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In this study, the influence of the silica modulus of alkaline activators on the overall performances of pure fly ash
(FA)-based High-Strength Engineered/Strain-Hardening Geopolymer Composites (HS-EGC/SHGC) was compre-
hensively studied. The developed HS-EGC successfully presented simultaneous high compressive strength (over

E\Sllthclmvate d Materials (AAM) 90 MPa) and high tensile ductility (over 6.0 %) for the first time. Tensile strain-hardening and over-saturated
Fly Ash cracking phenomena were observed for all the HS-EGC mixes. It was found that the increase of the silica

modulus from 1.0 to 2.0 reduced the tensile strength and strain energy density of HS-EGC, but the most
distinguished overall mechanical index was achieved in the mix with the silica modulus of 1.5. Additionally, the
underlying mechanism behind the mechanical performances was explored by Back Scattering Electron and
Energy Dispersive Spectroscopy (BSE-EDS) tests. According to the data comparison from literature review, the
good sustainability and market potential of the developed material were successfully demonstrated, and the
developed HS-EGC pushed the performance envelope of pure FA-based EGC materials. The findings could help
promote the future development and practical applications of this strain-hardening geopolymer material with
both good sustainability and high mechanical performances.

Silica Modulus
Over-Saturated Cracking

1. Introduction

As a modern high-performance construction material, Engineered
Cementitious Composites (ECC) [also usually termed as Strain-
Hardening Cementitious Composites (SHCC)] are well-known for its
excellent tensile ductility (typically over 3 %), which is usually several
hundred times that of the ordinary concrete [1-5]. Although conven-
tional concrete is still the most widely adopted construction material
[6-12], smart construction materials have become more popular for
resilient infrastructure [13-16], and increasing attentions have paid to
ECC technologies in recent years. By combining the matrix particle
packing technology of ultra-high-performance concrete (UHPC) and the
micromechanical design theory of ECC, high-strength ECC (HS-ECC) can

* Corresponding author.

be developed with a combined high compressive strength (> 80 MPa)
and excellent tensile ductility (> 3 %) [17-19]. The above
high-performance concrete material has a great potential for modern
construction in the world, but still shows non-negligible drawbacks of
high carbon footprint due to the inevitable high consumption of Port-
land cement [20,21]. Although supplementary cementitious materials
can be adopted to partially replace Portland cement in cement-based
materials [22], the sustainability issue is still a vital problem remains
to be solved [23,24]. To address this challenge, the clinker-free geo-
polymer can be a promising substitution for the binding system of the
above construction materials [25].

Free from hydration process and Ca-based C-S-H gel formation,
geopolymers gain their strength from three-dimensional cross-linked N-
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A-S-H gels after their hardening process [26-28]. Therefore, the pre-
cursors of geopolymers should be reactive aluminosilicate materials,
and many types of industrial wastes [e.g., coal fly ash (FA)] can be po-
tential sources [29,30], guaranteeing geopolymer productions able to
show additional values apart from waste disposal [31-34]. Compared to
cement-based concrete, clinker-free geopolymer concrete can achieve
similar or even better mechanical characteristics and durable perfor-
mances, but 50-80 % less carbon dioxide emissions [20,21,35,36]. In
recent years, through replacing the cement clinkers of ECC with geo-
polymer binders, sustainable Engineered Geopolymer Composites (EGC)
with low carbon footprint have been developed [25,37,38]. Similar to
cement-based ECC, the tensile performance of EGC also follows the
micromechanical design theory, which can show distinguished tensile
strain-hardening and multiple cracking behaviors [39,40]. Through
proper mix design of the geopolymer matrix as well as the fiber/matrix
interface bonding, several breakthroughs have been made in the index of
the tensile ductility of EGC, which has reached 13.7 % and 22 % as re-
ported by Nguyén et al. in 2021 [41] and Lwong et al. in 2023 [42],
respectively. On the other hand, by adopting highly reactive precursors
with different particle sizes, high-strength geopolymer matrix can be
developed guided by the particle packing theory. It is mentioned here
that in recent years, Lao et al. [43] has successfully developed
high-strength EGC (HS-EGC) whose compressive strength ranged from
94.4 MPa to 180.7 MPa with the corresponding tensile ductility located
within 8.1-9.9 %, using FA, ground granulated blast furnace slag
(GGBS) and silica fume (SF) as raw precursors. The findings of the
referred work demonstrated the feasibility of developing EGC with both
excellent compressive and tensile characteristics.

From current strengthening technologies of geopolymers, the assis-
tance of highly amorphous Ca-rich GGBS looks essential for the devel-
opment of HS-EGC [43]. Unlike three-dimensional cross-linked N-A-S-H
gels sourced from aluminosilicate phases, alkali-activated GGBS gains
strength from chain-structured C-A-S-H gels [44], which normally pre-
sents features of quick hardening and high hardened compressive
strength at ambient temperature [45]. Therefore, GGBS is an effective
raw material to improve the mechanical properties of FA-based geo-
polymers. Recently, Lao et al. [46] developed fly ash-dominated HS-EGC
with a compressive strength over 120 MPa and a tensile ductility of 8 %,
by introducing 19 % GGBS and 5 % SF by binder weights. Pan et al. [47]
also produced HS-EGC with compressive strengths over 80 MPa through
hybridization of GGBS and FA precursors, and examined their dynamic
compressive responses. However, such blended geopolymer system may
have some shortcomings, such as higher shrinkage [48] and lower fire
resistance [49]. In addition, as GGBS shows a higher market price than
FA, the replacement of FA by GGBS in geopolymer systems would
inevitably increase the overall material cost. The addition of GGBS will
also highly shorten the setting time of FA-based geopolymers, which is
not beneficial for the in-situ construction of engineering structures [50].
Considering that no publications have been reported on HS-EGC
developed with pure fly ash, it is essential to make some efforts to
overcome this barrier. Furthermore, according to the knowledge of
geopolymer science, different silica moduli (i.e., molar ratio of SiOy/-
Nay0) of the alkaline activators can provide different contents of free
silicate ions, which will highly change the molecular structures of
N-A-S-H gels [51]. However, so far, there is also no published work that
reported the influence of the silica modulus on the strain-hardening
performances of HS-EGC, and scientific research is required to fill in
this gap.

