameters on axial compressive behavior of
CFFTs manufactured with CFRP or BFRP tubes. This is the first study to report on the axial
compressive behavior of CFFTs manufactured using HSRACs, and also the first study to
investigate the behavior of BFRP-confined RACs. The paper initially provides a summary of
the experimental program, including material properties, specimen properties, and testing
procedures. Following this, results of the experimental program are presented. Finally, a

detailed discussion of the results of the experimental study is provided, where the influences
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of RCA replacement ratio, specimen cross-sectional shape, FRP type, and concrete strength

are presented, along with other key experimental observations.

2. TEST PROGRAM
2.1 Test specimens

A total of 36 circular CFFTs, including nine circular and nine square normal-strength CFFTs
(NSCFFTs) and 18 high strength-CFFTs (HSCFFTs) were manufactured and tested under
axial compression. The details of these specimens are given in Table 6. The circular
specimens were 152.5 mm in diameter measured at the concrete core, and 305 mm in height.
The square specimens consistently had a side length of 152.5 mm measured at the concrete
core, and a corner radius of 30 mm. The test parameters included: RCA replacement ratio (i.e.
0%, 50% or 100%), type of FRP (i.e. BFRP or carbon FRP (CFRP)), cross-sectional shape of
testing specimen (i.e. square or circular) and concrete strength (i.e. NSC or HSC). All of the
confined specimens were manufactured as CFFTs, with the FRP tubes manufactured using a

manual wet lay-up procedure with unidirectional carbon or basalt fiber sheets.

2.2 Materials
2.2.1 Aggregates

The RCAs used in the present study were supplied by Adelaide Recycled Resource (ARR) in
South Australia, which were produced by initially removing impurities from C&D wastes and
subsequently crushing the demolition concrete using a jaw crusher. Figure 2 illustrates the
RCA used in this study. These RCAs were added at different RCA volume replacement ratios
(RCA%) of 0, 50, and 100 to represent NAC and concrete containing moderate and high
amounts of RCAs. The physical properties of both grades of RCAs are given in Table 1. All

coarse RCAs were initially washed to remove impurities, and then pre-oven dried for 24
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hours at 105°C and subsequently cooled at ambient temperature for more than three hours

before mixing of the concrete.

The coarse NAs of the present study were crushed bluestone gravel sourced from McLaren
Vale Quarry (Fleurieu Peninsula). To maintain consistency in the coarse aggregate size of
RAC and conventional concrete mixes, the NAs with similar particle sizes to those of their
companion RACs (i.e. 12 mm nominal maximum size) were selected. All natural coarse
aggregates were also pre-oven dried for 24 hours at 105°C and subsequently cooled at
ambient temperature for more than three hours before mixing of the concrete. The natural
sand with a maximum nominal size of 0.4 mm was supplied from Price Pit (Yorke Peninsula),
and used as the fine aggregate for all concrete mixes. The natural sand used in the present

study had a water absorption of 0.82%, and an oven-dried bulk density of 1520 kg/m®.

2.2.2 Cementitious binder

Two types of cementitious binder materials were used in this study, namely ordinary Portland
cement, and silica fume. The chemical compositions and physical properties of these binders

are supplied in Table 2.

2.2.3 FRP tubes

The FRP tubes of all CFFT specimens were manufactured using a manual wet lay-up process
by wrapping epoxy resin-impregnated fiber sheets around precision-cut high-density
Styrofoam templates in the hoop direction. The epoxy resin was allowed to cure at room
temperature for at least 24 hours before the FRP tubes were removed from their molds. The

number of FRP plies of each specimen was calculated using the models proposed by Lim and
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Ozbakkaloglu [25, 34] to achieve a sufficient amount of confinement that would lead to axial

stress-strain curve with ascending second branch.

CFFTs were manufactured using a single length of FRP sheet wrapped continuously in the
hoop direction, creating an overlap length of 150 mm that was supplied to prevent premature
debonding failure. The material properties of the FRP sheets were obtained through flat
coupon tests performed in accordance with ASTM standard D3039M-08 [35]. Table 3
provides the manufacturer-supplied properties of the unidirectional fiber sheets and epoxy
resin used in the manufacture of both the BFRP and CFRP tubes, together with the properties
of the BFRP and CFRP composites obtained from flat coupon tests, calculated based on

nominal fiber thicknesses.

2.2.4 Concretes

As shown in Table 4, a total of six concrete mixes prepared in the present study —, including
three batches of NSC mixes, and three batches HSC mixes, were mixed by two-stage mixing
approach proposed by Tam et al. [36], and designed to have different water-to-binder ratios
(w/b) and RCA replacement ratios (RCA%). Through proper adjustments of the selected
parameters in mix proportions of the concrete, an equivalent 28-day unconfined strength (1)
of 40 MPa for NSC and 70 MPa for HSC were achieved. In Table 4, the term “water-
effective” is defined as the amount of water that was available for reaction with binder
material. The “water-total” reported in Table 4 was the total water added to each mix, and it
consisted of the effective water and saturation water that was absorbed by fine and coarse
aggregates. The effective w/b and total w/b ratios given in Table 4 were calculated based on

the effective and total water amounts for each mix, respectively. The mixing process of all
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the concrete in this study is in accordance to the method previously reported by Xie and

Ozbakkaloglu [37].

2.3 Specimen designation

The specimens in Tables 6 to 9 were labeled as follows: Each label started with letter N and
letters H for normal- and high- strength concrete mix, respectively. The following letter was
used to represent the sectional shape of each CFFT, either C (for circular specimen) or S (for
square specimen). This was followed by a subsequent letter (i.e. either C (for carbon fiber) or
B (for basalt fiber)) that was used to indicate the type of FRP used for each specimen. The
following number was used to indicate the ply number of FRP confinement. These were
followed by a number that indicated the replacement ratio (in percentage) of RAC to NA in
the concrete. Finally, the last number in the specimen designation (i.e., 1, 2 or 3) was used to
distinguish three nominally identical specimens. For example, N-S-B5-50-1 is the first of the
three identical normal-strength square CFFT specimens that were confined by 5 plies BFRP

with a RCA replacement ratio of 50%.

2.4 Instrumentation and testing

As shown in Figs. 1 (a) and (b), axial deformations of the specimens were measured with four
linear variable displacement transformers (LVDTSs), which were mounted at the corners
between the loading and supporting steel plates of the compression test machine as shown in
Fig. 1. The average axial strains along the height of the specimens were calculated by using
the recorded deformations. Additional four LVDTs were placed at the mid-height at a gauge
length of 175 mm at 90 degree spacing along the circumference of specimens to measure the
axial deformation of the middle portion of the specimens. Furthermore, the specimens were

instrumented with two unidirectional strain gauges at the mid-height to measure axial strains,
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which were used to validate LVDT measurements at the early stages of loading. For all
specimens, the hoops strains recorded on FRP tubes were obtained from six unidirectional
strain gauges with a 5-mm gauge length. In circular CFFTSs, these strain gauges were spaced
equally around the perimeter at the mid-height of the specimen, outside the overlap region. In
square CFFTs, four of the six gauges were installed at the mid-span of each face of the
specimen, and the remaining two gauges were placed on two opposite corners of the

specimens.

The specimens were tested under axial compression using a 5,000-kN capacity universal
testing machine. The loading was initially applied with load control at 3 kKN per second,
whereas displacement control was used at approximately 0.003 mm per second beyond the
initial softening until specimen failure. Prior to testing, all specimens were ground at both

ends to ensure uniform distribution of the applied load on specimen cross-section.

3. TEST RESULTS AND DISCUSSION

3.1 Unconfined specimens

The compressive strengths (f°.;) of the unconfined concrete of the present study were
obtained through axial compression tests that were performed in accordance with ASTM
standard C39/C39M-05 [38]. Table 5 presents the compressive strengths (f’c,) of these
unconfined concrete. As can be seen from the test results given in Table 5, a comparable
compressive strength (’c,) was achieved for each concrete grade (i.e. 40 MPa for NSC and 70
MPa for HSC, respectively) at the concrete age of 28 days. It has been well-established in
previous studies that the unconfined strength (f°c,) of RAC decreases with an increase in the

RCA replacement ratio for a given effective w/b ratio, [39-42]. Therefore, in the present
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study, the w/b ratios of the concrete mixes were progressively reduced with an increase in

RCA% of the mix. This can be seen in Table 5.

In addition, the axial strains at peak stress (&) of each concrete reported are given in Table 5
and were determined using two unidirectional strain gauges with 80 mm gauge-length placed
along the mid-height region of each specimen. As can be seen from the results of axial strain
at peak stress (&) reported in Table 5, at a same compressive strength (f'c,), RACs with a
lower RCA% consistently exhibited lower axial strains at peak stress (e.,) compared to those
of the companion RACs with higher RCA%. This observation accords with those reported in
previous studies on unconfined RACs [43, 44] and it indicates that an increase in the recycled
aggregate content results in increased strain-softening in concrete under compression. This
can be attributed to the porous nature of recycled aggregate, which results in reduced stiffness
of the concrete manufactured using it [45, 46]. It is also evident from Table 5, as expected, at
a given RCA replacement ratio, the axial strains at peak stress (&) increase with an increase

in the concrete strength.

The elastic modulus (E;) of the unconfined concrete was also established through the
compression tests performed in accordance with the ASTM standard C469/C469M-14 [47].
The results of these tests are reported in Table 5. It can be seen from these results that, at the
same compressive strength, the elastic modulus decreased with an increase in RCA% for both
NSC and HSC mixes. This finding is in agreement with those reported previously [48, 49]. It
is well understood that the modulus of elasticity has a strong correlation with the compressive
strength of the concrete, as well as the volumetric proportion and quality of aggregates used

in the concrete mix [50-52]. Therefore, the reduction in elastic modulus of the concretes of
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the same compressive strength with an increase in RAC% can be explained by the inferior

mechanical properties of the RCAs compared to those of the NAs.

3.2 Confined specimens

3.2.1 Failure mode

The typical failure modes of normal- and high-strength CFFTSs are presented in Figs. 3 and 4,
respectively. The observed failure mode of all CFFTs was rupture of the FRP tube
concomitant with a sudden loss of applied load, except for specimen N-C-B3-100-2 that
experienced a premature FRP debonding failure. As can be seen in these figures, the rupture
of FRP tubes occurred at the mid-height region of the CFFTs, and in the case of square
specimens the rupture of the FRP tube took place at or near one of the corners of the
specimen. Compared to circular CFFTs, in square CFFTs the rupture of the FRP tube was

more localized and was isolated to a smaller section along the height of the specimen.

3.2.2 Axial stresses and strains

Figures 5 (a) to (b) illustrate the different stages typically observed on axial stress—strain
curves of the specimens of the present study with and without post-peak strain softening
regions, respectively. The notation and definitions introduced in these figures are used
consistently throughout the discussion presented in this paper. The summary of the key
experimental results are shown in Tables 7 to 8. Table 7 presents the recorded axial stresses,
which include: the compressive strength (f°cc), initial peak stress (f’c1) that marks the point of
transition from the initial ascending branch to the softening region of the second branch (Fig.
5 (a)), stress at plateau formation (f’c;) that marks the point of transition from softening to
hardening region on the second branch of the stress-strain curve (Fig. 5(a)), and strength

enhancement ratio (f'cc/f co)-
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Table 8 shows the recorded ultimate axial strains (ec,) and strain enhancement ratio (ecv/eco)
of the specimens. The ultimate axial strains (e,) reported in Table 8 were obtained at
specimen failure, either from a set of four full-height LVDTs that measured the
displacements along the entire height of the specimen (referred to as FLVDT in Table 8), or a
set of four cage LVDTs that were used to measure the displacements along the mid-height
region of the specimen (referred to as MLVDT in Table 8). The comparisons of the strains
obtained from these two measurement methods are also presented in the same table as the

ratio of MLVDT/FLVDT.

