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Abstract

Concrete, a fundamental material in modern construction, has contributed significantly to global
infrastructure development but is burdened by environmental concerns due to its high carbon
footprint. This review paper explores Limestone Calcined Clay Cement (LC3) as an eco-friendly
alternative, focusing on its blend with fibers to enhance mechanical properties while reducing
environmental impact. LC3, a blend of limestone, clay, and gypsum, offers reduced CO; emissions
compared to conventional cement. Various fibers, including polyethylene, polypropylene,
polyvinyl alcohol, steel, and carbon fibers, have shown promising results in LC3 composites. The
paper reviews mix proportions, fresh properties, mechanical performance, durability,
microstructural characteristics, and environmental aspects of fiber-reinforced LC3 blends.
Findings indicate that LC3-based composites exhibit high tensile strain, high toughness, reduced
drying shrinkage, controlled crack propagation, and reduced CO; emissions, making them
promising for sustainable construction. This review aims to provide insights into the properties
and performance of fiber-reinforced LC3 blends, contributing to the development of
environmentally friendly building materials with low carbon footprints. Further research in fiber
reinforced LC3 composites should be focused on optimization of the mix design, fiber content and
production process of LC3-fiber composites and understanding the microstructural behavior of the

fiber-matrix interface and its effect on the mechanical properties.

ii|Page



1 Introduction

Throughout recent history, concrete has been instrumental in shaping modern society by
facilitating the construction of many engineering marvels, residential buildings, dams, towering
skyscrapers, expansive bridges and intricate road networks [1]. With the rise of rapid urban
development across the globe and the ever-increasing need for infrastructure, cement has emerged
as the most used material in the world, trailing only behind water [2]. Nevertheless, this
development is coupled with environmental challenges, given that the production of Portland
Cement can contribute significantly to global Carbon Dioxide (CO) emissions, accounting for
nearly 5-7% of CO, emissions from human activities [3]. The resulting CO, emissions from
Portland Cement can be around 0.66 to 0.82 kg-CO2/kg of cement [4], [5]. Consequently, there is
an increasingly shared view to reduce reliance on cement clinker to foster environmentally friendly

construction practices, utilizing sustainable building materials [6].

Traditionally, Supplementary Cementitious Materials (SCMs) such as, fly-ash, slag, silica
fume, metakaolin etc. have been used as eco-friendly replacements of cement, reducing the
environmental impact of concrete production and enhancing its properties [7]. Recently, Limestone
Calcined Clay Cement, which will be denoted as LC3 in this article from now on, has garnered
attention as a solution to reduce clinker usage in the construction industry [8], [9]. The raw
materials of LC3, limestone and clay, are both widely available in reserves around the world [10],
[11]. It is common to replace half of the clinker in the cement-based composites with a mixture of
calcined clay, limestone and gypsum in a ratio of 6:3:1. This mixture is typically known as LC3-
50. The calcination of clay can be done at lower temperatures (600 to 800 °C) compared to cement
production [12], transforming it to metakaolin. Metakaolin possesses beneficial pozzolanic
characteristics and synergizes well with the limestone powder [12] in the formation of hydration
products. The typical hydration product in LC3 blends is calcium-aluminate-silicate-hydrate (C-
A-S-H), which is produced by the pozzolanic reaction of the alumina present in clay [13][14], [15].
Additionally, the calcium carbonate present in limestone reacts with the aluminates in the hydrated
matrix to form mono and hemi-carboaluminate phases, which contribute to strength development
[16]. Studies have shown that LC3 blended cementitious systems have shown similar or better
compressive strength with replacement levels up to 50% and a more refined pore structure [17],
however, increasing replacement levels can also result in delayed early strength development and

reduced late age strength compared to Ordinary Portland Cement (OPC) blends [6]. Moreover,
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LC3 replacement provides significant environmental benefits compared to conventional cement.
Studies have revealed that LC3 can reduce around 20-35% of CO: emissions and around 22% of
energy consumption compared to OPC [18], [19], [20]. The environmental benefits of clinker
replacement, combined with satisfactory mechanical performance and pore refinement capability
of the hydration products have made LC3 an emerging, and popular SCM with possible widespread

applications in the future.

In order to improve the mechanical properties of concrete, the incorporation of fibers has
become popular over the past half-century [21]. Fibers can improve the brittle fracture response of
concrete, improve its low tensile resistance, and enhance the post-cracking toughness through
controlled deformation and post-cracking response [22], [23]. The structural behavior of
cementitious composites depends on both the strength and toughness. With regards to toughness,
adding fibers to cementitious blends can impede the propagation of cracks, resulting in higher
energy absorption capacity and improved toughness [24]. Moreover, fiber incorporated composites
have also exhibited superior durability in terms of preventing shrinkage cracks and reducing
permeability [25]. Engineering Cementitious Composites (ECC), also known as Strain Hardening
Cementitious Composites (SHCC) [26] belongs to the general category of fiber-reinforced
composites. ECC or SHCC has superior ultimate tensile strain and ultra-high ductility, generally
ranging in two orders of magnitude higher than that of ordinary concrete, resulting in multiple
cracking properties with the crack width generally controlled within 100 pm [27]. Fibers find their
use in Ultra-high Performance Concrete (UHPC) as well, with steel fibers contributing to the
excellent mechanical properties, toughness and pore characteristics of UHPC. However, both ECC
and UHPC incorporate higher content of cementitious materials, with the cement dosage generally
ranging around 1200 kg/m?® for ECC, and 900-1100 kg/m*® for UHPC. This excessive cement
content raises considerable environmental concerns, as well as raising costs and causing drying
shrinkage [28], [29]. Due to the usual low water-binder (w/b) ratio utilized in these systems, it is
common to find most of the cement existing as filler material in these cementitious systems [30].
With the increasing demand for an environmentally friendly construction industry with a low
carbon footprint, it is essential that cementitious binders with a low carbon footprint are utilized
in ECC and UHPC, and general fiber-reinforced cementitious blends. In light of this, Limestone
Calcined Clay Cement (LC3) based binders can offer considerable reduction in CO> emissions and

satisfactory mechanical and durability properties. Various fibers have been utilized in LC3 blends
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over the last few years, such as polyethylene (PE) [31], [32], polypropylene (PP) [33], polyvinyl
alcohol (PVA) [34], [35], steel [36], [37], [38] and carbon fibers [39]. Researchers have also
worked on 3d printed fiber reinforced concrete using LC3 binders [40], [41]. The incorporation of
fibers in LC3 have resulted in improved early strength characteristics, tensile strain capacity,
toughness and flexural strength. Furthermore, the durability characteristics of LC3 based
cementitious systems can be improved with controlled autogenous cracks, in addition to reduced

embodied energy and CO> emissions of LC3 [42].

Based on the engineering performance of fiber reinforced cementitious blends in terms of
high tensile strain, crack control and ultra-high ductility, along with increasing concerns regarding
eco-friendly building materials with low carbon footprint, a review is conducted in this paper on
the properties and performances of fiber reinforced LC3 blends. The main purpose of the review
is to aid researchers with the existing knowledge of fiber reinforced LC3 concrete and to pave the
way forward for a more sustainable future for building materials. A thorough literature review was
conducted using Scopus-indexed studies accessed through Google Scholar, applying the
“Advanced search” feature to refine results. Key search terms included “LC3,” “limestone calcined
clay,” “fiber,” and specific fiber types such as “polyethylene fiber” and “polypropylene fiber” etc.
to capture relevant studies. The subsequent sections of this paper present an in-depth analysis of
the mix proportions, fresh-state properties, mechanical behavior, durability, microstructural
characteristics, and environmental performance of fiber-reinforced LC3 blends. A scope of the

review is presented in Fig. 1.