In this study, efforts were tried to develop HS-EGC with pure FA as
the raw precursor, and the influence of silica moduli on the HS-EGC
performance was investigated. Compressive and direct tensile tests
were conducted to evaluate the mechanical properties of HS-EGC, and
the crack evolutions of HS-EGC were assessed. Back Scattered Electron
(BSE) with Energy Dispersive Spectroscopy (EDS) tests were conducted
to investigate the microstructures and reaction products of the HS-EGC
matrices. Also, an environmental assessment of the developed HS-EGC
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was performed. The investigation results aim to provide new insights
and fulfill some gaps in the research field of fiber-reinforced geopolymer
composites.

2. Experimental programs
2.1. Raw materials

Class F FA was used as the pure precursor in this study. According to
X-ray fluorescence (XRF) tests and Scanning Electron Microscope (SEM)
tests, its chemical compositions and morphologies are listed in Table 1
and presented in Fig. 1, where sphere-shaped FA particles with few
irregular impurities were clearly observed. Fine silica sand (FSS) adop-
ted as fine aggregates showed an averaged particle size smaller than
300 pm, a water absorption of 0.8 % and a specific gravity tested of 2.67
according to GB/T 14684-2011 [52].

Industrial-graded anhydrous sodium metasilicate (NapSiOs-Anhy-
drous) particles (with 50.75 % Na»0, 46.52 % SiO3 and 2.73 % impu-
rities) and waterglass (with 27.7 % SiOs, 8.7 % Nay0 and 56.8 % H30)
were both adopted as alkaline activators. Their silica moduli (molar
ratios of Si0Oy/Nay0) were calculated as 0.94 and 3.18, respectively.
Ultra-high-molecular-weight polyethylene (PE) fibers, which can easily
favor high fiber-bridging forces and are normally adopted in HS-ECC/
EGC materials, were used to reinforce HS-EGC specimens in this work.
Their material characteristics are presented in Table 2.

2.2. Preparations of FA-based HS-EGC

This study aims to explore the influence of the silica modulus of
alkaline activators on the macroscopic characteristics and microstruc-
tures of HS-EGC. Thus, three different silica moduli (i.e., 1.0, 1.5 and
2.0) were adopted while the alkalinities of alkaline activators (mass
ratios of NayO to precursors) in different mixes were kept the same at
6 % through adjusting the mix proportions of NaySiO3-Anhydrous and
waterglass. The mix proportions of the three groups of HS-EGC are listed
in Table 3. The mix ID “Gm” represents the HS-EGC mix produced by the
alkaline activator with a silica modulus of “m”.

Prior to the formal casting of HS-EGC, the alkaline activators should
be prepared first. Na;SiOs-Anhydrous, waterglass and extra water were
mixed (Table 3) and stirred to form uniform alkaline solutions, and the
solutions were then cooled down to the environmental temperature.
Next, solid matrix source materials including FA and FSS were dry-
mixed for 3 min with a low rotating speed, after which the prepared
alkaline solution was added into the mixer and a consequent stirring of
10 min was conducted. After the fresh paste became uniform, PE fibers
were slowly dispersed into the mixer, and a further stirring of 5 min was
conducted. Afterwards, the flowability of fresh mixtures were subse-
quently tested, according to ASTM C1437 [53]. The mini-slump spread
diameters of G1.0, G1.5, and G2.0 were measured as 131 mm, 136 mm,
and 140 mm, respectively. It indicates that the increase of the silica
modulus of the activator could result in an improvement of the flow-
ability of HS-EGC. After the measurement, HS-EGC was cast into the
prepared molds. After a hardening process of 24 h, the specimens were
carefully demolded, sealed, and heat-cured under the 90 °C condition
for 72 h. Finally, the specimens were sealed under room temperature
until formal tests.

2.3. Testing methods

Both compressive and direct tensile tests were conducted to evaluate
the mechanical performances of HS-EGC. Three 50-mm-diameter cubic
specimens were prepared for compressive tests [54]. The compressive
test was conducted under a universal compression machine, and the
loading rate was set as 1.0 MPa/s. On the other hand, three dumbbell
specimens (Fig. 2) were tested under the displacement rate of
0.5 mm/min using a 50 kN-tension machine [55]. The elongation of the



L.-Y. Xu et al. Journal of CO2 Utilization 88 (2024) 102948
Table 1
Chemical components of fly ash (%).
Chemical Composition Al,O3 SiO, CaO Fe,03 MgO SO3 TiO, P,0s K20 Others LOI
FA 21.92 45.24 8.59 12.60 4.74 1.56 1.55 0.64 1.69 0.66 1.47

SEM MAG: 1.50 kx

Fig. 1. Morphology of FA particles observed from SEM test.

specimens (a section area with an 80-mm gauge length) was measured
by two linear variable differential transformers (LVDTs), which were
fixed along two lateral sides of the dumbbell specimens, and a
high-resolution camera was used to record the entire deformation and
cracking process of HS-EGC at an interval of 3 s. ImageJ software was
used to evaluate the cracking patterns of HS-EGC from the recorded
photographs.

After the mechanical tests, the analyses of microstructures and re-
action products of HS-EGC fragments were conducted. The fragments
were taken from dumbbell specimens, fixed by hardened resins, and
freeze-dried at —80 °C for 4 h. During the BSE tests, the samples were
vacuumed, and observed under 1000x magnifications. EDS point mea-
surements (around 45 points) were performed on the reacted gel regions
[43].