A closer investigation of the results given in Tables 7 to 8 leads to a number of important
observations on the ultimate condition of the specimens. The results firstly show that an
increase in the RCA content often resulted in a slight decrease in the strength and strain
enhancement ratios (f’cc/f’co and ecy/eco, respectively), and an increase in the ultimate axial
strain (gc,) of the CFFTs. The results also show that, at a similar confinement ratio (fi/f ),
CFFTs manufactured with CFRP tubes developed a significantly higher axial compressive
strength (.c) and a lower ultimate axial strain (ec;,) compared to CFFTs manufactured with
BFRP tubes. It is also evident from Tables 7 and 8 that, at a similar confinement ratio (fi/f o),
the H-C-B6 series HSC CFFTs exhibited a slightly lower strength enhancement ratio (f"cc/f"co)
and a significantly lower strain enhancement ratio (ecw/ec0) compared to those of the

companion N-C-B3 series NSC CFFTs.

The results presented in Table 8 show that the difference in axial strains recorded by MLVDT

and FLVDT tended to increase with an increase in the unconfined concrete strength (o).

This finding is in support of those reported in previous studies on FRP-confined concrete [23,
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53, 54], which attributed this change to the change in the concrete cracking pattern as a result
of increased concrete brittleness with an increase in concrete strength. The test results given
in Table 8 also indicate that the MLVDT/FLVDT ratio decreased with an increase in RCA%
for the CFFTs with the same in-place concrete strength. This observation, therefore, suggests
that the cracking behavior of concrete of a given unconfined concrete strength changes with

RCA%.

In the following sections, the axial strains obtained from full-height LVDTSs are used in the
discussions on ultimate axial strains (ec), as they represent the overall specimen behavior

more accurately than mid-height LVDTSs.

3.2.3 Hoop strains

The FRP hoop rupture strains (enrp) Of the specimens of the present study, which were
averaged from six strain gauges placed at specimen mid-height outside the overlap region, are
shown in Table 9. FRP hoop strain reduction factors (k..,) calculated from Eq.(1) based on

recorded hoop rupture strains are also given in the same table.

Sh,
ks,exp = g;:p (1)

In Eq. (1), ennp is the experimentally-recorded FRP hoop-rupture strain, and & is the
ultimate tensile strain of fibers. In addition, theoretical values of FRP hoop strain-reduction
factors (k. meo) Calculated using Eq.2, proposed by Lim and Ozbakkaloglu [25] for FRP-

confined concrete in circular section, are also shown in Table 9.

ketheo = 0.9 — 2.3 fi, x 1073 — 0.75Ef X 1076 (2)
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In EQ. (2), f'c IS the axial compressive strength of the unconfined concrete in MPa, and Egis

the elastic modulus of the fiber material in MPa, where 100,000 MPa < Ef < 640,000 MPa.

The results shown in Table 9 indicate that circular CFFTs with a higher RCA% developed
lower hoop rupture strains (enrup) than their companions with a lower RCA%. This is
attributable to the change in the cracking behavior of concrete with a change in the RCA%, as
discussed in Section 3.2.2. It is also evident from Table 9 that square CFFTs exhibited lower
hoop rupture strains compared to those of the companion circular CFFTs having the same in-
place concrete strength and RCA content. This can be explained by stress concentrations that
develop at the corners of square FRP tubes and results in earlier rupture of the tube. As can
be seen from the results reported in Table 9, at a similar confinement ratio (f//"co), CFFTS
manufactured with CFRP tubes developed lower FRP hoop strain reduction factors (k;exp)
than those of the companion CFFTs manufactured with BFRP tubes. It can also be seen from
the same table that the model in Eq. (2) successfully captured the reduction in k.., with an
increase in E; (i.e. from BFRP to CFRP). The results also show that HSCFFTs consistently
had lower hoop rupture strains (en,rp) compared to those of their NSCFFT counterparts. The
comparison of the experimental and theoretical values of FRP hoop strain-reduction factors
(Ksexp @and K, 1me0) in Table 8 also indicates that Eq. (2) provides conservative estimates of K, ¢,
for the circular specimens with 0% replacement ratio and close estimates for the specimens

with 50% and 100% RCA replacement ratios.

3.2.4 Influence of test parameters on observed behavior

Figures 6 to 9 illustrate the stress-strain curves of the CFFT of the present study. It can be
seen from these figures, owing to the application of sufficient amount of confinement, all the

sufficiently confined circular specimens exhibited a monotonically ascending curve, which
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consists of a parabolic first ascending portion and a nearly linear second branch, whereas
stress—strain curves of the square specimens had an almost horizontal second branch with
only minimal tendency to ascend due to the less-effective confinement offered by the square
FRP tubes compared to the circular FRP tubes. In addition, it is now understood that FRP-
confined HSC specimens may exhibit a sudden drop in their axial load capacity and
corresponding axial stress immediately after the initial peak condition on their stress-strain
relationship. This behavior, which is caused by the brittle nature of HSC and was discussed in
detail previously [17, 22, 24], was also observed in the RAHSCFFTs of the present study.
Detailed discussions on the influence of each test parameter on the compressive behavior of

CFFTs are presented in the following sections.

3.2.4.1 Effect of RCA replacement ratio

To investigate the influence of RCA replacement ratio on the axial compressive behavior of
the CFFTs, comparisons were conducted among the specimens prepared using different
content of RCAs. As can be seen from the axial stress-strain curves shown in Figs. 10 (a) to
(d) and the results reported in Table 7, the compressive strengths (f'c) of the CFFTs
decreased with an increase in the RCA replacement ratio. This observation can be explained
by the fact that, as noted previously, hoop rupture strains (en ) Of CFFTs decreased with an
increase in RCA%, which in turn resulted in lower confining pressures applied by the FRP
tube to concrete. It is also evident from stress-strain curves illustrated in Figs. 10 (a) to (d)
and the results presented in Table 8 that an increased RCA content led to a slight increase in
the ultimate axial strain (ec,) in each group of CFFTs. This increase is consistent with the
previously noted increase seen in g of the unconfined specimens, and it can be attributed to
the increased strain softening experienced by the concretes having higher RCA contents. In

addition, it can be seen from Fig. 10 (a) to (d) that the length of the transition region, which

100



connects the first and second branches of the axial stress-strain curves as marked in Fig. 5,
generally increased with an increase in RCA%. This observation is in support of that the
CFFTs prepared with a higher RCA% exhibited a more progressive softening behavior. On
the other hand, as can be seen in Table 8, the axial strain enhancement ratio (ecy/eco) Of the
CFFTs decreased with an increase in RCA%, which indicates that an increase in RCA%
resulted in a less significant increase in &g, of the confined specimens than it did in & of the
companion unconfined specimens. Finally, it can be concluded from the observations
presented in this section that an increase in the RCA content results in a decrease in the
dilation rate of CFFTs, which is contributed by their reduced hoop strains and increased axial

strains.

3.2.4.2 Effect of specimens cross-sectional shape

The influence of specimen cross-sectional shape on the axial compressive behavior of the
CFFTs can be studied through the comparison of N-C-B and N-S-B series CFFTs. Circular
and square CFFTs were provided with 3- and 5-layer FRP tubes, respectively, to allow for the
difference in their confinement effectiveness [34]. As can be seen from the stress-strain
curves illustrated in Fig. 11 (a) to (c), square CFFTs exhibited a flatter and a slightly longer
second branch compared to that of the companion circular CFFTs. This contributed to the
lower compressive strength (f'cc) and higher ultimate axial strain (e,) of the former series. As
can be seen from Figs. 11 (a) to (c), the difference in the compressive strengths (f'cc) of
circular and square CFFTs increased with an increase in RAC content. This can be associated
with the more significant decreases seen in second branch slopes of the axial stress-strain
curves of square CFFTs with an increase in RCA% compared those in circular CFFTSs. It can
also be seen in Figs. 11 (a) to (c) that RCA% influenced the ultimate axial strain (ec,) of

square and circular CFFTs similarly.
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3.2.4.3 Effect of FRP type

To investigate the influence of FRP type on the compressive behavior of CFFTs, comparisons
were conducted between H-C-B6 and H-C-C3 series CFFTs, which had similar confinement
ratios (fi/f’c). The axial stress-strain curves illustrated in Figs.12 (a) to (c) and the results
summarized in Tables 7 and 8, show that H-C-C3 series CFFTs manufactured with CFRP
exhibited higher compressive strengths (f'cc) and lower ultimate axial strains (e¢,) compared to
those of the companion H-C-B6 series CFFTs manufactured with BFRP. It is evident from
the axial stress-strain curves given in Figs. 12 (a) to (c) that the influence of FRP type on the
compressive behaviors of the CFFTs varied with the RCA content. It can be seen from these
figures that the difference in compressive strengths (f'cc) of CFFTs provided with CFRP and
BFRP tubes increased with an increase in RCA%, which was contributed by more significant
decreases seen in the second branch axial stress-strain curve slopes of CFFTs manufactured
with CFRP tubes with an increase in RCA%, compared to those of companion CFFTs with

BFRP tubes.

3.2.4.4 Effect of concrete strength

Figs. 13 (a) to (c) illustrate the influence of concrete strength on the compressive behavior of
CFFTs. The comparisons shown in these figures indicate that, at a similar confinement ratio
(f/f’c0), H-C-B series HSCFFTs exhibited lower strength enhancement ratios (f’co/f co)
compared to those of the companion N-C-B series NSCFFTs. As can be seen in Figs. 13(a) to
(c), ultimate axial strains (ecy) and hoop rupture strains (en,up) Of HSCFFTSs were also slightly
lower than those of NSCFFTs. These observations are consistent with the findings of
previous studies on the compressive behavior of FRP-confined NSC and HSC [17, 27, 54,

55]. Figure 13 also shows that, at each RCA%, HSCFFTs exhibited larger post-strength losses,
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defined as the difference between f”.; and f’, as illustrated in Fig.5, compared to those of the
companion NSCFFTs. This observation, which is in agreement with those reported in a
number of previous studies on CFFTs [17, 22, 24], can be attributed to the increased
brittleness of concrete with an increase in its unconfined strength. Finally, the curves shown
in Fig.13 indicate that the relationship between the NSC and HSC specimens was not affected

significantly by RCA%.

5. CONCLUSIONS
This paper has reported the results of an experimental study on the axial compressive
behavior of CFFTs manufactured with coarse RCAs of different contents. Based on the

results and discussions presented in this study, the following conclusions can be drawn:

1. Anincrease in the RCA replacement ratio leads to a decrease in the compressive strength
(f'ec) and hoop rupture strain (enryp), and an increase in the ultimate axial strain (ec) of
CFFTs of the same in-place concrete strength.

2. The difference between ultimate axial strains measured using LVDTs mounted on CFFTs
at their mid-height (MLVDT) and LVDTs mounted along the full height of specimens
(FLVDT) increases with an increase in the RCA replacement ratio.