2 Summary of the Mix Proportions of Fiber Reinforced LC3 Blends

The studies reviewed incorporated a wide range of substitution levels of LC3 with cement.
Furthermore, many of the studies utilized other pozzolanic material such as fly-ash and silica fume
[35], [37], [43]. All of the studies reviewed have been published after 2020, which is due to the
recent trend towards research into eco-friendly and sustainable materials for reducing the carbon
footprint of the construction industry. Most of the studies reviewed incorporate a lower water-
binder (w/b) ratio, and utilize the effect of high range water reducing admixture (HRWRA) or
superplasticizers to aid in the development of sufficient workability. Researchers have utilized a
wide range of synthetic fibers; however, no experimental studies have been found that analyze the
effects of various natural fibers on the properties of LC3 blended cementitious mixes. Furthermore,

there is a lack of studies that have utilized different fiber proportions in order to identify the eftect
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of various fiber replacements. Liu et al. [33], in their study used volume proportions of PP fibers
ranging from 0% to 2.5% and observed that the 1.5% fiber replacement resulted in the lowest pore
volume. Table 1 below presents a summary of the reviewed articles, in terms of mix proportions,

aggregate used, fiber used and proportion of fiber, substitution ratios of LC3 and w/b ratio.
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Figure 1. Outline of the review.

From Table 1, it can be seen that most of the studies utilize a w/b ratio in the range of 0.20
to 0.30 and with such low w/b ratios, the finer particles of LC3 take a larger specific surface area,
requiring superplasticizers in almost all of the cases. Very few of the studies do not require any
superplasticizer to achieve a desirable workability [33][34], [44]. Almost all of the studies use LC3
blends with calcined clay to limestone in the ratio of 2:1, nonetheless, some of the studies also
explored the effect of different ratios of limestone to calcined clay [37], [45]. Researchers have
analyzed the effects of LC3 replacement in a wide range, from 10% replacement to up to 80% LC3
replacement were found to be experimented with in the literature. Some of the studies also

experimented with aggregates such as fly-ash cenosphere [28] and crumb rubber [46].
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Table 1. Summary of mix proportions in fiber reinforced LC3 blends

Reference Aggregate Fiber Fiber LC3 Calcined w/b Superplasti
Percentage Replacement clay: ratio  cizer Used
Limestone (y/mn)
Zhou et al. Fly-ash PE 2% (vol.) 0% 2:1 0.28 Y
[28] cenosphere 35%
50%
65%
Zhou et al. Sea sand PE N.A. 0% 2:1 0.39 Y
[47] RCA® 35%
50%
Gong et al. Sand PE N.A. (20 kg/m? 0% 2:1 0.25 Y
[31] of blended mix) 35%
50%
Wang et al. Sand PE 2% (vol.) 0% 2:1 0.204 Y
[32] 10%
30%
50%
Mohammadi Sand PE N.A. 70% 2:1 0.204 Y
et al. [48]
Wang et al. Sand PE 2% (vol.) 0% 2:1 0.204 Y
[49] 50%
Huangetal. Cenosphere PE 0% 0% 1:1 0.27 Y
[45] 1% (vol.) 45% 2:1
50% 3:1
65%
Zhu et al. Sand PP 2% (vol.) 45% 2:1 0.3 Y
[50] 0.2
0.16
Zhu et al. Sand PP 2% (vol.) 14% 2:1 0.3 Y (0.7%,
[51] 0.8%, 0.9%
of binder
Liu et al. N.A. (paste PP 0% 50% 2:1 0.4 N
[33] sample) 0.5% (vol.)
1% (vol.)
1.5% (vol.)
2% (vol.)
2.5% (vol.)
Zhu et al. Sand PP 1.5% (wt.) 0% 2:1 0.25 Y
[46] Crumb PE 1.3% (wt.) 45% 0.3
Rubber
Zhang et al. Sand PVA 2% (vol.) 0% 2:1 0.25- Y
[52] 45% 0.3
45% (Coarse
Limestone)
Yu et al. Sand PVA 2% (vol.) 70% 2:1 0.3 Y
[35] 80% 0.35
0.4
Chen et al. Sand PVA 2% (vol.) 55% 2:1 0.3 N
[34] 70%
80%

S|Page



Table 1. Continued.

Dong et al. Sand Steel 2% (vol.) 0% 2:1 0.18 Y
[37] 15% :
20% 1:2
30%
40%
60%
Luo et al. Sand Steel 2% (vol.) 0% 2:1 0.2 Y
[43] 20%
30%
40%
Guo et al. Sand Steel 2% (vol.) 0% 2:1 0.175 Y
[38] 15%
30%
Signorini et Sand PBOP N.A. 0% 2:1 0.4 Y
al. [44] 75%
Lietal. [39] Sand Carbon 1% (wt.) 0% 2:1 0.5 N
25%
50%
75%

*Recycled Concrete Aggregate, "Poly(p-phenylene-2,6-benzobisoxazole) (PBO) yarn.
3. Fibers Used in LC3 Mixes

3.1 Basic Parameters of Different Fibers

The basic properties of the fibers reviewed in this study are presented in Table 2. These basic
parameters should be properly understood for the primary selection of fibers for experimental
purposes. The mechanical properties of the fibers and size characteristics can influence the fiber-
matrix bond and carry over to the macroscale properties of concrete. Elastic modulus, such a
property, can influence the sensitivity of the fiber to hindrance of creep and shrinkage of the matrix
and fibers with high aspect ratio are more sensitive to the improvements in tensile strength of the

cementitious blend [53].

From the review of the studies, it can be easily understood that most of the studies
experimenting with fiber reinforced LC3 cementitious mixes are focused on PE, PP, and PVA fibers
and the manufacture of sustainable engineering cementitious composites (ECC) with ultra-high
ductility and tensile strain capacity. Few of the studies also focused on producing sustainable ultra-
high performance concrete (UHPC) with steel fibers. Although steel fiber is the most studied fiber,
and the best one to strengthen concrete [54], it has not found extensive use in research utilizing
LC3 concrete. Furthermore, basalt fiber, glass fibers are also commonly used to enhance the
properties of concrete [54], have seen limited applications [55] with LC3 blends. Several eccentric
fibers, such as Carbon fibers and Poly(p-phenylene-2,6-benzobisoxazole) (PBO) yarns have also

been used in LC3 blends and exhibited satisfactory performances.
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Table 2. Basic properties of fibers used in LC3 mixes.

Referen  Fiber Lengt Diameter, Tensile Elastic Density, Melting Fineness, Elongatio
ce h, pm Strength, = Modulus, gm/cc Temperature, tex/dtex n, %
mm MPa GPa °C
Zhou et PE 18 25 2900 116 0.97 150 - -
al. [28]
Zhou et PE 12 25 2900 116 0.97 2.42%
al. [47]
Gong et PE 18 25 2900 116 0.97 150 - -
al. [31]
Wang et PE 6 20 - - - - - -
al. [32]
Moham PE - 18 2500 80 0.97 - - 35
madi et
al. [48]
Wang et PE 6 20 - - - - - -
al. [49]
Huang et PE 12 24 3000 120 0.97 - - 2.3
al. [45]
Zhu et PP 10 12 850 6 - - - -
al. [50]
Zhu et PP 10 12 850 6 - - - -
al. [51]
Liu et al. PP 12 25 630 7.1 - - - -
[33]
Zhu et PP 10 12 850 6 0.91 - - 21
al. [46] PE 12 24 2900 100 0.97 - - 2.4
Zhanget  PVA 8 39 1600 42.8 1.3 - - 6
al. [52]
Yu et al. PVA 12 39 1600 42.8 1.3 - - -
[35]
Dong et Steel 13 200 - - 7.85 - - -
al. [37]
Luo et Steel 13 200 2850 200 7.85 - - -
al. [43]
Guo et Steel 13 220 2850 - 7.8 - - -
al. [38]
Signorini  PBO - 12 5800 270 1.56 650 1.7 dtex 25
et al.
[44]
Lietal.  Carbo 0.53 7 4400 255 1.8 - 3420 tex 1.65
[39] n

3.2 Different Types of Fibers

3.2.1 Polyethylene (PE) fiber

Polyethylene (PE) fibers are highly anisotropic structures characterized by high strength, high

modulus, corrosion and weathering resistance. PE fibers have low surface energy and lack reactive

groups, resulting in hydrophobic properties and weak adhesive properties [56]. PE fibers can

sufficiently improve the ductility of concrete compared to other synthetic fibers [57], [58].