3. Tensile properties and strain-hardening behavior
3.1. Tensile stress-strain curves

The tensile stress-strain curves of the HS-EGC dumbbell specimens
with different silica moduli and the averaged ones are presented in
Fig. 3. Significant strain-hardening behaviors and double-stage evolu-
tions of tensile stress—strain curves were observed in all three HS-EGC
types. To better compare their tensile performances, the correspond-
ing tensile properties (i.e., tensile strength, cracking strength, tensile

Table 2
Material characteristics of PE fibers.

strain capacity, averaged crack width at the ultimate stage, and strain
energy density) are recorded in Table 4 and Fig. 4.

The tensile performance of fiber-reinforced cementitious/geo-
polymer materials is guided by the micromechanical design principles
[56,57]. Among the three mixes, G1.0 showed the highest tensile
cracking strength (9.2 MPa) and the tensile strength (13.9 MPa). As the
silica modulus increased from 1.0 to 2.0, both the two indices showed
decreasing trends, where G1.5 had a tensile cracking strength of
6.7 MPa and a tensile strength of 12.8 MPa, while the two indices of
G2.0 were 5.9 MPa and 10.7 MPa, respectively. This finding is almost in
accordance with that obtained by Zhang et al. [58]. As the ultimate
tensile strength of HS-EGC is directly related to the fiber/matrix inter-
facial bond, the above finding also indicated that a lower silica modulus
(lower than 2.0) is beneficial for improving the fiber/matrix bond
properties. However, as the tensile cracking strength also increased with
the decrease of the silica modulus, the highest tensile strain capacity was
not achieved in G1.0 (6.0 %), but in G1.5 (6.7 %). In comparison, G2.0
also showed higher tensile strain capacity (6.5 %) than G1.0, due to the
lower tensile cracking strength of the former mix (5.9 MPa). The tensile
strain capacity also seems to show a similar trend with the ratio of
tensile strength to cracking strength of HS-EGC, as presented in Fig. 5.
This finding demonstrated that a lower cracking strength as well as a
stronger fiber/matrix bond is advantageous to the tensile
strain-hardening behaviors of EGC materials. Additionally, the strain
energy densities (represented by the area under the tensile stress-strain
curves before the ultimate failure stage) were also calculated and pre-
sented in Fig. 4e. Among the three mixes, G1.0 had the highest strain
energy density (650.3 kJ/m®), and the value of this index decreased
with the increase of silica modulus. Remarkably, inflection points can be
observed in the stress-strain curves of all the mixes under direct tension
(Fig. 3), and the curve slopes significantly increased after the inflection.
These phenomena were related to the over-saturated cracking of

Front
View I o8 o
Side
View 11 3
Unit 330
(mm) + + '
85 40 80 40 85

Fig. 2. Geometry of the dumbbell specimens of HS-EGC.

PE Fibers Strength (MPa) Modulus (GPa) Length (mm) Diameter (pm) Density (g/cm®)
Basic Properties 3000 100 18 24 0.97
Table 3
Mix proportions of HS-EGC (weight ratio).
Mix IDs Precursors Alkaline Activators Extra Water Total Water FSS PE Fibers
FA Na,SiO3-Anhydrous Waterglass Silica modulus
(56.8 % water)
G1.0 1.000 0.116 0.016 1.0 0.171 0.180 0.300 2.0
G1.5 0.090 0.162 1.5 0.088 (vol%)
G2.0 0.065 0.310 2.0 0.004
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Fig. 3. Tensile stress-strain curves of HS-EGC with different silica moduli: (a) G1.0, (b) G1.5, (¢) G2.0, and (d) comparison of averaged curves. Double-stage
evolutions of tensile stress—strain curves were observed in all the mixes.

HS-EGC [59], and the detailed analyses would be presented in Section

Table 4 .
3.3 and Section 3.4.
Mechanical properties of HS-EGC.
Mechanical Properties G1.0 G1.5 G2.0
Compressive Strength, f’. (MPa) 899+1.0 93.0+7.4 735426 3.2. Crack width at the ultimate stage
Tensile Strain Capacity, & (%) 6.0 + 0.2 6.7 £ 0.2 6.5 + 0.2
Ultimate Tensile Strength, f, (MPa) 13.9+04 128+07 107 +1.2 The crack width is an important parameter for the durability of
Tensile Cracking Strength, f,p (MPa) 9.2+ 0.6 6.7 £0.8 59+1.2 cement/geopolymer-based construction materials [60-64]. The aver-
Average Crack Width at the Ultimate 73.0 %+ 71.6+£29 584493 aged crack widths at the ultimate stages were obtained from digital
Strain, W (um) 128 hotos using ImageJ soft d the result ted in Fig. 4d
Strain Energy Density, u (kJ/m?) 650.3 + 608.3 + 484.9 + photos using lmageJ soltware, and the results are presented in rig.
22.7 47.0 13.1 and Table 4. The cracking patterns of different EGC mixes are also
f'fie/Wy Index (MPa?/pm) 1.01 1.11 0.88 presented in Fig. 6 to make a clear observation. Obviously, the averaged
crack width decreased with the increase of silica modulus, where G1.0,
G1.5 and G2.0 had averaged crack widths of 73.0 pm, 71.6 pm, and
58.4 um, respectively. This result is also in accordance with the obser-
vations in Fig. 6 and the fluctuations of stress drops in the tensile
stress-strain curves (larger fluctuations indicate the occurrence of cracks
with larger widths [65]), where G2.0 showed the smoothest tensile
stress-strain curves. Therefore, although higher silica modulus may not
18.0 120 108 120 900
a b c d €
150 2.0k 100 750
5 = g E ‘§
g 120 i z g gﬁoo
£ £ B E 2
2 E & < it o -2
§ 90 £ c ] O 450
a ® i = ]
= 2 & L~ £
= = =
§ 6.0 [ 2 2 2 300
e S g H =
o .: 3 g
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L1 o
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Fig. 4. Tensile performances of HS-EGC with different silica moduli (a) Tensile strength, (b) cracking strength, (c) tensile strain capacity, (d) averaged crack width at
the ultimate stage, and (e) strain energy density.



L.-Y. Xu et al.