3. Under a similar effective confinement level, square CFFTs exhibit lower compressive
strengths (f'cc) and higher ultimate axial strains (e,) compared to those of companion
circular CFFTs. In addition, the difference in the compressive strengths (f'cc) of circular
and square CFFTs increases with an increase in RAC content.

4. At a given confinement ratio, CFFTs with CFRP tubes exhibit higher compressive
strengths (f'cc) and lower ultimate axial strains (ec,) compared to those of companion
CFFTs with BFRP tubes. Furthermore, it has been observed that, compared to CFFTs

with BFRP tubes, CFFTs with CFRP tubes exhibited a more significant decrease in their
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second branch axial stress-strain curve slopes with an increase in RCA%.

5. At a given confinement ratio, the strength enhancement ratio (’cc/f o), Ultimate axial strain
(ecu) and hoop rupture strain (enryp) 0f CFFTSs decrease with an increase in the unconfined
concrete strength. The relative performance of NSC and HSC CFFTs is not affected

significantly by their RCA content.
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Table 1. Properties of coarse aggregates

NorT1|naI Oven-dried Relative Apparent Water
Aggregate  maximum ) . . .
type particle size bulk density  density  density absorption
3 3 3 o,
(mm) (8/cm?) (8/cm?)  (g/cm?) (%)
NA 12 1.54 2.71 2.86 2.01
RCA 12 1.18 2.22 2.56 6.12
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Table 2. Chemical composition and physical properties of cementitious materials

Cementitious materials (%)

ftem Ordinary Portland cement Silica fume
SiO, 21.4 92.5
Zr0, + HfO, - 5.50
Al,O; 5.55 0.35
Fe,0; 3.46 0.40
P,0s - 0.30
Cao 64.0 0.03
MgO 1.86 -
SO, 1.42 0.90
K,O 0.54 0.02
Na,O 0.26 0.02
Compounds
CsS 51.0 -
C,S 23.1 -
CA 8.85 -
C,AF 10.5 -
Fineness
Surface area (m?/kg) 330 18,000
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Table 3. Material properties of fibers and FRP composites

Fiber/FRP properties

Provided by manufacturer Obtained from coupon tests”
Nominal
Type fiber Ultimate Ultimate  Elastic Ultimate Ultimate  Elastic
thickness tensile tensile  modulus tensile tensile  modulus
stress strain E; stress strain Esp
fr (MPa) & (%) (GPa) fro(MPa) &5, (%) (GPa)
Basalt fiber 0.140 1680 2.30 73 1584 2.10 76
Carbon fiber 0.111 4370 1.90 230 4152 1.80 236

*Calculated based on nominal thickness of fibers
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Table 4. Mix proportions of concrete

NSC HSC
RCA Replaced NA ratio 0% 50% 100% 0% 50% 100%
Cement (kg/m3) 380 380 380 506 506 506
Silica Fume (kg/m°) 0 0 0 44 44 44
Sand (kg/m°) 710 710 710 710 710 710
Natural Aggregate (kg/m?) 1065 533 0 1065 533 0
Recycled Aggregate 0 408 816 0 408 816
(kg/m?)
Water- Effective (kg/m?) 209 194 179 175 164 159
Water- Total (kg/mg) 237 236 235 201 205 214
Superplasticizer (kg/m?) 0 0 0 7 7 7
Effective w/b ratio’ 0.55 0.51 0.47 0.33 0.31 0.30
Total w/b ratio’ 0.62 0.62 0.62 0.37 0.38 0.40
Slump (mm) 220 125 115 245 170 175

*Including the water coming from the superplasticizer (i.e. 70% water by weight)
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Table 5. Compression test results of unconfined specimens

f’CO EC gco

Concrete mix (MPa) (GPa) (%)

NSC 0% 37.2 27.3 0.19
NSC 50% 38.2 26.8 0.21
NSC 100% 36.6 234 0.25
HSC 0% 69.6 34.6 0.24
HSC 50% 68.9 34.0 0.26
HSC 100% 66.8 32.3 0.28
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Table 6. Details of FRP confined specimens

No. of ERP Cross RCA
Specimens ., (MPa) FBP type sectional replacgment

plies shape ratio
N-C-B3-0 37.2 3 Basalt Circular 0%
N-C-B3-50 38.2 3 Basalt Circular 50%
N-C-B3-100 36.6 3 Basalt Circular 100%
N-S-B5-0 37.2 5 Basalt Square 0%
N-S-B5-50 38.2 5 Basalt Square 50%
N-S-B5-100 36.6 5 Basalt Square 100%
H-C-B6-0 69.6 6 Carbon Circular 0%
H-C-B6-50 68.9 6 Carbon Circular 50%
H-C-B6-100 66.8 6 Carbon Circular 100%
H-C-C3-0 69.6 3 Carbon Circular 0%
H-C-C3-50 68.9 3 Carbon Circular 50%
H-C-C3-100 66.8 3 Carbon Circular 100%
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Table 7. Axial compressive strengths of confined specimens

. Avg. 'y 2 2 " o AVB- Ave.
Specimens (nﬁpj;) (I\J/cwla) ('\);I;a) (|\J/|cpa) felfeo  fe f’c/)g"co
(Mpa)

N-C-B3-0-1 395 390 535 144
N-C-B3-0-2 3720 428 411 522 140 525 141
N-C-B3-0-3 41.8 41.7 51.8 1.39
N-C-B3-50-1 439 413 502 131
N-C-B3-50-2 38.2 449 44.2 51.4 1.35 50.8 1.33
N-C-B3-50-3 414 403 509  1.33
N-C-B3-100-1 45.1 44 .6 48.4 1.32

36.6 48.5 1.32
N-C-B3-100-3 454 431 486  1.33
N-S-B5-0-1 45.0 41.8 48.2 1.29
N-S-B5-0-2 3720 414 412 471 127 478 128
N-S-B5-0-3 41.3 40.1 48.1 1.29
N-S-B5-50-1 421 402 440 115
N-S-B5-50-2 38.2 449 40.8 42.5 1.11 43.3 1.13
N-S-B5-50-3 206 396 433 113
N-S-B5-100-1 42.6 39.2 41.7 1.14
N-S-B5-100-2  36.6 434 405 409 112 416  1.14
N-S-B5-100-3 444 396 421 115
H-C-B6-0-1 77.4 69.9 86.5 1.24
H-C-B6-0-2 60.6 760 676 874 126 857 123
H-C-B6-0-3 784 687 833  1.20
H-C-B6-50-1 730 641 808 117
H-C-B6-50-2 689 732 637 825 120 823 119
H-C-B6-50-3 725 649 835 121
H-C-B6-100-1 713 632 793 119
H-C-B6-100-2 668  71.0 642 783 117 797  1.19
H-C-B6-100-3 71.6 645 815  1.22
H-C-C3-0-1 731 698 928 133
H-C-C3-0-2 69.6 744 728 966 139 949  1.36
H-C-C3-0-3 744 703 953  1.37
H-C-C3-50-1 765 719 901 131
H-C-C3-50-2 689 757 704 908 132 912 132
H-C-C3-50-3 749 731 929 135
H-C-C3-100-1 744 713 851  1.27
H-C-C3-100-2 668 764 709 830 124 839  1.26
H-C-C3-100-3 774 718 835  1.25
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Table 8. Axial strains of confined specimens

Specimens e (%) Avg e, (%) MLVDT/ AvE. .
FLVDT  MLVDT FLVDT  MLVDT FLVDT Ec/Eco

N-C-B3-0-1 2.02 1.88
N-C-B3-0-2 1.97 1.77 1.99 1.83 0.92 10.5
N-C-B3-0-3 1.98 1.83
N-C-B3-50-1 2.10 1.81
N-C-B3-50-2 2.08 1.72 2.11 1.76 0.84 10.0
N-C-B3-50-3 2.14 1.75
N-C-B3-100-1 2.27 1.56

2.24 1.60 0.71 8.96
N-C-B3-100-3 2.21 1.63
N-S-B5-0-1 2.25 2.02
N-S-B5-0-2 2.18 2.07 2.21 2.06 0.93 11.6
N-S-B5-0-3 2.21 2.09
N-S-B5-50-1 2.41 1.96
N-S-B5-50-2 2.33 1.87 2.38 1.91 0.80 11.3
N-S-B5-50-3 2.40 1.91
N-S-B5-100-1 2.57 1.54
N-S-B5-100-2 2.51 1.39 2.53 1.55 0.61 10.1
N-S-B5-100-3 2.52 1.71
H-C-B6-0-1 1.92 1.53
H-C-B6-0-2 1.94 1.35 1.92 1.44 0.75 7.99
H-C-B6-0-3 1.89 1.43
H-C-B6-50-1 2.02 1.31
H-C-B6-50-2 1.94 1.32 1.97 1.30 0.66 7.58
H-C-B6-50-3 1.95 1.27
H-C-B6-100-1 1.96 1.24
H-C-B6-100-2 2.02 1.13 1.99 1.19 0.60 7.10
H-C-B6-100-3 1.98 1.20
H-C-C3-0-1 1.47 1.31
H-C-C3-0-2 1.43 1.27 1.46 1.30 0.89 6.10
H-C-C3-0-3 1.49 1.32
H-C-C3-50-1 1.54 1.17
H-C-C3-50-2 1.59 1.28 1.57 1.22 0.78 6.03
H-C-C3-50-3 1.57 1.22
H-C-C3-100-1 1.64 1.09
H-C-C3-100-2 1.66 1.14 1.64 1.12 0.68 5.85
H-C-C3-100-3 1.61 1.12

*Ultimate axial strains (g.,) were determined from full-height LVDTs.
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Table 9. FRP hoop rupture strains of confined specimens

. Eh,rup AVE. €prup Avg. Avg.
Specimens (%) (%) S S
N-C-B3-0-1 1.80 0.86
N-C-B3-0-2 1.84 1.83 0.88  0.87 0.76
N-C-B3-0-3 1.86 0.89
N-C-B3-50-1 1.66 0.79
N-C-B3-50-2 1.61 1.63 077  0.78 0.76
N-C-B3-50-3 1.63 0.78
N-C-B3-100-1 1.50 0.71