Researchers have also reported that PE fibers can result in tensile strain capacity up to 12%, which

is even higher than some reinforcing alloys used in concrete [59], [60]. Zhou et al. [28], in their
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research, observed that the hydrophobic nature of PE fiber limited the bridging between fiber and
the cementitious matrix. Furthermore, low initial cracking stress due to LC3 replacement resulted
in weakening the fiber matrix bond, resulting in the PE fiber being more prone to being pulled out.
Nevertheless, the observed tensile strain capacity was higher than the control specimens without

LC3 replacement.

3.2.2 Polypropylene (PP) fiber

Polypropylene (PP) fibers are cut, extruded and oriented polymer material which can be either
straight or deformed. PP fibers can generally be subdivided into microfibers and macrofibers [61].
The length of macrofibers generally ranges between 30 and 50 mm, whereas, fibers shorter than
30 mm are characterized as microfibers. For the purpose of this review, microfibers are of greater
importance due to their ability to limit the development of cracks and inhibit plastic shrinkage in
concrete [62]. This results in enhanced durability of the structural element. Studies have shown
that the incorporation of PP fiber in concrete can result in limiting crack formation [63], improving
post-cracking behavior and toughness [64], enhanced tensile [65] and flexural strength [66]. Liu
et al. [33] also reported that incorporation of PP fiber in LC3 cementitious mixes results in

improved flexural strength by the fiber acting as a bridge to the matrix.

3.2.3 Polyvinyl Alcohol (PVA) fiber

Polyvinyl Alcohol (PVA) fibers incorporated into concrete result in improved flexural strength
[67], crack and impact resistance [68], [69]. The existing research has found the incorporation of
0.5% to 1% fiber content is optimal, with the PVA fiber coordinating efficiently with concrete with
respect to strain behavior. This is due to the similar elastic modulus of the two materials.
Furthermore, hydrophilic groups on the fiber surface result in a rigid chemical bond between the
PVA fiber and hydration products in the cementitious matrix [70]. PVA fibers incorporated in LC3
systems have shown that the relatively lower early matrix strength of LC3 reduced the stress
needed for initiating new cracks, resulting in lower crack bridging capability compared to

reference mixes without LC3 replacement [52].

3.2.4 Steel fiber

Steel fibers are short, discrete fibers having an aspect ratio ranging from 20-100, which have been
used extensively for improving the properties of high performance concrete, both for structural

and non-structural purposes [71]. Steel fibers enhance the stiffness, ductility, toughness, tensile
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and flexural strength, as well as the compressive strength and torsional performances of concrete
[72], [73], [74]. The steel fibers essentially “bridge” the cracks and improve the toughness of the
cracked matrix, which results in improved shear bearing capacity and compression ductility of
structural elements [70]. It is evident from the review conducted that, compared to traditional
concrete, steel fibers have not yet been extensively used in high performance LC3 blends. In the
research conducted by Guo et al. [38], it was observed that the average bond strength with the steel

fiber increased up to 15% LC3 replacement, but it slightly reduced with higher replacement ratios.

3.2.5 PBO fiber

Poly(p-phenylene-2,6-benzobisoxazole) is a lightweight, high-stiffness, and high-strength woven
textile material that has recently found its use in fiber reinforced concrete. PBO fibers are suitable
for application in aggressive weathering conditions, high temperature and also under dynamic
loading [75], [76]. PBO enhanced cementitious composites have been used for retrofitting
purposes as well due to the improved ductility and stiffness [77]. However, the strong hydrophobic
nature of PBO fibers prevents chemical interaction with the matrix, resulting in slippage and
pullout failure dominant behavior in cementitious composites, resulting in the tensile strength

potential of PBO remaining mostly untapped [78].

3.2.6 Carbon fiber

Carbon fibers are typically used as reinforcement in concrete in the form of short, multifilament
segments about 10 mm in length. Similar to other synthetic fibers, incorporation of carbon fibers
into cementitious systems results in improved flexure and ductility, fatigue performance, longevity
and strength [79], [80], [81]. However, carbon fibers are more effective in improving the toughness
and post-cracking response in concrete compared to improvements in compressive strength [70].
Furthermore, the high cost and electrical sensitivity of carbon fibers also present a drawback in its
used in concrete [82]. There have been very limited studies in the field of LC3 cementitious blends
that explore the influence of carbon fibers on the fiber-matrix behavior and mechanical properties

of LC3 concrete [39].

4 Engineering Properties of Fiber Reinforced LC3 Blends

In order to evaluate the mechanical and durability properties of the fiber reinforced LC3 mixes,
scholars performed a wide range of tests. The tests found from the reviewed literature are testing

for workability, initial/final setting time, hydration kinetics, compressive strength, three point
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bending, splitting tensile strength, uniaxial tensile, fiber pull-out, cracking response, drying
shrinkage, autogenous shrinkage, permeability, chloride migration, carbonation etc. However, not

all the studies performed all of the tests.

4.1 Fresh Properties
4.1.1 Flowability and Setting Time

Researchers measured the workability of the fresh LC3 paste mixed with different using standards
such as BS EN 4551, Chinese standard GB/T 2419-2005, GB/50119-2013, ASTM C230, ASTM
C1437. Most of the tests are popularly known as flow table tests. The setting times (initial/final)
are measured in accordance with ASTM standard C807. The flowability of LC3 blended fiber
composites from the studies reviewed for different fiber types and mix designs have been presented
in Fig. 2. Due to the high specific surface area of the LC3, it was observed that the workability
reduced with increasing LC3 replacement. Li et al. [39] observed that the spread diameter in the
flow table test decreased drastically with increasing LC3 content. 75% LC3 replacement resulted
in a 257% increase in the specific surface area, resulting in the flow table diameter decreasing from
250 mm to only 90 mm. This property of LC3 required the usage of High Range Water Reducing
Admixture (HRWRA) or superplasticizers to achieve workability similar to that of cementitious

mixes with no LC3 replacement.

The decrease in workability with increasing LC3 content was observed irrespective of fiber
replacement content. Zhou et al. [28] incorporated 2% PE fibers into the LC3 matrix and observed
that the flowability reduced with increasing LC3 content, with a 19% reduction in the flow
diameter value for 65% LC3 replacement. Wang et al. [32], in their study observed very similar
workability with the control mix due to use of superplasticizers and slightly increasing the water
content. They were able to achieve 192 mm flow diameter at 0.204 w/b ratio, which is more than
the flow diameter of the control specimen of 187 mm. Gong et al. [31] observed a 5% decrease in
flowability with 50% LC3 replacement. Zhu et al. [51] used PP fibers combined with LC3 to
develop sprayable engineered cementitious composites (ECC). The researchers used a

deformability index defined as,

_(dy xdy) — dy’

D
dy?