22 9.0

—— Tensile Strain Capacity
20 - 8.0

1.8 7.0
1.6 6.0

14 5.0

Tensile Strain Capacity (%)

1.2 4.0

Ratio of Tensile Strength to Cracking Strength

1.0 3.0

G1.0 G1.5 G2.0

Fig. 5. Tensile strain capacities and ratios of tensile strength to cracking
strength of different EGC mixes. G1.5 showed the highest tensile strain capacity
and the highest value of the ratio of tensile strength to cracking strength.
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Fig. 6. Crack patterns of HS-EGC at the ultimate tensile strain. Fine cracks were
evenly distributed for all the mixes and G2.0 showed the finest crack width.

be positive to enhance certain tensile properties (e.g., tensile strength
and strain energy density), it is beneficial for reducing the crack width of
HS-EGC and improving their durability properties.

3.3. Double-stage crack evolution

As mentioned in Section 3.1, obvious inflection points can be
observed in Fig. 3. Because the deformation properties of HS-EGC are

Journal of CO2 Utilization 88 (2024) 102948

directly associated with its crack number and averaged crack width, the
occurrence of the deflection points could be determined by the crack
evolution conditions. Therefore, the crack numbers and averaged crack
width at different strain levels (i.e., 0.5 %, 1.0 %, 1.5 %, ..., the ultimate
strain) were calculated from digital photos with the assistance of ImageJ
software, and the results are presented in Fig. 7, respectively. It is noted
that the first sample of each mix (i.e., G1.0_1, G1.5_1, and G2.0_1 in
Fig. 3) was adopted for the crack analysis. From Fig. 7, it can be observed
that the crack number evolution shows a double-stage pattern, which is
in accordance with the slope changes of the tensile stress-strain curves.
At the first stage, the crack number showed a steady and fast increasing
trend, while after the inflection point, the crack number increase rate
obviously decreased. From the averaged crack width evolution curves
(Fig. 7), a similar inflection point could be observed, which also divided
the crack width evolution curves into two stages. At the first stage, the
crack evolution pattern showed a constant crack width or slow crack
opening, which is the same with the steady-state cracking of ordinary
ECC materials [66]. However, at the second stage, a distinguished slope
increase was observed in the crack width evolution curves of all the
three mixes, indicating that crack opening dominated at this stage.
Interestingly, compared to the inflection points of the tensile
stress-strain curves, crack number evolution curves and the averaged
crack width evolution curves were almost overlapped (approximately
4.5 % for G1.0, 4.0 % for G1.5, and 4.0 % for G2.0), indicating the close
relationship among these three characteristics. As summarized by Xu
et al. from their studies on HS-ECC [59], the second stage showed slow
crack number increase and significant crack opening, and its mechanism
will be discussed in Section 3.4.

3.4. Over-saturated cracking mechanism

The mechanism of tensile over-saturated cracking of cementitious/
geopolymer materials with strain-hardening properties is summarized in
Fig. 8 [59]. In the figure, of and eg represent the tensile cracking
strength and its corresponding strain, o1xq and €1xq represent the stress
and strain corresponding to the theoretical cracking limit x4, o2xq and
€9xd represent the stress and strain corresponding to the doubled theo-
retical cracking limit 2xgq (usually regarded as a threshold between
saturated cracking condition and unsaturated cracking condition ac-
cording to micromechanical theory [67]), and xj represent the crack
spacing tested at the ultimate stage during the experimental test. Both
low matrix fracture toughness and strong fiber-bridging force are
beneficial for inducing over-saturated cracking phenomena.

In this study, tensile over-saturated cracking phenomenon was found
in all the three mixes, possibly due to the comparatively low fracture
toughness of FA-based geopolymer matrix and high bridging force be-
tween PE fibers and the geopolymer matrix. At the first stage, the con-
ventional steady-state multiple crack evolution dominated with a stable
crack number increase but slow crack opening. For normal ECC/EGC,
this stage usually finishes before the strain reached &;x4, which repre-
sented the end of the saturated cracking stage. However, for HS-EGC
developed in this study, the second stage occurred with no significant
crack number increase but distinguished crack opening, which further
enhanced the strain-hardening characteristics of HS-EGC. More detailed
definition and illustration of over-saturated cracking phenomenon could
be seen in Ref. [59]. In fact, realizing the over-saturated cracking
behavior is helpful for the full utilization of HS-EGC with both excellent
strength indices and tensile strain capacity: On one hand, the first stage
with narrowed and stable crack width is preferrable for long-term
durability of infrastructure under normal practical service. On the
other hand, the second stage with improved hardening characteristics
can be helpful to strengthening the resilience of infrastructure under
extreme loading conditions, where the crack opening control is of less
significance but the ultimate deformability plays a more important role.
It is mentioned here that compared to cement-based HS-ECC, tensile
over-saturated cracking behavior was more easily achieved in HS-EGC
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Fig. 7. Cracking behavior of HS-EGC at different strain levels: Crack numbers [(a) G1.0, (b) G1.5, and (c) G2.0] and averaged crack widths [(d) G1.0, (e) G1.5, and (f)
G2.0]. Double-stage evolutions of crack numbers and average crack widths were observed for all the mixes.
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Fig. 8. Schematic diagram of tensile over-saturated cracking of strain-
hardening cementitious/geopolymer composites [59].

with low fracture toughness and high fiber-bridging strength. The
over-saturated cracking stage can be utilized to improve the resilience of
HS-EGC structural members under extreme loading conditions (e.g.,
seismic and impact loadings).