1.56 0.74 0.76
N-C-B3-100-3 1.61 0.77
N-S-B5-0-1 1.40 0.67
N-S-B5-0-2 1.64 1.50 078  0.72 -
N-S-B5-0-3 1.47 0.70
N-S-B5-50-1 1.39 0.66
N-S-B5-50-2 1.42 1.41 0.68  0.67 -
N-S-B5-50-3 1.42 0.68
N-S-B5-100-1 1.11 0.53
N-S-B5-100-2 1.18 1.18 056  0.56 -
N-S-B5-100-3 1.24 0.59
H-C-B6-0-1 1.57 0.75
H-C-B6-0-2 1.58 1.57 0.75  0.75 0.69
H-C-B6-0-3 1.56 0.74
H-C-B6-50-1 1.49 0.71
H-C-B6-50-2 1.50 1.49 071  0.71 0.69
H-C-B6-50-3 1.47 0.70
H-C-B6-100-1 1.30 0.62
H-C-B6-100-2 1.35 1.33 0.64  0.63 0.69
H-C-B6-100-3 1.33 0.63
H-C-C3-0-1 1.23 0.68
H-C-C3-0-2 1.19 1.20 066  0.67 0.57
H-C-C3-0-3 1.19 0.66
H-C-C3-50-1 1.09 0.61
H-C-C3-50-2 1.08 1.07 0.60  0.60 0.57
H-C-C3-50-3 1.05 0.58
H-C-C3-100-1 1.02 0.57
H-C-C3-100-2 0.99 0.98 055  0.55 0.57
H-C-C3-100-3 0.94 0.52
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Figure 1. Test setup and instrumentation: (a) Circular specimens; (b) Square
specimens.
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Figure 2. Coarse aggregates: a) RCA; b) NA
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Figure 3. Failure modes of normal-strength CFFTs series: a) N-C-B-0; b) N-C-B-50;
c) N-C-B-100; d) N-S-B-0; e) N-S-B-50; f) N-S-B-100
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Figure 4. Failure modes of high-strength CFFTs series: a) H-C-B-0; b) H-C-B-50; c)
H-C-B-100; d) H-C-C-0; e) H-C-C-50; f) H-C-C-100
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Figure 6. Axial stress-strain behavior of N-C-B3 series of CFFTs: a) N-C-B3-0; b) N-
C-B3-50; c) N-C-B3-100
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Figure 7. Axial stress-strain behavior of N-S-B5 series of CFFTs: a) N-S-B5-0; b) N-
C-B5-50; c) N-S-B5-100
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Figure 8. Axial stress-strain behavior of H-C-B6 series of CFFTs: a) H-C-B6-0; b) H-
C-B6-50; c) H-C-B6-100
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Figure 9. Axial stress-strain behavior of H-C-C3 series of CFFTs: a) H-C-C3-0; b) H-
C-C3-50; c) H-C-C3-100
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Figure 10. Influence of RCA replacement ratio on compressive behavior of CFFTSs: a)
N-C-B3; b) N-S-B5; c) H-C-B6; d) H-C-C3
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Figure 11. Influence of specimen cross sectional shape on compressive behavior of
CFFTs: a) RCA = 0%; b) RCA=50%; c) RCA=100%
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Figure 12. Influence of FRP type on compressive behavior of CFFTs: a) RCA = 0%;
b) RCA =50%; c) RCA=100%
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Figure 13. Influence of concrete strength on compressive behavior of CFFTs: a) RCA
= 0%; b) RCA =50%); c) RCA = 100%
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ABSTRACT

This paper presents the results of the first-ever experimental study on the axial compressive behavior of
steel fiber reinforced high-strength concrete (SFRHSC)-filled FRP tubes. A total of 27 circular unreinforced
and steel fiber reinforced high-strength concrete FRP tubes (SFRHSCFFTs) were tested under axial com-
pression. The effects of steel fiber parameters, including fiber shape, fiber aspect ratio and fiber volume
fraction were examined. Concrete type was also investigated as a parameter, where two different types of
concrete, including a conventional HSC and slurry infiltrated fiber concrete (SIFCON) were considered.
The results indicate that both SFRHSCFFTs and SIFCON-filled FRP tubes (SIFCONFFTs) exhibit highly duc-
tile compressive behavior. The results also indicate that the axial stress—strain behavior of CFFTs is influ-
enced by the presence and amount of internal steel fibers, with particularly significant influences noted
on the FRP hoop rupture strains and post-peak strength losses. It is found that fiber volume fraction sig-
nificantly affects the compressive behavior of CFFTs. Concrete type, fiber shape and fiber aspect ratio also
have some, but less significant, influence on the behavior of CFFTs. It is observed that the compressive
strength and ultimate strain of CFFTs increases with an increase in fiber volume fraction or a decrease
in fiber aspect ratio. It is also observed that CFFTs reinforced with hooked end steel fibers exhibit

improved compressive behavior compared to the companion CFFTs reinforced with crimped fibers.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

It is now well-understood that the confinement of concrete
with fiber-reinforced polymer (FRP) composites can lead to sig-
nificant improvements in both compressive strength and ductility
of the concrete. A comprehensive review of the literature previous-
ly reported in Refs. [1-4] illustrated the great number of studies
that have been undertaken on the topic to investigate the axial
compressive behavior of both FRP-wrapped concrete columns
(e.g., [5-12]) and concrete-filled FRP tubes (CFFTs) (e.g., [13-18]).

The superior structural engineering properties of high-strength
concrete (HSC) over normal-strength concrete (NSC) makes it an
attractive alternative for use in the construction of new composite
columns such as CFFTs. A number of studies have recently been
reported in the literature on FRP-confined HSCs (e.g., [19-27]),
which have been complemented by a comprehensive experimental
program that has been underway at the University of Adelaide on
the behavior of FRP-HSC composite columns [28-38]. These stud-
ies have demonstrated the ability of these composite column sys-
tems to exhibit a highly ductile behavior under both concentric

* Corresponding author. Tel.: +61 8 8313 6477; fax: +61 8 8313 4359.
E-mail address: togay.ozbakkaloglu@adelaide.edu.au (T. Ozbakkaloglu).

http://dx.doi.org/10.1016/j.engstruct.2015.02.020
0141-0296/© 2015 Elsevier Ltd. All rights reserved.

and simulated seismic loading conditions. However, as was also
demonstrated in some of these studies, due to the inherently
brittle nature of HSC, even well-confined columns often exhibit a
temporary post-peak axial strength softening behavior, which
negatively affects their overall performance [28,29,32,35,37].
These findings indicate that there may be benefits in exploring
new composite structural systems that are able to maintain the
desirable properties of FRP-confined HSC, while overcoming its
identified shortcoming.

It is well understood that the inherently brittle behavior of plain
concrete can be improved through the addition of internal steel
fibers to the wet concrete mix [39-45]. The behavior of steel fiber
reinforced concrete (SFRC) has been widely studied over the past
three decades (e.g., [39-60]). These studies have found that the
presence of internal steel fibers, which forms bridges across the
cracks, is effective in delaying and arresting crack propagations,
thereby resulting in improvements in the strength and ductility
of concrete [41,43,47-53,55-57,59]. Benefiting from the improved
properties of the internal concrete, SFRHSC-filled FRP tubes
(SFRHSCFFT) may form an attractive composite system that is
capable of addressing the aforementioned shortcoming seen in
FRP-confined conventional HSC. However, as revealed by a careful
review of the existing literature, no study has been reported to date
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on the behavior of FRP-confined SFRCs under concentric compres-
sion. The only existing study on FRP-confined SFRCs examined the
behavior of specimens that contained internal steel reinforcing
bars under eccentric loading [61].

As the first experimental study reported to date on the axial
compressive behavior of SFRHSCFFTs, the study presented in this
paper was aimed at examining the influence of key parameters
to address the aforementioned research gaps. In addition to the
conventional SFRHSCFFTs, SIFCON-filled FRP tubes (SIFCONFFTs)
were also studied as part of the experimental program to
establish their performance under axial compression first time in
the literature. The paper initially provides a summary of the
experimental program, including specimen properties and the
testing procedure. Following this, the results of the experimental
program are presented. Finally, a detailed discussion on the results
of the experimental study is provided, where the influence of
concrete type, shape of steel fiber, aspect ratio of steel fiber and
volume fraction of steel fiber are presented along with other key
experimental observations.

2. Test program
2.1. Test specimens

A total of 27 circular CFFTs, including 15 SFRHSCFFTs, 3
HSCFFTs, 3 SIFCONFFTs and 3 unreinforced SIFCONFFTs were
manufactured and tested under axial compression. In addition,
27 unconfined control specimens, with the same materials and
geometric properties to the CFFTs they were companion to, were
tested to establish the mechanical properties of unconfined con-
cretes. The specimens were 152.5 mm in diameter, measured at
the concrete core, and 305 mm in height. The test parameters
included: type of concrete (i.e., SFRHSC or SIFCON), shape of steel

Table 1
Details of FRP confined specimens.
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fiber (i.e., hooked end or crimped), volume fraction of steel fibers
(ie, Vp=0% 1.5% or 2.5%) and aspect ratio of steel fiber (i.e,
As =37, 44 or 67). All the confined specimens were manufactured
as CFFTs, with the FRP tubes manufactured using a manual wet
lay-up procedure with unidirectional aramid fiber sheets. Details
of these specimens are given in Table 1. Three nominally identical
specimens were tested for each unique specimen configuration.

2.2. Materials

2.2.1. Concrete

The specimens were manufactured using five different concrete
mixtures. Three of these mixes were proportioned as a convention-
al HSC mix and they consisted of crushed limestone as the coarse
aggregate with a nominal maximum size of 10 mm, and silica fume
dosed at 11% of the binder content by weight. All of these mixes
had a water to cement ratio (w/c) of 0.285, and the only difference
among them was the volume fraction of steel fibers (V}) they con-
tained, as shown in Table 2. The remaining two mixes were
designed as SIFCON mixes with or without internal steel fibers.
These mixes contained no coarse aggregates and they had a w/c
of 0.245 and silica fume added at 20% of the binder content by
weight. A polycarboxylic ether polymer based superplasticiser
was added to all mixes to attain a workable mix.

In the preparation of the conventional SFRHSC specimens, the
steel fibers were added after the addition of the water and super-
plasticiser to the mix. This approach was adopted to ensure that
the unreinforced concrete developed a certain level of workability,
after which it was possible to mix steel fibers with concrete under
a ‘wet’ condition. For the SIFCON mixes, cementitious binder and
fine aggregates were first blended under a dry condition. Water
and superplasticiser were then gradually added into the mix to
form cement mortar slurry. The prepared cement mortar slurry

FRP tube total fiber
thickness (mm)

Concrete type

Fiber type®

Fiber volume
fraction Vy (%)

Fiber aspect
ratio As (I/dy)

Fiber reinforcing
index RI (V x A)

C-UR-1 HSC1 1.2
C-UR-2 HSC1 1.2
C-UR-3 HSC1 1.2
C-HV1.5A67-1 HSC2 1.2
C-HV1.5A67-2 HSC2 1.2
C-HV1.5A67-3 HSC2 1.2
C-HV2.5A67-1 HSC3 1.2
C-HV2.5A67-2 HSC3 1.2
C-HV2.5A67-3 HSC3 1.2
C-HV1.5A37-1 HSC2 1.2
C-HV1.5A37-2 HSC2 1.2
C-HV1.5A37-3 HSC2 1.2
C-HV2.5A37-1 HSC3 1.2
C-HV2.5A37-2 HSC3 1.2
C-HV2.5A37-3 HSC3 1.2
C-CV1.5A44-1 HSC2 1.2
C-CV1.5A44-2 HSC2 1.2
C-CV1.5A44-3 HSC2 1.2
C-CV2.5A44-1 HSC3 1.2
C-CV2.5A44-2 HSC3 1.2
C-CV2.5A44-3 HSC3 1.2
C-UR-SIF-1 SIFCON1 1.2
C-UR-SIF-2 SIFCON1 1.2
C-UR-SIF-3 SIFCON1 1.2
C-HV5A37-SIF-1 SIFCON2 1.2
C-HV5A37-SIF-2 SIFCON2 1.2
C-HV5A37-SIF-3 SIFCON2 1.2

Il
Il
Il

Il

Il

11

11

11
I
11

1.5 67 1.01
1.5 67 1.01
1.5 67 1.01
2.5 67 1.68
2.5 67 1.68
2.5 67 1.68
1.5 37 0.56
1.5 37 0.56
1.5 37 0.56
2.5 37 0.93
2.5 37 0.93
2.5 37 0.93
1.5 44 0.66
1.5 44 0.66
1.5 44 0.66
2.5 44 1.10
2.5 44 1.10
2.5 44 1.10
5 37 1.85
5 37 1.85
5 37 1.85

@ Refer to Table 3.
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Table 2
Mix proportions of concrete.
Conventional HSC SIFCON
Label HSC1 HSC2 HSC3  SIFCON1SIFCON2
Fiber volume fraction 0 1.5 25 0 5
V(%)

Cement (kg/m?) 500 500 500 931 931
Silica fume (kg/m?®) 62 62 62 233 233
Sand (kg/m3) 702 702 702 1024 634
Limestone (kg/m?) 1052 935 857 - -
Water (kg/m?) 144 144 144 255 255
Superplasticiser (kg/m*®) 20 20 20 37 37
Fiber (kg/m?) - 117 195 - 390
W/C ratio (%) 0.285 0.285 0.285 0.245 0.245

was then poured in the molds or FRP tubes one layer at a time, and
steel fibers were placed at the top of each layer. Gentle external
vibration was used throughout the pouring processes of the
SIFCON mixes to ensure proper blending of the fibers and concrete.
As shown in Table 2, in the specimens that contained internal
steel fibers, the fibers were added to the mix at a specified fiber
volume fraction (Vj) by replacing part of the coarse aggregate in
conventional SFRHSC and sand in SIFCON mixes. The test speci-
mens were cast of nine separate batches, where each individual
batch adopted one of the five mix proportions shown in Table 2.