(1)
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Where d; is the maximum spread diameter, d> is the diameter measured perpendicular to d; and
do=10 cm for the equipment used. The authors observed that the deformability index rapidly
decreased with time due to the buildup of rapid hardening calcium sulfo-aluminate (CSA) cement
used. A maximum deformability index of 2.5 was proposed for sprayable ECC thickness buildup
without dripping and an index of 1.8 was preferred for good atomization quality of ECC at the
spray nozzle. One study done by Liu et al. [33] experimented with PP fiber contents ranging from
0% to 2.5%, and it was observed the increase in fiber content resulted in decreased workability
(Fig. 2). Using 180 mm as the normative value, it was observed that the working requirements are
met at 1% fiber content. Researchers using PVA fibers as reinforcement generally controlled the
spread diameter to within 160-230 mm by using superplasticizers in suitable amounts [35], [52].
Guo et al. [38] incorporated steel fibers with LC3 and nano-silica (0%, 1%, 2%) to produce UHPC
and observed that the fluidity reduced with increasing nano-SiO: replacement, owing to the high
specific surface area of nano-SiO;. The density of ECC using PE fibers was found to range around
1412-1460 kg/m® and those using PVA fibers were found to range around 1900-2100 kg/m? [28],
[35].

25 | Flow Table Values

Flow Table Values, mm

Lsw |eo|z|z|e|e|n]=]x 2 o
wib p 8 £ 3 B
Fiber % 5 g% g i s|@als|d|d% S
“E I SZE
Ref. [28] [31] [46] [33] [46] [38]
Fiber Type PE PP Steel

Figure 2: Flow table values of fiber reinforced LC3 for varying LC3 replacement, w/b ratio and fiber percentage.
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It was generally observed that the setting time, both initial and final setting time reduced
with increasing LC3 replacement. This could be attributed to the higher specific surface area of
calcined clay reducing the amount of free water in the matrix, combined with the gypsum present
in LC3 blends affecting the setting time. At higher replacement levels, the slow pozzolanic reaction
of calcined clay could delay the setting time slightly [32]. Li et al. [39] observed the setting time

reducing from 7 hours to only 1.2 hours with 75% LC3 replacement.

4.1.2 Hydration Kinetics

The hydration kinetics of fresh pastes incorporating LC3 substitution was evaluated by researchers
using isothermal calorimeters up to 72 hours and it was observed that inclusion of LC3 into the
cementitious blends resulted in a reduction in the cumulative heat of hydration [32], [45]. This was
prominently due to the reduced clinker content and reduced CsS, resulting in a dilution effect [83].
Substitution of LC3 resulted in a slightly quicker time to reach the hydration peak, resulting in the
workability of the composites slightly decreasing with increasing LC3 substitution [39]. From the
heat release curves of LC3 based composites, two distinct peaks can be observed (Fig. 3), the first
of which corresponds to the hydration of silicates, namely C3S and the second peak corresponds
to aluminates [84]. It was observed that the first peak was reached earlier for LC3 composites due
to the filler effect of calcined clay and its high specific surface area. As a result, the hydration of
LC3 blends is accelerated and the aluminate peak is heightened. Dong et al. [37] observed the
distinct second aluminate peak only for high substitution levels. The researchers observed a
decrease in the peak height and an increase in width due to the reaction of calcined clay competing
with that of the clinker hydration, resulting in a higher cumulative heat release for higher calcined
clay:limestone ratios. Broad humps in the heat flow curve in LC3 blended composites have been
observed during the first hour due to the slow dissolution of gypsum [85] and the rapid generation
of ettringite due to the reaction of C3A with calcium sulfate [86]. After the first hour, the CH gets
consumed and early C-A-S-H is formed, resulting in reduced workability [85]. Li et al. [39] also
noted that increasing the LC3 replacement resulted in the curve shifting toward the left due to the

nucleation effect of limestone and calcined clay particles.
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Figure 3. Results of isothermal calorimetry tests on LC3 blended composites, adapted from Ref. [45].
*ULCC refers to the mix without any LC3 replacement, 50-2:1 indicates 50% LC3 replacement with a calcined
clay:limestone ratio 2:1

4.2 Compressive Strength

A summary of the compressive strengths obtained with different fiber ratios, LC3 replacements
and w/b ratios are presented in Fig. 4. The findings show varying, somewhat contradicting effect
of LC3 and fiber replacements on the early and late age strengths. For the incorporation of
polyethylene (PE) fiber into LC3 replacement, Zhou et al. [28] noted a reduction in strength with
increasing LC3 replacement for both early age and late age strengths. Conversely, Gong et al. [31]
found higher early strength with 35% replacement, and attributed it to the high pozzolanic activity
of calcined clay. Although the authors observed a slight reduction in strength at higher
replacement, this is due to the dilution effect worsening as the cement replacement increases. From
Fig. 4, Wang et al. [32]observed the highest strengths among other mixes with PP fibers, which is
due to the incorporation of silica fume (SF) as a binder replacement, producing high strength
mixes. The researchers observed slight decreases in strength at 10% and 30% replacement;
however, a significant decrease in strength was observed at 50% replacement due to the portion of
increased macro pores and low hydrate content in the LC3 matrix. The low clinker content,
resulting in less portlandite (CH) being produced, also contributes to the reduced pozzolanic
reaction and lower strength. LC3 replacement requires more water to attain similar levels of
workability [52]. Similar results are observed by PVA fiber reinforced LC3 blends as well [34],
[35], [87], as seen from Fig. 4. Li et al. [39] shed some light on this behavior. The authors stated

that increased total pore volume and formation of ettringite due to LC3 replacement lead to
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cracking in the hardened matrix. The same authors experimented with carbon fiber (CF) addition
[39], and observed that although CF can enhance the performance of Portland Cement, it had a
less pronounced or even negative effect on the LC3 blended matrix due to considerably weaker

fiber bridging effect LC3 blends and lower bond strength.

Conversely, Huang et al. [45] observed an increase in the 28-day strength development,
owing to the delayed strength development resulting from the pozzolanic reaction of reactive silica
and alumina in calcined clay with the portlandite (CH) from the clinker. Inclusion of fibers in the
blend can result in increased air content and porosity [46], [88], this resulted in slightly lower
strength development. This is further confirmed by [33], who noted a decrease in compressive
strength with increasing fiber volume due to air voids in the gel matrix, although the bonding
effects between the fiber and the matrix can enhance the strength at earlier ages. Huang et al. [45]
also observed a notable increase in the elastic modulus upon the addition of PE fiber. PE fiber
reinforced cementitious layer has also been observed to strengthen the interfacial transition zone
(ITZ) between recycled aggregates and the new mortar matrix, resulting in improved load transfer

and controlling crack propagation [47].