4. Compressive properties, microstructures, and elemental

analyses

4.1. Compressive strength

The compressive strengths of HS-EGC with different silica modulus
are presented in Table 4 and Fig. 9. The highest compressive strength
was achieved in G1.5 (93.0 MPa), the middle one was obtained in G1.0

20.0

120

90

60

Compressive Strength (MPa)

G1.0

I Compressive Strength
I Tensile Strength

80 MPa
:

16.0

12.0

8.0

Tensile Strength (MPa)

4.0
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Fig. 9. Compressive and tensile strengths of HS-EGC with different silica
moduli. When the silica modulus increased to 2.0, the deterioration of strength

was observed.
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(89.9 MPa), while the lowest one was observed in G2.0 (73.5 MPa),
which are in accordance with the previous results obtained by Ouyang
et al. [68]. Therefore, G1.0 and G1.5 can be strictly classified as HS-EGC
according to the definition of the analogue HS-ECC (with a compressive
strength over 80 MPa) [18]. The reaction degree of geopolymer pastes is
highly associated with soluble Si monomers as well as the pH values of
the solution environments. When silica moduli of activators increased
from 1.0 to 1.5, more silicate species are provided in the activator so-
lution, resulting in an increase of N-(C)-A-S-H gel volume which allows
for a higher strength [69]. However, when the silica modulus further
increased to 2.0, deterioration of strength was observed, possibly due to
the excessive reduction of pH value of the activator solution as the silica
modulus increased. As depicted by Chang [70], with Na,O content fixed,
the increase of Si03/Na0 would induce a reduction of pH values of the
solution. Furthermore, the excessive silicate in the solution could reduce
the Al content in the reaction product, and thus deteriorate the strength
(will be discussed in Section 4.3). Therefore, a silica modulus of alkaline
activators over 2.0 is not beneficial for the full pozzolanic reaction of
geopolymers and will hinder its strength development [71].

4.2. BSE morphology

Fig. 10 displays the BSE images of HS-EGC matrices with different
silica moduli. In the figures, the spherical light particles were unreacted
FA particles, the grey regions were the formed N-(C)-A-S-H gels, and the
round dark holes were the pores left after FA dissolution or some
possible initial flaws [40,46]. As can be seen from the figure, G1.5
showed the densest microstructures with the least unreacted FA parti-
cles, indicating the high degree of reaction in this mix. In comparison,
G1.0 had a comparatively dense microstructure coinciding well with its
high strength, which was only slightly lower than that of G1.5. However,
G1.0 still possessed a large amount of unreacted FA particles, which had
a high elastic modulus and could contribute to a high tensile strength
[43]. When the silica modulus reached 2.0, the alkali-activation reaction
was slower due to the relatively lower pH value of the activators as
aforementioned, and more macro pores were observed, which could be
the reason for the lowered mechanical performance of geopolymers of
this mix. This phenomenon is also in accordance with the previous
finding reported by De Vargas et al. [72]. As macro pores could work as
flaws in geopolymer matrix which can facilitate new crack formation,
G2.0 with more macro pores thus showed a more distinguished
over-saturated cracking phenomenon (i.e., the second stage as presented
in Fig. 3¢). Moreover, several microcracks could be observed in the three
mixes, which were mainly caused by geopolymer shrinkage or vacuum
pumping under BSE observation [2]. As the generation of microcracks
could also to some extent indicate the toughness of the matrix, G1.5
obviously presented the best mechanical performance, while G2.0 had
the highest crack resistance properties, which are in agreement with the
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macroscopic mechanical characteristics as reported in previous sections.

4.3. EDS analysis

EDS is an effective tool to evaluate the chemical assemblage of re-
action products [73,74]. According to the EDS point measurements of
the geopolymer gel phases, the obtained (CaO-+Nap0)-Aly03-SiO;
ternary phase diagrams of the HS-EGC gels are presented in Fig. 11,
where the sum of the normalized (CaO-+Na30), SiO; and Al;O3 contents
is 100 % by atomic ratio. The points were concentrated in the ternary
phase diagrams, which represented N-(C)-A-S-H and indicated the val-
idity of the test. The N-(C)-A-S-H network consisted of SiO4 tetrahedra
and AlOj tetrahedra units, where cations are necessary to balance the
negative charge from AlOj tetrahedra [43]. Thus, the Al/Si and (Ca +
Na)/Si ratios could reflect the change of N-(C)-A-S-H.

To further analyze the compositions of N-(C)-A-S-H, statistical ana-
lyses of Al/Si ratios and (Ca+Na)/Si ratios were performed on the three
HS-EGC mixes, and the relevant results are shown in Fig. 12 and Fig. 13.
The data distribution and the mean values of Al/Si ratios and (Ca+Na)/
Si ratios were fitted by Gaussian distribution, which are also marked in
the figures as the representative parameter for each mix.

Interestingly, the Al/Si ratios of G1.0 and G2.0 were similar (0.36 for
G1.0 and 0.34 for G2.0), but the value of G1.5 was much higher (0.46).
The (Ca + Na)/Si ratios showed a similar trend, where the averaged
values of G1.0 and G2.0 were both 0.12, while that of G1.5 was 0.15.
The same trend of Al/Si and (Ca + Na)/Si resulted from the nature that
both Na*™ and Ca?* were necessary for the charge balance of AlO} in N-
(C)-A-S-H. As the water molecules were structurally presented in
Na*(Hz0), in N-(C)-A-S-H [75], the increase of Na™ could result in a
higher bound water content, which indicated that the N-(C)-A-S-H in
G1.5 with a higher Al/Si content might exhibit a stronger water binding
ability and contribute to a higher strength. The higher Al and Ca con-
tents in N-(C)-A-S-H of G1.5 could possibly be correlated with the higher
reaction degree of FA in this mix than those in G1.0 and G2.0 as
observed in BSE, because FA particles were the only source of Al and Ca
among the raw materials. By contrast, FA in G1.0 and G2.0 exhibited
relatively lower degrees of reaction due to the lower silicate content and
lower pH in the activator solution, respectively, and thus provided less
Al and Ca to form N-(C)-A-S-H gels.