2.2.2. Steel fibers

Three different types of steel fibers were selected, whose
manufacturer supplied properties are summarized in Table 3. Fiber
types I and II, shown in Fig. 2(a) and (b), were both hooked end type,
but they had different fiber aspect ratios of 37 and 67, respectively.
Fiber III, shown in Fig. 2(c) was crimped type and had an aspect ratio
of 44. Steel fibers were added at volume fractions (V) of 0%, 1.5% or
2.5% in SFRHSC mixes, and 0% or 5% in SIFCON mixes. The reinforcing
index (RI) of fibers was calculated by Eq. (1) for each specimen, and
these values are reported in Table 1.

RI = (V; x Ay) (1)

In Eq. (1), Vyis the fiber volume fraction (i.e., volume of fibers per
unit volume of concrete), and A; is the fiber aspect ratio (A, = If/dj,
where [; is the fiber length and df is the equivalent fiber diameter).
The reinforcing index (RI) is often used to express the cumulative

Table 3
Material properties of steel fibers.

Type Length | Diameter df ~ Aspect ratio Tensile strength ~ Shape
(mm) (mm) (1/dy) (MPa)

I 31 0.85 37 1200 + 50 Hooked
end

I 60 0.90 67 1050 + 50 Hooked
end

1 40 0.90 44 >900 Crimped

Table 4

Material properties of fiber, FRP composite and epoxy resin.

influence of steel fibers on the mechanical properties of SFRCs. It
has been shown that the post-peak compressive stress—strain
behavior of unconfined SFRC is significantly influenced by RI, with
a reduction in the second branch slope resulting from an increase
in RI [40,41,46,49].

2.2.3. FRP tubes

The FRP tubes of all CFFT specimens were manufactured using a
manual wet lay-up process by wrapping epoxy resin impregnated
fiber sheets around precision-cut high-density Styrofoam tem-
plates in the hoop direction. The epoxy resin was allowed to cure
at room temperature for at least 24 h before the FRP tubes were
removed from their molds. The FRP tubes were prepared by using
four layers of aramid FRP with a 0.3 mm ply thickness to achieve
sufficient amount of confinement that would lead to axial stress—
strain curves with ascending second branches. CFFTs were
manufactured using a single length of FRP sheet wrapped con-
tinuously in the hoop direction, creating an overlap length of
150 mm that was supplied to prevent premature debonding failure.
The specimens were also strengthened with a 30-mm wide single
layer FRP strip applied in the hoop direction at both ends to ensure
their failure occurred near the mid-height region, where the hoop
strain gauges were placed. The material properties of the FRP sheets
were obtained through flat coupon tests performed in accordance
with ASTM standard D3039M-08 [62]. Table 4 provides the
manufacturer supplied properties of the unidirectional fiber sheets
and epoxy resin used in the manufacture of the FRP tubes together
with the properties of the FRP composite obtained from flat coupon
tests and calculated based on nominal fiber thicknesses.

2.2.4. Specimen designation

The specimens in Tables 1 and 5-8 were labeled as follows:
Each label started with letter C and letters UC for confined and
unconfined specimens, respectively, which was followed by a dash.
In specimens that contained no internal steel fibers, the letters ‘UR’
were used after the dash to denote ‘unreinforced’. In specimens
that contained steel fibers, the dash was followed by a subsequent
letter (i.e., either H (for hooked end) or C (for crimped)) that was
used to indicate the shape of the steel fiber. The following letters
V and A were used to represent the test parameters, namely, the
steel fiber volume fraction (in percent) and steel fiber aspect ratio,
respectively. Each of these letters was followed by a number that
was used to specify the value of the given parameter. In specimens
manufactured with SIFCON mixes, the abbreviation ‘SIF’ was added
to the end of the specimen designation. Finally, the last number in
the specimen designation (i.e., 1, 2 or 3) was used to distinguish
three nominally identical specimens. For example, C-CV2.5A44-1
is the first of the three identical SFRHSCFFT specimens that were
reinforced by crimped steel fibers with at an aspect ratio of 44,
which were added to the mix at a fiber volume fraction of 2.5%.

2.2.5. Instrumentation and testing
As shown in Fig. 1, four linear variable displacement transduc-
ers (LVDT) were mounted at the corners between the loading

Type Nominal fiber thickness t; Fiber/FRP properties

(mm/ply) Provided by manufacturer Obtained from coupon tests®
Ultimate tensile stress Ultimate tensile Elastic modulus EfUltimate tensile stress Ultimate tensile Elastic modulus
fr (MPa) strain & (%) (GPa) frp (MPa) strain &g (%) Efp (GPa)
Aramid 0.3 2600 2.20 118.2 2390 1.86 128.5

fiber

¢ Calculated based on nominal thickness of fibers.
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Compression test results of unconfined specimens.
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Specimens fco (MPa) Avg. f (MPa) &co” (%) Avg. &c" (%) £co” (%) AvE. £," (%)
UC-UR-1 1235 0.27 -
UC-UR-2 127.0 1254 033 0.30 - -
UC-UR-3 125.7 0.30 -
UC-HV1.5A67-1 131.6 0.34 0.28
UC-HV1.5A67-2 124.6 129.6 0.29 0.32 023 0.26
UC-HV1.5A67-3 132.7 033 0.27
UC-HV2.5A67-1 123.9 0.36 0.30
UC-HV2.5A67-2 1314 126.5 035 0.34 0.27 0.27
UC-HV2.5A67-3 124.2 0.34 0.25
UC-HV1.5A37-1 124.0 0.32 030
UC-HV1.5A37-2 1271 125.8 0.35 0.32 0.34 0.31
UC-HV1.5A37-3 126.4 0.30 0.29
UC-HV2.5A37-1 1225 0.29 0.27
UC-HV2.5A37-2 1264 124.6 0.30 0.30 0.27 0.27
UC-HV2.5A37-3 124.8 0.31 0.26
UC-CV1.5A44-1 116.1 0.36 0.28
UC-CV1.5A44-2 115.7 116.8 033 0.34 0.25 0.27
UC-CV1.5A44-3 118.6 035 0.27
UC-CV2.5A44-1 1271 033 0.27
UC-CV2.5A44-2 125.9 125.3 0.31 0.33 0.28 0.27
UC-CV2.5A44-3 122.8 0.36 0.27
UC-UR-SIF-1 110.1 0.46 043
UC-UR-SIF-2 112.6 111.3 0.48 0.47 043 043
UC-UR-SIF-3¢ 93.3 035 031
UC-HV5A37-SIF-1 1194 0.58 0.47
UC-HV5A37-SIF-2 114.0 116.7 0.56 0.57 0.46 0.46
UC-HV5A37-SIF-3 116.6 0.57 0.46

¢ Axial strain calculated by averaging four full-height LVDTs recorded data.

b Axial strain value recorded by strain gauges installed on longitudinal direction.

¢ Specimen failed prematurely. Excluded in the calculation of average values.

Table 6
Axial compressive stresses of confined specimens.

Specimens Avg. feo (MPa)  fc (MPa) Avg. fec (MPa)  fo (MPa)  fep (MPa) Afc (MPa) Avg. Afc (MPa) feclf co AVE. feclf co
C-UR-1 174.0 136.0 116.4 19.6 1.39
C-UR-2¢ 1254 160.6 177.3 1334 118.6 14.8 19.2 1.28 1.41
C-UR-3 180.6 135.2 116.5 18.7 1.44
C-HV1.5A67-1 179.8 142.0 139.8 2.2 1.39
C-HV1.5A67-2 129.6 171.3 173.6 1524 145.4 7.0 7.43 1.32 1.34
C-HV1.5A67-3 169.7 150.5 1374 13.1 1.31
C-HV2.5A67-1 191.6 134.0 134.0 0.0 1.51
C-HV2.5A67-2 126.5 204.7 195.8 136.1 135.0 1.1 0.53 1.62 1.55
C-HV2.5A67-3 191.2 139.6 139.1 0.5 1.51
C-HV1.5A37-1 191.8 128.1 127.7 0.4 1.52
C-HV1.5A37-2 125.8 188.1 188.4 146.3 143.2 3.1 1.40 1.49 1.50
C-HV1.5A37-3 185.2 146.0 145.3 0.7 1.47
C-HV2.5A37-1 199.9 137.2 136.9 0.3 1.60
C-HV2.5A37-2 124.6 195.3 199.8 1384 1384 0.0 0.10 1.57 1.60
C-HV2.5A37-3 204.1 133.9 1339 0.0 1.64
C-CV1.5A44-1 171.1 130.0 1204 9.6 1.46
C-CV1.5A44-2 116.8 175.0 169.6 132.7 129.0 3.7 5.93 1.50 1.45
C-CV1.5A44-3 162.8 135.1 130.6 4.5 1.39
C-CV2.5A44-1 201.9 129.8 129.8 0.0 1.61
C-CV2.5A44-2" 1253 168.8 201.9 131.8 131.2 0.6 0.00 1.35 1.61
C-CV2.5A44-3° 165.0 137.8 136.2 1.6 1.32
C-UR-SIF-1 144.7 110.0 89.5 20.5 1.30
C-UR-SIF-2 1113 139.3 147.9 1135 96.4 171 15.5 1.25 1.33
C-UR-SIF-3 159.6 1154 106.6 8.8 1.43
C-HV5A37-SIF-1 195.3 132.8 132.8 0.0 1.67
C-HV5A37-SIF-2 116.7 185.1 192.2 140.0 139.9 0.1 0.76 1.59 1.65
C-HV5A37-SIF-3 196.3 132.8 130.6 22 1.68

2 Premature failure due to FRP debonding. Excluded in the calculation of average values.
b Premature failure due to excessive eccentricity during loading. Excluded in the calculation of average values.
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Table 7 Table 8
Axial strains of confined specimens. FRP hoop rupture strains of confined specimens.
Specimens ecu (%) Avg. & (%) MLVDT/FLVDT Specimens Enrup (%) AVE. nrup (%) Keexp  AVE. Kpexp  AVE. K theo