As it can be seen from Fig. 4, utilizing steel fibers at just 2% volume resulted in
considerably higher strengths than the other fibers reviewed. From [37], it was observed that LC3
replacement up to 31% resulted in increased strength with finer limestone resulted in higher
strength. The authors experimented with different replacement levels of calcined clay and
limestone and it was observed that increasing limestone content to greater than 20% resulted in a
decrease of strength, whereas calcined clay replacements at levels more than 20% resulted in
increased strength. Luo et al. [43] observed higher early strength with LC3 systems of more than
7.07% and 4.82% than the reference mix for 20% and 30% LC3 substitution, however, the 28 day
strengths were all lower than the reference mix. This was explained by the early strength
enhancement of LC3 systems due to quick pozzolanic reaction of calcined clay with portlandite
(CH) to form denser hydration products of calcium alumino-silicate hydrate (C-A-S-H) gel. This
rapid hydration occurred due to the synergistic interaction between the SF and LC3 blends. Similar
to the study done by [37], Guo et al. [38] observed an increase in compressive strength with

replacement levels up to 30% LC3.
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Figure 4. Compressive strength of fiber reinforced LC3 at 3-days and 28-days for varying LC3 replacement, w/b
ratio and fiber percentage.
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4.3 Flexural Strength

The effect of fiber reinforcement on the flexural strength of LC3 cementitious blends were
evaluated for different types of fibers, LC3 replacement ratios, w/b ratio and fiber percentage. A
summary of a few of the reported flexural strengths has been presented in Fig. 5. All of the flexural
strength tests were conducted on 40 x 40 x 160 mm3 samples using either three-point or four-point
bending tests. As it can be seen from Fig. 5, only 2% inclusion of PE fibers resulted in more than
double the flexural strength of cementitious composites [32]. The same study noted that 10% LC3
replacement resulted in a more prominent increase in flexural strength compared to higher
replacement ratios due to the relatively higher porosity of matrices with a high LC3 content.
Ibrahim et al. [41] observed the presence of fibers in the macropores, resulting in improved
mechanical performance. The increase in flexural toughness with LC3 replacement could be
attributed to the formation of highly polymerized C-A-S-H gel and ettringite formation [89].
However, the authors in [32] observed that the fiber-matrix interface in the reference matrix had
surface damage due to extensive pullout in the deflection-softening regime and hydration products
(Fig. 6), indicating a stronger bond due to the denser C-A-S-H [90]. Hence, the stronger
mechanical anchorage of PE fibers in the reference matrix is not truly representative of the macro-

scale flexural performance of the LC3 blends.

Another study done by Wang et al. [49], revealed that the flexural strength of PE reinforced
LC3 composites increased with exposure to freeze-thaw cycles and decreased for exposure to wet-
dry cycles. Zhou et al. [28] developed a sprayable ECC utilizing PP fiber and experimented with
its efficacy and bond behavior with regular concrete. Four-point bending tests were conducted on
layered ECC and concrete specimens (Fig. 7), positioning the PP fiber reinforced ECC on the
tension side of the beam. It was found that the specimen exhibited excellent strain-hardening
properties, with the ultimate flexural strength of sprayed and cast ECC increasing to 5.6 and 5.9
MPa. Interestingly, no deliberate roughening was done along the interface, fostering moderate
bonding and leading to more microcracks in the ECC, which in turn contributed to its ductile

behavior.
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Figure 5. Flexural strength of fiber reinforced LC3 at 28 days for varying LC3 replacement, w/b ratio and fiber
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Figure 6. ESEM images showing the state of the fibers on the fracture surfaces of PE fiber reinforced LC3

specimens, adapted from Ref. [32].

Figure 7. Crack patterns of ECC-concrete composite under flexural loading, adapted from Ref. [31].

Liuet al. [33] and Zhu et al. [46] both investigated the influence of PP fibers on the flexural
strength of LC3 blends. From Fig. 5, it can be observed that increasing fiber dosage resulted in
increasing flexural strength, attributed to the bridging effect of fibers and the fiber toughening
effect of the fiber-matrix composite [91]. Chen et al. [34] found that the flexural load-bearing
capacity increased with higher LC3 replacement, while the energy absorption capacity decreased
with LC3 replacement in PVA fiber reinforced ECC. Using steel fibers, Luo et al. [43] found lower
earlier flexural strength in LC3 systems but a gradual increase after 28 days, with higher strength
at higher replacement levels (Fig. 5). Researchers Li et al. [39] observed 20% flexural strength
enhancement up to 50% LC3 replacement, attributed to hexagonal rod-shaped ettringite formation

and highly polymerized C-A-S-H gel. The authors additionally noted that the incorporation of
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carbon fibers resulted in a 17% increase in the flexural strength of 25% LC3 replacement.
However, the enhancing effect of carbon fibers gradually decreased with increasing LC3 content,

as corroborated by pullout tests.

4.4 Uniaxial Tensile Strength

In all of the studies reviewed, the researchers evaluated the tensile characteristics of fiber
reinforced LC3 matrices using dog-bone shaped specimens in accordance with the
recommendations of the Japan Society of Civil Engineers (JSCE) [92]. In general, the tensile load
was applied at a rate of 1 mm/min and the deformation was measured over a gauge length of 80

mm. The schematic of the specimen is shown in Fig. 8.

A summary of the tensile strength results in terms of the ultimate tensile strength at failure
and the tensile strain capacity with respect to varying LC3 replacements, fiber replacements, w/b
ratio is presented in Fig. 9. From the figure, it is evident that although the ultimate tensile strength
may or may not increase with increasing LC3 replacement, the tensile strain capacity improves
considerably with incorporation of higher LC3 content. Additionally, PE fibers generally exhibit
greater strain capacity compared to the other fibers; however, almost all of the points fall within
the 4-6% range of strain capacity. Zhou et al. [28] found that PE fiber incorporation led to a higher
tensile strain capacity compared to control specimens, despite lower initial cracking stress and
ultimate stress attributed to LC3 replacement weakening the fiber-matrix bond. The hydrophobic
nature of the PE fiber limited the bridging between fiber and matrix, resulting in the fiber being
more prone to pull-out failure. Gong et al. [31] observed strain hardening behavior in LC3-based
binders with PE fiber, with cracking stress increasing at 35% replacement but decreasing at 50%,
influencing crack development and favoring controlled crack growth. Due to the controlled crack
growth and prevention of brittle failure, the resulting strain capacity is the highest at 50% LC3
replacement. The beneficial effect of LC3 in enhancing strain energy absorption capacity has been
confirmed by other researchers as well [45], [46]. This could be attributed to the lowering of the
initial cracking stress of the matrix, which results in a controlled growth of cracks, preventing
brittle failure [52] in addition to the pore refinement caused by the development of C-A-S-H gel
in the matrices [45]. Zhu et al. [46] experimented with crumb rubber and observed that the crack
width in LC3 blends was significantly reduced by the addition of crumb rubber due to an increase

in the number of induced cracks.
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Figure 8. Dog-bone specimen for uniaxial tensile strength test.
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Figure 9. Ultimate tensile strength and tensile strain capacity fiber reinforced LC3 at 28 days for varying LC3
replacement, w/b ratio and fiber percentage.
Zhu et al. [50] reported a significant increase in tensile strain capacity, from 0.6% to 8.9%

by 45% LC3 replacement, while the ultimate tensile strain values were comparable with traditional
ECC. The authors [50] observed a tighter crack distribution with the LC3 concrete, signifying
enhanced service lives of structures. As described previously, sprayable PP fiber reinforced LC3

developed by Zhu et al. [51] exhibited lower ultimate tensile strength and first cracking strength
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than it’s cast-in-place counterpart. Nonetheless, the strain capacity increased up to 5.7% for
sprayable ECC, generating more controlled cracks with reduced width. The PP fiber reinforced
composites exhibited superior ductility and crack control compared to PVA fiber reinforced ECC,
despite the inferior mechanical properties of PP fibers [93]. Zhang et al. [52] observed that LC3
replacement increased first cracking stress and ultimate strength at earlier ages, which, however
reduced at later ages. In line with the findings from other researchers, the authors also showed that
LC3 blended mixes could exhibit more than 500-600 times the tensile strain capacity of traditional
concrete. However, the researchers observed a larger crack width for LC3 replacement,
contradicting the findings from Gong et al. [31] and Zhou et al. [28]. This could be due to the
differences in the fiber-matrix interaction between PE fibers and PVA fibers, or the coarser
limestone used in the Zhang et al. [52] study. Yu et al. [35] observed a decrease in tensile strength
with increasing LC3 content and water/binder ratio, but higher tensile strain capacities in mixes

with lower sand/binder ratios.