5. Comparisons of mechanical performances, environmental
impact, and economic efficiency with the results in existing
literature

5.1. Assessment of overall performance

As different mechanical performances of HS-EGC did not strictly
follow the same trend with the variations of silica modulus, it is of great

Fig. 10. BSE images of HS-EGC matrices with different silica moduli (a) G1.0, (b) G1.5, and (c) G2.0. Compared to G2.0, G1.0 and G1.5 showed denser

microstructures.
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significance to define a representative index to indicate the overall
performances of HS-EGC. In this study, the overall index f’.fie/w, pro-
posed by Huang et al. [76] was adopted to evaluate the overall perfor-
mance of HS-EGC (as listed in Table 4), as different properties including
compressive strength, tensile strength, tensile strain capacity and aver-
aged crack width at the ultimate stage were all considered. Because a
larger crack width is not advantageous to the durability of HS-EGC, its
reciprocal was adopted in the overall f'fie/w, index. As seen from

Table 4, the highest overall f’fie;,/w, index was achieved in G1.5
(1.11 MPaZ/pm), while G2.0 showed the lowest value (0.88 MPaZ/pm).
Additionally, a four-dimensional overall assessment of HS-EGC was
plotted in Fig. 14. Because the crack width is not a positive factor for
HS-EGC performances, its reciprocal was used for the assessment. As can
been seen from the figure, G1.0 showed good strength indices but large
crack width, as well as small tensile strain capacity, while G2.0 almost
presented the opposite results. In comparison, G1.5 had the best overall
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Fig. 14. Four-dimensional assessment of mechanical and cracking perfor-
mances of HS-EGC. G1.5 showed the best overall performances.

mechanical and cracking performances. This finding is in accordance
with the evaluation in terms of the overall f’ fie,/w, index, indicating the
best overall performance of the HS-EGC mix with a silica modulus of 1.5.

5.2. Comparisons of overall performances with FA-based EGC in existing
literature

Apart from the sustainability issues, the mechanical performance
could be regarded as the most important characteristic of construction
materials. In this work, a comparison work was conducted for the
compressive strengths and tensile strain capacities of HS-EGC materials
(G1.0, G1.5, and G2.0) and the FA-based EGC materials from existing
literature (Fig. 15), with the comparisons of their Strength-Ductility
(SD) Indices are presented. Here, SD Index was the product of
compressive strength and tensile strain capacity. In terms of SD Indices
(Fig. 15a), the three mixes recorded much higher values (5.4, 6.2, and
4.8 MPa for G1.0, G1.5, and G2.0, respectively) than those of the
currently available values, which were all below 3.0 MPa. It can also be
observed in Fig. 15b that high compressive strength (around or over
90 MPa) and high tensile strain capacity (over 6 %) were not simulta-
neously achieved in previous work, but successfully realized in this
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study. In comparison, the developed HS-EGC in this work recorded the
highest compressive strength values (G1.0 with 89.9 MPa and G1.5 with
93.0 MPa), and the second highest tensile strain capacity (The highest
value was recorded by Nguyén et al. [41] with a tensile strain capacity of
13.7 %), which showed much better overall mechanical performances
than those from existing literature. Overall, the work in this study suc-
cessfully pushed the performance envelope of pure FA-based EGC, which
could help promote the future development and practical applications of
this clinker-free strain-hardening geopolymer material with both high
mechanical performances and good sustainability.

5.3. Environmental impact and economic efficiency

Apart from mechanical properties, the environmental impacts and
economical efficiencies are both the critical factors for sustainable
construction materials. Therefore, from the above two aspects, it is
important and meaningful to assess the relevant characteristics of HS-
EGC. To better evaluate the sustainability level of the developed HS-
EGC, two types of strain-hardening cementitious materials, i.e., EGC
materials developed with pure FA and cement-based HS-ECC with
comparable compressive strengths from existing literature, were chosen
as the comparisons.

As summarized from existing literature, the embodied carbon,
embodied energy, and costs of different raw materials of ECC/EGC are

Table 5
Embodied carbon, embodied energy and costs of raw materials.
Raw Materials Embodied Carbon Embodied Cost*
[(kg CO2)/kg] Energy (MJ/kg) (CNY/kg)
FA 0.004 [89] 0.100 [90] 0.298 [19]
Sodium Silicate 1.860 [27] 9.400 [91] 0.731 [19]
NaOH Anhydrous 0.625 [92] 10.800 [92] 2.73 [93]
Metakaolin (MK) 0.400 [94] 3.480 [94] 0.398 [94]
Lime Powder (LP) 0.017 [95] 0.350 [96] 0.321 [95]
Ground Granulated Blast- 0.042 [89] 0.200 [91] 0.425 [19]
Furnace Slag (GGBS)
Sand 0.023 [97] 0.067 [97] 0.808 [19]
Water 0.001 [97] 0.100 [97] 0.006 [19]
Cement 0.912 [89] 5.500 [90] 0.680 [19]
Silica Fume (SF) 0.024 [98] 0.100 [90] 1.785 [19]
Superplasticizer (SP) 1.880 [89] 11.470 [90] 8.500 [90]
PVA Fiber 1.710 [99] 101.000 [99] 127.500
[99]
PE Fiber 2.000 [40] 94.500 [40] 170.000
[40]

" It is assumed that the HKD/CNY exchange rate is 0.85. For FA-based EGC in
[84], 1.6 % MK was adopted as an additive.
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Fig. 15. Comparisons of the mechanical performances of the developed FA-based HS-EGC and existing FA-based EGC: (a) Strength-Ductility (SD) Index, and (b)
compressive strength vs. tensile strain capacity relations [21,25,41,77-86]. The results in this study successfully pushed the performance envelope of pure

FA-based EGC.



L.-Y. Xu et al.

listed in Table 5. It should be noted that for some studies with unclear
material dosages/types, the missing data were estimated based on those
adopted in this study (e.g., the water content of waterglass). Also, as the
components of waterglass were different in differed studies, this mate-
rial was regarded as a combination of solid sodium silicate and free
water during the calculation. Meanwhile, fine silica sand was assumed
as the only sand type in all the cases, because this sand is the most
commonly used in ECC/EGC materials. Moreover, to eliminate the in-
fluence of fiber contents on the mechanical performances of EGC/HS-
ECC, mixes with 2 % fiber dosages (vol%) were selected as the targets
if available. If no such fiber contents were adopted in referred studies,
the mix with the best mechanical performances and the closest fiber
dosages would be chosen for the comparison.