FLVDTs MLVDTs FLVDTs MLVDTs C-UR-1 0.96 0.44
CUR-1 207 130 Eggg (1).3; 1.02 8.;1; 0.46 0.52
C-UR-2% 1.68 1.15 212 1.36 0.64 U : ’
C-UR-3 2.16 1.42 C-HV1.5A67-1 1.23 0.56
C-HV1.5A67-1 1.91 1.77 E:g}gﬁg;; HZ 1.19 8'2‘21 0.54 051
C-HV1.5A67-2 1.78 1.52 1.79 1.47 0.81 Sk B : :
C-HV1.5A67-3 1.68 1.11 C-HV2.5A67-1 137 0.62
CH2sASTT 200 177 CHV25AG72 168 139 076 063 0%
C-HV2.5A67-2 2.50 2.16 215 1.85 0.86 : : :
C-HV2.5A67-3 1.95 1.62 C-HV1.5A37-1 1.40 0.64
C-HV1.5A37-1  2.05 1.81 E::ﬁ;’g;; 1"2‘(2) 134 8'?2 061 052
C-HV1.5A37-2 1.82 1.67 1.94 1.73 0.89 S B ’ ’
C-HV1.5A37-3 1.95 1.71 C-HV2.5A37-1 1.75 0.80
C-HV2.5A37-1 2.65 227 E:g:g;; }‘gg 1.70 g'gg 0.77 0.52
C-HV2.5A37-2 2.16 1.83 2.37 1.98 0.83 e h ’ ’
C-HV2.5A37-3 231 1.84 C-CV1.5A44-1 1.11 0.50
CovisAl 177 163 Covisada LIS 109 053 050 054
C-CV1.5A44-2 1.90 1.41 1.77 1.63 0.84 : : :
C-CV1.5A44-3 1.64 1.39 C-CV2.5A44-1 1.47 0.67

b

cosaael 243 210 Covasata 101 147 046 067 052
C-CV2.5A44-2"  1.75 1.29 243 2.10 0.86 : : :
C-CV2.5A44-3"  1.68 1.32 C-UR-SIF-1 1.22 0.55
C-UR-SIF-1 2.32 123 Eggggg };g 123 g'g} 0-56 056
C-UR-SIF-2 2.31 1.47 243 1.44 0.59 R ’ ’
C-UR-SIF-3 2.67 1.61 C-HV5A37-SIF-1  1.17 0.53
C-HV5A37-SIF-1  2.58 1.95 E:ggg;:g; }’:S 133 g'gz 060 0-54
C-HV5A37-SIF-2  2.55 1.96 249 2.05 0.83 3 el : :

C-HV5A37-SIF-3  2.34 2.24

¢ Premature failure due to FRP debonding. Excluded in the calculation of average
values.

> Premature failure due to excessive eccentricity during loading. Excluded in the
calculation of average values.

and supporting steel plates of the compression test machine to
measure the axial deformations of the specimens. The average
axial strains along the height of the specimens were calculated
by using the recorded deformations. Additional four LVDTs were
placed at the mid-height at a gauge length of 175 mm at 90° spac-
ing along the circumference of specimens to measure the axial
deformation of the middle portion of the specimens.
Furthermore, the specimens were instrumented at the mid-height
with two unidirectional strain gauges to measure axial strains,
which were used to validate LVDT measurements at the early
stages of loading. Hoop strains recorded on FRP tubes were
obtained from 9 unidirectional strain gauges with a 5-mm gauge
length that were spaced equally around the perimeter at the
mid-height of the specimen outside the overlap region.

The specimens were tested under axial compression using a
5000-kN capacity universal testing machine. The loading was ini-
tially applied with load control at 3 kN per second, whereas dis-
placement control was used at approximately 0.003 mm per
second beyond the initial softening until specimen failure. Prior
to testing, all specimens were ground at both ends to ensure uni-
form distribution of the applied pressure, and the load was applied
directly to the core of concrete through 150-mm diameter precision
cut high-strength steel discs placed at both ends of the specimen.

3. Test results and discussion
3.1. Unconfined specimens

Table 5 presents the compressive strengths (f,) and the corre-
sponding axial strains (&) of the unconfined specimens. As is

¢ Premature failure due to FRP debonding. Excluded in the calculation of average
values.

b Premature failure due to excessive eccentricity during loading. Excluded in the
calculation of average values.

Steel platen

@ 150 mm
Steel disc

LVDT 1

500 mm

v

Fig. 1. Test setup and instrumentation.

evident from the results shown in the table, the addition of steel
fibers often resulted in a slight increase in the compressive
strength. The axial strains at peak (&) reported in Table 5 were
determined using two different measurement methods (i.e.,
LVDTs and axial strain gauges). As evident from the table, the axial
strains (&¢) obtained from the LVDTs installed along the full-height
of the specimens are slightly higher than those recorded by the
strain gauges placed at specimen mid-height. The results in
Table 5 also indicate that the presence of steel fibers resulted in
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Fig. 2. Illustration of steel fibers: (a) steel fiber type I (hooked end, As = 37); (b) steel
fiber type II (hooked end, A; = 67); (c) steel fiber type III (crimped, As = 44).

an increase in the axial strain at peak (&y). This observation
accords with those reported in previous studies on unconfined
SFRCs, where it was found that the addition of steel fibers led to
an increase in peak axial strain of SFRCs [40,41,53].

3.2. Confined specimens

3.2.1. Failure mode

The typical failure modes of test specimens with and without
internal steel fibers are presented in Fig. 3(a) and (b) & Fig. 4(a)-
(g), respectively. The observed failure mode of all the specimens
was rupture of the FRP jacket concomitant with a sudden loss of
applied load, except for Specimen C-UR-2 that experienced a pre-
mature FRP debonding failure as marked in Table 6. As can be seen
in these figures, the rupture of FRP jackets occurred at the
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mid-height region of the specimens for all cases. Fig. 3(a) and (b)
illustrates that the failure of the unreinforced HSCFFT specimens
resulted from formation of a few major macro-cracks in the con-
crete. On the other hand, as shown in Fig. 4(a)-(g), smaller crack
formations were observed in the concretes of SFRHSCFFT and
SIFCONFFT specimens. These observed differences in the failure
modes suggest that the cracking mechanism of the core concrete
was influenced by the presence of steel fibers, which is discussed
in detail later in the paper.

3.2.2. Axial stresses and strains

Fig. 5(a) and (b) illustrates the different stages typically
observed on axial stress—strain curves of the specimens of the pre-
sent study with and without post-peak strain softening regions,
respectively. The notation and definitions introduced in this figure
are used consistently throughout the discussion presented in this
paper. The summary of the key experimental results are shown
in Tables 6 and 7. Table 6 presents the recorded axial stresses,
which include: the compressive strength (f..), initial peak stress
(f1) that marks the point of transition from the initial ascending
branch to the softening region of the second branch (Fig. 5(a)),
stress at plateau formation (f,) that marks the point of transition
from softening to hardening region on the second branch of the
stress—strain curve (Fig. 5(a)), and strength enhancement ratio (f ./
f o). Table 6 also shows the magnitude of the post-peak strength
loss (Af.), which were calculated as the difference between the
values of f; and f .

Table 7 shows the recorded ultimate axial strains (&) of the
specimens. The ultimate axial strains (&) reported in Table 7 were
obtained at specimen failure either from a set of four full-height
LVDTs that measured the displacements along the entire height
of the specimen (referred to as FLVDTSs in Table 7) or a set of four
cage LVDTs that were used to measure the displacements along
the mid-height region of the specimen (referred to as MLVDTs in
Table 7). The comparisons of the strains obtained from these two
measurement methods are also presented in the same table as
the ratio of MLVDT/FLVDT. It can be seen from Table 7 that the
MLVDT strains were consistently lower than the FLVDT strain. A
similar observation was reported in a number of recent studies,
where the differences in strains were explained by the cracking
behavior of the concrete and it was shown how the increased brit-
tleness of concrete resulted in lower MLVDT/FLVDT ratios [1,37]. It
is also evident from Table 7 that the CFFTs with inner steel fibers
had higher MLVDT/FLVDT ratios than those of the companion
unreinforced CFFTs. Following from the findings of the aforemen-
tioned studies, this observation indicates that the presence of inner
steel fibers resulted in changes in the crack formations in HSC lead-
ing to more evenly distributed cracks rather than a few major
cracks typically seen in unreinforced HSC with strength over
100 MPa. In the following sections, the strains obtained from
full-height LVDTs were used on the discussions on ultimate axial
strains (&), as it was believed that they represented the overall
specimen behavior more accurately.

The results reported in Tables 6 and 7 allow a number of impor-
tant observations be made on the ultimate conditions of the speci-
mens. Firstly, the results indicate that the compressive strength
(fec) and ultimate strains (&) of the specimens generally increased
with an increase in steel fiber volume fraction (Vy) and decreased
slightly with an increase in steel fiber aspect ratio (As). The results
also indicate that, for a given fiber aspect ratio (i.e., A; = 37 or 44)
and fiber volume fraction (i.e., Vy=1.5% or 2.5%), specimens with
hooked end fibers exhibited higher compressive strengths (f..)
and ultimate axial strains (&) compared to those of the compan-
ion specimens with crimped fibers. It is also evident from the
results given in Tables 6 and 7 that the unreinforced HSCFFTs
exhibited slightly higher compressive strength enhancement ratios
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@) ' (b

Fig. 4. Failure modes of fiber reinforced CFFTs: (a) C-HV1.5A67 series; (b) C-HV2.5A67 series; (c) C-HV1.5A37 series; (d) C-HV2.5A37 series; (e) C-CV1.5A44 series; (f) C-
CV2.5A44 series; (g) C-HV5A37-SIF series.

(feclf co) than those of the companion unreinforced SIFCONCFFTs. of the specimens in the former group. The influence of the key
On the other hand, the specimens in the latter group developed parameters on the stress—strain behavior of the specimens is dis-
significantly higher ultimate axial strains (&) compared to those cussed in detail later in the paper.
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Fig. 5. Illustration of different stages of axial stress-strain curves: (a) stress-strain curve with strength loss; (b) stress-strain curve without strength loss.

3.2.3. Hoop strains

FRP hoop rupture strains (&) of the specimens of the present
study, which were averaged from 9 strain gauges placed at
specimen mid-height outside the overlap region, are shown in
Table 8. In addition, experimental values of FRP hoop strain-
reduction factors (kgeyp) calculated from Eq. (2) are also given in
the same table.

8h‘rup

i )

ks,exp =
In Eq. (2), epnyp is the experimentally recorded FRP hoop-rupture
strain and &g, is the ultimate tensile strain of fibers. Both the
experimental and theoretical values of FRP hoop strain-reduction
factor (Kgexp and kg rheo) are given in Table 8. Theoretical values of
FRP hoop strain-reduction factors (kee,) Were calculated using
the expression proposed by Lim and Ozbakkaloglu [3] to predict
the strain reduction factor of FRP-confined plain concrete, which
is given in Eq. (3).