In steel fiber-reinforced ultra-high performance concrete (UHPC), Guo et al. [38] found
that nano-SiO additions improved tensile strength and strain, with LC3 replacement enhancing
strain capacity but slightly reducing tensile strength increments. This is due to the relatively high
reactivity of nano-SiO», contributing to the hydration reactions and resulting in the formation of a
denser microstructure and improved fiber-matrix bond. It was observed that the tensile strain
energy increased with LC3 replacement up to 15% replacement, but reduced slightly with further
increments. Nonetheless, agreeing with the findings from other studies, the tensile strain capacity

was enhanced considerably with increasing LC3 replacement.

The higher tensile strain capacity and ductility of LC3 blended mixes could be explained
by the results of the single crack test performed on notched dog-bone specimens by Zhou et al.
[28] and Zhang et al. [52]. It was observed that the reference mix had higher crack bridging
capability due to the stronger interfacial transition zone (ITZ) of the fiber-matrix interface. As
such, the lower matrix strength of LC3 mixes facilitated the formation of strain-hardening
composites with much higher tensile strain capacity and lower crack widths of less than 100 pm
[94]. Furthermore, the findings from the study done by Gong et al. [31] show that the calcined clay

components essentially behave as thixotropic additives and, combined with the action of the water-
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reducing admixture, the rheology properties of the paste are improved [95]. This results in a more

uniform fiber dispersion, causing the tensile ductility of LC3 blended composites to increase.

4.5 Fiber pull-out strength

From the review conducted, it was apparent that there were no unified standards for conducting
the fiber pull-out tests. Researchers have used setups with a fiber embedment length of 6 mm into
the matrix with a free length of 1 mm, attaching the free end to a smooth aluminum plate using
adhesive materials [28], [31]. A similar test setup with 5 mm embedment length has been used by
Guo et al. [38] into their investigation of the fiber-matrix bond for steel fibers. Mohammadi et al.
[48] investigated the effect of Dopamine and Tannic Acid treatment on the fiber-matrix bond by
testing individual PE fibers of 20 mm length, gluing the fibers to paper, cardboard, and obtaining
a 2 mm free length of fiber. A similar test setup was followed by Li et al. [39] for their experiments
on virgin and recycled carbon fibers. Signorini et al. [44] used double sided pull-out tests on PBO
yarns as adapted from Butler et al. [96]. A schematic illustration of the single fiber pull-out test
setup has been presented in Fig. 10. The fiber bond strength from single fiber pull-out tests could
be evaluated from equation (2) [97]. Where Fmax is the recorded pullout force, dr is the fiber
diameter, Lcis the embedded length of the fiber.

I

Ty = nZ“L"e )

Zhou et al. [28] observed a hardening stage before fiber displacement with PE fibers,
attributed to the hydrophobic nature of PE fiber and the subsequent negligible chemical bond
between the matrix and the fiber. The bond strength reduced from 0.65 MPa to 0.51 MPa with 65%
LC3 replacement, correlating with the descending tensile strengths and increasing tensile capacity
with increasing LC3 replacement. However, this behavior was not consistent with the findings
from other studies. Gong et al. [31] reported a maximum bond strength of PE fibers at 35% LC3
replacement of 0.63 MPa, and Wang et al. [32] also reported maximum bond strength of 0.65 MPa
at 10% LC3 replacement. This behavior was explained by the weaker fiber-matrix bond for the
reference matrix due to the higher micro-porosity of the matrix and confirmed by Mercury
Intrusion Porosimetry (MIP) measurements. However, the thermodynamically driven fiber-matrix

interactions of hydrophobic PE fibers could not be explained properly.
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Figure 10. Schematic illustration of the single fiber pull-out test setup, adapted from Ref. [28].
Mohammadi et al. [48], in their study, successfully improved the fiber-matrix bond of
hydrophobic PE fibers in LC3 matrices by surface modification using Dopamine (DA) and Tannic
Acid (TA). A maximum pullout load of 0.1418 N was observed for a DA/TA ratio of 70/30,
compared to 0.0391 N for untreated PE fiber. The higher tensile strength could be attributed to the
activation of the PE fiber surface through a polymeric layer of DA/TA containing hydroxyl and
amine groups, which form chemical bonds in the fiber-matrix interface [98]. Microscopic images
of pulled out untreated PE fibers and 70/30-DA/TA treated fibers show the presence of
cementitious matrix on the treated fibers, indicating a stronger adhesion strength and improvement
of the fiber-matrix interfacial bond (Fig. 11). Signorini et al. [44] used a cementitious slurry to
impregnate PBO yarns and improve their bond performance in LC3 systems. It was found that the
impregnated PBO yarns exhibited a significant increase in bond strength and stiffness with
impregnation, albeit at the partial cost of ductility compared to the untreated fibers. The treated

fibers resulted in a 50% gain in ultimate stress over the untreated fibers.
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(a) (b)
Figure 11. Microscopic images of (a) Untreated and (b) Treated PE fibers with DA/TA-70/30 after pullout
testing, adapted from Ref. [48].

The average bond strengths for steel fibers subject to single fiber pull-out tests were
significantly more than those with PE fibers. Guo et al. [38] reported the bond strength to increase
slightly for 15% LC3 replacement to 10.97 MPa, which further reduced to 8.9 MPa with further
replacement. For both PE and steel fibers, the bond strengths varying with LC3 replacements were
found to correspond to their ultimate tensile strengths. The authors additionally reported that
increasing nano-SiO2 up to 2% proved to be excellent in improving the bond strength of steel fibers
in LC3 matrices. Conversely, [39] found poor bond performance between carbon fibers and the
cementitious matrix with increasing LC3 content, attributed to enhanced expansion, resulting in a
higher diameter of the hole in which the fiber is embedded, resulting in reduced confinement
pressure. The presence of more ettringite crystals at the fiber-mortar interface resulted in reduced
bond strength with increasing LC3 replacement. Thus, the behavior of different fibers at the fiber-
matrix interface with varying LC3 content should be further looked into in future studies.

4.6 Durability Aspects

4.6.1 Autogenous and Drying Shrinkage

The autogenous shrinkage of LC3 blended composites was evaluated in the study done by Li et al.
[39]. The authors observed that the autogenous shrinkage curves at early ages showed a steeper
slope for Portland Cement samples, and a milder slope for LC3 blended samples. This could be
attributed to the slower reaction rate of calcined clay at earlier ages [99]. Additionally, the plateau
of the shrinkage strain was reached at later ages with increasing LC3 replacement, possibly due to
the slow formation of ettringite, producing a semi-rigid microstructure capable of resisting

shrinkage [100]. However, at higher replacement ratios, the matrix was not strong enough to resist
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the expansion caused by ettringite. After reaching the plateau stage, increasing LC3 replacement

up to 50% resulted in considerable improvement in the autogenous shrinkage (Fig. 12).

Chen et al. [34] measured the drying shrinkage of LC3 pastes up to 90 days and observed
that the addition of LC3 resulted in a significant reduction of the drying shrinkage (up to 50%).
The finer particle size of calcined clay resulted in significant refinement of the pore size, reducing
the amount of capillary pores and in turn, preventing drying out of water from the capillary pores,

reducing the drying shrinkage [101], [102].
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Figure 12. Autogenous shrinkage development up to 28 days, adapted from Ref. [39].