For the influence of heat curing, the generated energy consumption
could be calculated by the following equation [87]:

Energ),curing = Ptcuring + mC(Tcuring - 25) (l)
where P represents the power of the chamber (600 W), tcyring represents
the curing time, T¢yring represents the curing temperature, m represents
the mass, and c represents the specific heat capacity of the materials
(assumed to be 700 J/kg/°C). During the heating process, the converted
embodied carbon from energy consumption had an emission factor of
0.231 (kg CO2)/kWh [88], and cost with local industrial electricity fee
was 0.538 CNY/kWh in Hangzhou, China. Based on the mix proportions
of different mixes and the above information, the embodied carbon,
embodied energy, and material costs were calculated, and the results
were listed in Table 6 together with corresponding mechanical proper-
ties. Additionally, to consider the coupled mechanical performance and
sustainability issues, the strength-ductility (SD) indices were calculated
by multiplying compressive strength and tensile strain capacity (i.e.,
fc€p) as recommended by Huang et al. [17], and the sustainability pa-
rameters per SD Index were also calculated and listed in the table.

5.3.1. Comparisons of embodied carbon

Embodied carbon is the sum of greenhouse gas emissions during the
whole life cycle of materials, including raw material extraction, trans-
portation, manufacturing, construction, and maintenance. The
embodied carbon and embodied carbon per SD Index of HS-EGC, FA-
based EGC and HS-ECC are presented in Fig. 16a and Fig. 16b,
respectively.

For the HS-EGC developed in this study, sodium silicate and water-
glass were the main contributors to embodied carbon. The higher silica
modulus of activators was not beneficial to developing low-carbon HS-
EGC, and the embodied carbon of HS-EGC increased from 375.1 kg COy/
m? to 511.5 kg CO,/m? as the silica modulus increased from 1.0 to 2.0.
Comparing FA-based EGC, HS-ECC, and the HS-EGC developed in this
study, HS-ECC obviously showed much higher embodied carbon (over
750.0 kg CO2/m®) due to the high dosages of the unsustainable Portland
cement. In comparison, the HS-EGC developed in this study showed
much lower carbon emission (375.1-511.5 kg CO2/m>) together with
high compressive strengths, indicating the sustainable feature of clinker-
free HS-EGC. Additionally, FA-based EGC from existing literature
showed a similar range of embodied carbon with the HS-EGC developed
in this study. From the figure, it could be observed that the main body of
the carbon footprint was attributed to the alkaline activators (sodium
silicate and NaOH), which is unavoidable for geopolymer materials at
the current stage. The heat curing process did not contribute much to the
carbon footprint of the HS-EGC development.

To compare the coupled mechanical and sustainable characteristics,
the embodied carbon was divided by the SD Index, and the results are
presented in Fig. 16b. Obviously, the HS-EGC developed in this study
(especially G1.0) showed the lowest embodied carbon per SD Index in
the FA-based EGC family due to its high compressive strength, high
tensile ductility, and comparatively low total carbon emission, and the
increasing silica modulus of alkaline activators also resulted in higher
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embodied carbon per SD Index. Notably, unlike the pattern presented in
Fig. 16a, HS-ECC showed a lower carbon footprint than FA-based EGC
because it is difficult to fully activate pure FA and gain high compressive
strength for FA-based EGC. Here, it is worth mentioning that G1.0 and
G1.5 still showed lower embodied carbon per SD Index (69.46 and
71.29 kg CO,/m%/MPa) compared to the referred cement-based HS-
ECC, indicating the coupled greenness and high performance of the HS-
EGC developed in this study.

5.3.2. Comparisons of embodied energy

Embodied energy indicates the nonrenewable energy consumed from
material acquisition, processing, manufacturing, transportation, and
construction throughout the whole life cycle. The embodied energy and
embodied energy per SD Index of HS-EGC, FA-based EGC, and HS-ECC
are presented in Fig. 17a and Fig. 17b, respectively. Generally, the
comparison results of embodied energy showed similar trends with
those of embodied carbon, where HS-EGC (3815.3-4505.4 MJ/m3) and
FA-based EGC (4204.0-6559.0 MJ/rn3) showed much lower embodied
energy than the cement-based HS-ECC (around 6230.6-7339.4 MJ/m®).
In all the three groups of materials, PE and PVA fibers are the major
sources of embodied carbon. Apart from this factor, the main contributor
of embodied energy in HS-ECC was Portland cement, while those in HS-
EGC and FA-based EGC were alkaline activators (sodium silicate and
NaOH), which are similar to the embodied carbon results. Additionally,
the increase of the silica modulus of alkaline activators resulted in
higher embodied energy, which is also the same as the findings of
embodied carbon analysis. In terms of embodied energy per SD Index
(Fig. 17b), the developed HS-EGC (especially G1.0 and G1.5) showed
the lowest energy consumption among the FA-based EGC groups, which
further indicated the greenness of the HS-EGC developed in this study.
Notably, G1.5 recorded the lowest embodied energy per SD Index
(669.99 J/m>/MPa) among all the compared mixes, although the me-
chanical performances of some mixes of HS-ECC were higher (e.g., the
mix produced by Zhou et al. [102]).

5.3.3. Comparisons of material costs

The market potentials of construction materials are highly depen-
dent on their material costs. Fig. 18a and Fig. 18b show the material cost
and material cost per SD Index of HS-EGC, FA-based EGC and HS-ECC,
respectively. As can be seen from the figure, the material costs also
presented a similar trend to the results of embodied carbon and
embodied energy. Obviously, clinker-free HS-EGC (4186.5-4230.7
CNY/m3) and FA-based EGC had lower material costs (3505.5-4731.8
CNY/m?®) than cement-based HS-ECC (4734.7-5291.2 CNY/m®).