Ketheo = 0.9 — 2.3f, x 107> — 0.75E; x 10°° 3)
In Eq. (3), f is the axial compressive strength of the unconfined
concrete in MPa, and Ef is the elastic modulus of fibers, where
100,000 MPa < Ef< 640,000 MPa.
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Hoop Strain (g,) (%)

- C-HV1.5A37-3
-m-C-HV2.5A37-2

0

1 ‘ 10 1
< Overlap +#¢———— Outside overlap ——

Strain Gauge Position

Fig. 6. Influence of inner steel fibers on hoop strain distributions of CFFTs.

The results shown in Table 8 indicate that the CFFTs with inner
steel fibers developed higher hoop rupture strains (ésnp) than
those of the companion unreinforced CFFTs. It is also evident from
the comparison of hoop rupture strain distributions of C-UR,
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C-HV1.5A37 and C-HV2.5A37 series specimens illustrated in Fig. 6
that an increase in fiber volume fraction resulted in an increase in
hoop rupture strain. The comparison of the experimental and
theoretical values of FRP hoop strain-reduction factors (kg ey, and
ke meo) in Table 8 indicates that Eq. (3) provides reasonably close
predictions of kg, for the unreinforced specimens. On the other
hand, due to an increase in &, resulting from the presence of
inner steel fibers, the equation underestimates kg, of the CFFTs
internally reinforced by steel fibers.

To explain this observation on the influence of internal fiber on
the hoop rupture strain, it would be beneficial to have a closer look
at crack formations in concrete under axial compression. As dis-
cussed previously in a number of studies, the brittleness of con-
crete increases with an increase in its compressive strength,
which results in a change in crack pattern from heterogenic
micro-cracks observed in NSC to localized macro-cracks experi-
enced by HSC [12,17,29,32,35,37]. In the case of FRP-confined
HSC, the localized macro-cracks that occur inside the concrete lead
to stress concentrations on the FRP jacket, where the rupture of the
jacket initiates. Because, at the time of failure, the hoop strains out-
side these stress concentration regions of infinitesimal length are
significantly lower than that within the region, this failure mode
results in lower recorded FRP hoop rupture strains. It was experimen-
tally observed that, in the steel fiber reinforced specimens of the
present study, the steel fibers formed bridges across the cracks of
the concrete leading to a more even and controlled cracking, which
in turn resulted in the reduction of isolated major cracks of concrete
and the stress concentrations on the FRP jacket. Consequently, these
specimens exhibited higher FRP hoop rupture strains compared to
those observed in the companion unreinforced CFFTs.

3.2.4. Influence of test parameters on observed behavior

Axial stress—strain curves of the unreinforced and steel fiber
reinforced CFFTs are shown in Figs. 7 and 8, respectively. In these
curves, axial strains were obtained from full-height LVDTs.
Previous research has established that sufficiently confined con-
crete exhibits a monotonically ascending curve, which consists of
a parabolic first ascending portion and a nearly linear second
branch [3,29,32,63]. However, it is now understood that FRP-con-
fined HSC specimens may exhibit a sudden drop in their axial load
capacity and corresponding axial stress immediately after the ini-
tial peak condition on their stress—strain relationship. This behav-
ior, which is caused by the brittle nature of HSC as was discussed in
detail previously [3,12,17,29,32,35,37], is referred to in the present
study as the initial strength softening behavior, and the region cor-
responding to it is highlighted on the stress—strain curve shown in
Fig. 5(a).

As illustrated in Fig. 7(a) and (b), all unreinforced specimens of
the present study (i.e., HSCFFTs and unreinforced SIFCONFFTSs)
exhibited sudden post-peak strength losses in their axial stress—
strain relationships. As shown in Fig. 8(a), (c) and (e), a similar loss
was also experienced by the fiber reinforced specimens with a low-
er steel fiber volume fraction (i.e., Vy=1.5%). On the other hand, as
evident from Fig. 8(b), (d), (f) and (g), SFRHSCFFTs with a higher
fiber volume fraction (i.e., Vy=2.5%) and SIFCONCFFTs exhibited
virtually no post-peak strength loss. These observations are also
supported by the Af. values reported in Table 6, which indicate
that the magnitude of the post-peak strength loss (Af.) of
HSCFFTs can be significantly reduced through the use of steel
fibers.

Detailed discussions on the influence of each test parameter on
the axial stress—strain behavior of CFFTs are provided in the follow-
ing sections.

3.2.4.1. Effect of concrete type. The influence of the concrete type on
the compressive behavior of CFFTs is investigated by comparing
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Fig. 7. Axial stress-strain behavior of unreinforced CFFTs: (a) C-UR series; (b) C-UR-
SIF series.

the specimens manufactured with two different types of unrein-
forced concrete (i.e., conventional HSC and unreinforced SIFCON).
It is evident from the stress-strain curves shown in Fig. 9 and
the results reported in Table 6 that the HSCFFTs had higher com-
pressive strengths (f.) than the unreinforced SIFCONFFTs.
Although this can be partly explained by the slightly higher uncon-
fined concrete strength (f,) of the former group, as evident from
Tables 6, the HSCFFTs also developed a slightly higher strength
enhancement ratio (f./f) compared to that of the unreinforced
SIFCONFFTs. On the other hand, as shown in Table 7, the latter
group exhibited a higher ultimate strain (&) than that of the
former. The results in Table 6 also show that the HSCFFTs and
unreinforced SIFCONFFTs exhibited similar post-peak strength
losses (Af ).

As was established in previous studies, the strength and crack
resistance of conventional concrete increases with an increase in
its coarse aggregate content, due to the interlock effect of the
material [64-67]. After the formation of the initial cracks, the
coarse aggregates on the crack surfaces provide an interlocking
action, which slows the crack propagations, resulting in an
improved compressive strength and reduced axial deformation of
the concrete. This mechanism can explain the higher strength
enhancement ratio (f/fc) and relatively lower ultimate strain
(&cy) of the HSCFFTs with coarse aggregates compared to those of
the companion unreinforced SIFCONs that contained no coarse
aggregates. However, no clear influence of this interlock mechan-
ism is evident on the post-peak strength loss region, suggesting
that the full formation of the said mechanism takes place during
the later stages of testing.
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Fig. 8. Axial stress—strain behavior of fiber reinforced CFFTs: (a) C-HV1.5A67 series; (b) C-HV2.5A67 series; (c) C-HV1.5A37 series; (d) C-HV2.5A37 series; (e) C-CV1.5A37
series of specimens; (f) C-CV2.5A37 series; (g) C-HV5A37-SIF series.
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Fig. 9. Influence of concrete type on compressive behavior of unreinforced CFFTs:
C-UR series vs. C-UR-SIF series.

In addition to the above observations, it can also be seen from
the results reported in Tables 8 that the unreinforced SIFCONFFTs
developed a slightly higher hoop rupture strain (&) than the
HSCFFTs with a slightly higher unconfined concrete strength (f,).
This finding is in general agreement with those of the previous
studies, where it was found that the hoop rupture strains (&x,nyp)
decrease with an increase in the unconfined concrete strength (f,)
[3,12,37].

3.2.4.2. Effect of steel fiber shape. Fig. 10(a) and (b) illustrates the
influence of the fiber shape on the axial stress—strain behavior of
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Fig. 10. Influence of fiber shape on compressive behavior of SFRCHSCFFTs: (a)
Vr=1.5%; (b) Vy=2.5%.

SFRHSCFFTs. The curves shown in Fig. 10(a) and the results given
in Tables 6 and 7 illustrate that the hooked end steel fibers per-
formed better than the crimped fibers in improving the compres-
sive behavior of the SFRHSCFFTs at a lower fiber volume fraction
(i.e., Vy=1.5%). The compressive strengths (f ) and ultimate strains
(eq) of C-HV1.5A37 series specimens with hooked end fibers were
slightly higher than those of C-CV1.5A44 series specimens with
crimped fibers. As evident from Fig. 10(a), between the two groups,
C-HV1.5A37 series specimens experienced a lower post-peak
strength loss (Af.) compared to that experienced by C-CV1.5A44
series specimens. Moreover, the comparison of the &, values of
these companion groups in Table 8 shows that the specimens with
hooked end fibers developed higher FRP hoop rupture strain (s mp)
compared to their companions with crimped fibers.

For the specimens with a higher fiber volume fraction (i.e.,
Vy=2.5%), it is evident from the stress-strain curves shown in
Fig. 10(b) and the test results given in Tables 6 and 7, C-
HV2.5A37 series specimens with hooked end fibers and the com-
panion C-CV2.5A44 series specimens with crimped fibers exhibited
almost identical compressive strengths (f.) and ultimate strains
(éc). The Af. values shown in Table 6 indicate that the addition
of a higher volume fraction (i.e., Vy=2.5%) of hooked end and
crimped fibers resulted in full prevention of the post-peak strength
loss of HSCFFTs. In addition, the comparison of the &, values of
these companion specimens in Table 8 indicates that the speci-
mens with hooked end fibers developed higher FRP hoop rupture
strains (épp) compared to their companion with crimped fibers.
This finding is in agreement with that from the previous compar-
ison group with Vy=1.5%.

The observations presented in this section suggest that the
hooked end fibers are more effective in improving the overall com-
pressive behavior of HSCFFTs than crimped fibers. This finding is in
support of those reported on the compressive behavior of uncon-
fined SFRHSCs previously that the hooked end fibers provided a
more pronounced improvement on the post-peak stress—strain
behavior compared to crimped fibers [39,42]. The better perfor-
mance of specimens with hooked end fibers can be attributed to
the higher bond strengths between the fibers and concrete that
result from the fiber geometry, which results in a better composite
action.

3.2.4.3. Effect of fiber volume fraction. Fig. 11(a)-(d) presents the
influence of the fiber volume fraction (Vj) on the axial compressive
behavior of the SFRHSCFFT and SIFCONFFT specimens of the
present study. The specimens in each comparison group were pre-
pared using the same concrete mix and steel fibers, and they were
nominally identical except for their steel fiber volume fractions
(Vy). Stress-strain curves shown in Fig. 11(a)-(c) and the results
given in Table 6 indicate that an increase in fiber volume fraction
(V) led to an increase in compressive strength (f) of
SFRHSCFFTs. As evident from Table 7, the specimens with the fiber
volume fraction of 2.5% (Vy=2.5%) also exhibited higher ultimate
axial strains (&) compared to their companions with Vy=0% or
1.5%. However, the results show that the ultimate strains of the
specimens with Vy=1.5% were slightly lower than those of the
companion unreinforced HSCFFTs. These observations indicate that
the ultimate axial strain of HSCFFTs is sensitive to fiber volume
fraction of the concrete. The stress—strain curves illustrated in
Fig. 11(a)-(c) and the results reported in Table 6 also reveal that
specimens with higher fiber volume fraction ratio experienced a
lower post-peak strength loss (Af ). It is evident from these results
that the provision of internal fibers at Vy=2.5% resulted in com-
plete prevention of the post-peak strength loss, which is otherwise
typically experienced by HSCFFTs. In addition, as discussed previ-
ously, the specimens reinforced with steel fibers at Vy=2.5%
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crimped fibers, A = 44; (d) hooked end fibers, A; = 37 (SIFCON).

exhibited significantly higher FRP hoop rupture strains compared
to those observed in the companion unreinforced CFFTs.