4.6.2 Permeability, Chloride Migration and Accelerated Carbonation

Permeability tests show that PE fiber reinforced LC3 composites showed satisfactory coefficient
of permeability in accordance with ASTM 497 [46]. Additionally, the LC3-ECC could be used
potentially as a repair liner leading to increase water tightness of structures. Furthermore, PE/PP
fiber based ECC retains its self-healing ability and results in reduction of the coefficient of
permeability with time [50]. LC3 blended mixes also contributed to lowering the chloride
migration coefficients compared to mixed without any replacement, with the average chloride
migration coefficient reducing from 1.5 to 0.5 with LC3-50 replacement, at a limestone:clay ratio
of 3:1. [45]. The resistance to chloride migration of LC3 blended mixes could be attributed to the

refinement of the pore structure of cementitious matrix due to pozzolanic reaction of calcined clay
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and the formation of C-A-S-H gel, which can bind chloride ions and increase the resistance to
migration [103]. With regards to resistance to carbonation, increasing LC3 content generally
resulted in reduced carbonation resistance, as confirmed by accelerated carbonation tests
performed by Huang et al. [45] and Luo et al. [43]. This could be explained by the reduced clinker
content and the consumption of CH by the calcined clay in the pozzolanic reactions. As a result,
the alkalis in the pore solution are reduced, resulting in a lower pH in the pore solution of LC3
composites. Despite the pore refinement of the matrix by the C-A-S-H gel, the overall carbonation
resistance was dominated by the reduced content of CH and the pozzolanic reaction consuming
CH [45]. However, as carbonation proceeded, the densification of the LC3 pore structure was
caused by calcium carbonate precipitated into the macro pores (>0.1 um) [104], [105]. However,
the tests were observed on samples without any fiber incorporation; nonetheless, the pore structure

of fiber-reinforced LC3 blends has been observed from microstructural tests.

5 Microstructural Characterization

The hardened properties of the LC3 blended matrices were evaluated by X-ray diffraction (XRD)
analysis, thermogravimetric analysis (TGA), mercury intrusion porosimetry (MIP), scanning
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), micro-computed
tomography pCT, nuclear magnetic resonance (NMR) spectroscopy etc. However, not all of the
tests are directly related to the behavior of fiber reinforced LC3 composites, since most of the

evaluations were done on paste samples, utilizing only binder and water.

A summary of the reaction products and the microstructure of the hardened LC3 matrices
is presented in this section. The XRD results revealed that the pozzolanic reaction of calcine clay
consumed the portlandite produced by clinker hydration, with higher production of amorphous C-
A-S-H gel with increasing LC3 replacement [28], [39]. Incorporation of gypsum and limestone
powder resulted in stable ettringite formation, inhibiting the transformation of ettringite to mono-
sulfate phases [86], [106]. This ettringite formation may serve as a kind of nano-fiber to improve
the tensile ductility and crack toughness of LC3 blends [32]. Limestone particles also react with
activated alumina in calcined clay to produce mono-carboaluminates (Mc) and hemi-
carboaluminates (Hc), which contribute to the strength of the cementitious matrix [33], [107],
[108], [109]. Studies have found that the introduction of seawater into LC3 matrices resulted in

the conversion of carboaluminates to Friedel’s salts, enhancing the chloride binding capacity of

26|Page



concrete [47], [107]. Dong et al. [37] reported that higher LC3 replacement resulted in around 62%
of mass being amorphous C-A-S-H. It was reported that gypsum is consumed at later ages for

LC3 blended mixes, with the calcined clay continuing reaction even after 90 days [43].
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Figure 13: TGA analysis results of LC3 composites, adapted from Ref. [43].

The findings reported from TGA tests further confirmed the microstructure characteristics
of LC3 blended mixes. As it can be seen from Fig. 13, the dehydration of water from C-A-S-H gel
and ettringite occurs at around 100 °C, mono-carboaluminate is lost at approximately 170 °C,
dehydration of portlandite at around 400-500 °C and decomposition of calcite occurs at around
600-800 °C. In some cases, it was found that at high replacement levels, the formation of C-A-S-
H via pozzolanic reaction with CH could not fully compensate for the decrease in the amount of
hydration products due to lower clinker content [39], [87], which could result in reduced

mechanical properties.

Regarding the pore structure of hardened cementitious pastes incorporating LC3, it was
found that the early pozzolanic reaction of calcined clay and its filler effect resulted in smaller pore
size and less pore volume compared to mixes without LC3 replacement [28], [31], with [39]
observing a significant decrease in the mesopores (0.1 pm - 10 um) due to the hydration of calcined
clay. The early strength enhanced by quick pozzolanic reaction to form denser hydration products
such as C-A-S-H could be further accelerated by incorporation of SCMs (silica fume, fly-ash, LC3)
[34], [43]. It was found that generally, the porosity of hardened pastes improved up to a certain
level of LC3 replacement, above which the capillary pores (> 0.1 um) were seen to increase due

to unreacted calcined clay [49]. Due to capillary pores being responsible for micro-crack growth
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and propagation, high replacement levels of LC3 will result in a decrease in mechanical strength
[110]. At later ages, the C-S-H formed in mixes without LC3 replacement resulted in a significant
decrease in the pore size and volume to lower than those incorporating LC3 [28]. At 28 days, it
was observed that the pore sizes shifted from 0.01 pm — 0.1 pm to 0.003 um — 0.01 pm [45],
indicating that the pore structure is refined due to the continuous reaction of calcined clay and the
formation of ettringite structures and interlayer pores of C-A-S-H gel [111]. However, the overall
porosity and the intrudable pores did not correlate entirely with the enhanced mechanical
performances of LC3 blends. [38] observed that the volume of harmful decreased regardless of
LC3 replacement levels, possibly due to the synergistic effect of nano-SiO; in accelerating the

hydration reaction of LC3.

At earlier ages, it was observed that increasing fiber content resulted in increased volume
of cumulative pores; however, Liu et al. [33] observed that the incorporation of 1.5% PP fiber
content resulted in lower pore volume than all other alternatives. Other studies indicate that the
addition of 2% PVA will lead to an increase in pores larger than 0.3 um of more than 3% [111].
Liu et al. [33] postulated that the pores due to increased fiber content could be generated by the
interfacial zone between the matrix and the fiber. Conversely, Zhang et al. [52] reported that
inclusion of PVA fibers did not result in a significant change in the pore volume of the matrix.
Carbon fibers, on the other hand, resulted in a general decreasing trend with increasing fiber
reinforcement, with the main reduction in the volume of mesopores (0.1 um — 10 um) due to the
short carbon fibers with about 7 pm diameter filling the dimensions of several micrometers [39].
However, the volume of gel pores (<0.01 um) was not influenced by the incorporation of fibers,
but the volume of air pores (10 um-100 pum) slightly increased due to the introduction of air
bubbles during mixing. Thus, the size of the fibers and the type of fiber could affect the hardened

matrix porosity in different aspects.

From the investigation of the microscopic images (SEM) with energy dispersive x-ray
spectroscopy (EDS) of LC3 blended mixes, the presence of Ca and O-rich crystalline particles of
Ca(OH), surrounded by darker spots of C-S-H gel was observed in mixes without LC3
replacement [33]. From Fig. 14, in LC3 samples, the presence of dense C-A-S-H gel is observed,
along with a reduced amount of CH and abundant Al, Si, and O, which indicates the presence of

unreacted clay particles in the matrix. The unreacted clay particles are responsible for air pores
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which are evident in higher replacement of LC3 mixes from the MIP results and are reflected in

the mechanical properties of the matrix as well [43].

Figure 14. Back-scattered electronic images of LC3 blended UHPC mixes with (a) No replacement, (b)
20%, (c) 30% and (d) 40% replacement, adapted from Ref. [43].