Fig. 11(d) presents the influence of the fiber volume fraction (Vj)
on the compressive behavior of the SIFCONFFTs. The stress—strain
curves shown in this figure and the results presented in Tables 6
and 7 indicate that the presence of internal steel fibers resulted
in an increase both the compressive strength (f.) and ultimate
axial strain (eq,) of SIFCONFFTs. It is also evident from the results
that the post-peak strength losses (Af.) that were experienced
by the unreinforced specimens (i.e., C-UR-SIF) were not observed
in the internally reinforced SIFCONFFTs (i.e., C-HV5A37-SIF).
Furthermore, in agreement with what was seen for the convention-
al HSCFFTs, it was observed that C-HV5A37-SIF series specimens
developed higher FRP hoop rupture strains compared to those of
C-UR-SIF series specimens. These observations from the conven-
tional HSC- and SIFCON-CFFTs indicate that the presence of inter-
nal steel fibers benefit the compressive behavior of both groups
in a similar manner. The comparison of the HSCFFTs with
Vy=2.5% with SIFCONFFTs indicate that these groups of specimens
exhibited comparable stress enhancement ratios (f ./f ) and ulti-
mate strains (eq,). Slightly higher values observed in SIFCONFFTs
can be attributed to the higher fiber volume fraction (i.e., Vr=5%)
of these specimens.

In explaining the above findings, it is worthwhile to refer to pre-
viously reported studies on unconfined SFRHSCs, where it was
found that the specimens with higher fiber volume fractions exhib-
ited higher compressive strengths and decreased slopes in the
descending branches of their stress-strain curves [40,41,44,46].
These improvements in the axial stress-strain behavior are attri-
butable to the confinement effect of the internal steel fibers, which
is directly correlated to the volume of steel fibers. The results of the
present study indicate that this additional confinement provided
by the internal steel fibers results in enhancements in the

compressive strength (f ), ultimate strain (&), post-peak strength
loss (Af.) and FRP hoop rupture strain (&pnyp) of CFFTs manufac-
tured with conventional HSC and SIFCON. It is clear from these
findings that fiber volume fraction should be treated as an influen-
tial parameter on the axial compressive behavior of CFFTs.

3.2.4.4. Effect of fiber aspect ratio. To illustrate the influence of the
fiber aspect ratio (As) on the behavior of SFRHSCFFTs, Fig. 12(a)
and (b) shows the stress—strain curves of companion specimens
with different fiber aspect ratios (i.e., A; = 37 or 67). As can be seen
from the curves of the specimens with a lower fiber volume frac-
tion ratio (i.e., Vy=1.5%) in Fig. 12(a), C-HV1.5A37 series specimens
exhibited stress—strain curves with slightly longer second branches
compared to those of the companion C-HV1.5A67 series speci-
mens, which contributed to the higher compressive strengths (f )
and ultimate axial strains (&) of the former group. As evident from
the Af. values given in Table 6, C-HV1.5A37 series specimens also
experienced lower post-peak strength losses (Af.) compared to C-
HV1.5A67 series specimens. In addition, as can be seen in Table 8,
the former group exhibited higher FRP hoop rupture strains (&g, rp)
compared to those of the latter group. The companion of the speci-
mens with a higher fiber volume fraction (i.e., C-HV2.5A37 and
C-HV2.5A67) in Fig. 12(b) and Tables 6-8 leads to similar observa-
tions with those obtained from C-HV1.5 series specimens. That is,
the specimens with a lower fiber aspect ratio (i.e., A; = 37) devel-
oped slightly higher compressive strengths (f.), ultimate axial
strains (&q,) and FRP hoop rupture strains (&) compared those
seen in specimens reinforced with longer fibers (i.e., As = 67).
These observations indicate that the steel fibers with lower
aspect ratios are more effective in improving the compressive
behavior of HSCFFTs that the fibers with higher aspect ratio in
improving the axial compressive behavior of CFFTs. This finding
is in support of those reported in previous studies on unconfined
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Fig. 12. Influence of fiber aspect ratio on compressive behavior of SFRCHSCFFTs: (a)
Vi=1.5%; (b) V;=2.5%.

SFRHSCs [40,41,43,45,46], where it was found that the second
branch slope of the axial stress-train curves were influenced by
the fiber aspect ratio. In these studies, it was observed that the
slope of the descending branch of the stress-strain curve of uncon-
fined SFRHSCs decreased with an increase in the aspect ratio of
steel fibers (A;). This influence can be explained to the ability of
steel fibers with lower aspect ratios to effectively control the ini-
tiation and propagation of initial cracks of SFRHSCs under increas-
ing axial deformation [41,45]. On the other hand, the fibers with
higher aspect ratios have been reported to be less effective in
arresting crack propagation immediately after the formation of ini-
tial cracks [41,45]. In addition, for a given fiber diameter (d) and
volume fraction (Vj), the number of fibers increase with a decrease
in the fiber aspect ratio (As), which results in a more scattered dis-
tribution leading to an increased likelihood for the path of cracks to
cross through the fibers [46,68]. These properties of the shorter
steel fibers make them more effective in providing internal con-
finement to concrete, which in turn leads to an improved compres-
sive behavior of SFRHSCs manufactured with such fibers. The
findings of the present study indicate that this mechanism is also
in action in SFRCHSCFFTs.

4. Conclusions

This paper has presented the results of an experimental study
on the behavior of the influence of steel fibers on the axial com-
pressive behavior of HSCFFTs. Based on the discussions and results
presented in this study, the following conclusions can be drawn:

1. Sufficiently confined circular HSCFFTs, SFRHSCFFTs and
SIFCONFFTs exhibit highly ductile axial compressive behavior.
Among the different specimen groups investigated in this study,
SIFCONFFTs with a fiber volume fraction (Vj) of 5% exhibited the
highest strength enhancements and ultimate axial strains.

2. The presence of steel fibers reduces the isolated major crack
formations in HSC and leads to a more even and controlled
cracking of concrete under axial compression. This in turn
reduces the stress concentrations on the FRP jacket, leading to
higher FRP hoop rupture strains (&) of CFFTs.

3. SFRHSCFFTs and SIFCONFFTs exhibit lower post-peak strength
losses (Af.) compared to that of companion HSCFFTs. It was
observed SFRHSCFFTs with 2.5% steel fiber volume fraction
and SIFCONFFTs with 5% fiber volume fraction experienced
virtually no strength loss (Af.).

4, Under the same amount of FRP confinement, HSCFFTs and unre-
inforced SIFCONFFTs with comparable unconfined concrete
strengths (f,) exhibit similar post-peak strength losses (Af.).
However, HSCFFTs exhibit slightly higher axial strength en-
hancement ratios (f/f) but significantly lower axial strains
(&c) compared to those of unreinforced SIFCONFFTs.

5. At a given fiber volume fraction (Vj) and fiber aspect ratio (Ay),
the shape of steel fibers has only a minor influence on the axial
compressive behavior of SFRHSCFFTs. It was found that the
CFFTs reinforced with hooked end steel fibers developed
slightly higher compressive strengths (f.) and FRP hoop rup-
ture strains (&pnp), and exhibited lower post-peak strength
losses (Af.) compared to the companion CFFTs containing
crimped fibers. No significant correlation was evident between
the fiber shape and the ultimate axial strain (e,) of CFFTs.

6. At a given fiber volume fraction (Vj), CFFTs reinforced with
hooked end fibers with a lower aspect ratio (i.e., A; = 37) develop
higher compressive strengths (f..), ultimate axial strains (&g,)
and hoop rupture strains (énp), and they also exhibit lower
post-peak strength losses (Af.) compared to those seen in com-
panion CFFTs containing hooked end fibers with a higher aspect
ratio (i.e.,, A;=67). It was observed that even at a lower fiber
volume fraction (i.e., Vr=1.5%), A;= 37 fibers were able to pre-
vent the post-peak strength loss of CFFTs almost fully.

7. Axial compressive behavior of SFRHSCFFTs and SIFCONFFTSs is
significantly influenced by the volume fraction of steel fibers
(Vy). The CFFTs contacting fibers at a higher volume fraction
(i.e., Vy=2.5%) exhibits improved ultimate conditions (i.e., fc.
and &g,) and a post-peak strength loss behavior compared to
companion CFFTs with a lower fiber volume fraction (i.e.,
Vr=1.5%).
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CONCLUSIONS

This thesis has presented the results of an investigation into the development of novel
concretes for structural applications. Research gaps were identified through a
comprehensive review of current literature and a series of experimental studies were
undertaken at the University of Adelaide to systematically address these gaps. The
novel concrete technologies that have been investigated in this research study
included: i) ambiently-cured coal ash-based geopolymer concrete (GPC), ii) recycled
aggregate concrete (RAC), iii) RAC-filled FRP tubes, and iv) steel fibre-reinforced
high-strength concrete- filled FRP tubes.

The research presented in this thesis makes a significant contribution to the current
literature through its original findings on the investigated novel concretes and
structural systems manufactured using them. The specific research contribution of
each journal publication that resulted from this study [1-5] is summarized below.

1. Xie and Ozbakkaloglu [1] - This paper presented the first experimental study
reported to date on the behaviour of bottom ash-and blended fly and bottom
ash-based geopolymer concrete cured under ambient temperature. Several
important findings on the observed influence of the mass ratio of fly
ash-to-bottom ash, liquid alkaline-to-coal ash binder ratio, coal ash content and
concrete type on the mechanical and durability-related properties of
ambiently-cured GPCs were reported.

2. Xie and Ozbakkaloglu [2] - This paper presented the results of an experimental
study on the compressive behaviour of GPCs. Findings on the influence of type,
particle size and chemical composition of coal ash, the alkaline liquid to binder
ratio and concentration of sodium hydroxide solution on the axial compressive
behaviour and strength development of ambiently-cured GPCs were presented.

3. Xie and Ozbakkaloglu [3] - The study presented in this paper experimentally
investigated the mechanical and durability-related properties of concretes of the
same compressive strength prepared with coarse RCAs of different sizes and
contents. The experimental study reported in this paper was the first to examine
the influence of RCA size on the behaviour of RACs.

4. Xie and Ozbakkaloglu [4] - This paper presented the results of an experimental

study on the axial compressive behaviour of RAC-filled basalt and carbon FRP
tubes. The experimental study reported in this paper was the first study to report
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on the axial compressive behaviour of CFFTs manufactured using high-strength
RACs, and also the first study to investigate the behaviour of BFRP-confined
RACs.

5. Xie and Ozbakkaloglu [5] - This paper presented the first experimental study on
the axial compressive behaviour of steel fibre-reinforced high-strength concrete
filled FRP tubes. Investigation of the axial compressive behaviour of 27 test
specimens led to important findings on the influence of concrete type steel fibre
shape, steel fibre aspect ratio and steel fibre volume fraction.

Recommendations for future research
The following recommendations made for future research:

1. No study has been reported to date on the use of nanomaterials to improve the
performance of ambiently-cured GPCs. This forms an important direction for
future research.

2. . There is a need for establishing a comprehensive test database for mechanical
properties of GPCs to establish a clear understanding and model on the
influence of important parameters on the behaviour of GPCs.

3. As shown in this thesis, the compressive strength of ambiently-cured GPCs
tends to be lower than that of OPCs. It was also shown in this thesis that the use
of FRP as external confinement can significantly improve the performance of
concrete materials. Therefore, future research can investigate the behaviour of
FRP-confined geopolymer concrete.

4. Investigation of the incorporation of other types of waste materials such as
recycled coarse and fine aggregates, recycled plastic, foundry sand, glass
powder to both GPC and OPC is recommended with the aim of producing
high-volume waste-based concrete materials.
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