The pozzolanic reaction of LC3 also results in abundant ettringite formation, as confirmed
by the TGA and XRD results. Zhou et al. [28] observed that as LC3 content increases, the attached
hydration products on PE fibers change from C-S-H gel to ettringite, and at high replacement
levels, unreacted CaCOs can be observed on the fiber surface as well. The presence of ettringite
resulting in a deformed shape of PP fibers was noted by Liu et al. [33] as well, resulting in rough
interfacial transition zones (ITZ) between the fiber and matrix. Nonetheless, it is also evident that
the pores in the ITZ increase with increasing fiber content. (H. Li, Yang, et al., 2023b) also reported
that for carbon fibers as well, the LC3 blended matrices produced ettringite on the fiber-matrix
interface, resulting in the ettringite crystals expanding the radius of the hole in which the fiber is

embedded. The results from 2’Si magic angle spinning (MAS) nuclear magnetic resonance (NMR)
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spectroscopy revealed the formation of highly polymerized C-A-S-H gel within LC3 blended

systems [43], which may result in enhancing the mechanical strength of the matrices [112].

6 Environmental and Economic Aspects

From the environmental impact studies conducted by researchers, it was found that LC3 based
binders had low overall environmental impacts despite calcination requiring high temperature and
fuel consumption [28]. Also, the calcination and grinding process of LC3 resulted in much higher
embodied energy and CO; than that of fly-ash [35]. The material sustainability indicators (MSIs)
of the main components, namely, energy consumption, CO2 emissions, and cost for the different
fiber reinforced LC3 mixes have been presented in Table 3. The MSIs reported are based on a
manufacturing basis from cradle-to-gate, reflecting the sustainability aspects of the different

constituents.

Table 3. Cost, CO, emission and energy consumption of the components in fiber reinforced LC3

concrete.

Constituent Cost, USD/t Energy consumption, GJ/t CO: emission, kg/t
Cement 48 [113] 4.5-6.6 [114] 870-940 [114]
LC3 56.41 [115] 3.99[116] 550 [115]

Silica Sand 25 [52] 0.226 [52] 33 [52]
Water 1.5 [33] 0[33] 0[33]
Superplasticizer 1211 [113] 35[114] 1667 [114]
PVA fiber 2500-4000 [117] 101 [114] 1710 [113]
PP fiber 1000-2000 [117] 77.24 [118] 3100 [33]
PE fiber 1540-1970 [119] 65-92 [118] 1297-1692 [120]
Steel fiber 800-1500 [117] 30-60 [118] 1600 [121]

It was found that the environmental impact of cement was still the highest among all other
components and the constituent fibers ranked only second, although the dosage is quite low [31].
Furthermore, the addition of high range water reducer (HRWR) or superplasticizer due to the high
specific surface area of LC3, combined with PE fiber can cause also cause considerable ecological
impact in terms of freshwater toxicity aspects [28]. Huang et al. [45] observed that LC3
incorporation could potentially result in nearly 42% decreased carbon emissions and 27% less
embodied energy, however, the use of superplasticizers results in a significant source of energy
consumption. Gong et al. [31], in their study, reported a 40.31% decrease in global warming

potential for a 50% LC3 replacement. From the study done by Zhang et al. [52], it was observed

30|Page



that although engineering cementitious composites (ECC) result in higher energy consumption,
CO» emission and higher cost than traditional concrete, utilizing LC3 in ECC resulted in the CO»
emission being decreased by 31.5%. However, it was still reported that the high use of polymeric
fiber resulting in high energy consumption and high costs should be substituted with potential
alternatives for advancements in the sustainable development of LC3-ECCs. It was reported by
Liu et al. [33] that in the case of PP fibers, the energy consumption increased from 4 GJ/m>to 5.65
GJ/m? and the CO; emissions increased from 267.07 kg/m® to 339.69 kg/m® with increasing fiber
content; conversely, the cost increased by a staggering threefold. Yu et al. [35] experimented with
high volume replacement with LC3, incorporating PVA fibers. The results showed that, despite the
small dosage, PVA fibers comprised nearly 37% of embodied energy and less than 10% of the total
embodied carbon. However, the study [35] did not report the cost analysis of incorporating PVA
fibers. However, as observed from Table 3, the PP fiber had a considerable cost advantage over
the PVA and PE fibers. Incorporating PP fiber instead of PVA fiber in LC3-ECC can result in
energy consumption equal to 55% of PVA based OPC-ECC, and an overall reduction of 61% in

material cost and 48% in carbon footprint compared to conventional ECC [50].

LC3 based fiber reinforced concrete can considerably reduce the environmental impacts of typical
OPC based fiber reinforced systems. Although some studies [50] observed that the cost of both
fiber reinforced LC3 and OPC are similar, generally PE and PP fiber based systems are more
economical than PVA fiber based composites. However, the high embodied energy and carbon
footprint of fibers and superplasticizers require further research into more sustainable alternatives

for producing fiber reinforced concrete.

7 Conclusions

Based on the review conducted on the engineering properties, microstructure characteristics and

sustainability aspects of LC3 blended cementitious composites, a few conclusions could be drawn.

1. Utilization of LC3 as a replacement of cement resulted in higher earlier compressive strength,
albeit slightly reduced late age strength, compared to only cement mixes. Some researchers
also reported higher 28-day compressive strength up to around 30% LC3 replacement.

2. LC3 replacement caused the workability of fresh pastes to decrease and slightly reduce the
heat of reduction. The reduced workability is accounted for by utilizing superplasticizers or

HRWRA.
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Incorporating only 2% fiber content resulted in a significant increase in the flexural strength
of LC3 blended composites.

LC3 blends combined with fiber incorporation resulted in high tensile ductility, toughness, and
higher strain capacity compared to conventional concrete, with generally higher LC3
replacement resulting in higher ultimate tensile strain capacity.

Although the fiber-matrix interactions could not be explained properly for all fiber types,
generally increasing LC3 content resulted in the formation of ettringite on the fiber surface,
creating pores in the ITZ, resulting in a reduced fiber-matrix bond. Nonetheless, the bond
forces were found to correlate with the ultimate tensile strengths of the matrices.

LC3 replacement resulted in a significant decrease in the drying shrinkage, an increase in
resistance to chloride migration, and carbonation.

Using LC3 as a partial substitution to cement in fiber reinforced concrete resulted in a
significant reduction in the global warming potential of the mixes; however, the embodied
energy and cost are marginally reduced due to the usage of fibers, admixtures, and the energy-
intensive calcination process.

Considering the ductility and tensile strain characteristics of fiber-reinforced LC3 over
traditional concrete, higher durability and lower maintenance costs can be achieved at a lower

construction cost with reduced CO2 consumption.

Based on the observations from the conducted review, some possible future challenges might exist

for construction using fiber reinforced LC3 binders.

1.

Properties of clay may vary from region to region, resulting in different behaviors of LC3
blended mixes at a larger scale.

The costs and environmental issues regarding fiber incorporation and superplasticizers can
scale up when considering real construction, thus further research is be required to optimize
the mix design for fiber reinforced LC3 composites. With very few studies found that vary
fiber content to different degrees, more effort should be placed on the behavior of fiber
reinforced composites at the optimum fiber content.

There is a lack of standardized guidelines and acceptance criteria for LC3 based composites.
For implementation at a larger scale, more research is required to standardize the characteristics

of LC3 blended concrete for different fiber reinforcements.
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4. LC3 has the potential to cut down the carbon footprint of the construction industry on a large

scale; however, the energy-intensive calcination process should be optimized at the industrial

level to further reduce the energy consumption and CO; emissions regarding LC3 replacement.

5. Many aspects of the microstructural behavior of fiber reinforced LC3 composites are

unexplored and might be somewhat contradictory. Further studies into the microstructural

characteristics, particularly at the fiber-matrix interfacial transition zone (ITZ), are required.
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