It is mentioned that more than 60 % of the total material costs come
from PE or PVA fibers, indicating that alternative fiber types of higher
sustainability and cheaper price are desirable for strain-hardening geo-
polymer/cementitious materials. In the aspect of matrices, the matrix
price of cement-based HS-ECC looks higher than that of FA-based EGC
and HS-EGC. The material costs of EGC materials mainly come from FA,
FSS, and alkaline activators, while those of HS-EGC mainly consist of
cement, SF, SP, FSS, and possible supplementary cementitious materials
such as FA and GGBS. This result indicated that almost all the compo-
nents (except for water) would have an obvious impact on material costs
of cementitious/geopolymer materials, and it is meaningful to look for
diversified waste or cheaper raw materials to replace certain compo-
nents in such construction materials. Generally, the material costs of HS-
EGC developed in this study showed similar values with FA-based EGC
from existing literature, while the cost efficiency of HS-EGC developed
in this study was higher (due to higher mechanical performance).
Furthermore, the increase of the silica modulus of alkaline activators
slightly increased the material costs of HS-EGC. Regarding the material
cost per SD Index, HS-EGC developed in this study (especially G1.0 and
G1.5) obviously showed the lowest values among the FA-based EGC
groups, benefiting from both comparatively cheap matrices and the high
mechanical performances of this material. Especially, as the highest
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Table 6

Mechanical properties and estimated embodied carbon, embodied energy, and material costs of FA-based EGC and HS-ECC with similar compressive strengths from existing literature.

Materials  Literature Ref. Curing Tensile Compressive Strength- Embodied Embodied Material Embodied Carbon Embodied Energy Material Costs
Regime Strain Strength (MPa) Ductility (SD) Carbon (kg Energy Costs (CNY/  per SD Index (kg per SD Index (MJ/  per SD Index
Capacity (%) Index (MPa) COy/m>) (MJ/m%) m®) CO,/m®/MPa) m°®/MPa) (CNY/m®/MPa)
FA-based This G1.0 / 90°C (72 h) 6.0 89.9 5.4 375.1 3815.3 4186.5 69.46 706.54 775.29
EGC Work  G1.5 / 6.7 93.0 6.2 442.0 4153.9 4208.3 71.29 669.99 678.75
G2.0 / 6.5 73.5 4.8 511.5 4505.4 4230.7 106.56 938.62 881.40
1) Ohno and Li [77] 60°C (8 h) + 4.3 27.6 1.2 306.9 4597.9 4176.6 255.7 3831.6 3480.5
(2014) RT (28d)
@ Nematollahi [78] 60°C (24 h) 4.3 63.7 2.7 387.8 4870.5 3986.6 143.6 1803.9 1476.5
et al. (2015) -+ RT (3d)
3) Nematollahi [791] 60°C (24 h) 4.3 63.7 2.7 387.8 4870.5 3986.6 143.6 1803.9 1476.5
et al. (2016) + RT (3d)
@ Nematollahi [80] 60°C (24 h) 3.6 56.8 2.0 397.5 4876.2 4175.8 198.7 2438.1 2087.9
et al. (2017) + RT (3d)
(5) Shaikh et al. [81] 80°C (24 h) 2.5 30.0 0.8 571.8 6141.9 4564.9 714.7 7677.4 5706.1
(2018) + RT (28d)
(6) Ohno and Li [25] 60°C (24 h) 4.4 43.3 1.9 289.2 4498.9 4276.2 152.2 2367.9 2250.6
(2018) + RT (28d)
@ Ling et al. [21] 50°C (24 h) 3.1 73.3 2.3 206.8 4093.3 3943.3 89.9 1779.7 1714.5
(2019) + RT (28d)
8) Farooq et al. [100]  80°C(4h) + 0.78 39.2 0.3 465.4 5994.6 4731.8 1551.2 19982.0 15772.6
(2019) RT (14d)
) Farooq et al. [82] RT (72d) 2.0 23.7 0.5 539.0 6559.0 4603.4 1077.9 13118.0 9206.9
(2020)
(10) Kan et al. [83] 80°C(2h) + 4.0 18.9 0.8 312.6 4204.0 3586.0 390.7 5255.0 4482.5
(2020a) RT (28d)
11) Kan et al. [84] 80°C (28d) 5.2 33.1 1.7 408.0 5477.2 3505.5 240.0 3211.9 2062.0
(2020b)
12) Nguyén et al. [41] RT (5d) + 13.7 19.3 2.6 421.5 4812.3 3640.8 162.1 1850.9 1400.3
(2021) 80°C (1.5d)
+ RT (22.5d)
13) Humur and [85] 70°C (24 h) 2.7 16.7 0.5 403.5 5143.0 4088.1 806.9 10286.0 8176.1
Cevik (2022) -+ RT (28d)
14 Nguyén et al. [86] RT (4d) + 6.1 32.5 2.0 477.5 5443.4 4125.7 238.8 2721.7 2062.8
(2023) 120°C (12 h)
HS-ECC @ Sui et al. [101]  RT(28d) 6.7 102.8 6.9 783.3 6340.6 5155.0 113.5 918.9 747.1
(2018)
) Zhou et al. [102]  RT (28d) 9.0 99.5 9.0 810.6 6429.0 5291.2 90.1 714.3 587.9
(2018)
3 Leietal. (2019)  [103]  85°C(9d) + 31 96.5 3.0 880.0 7339.4 4917.8 293.3 2446.5 1639.3
RT (5d)
“@ Zhang et al. [104]  RT (28d) 4.2 84.3 3.5 761.8 6230.6 4734.7 217.7 1780.2 1352.8
(2019)
(5) Zhang et al. [105]  RT (28d) 4.2 82.6 3.5 773.1 6299.6 4801.7 220.9 1799.9 1371.9
(2020)

D % X AT

846201 (+20Z) 88 uonvZINN 0D fo [Punor



L.-Y. Xu et al.

Embodied Carbon (kg CO,Im']

125 250 375 500

625

750

875

Journal of CO2 Utilization 88 (2024) 102948

Embodied Carbon per SD Index (kg COJm'iMPa)

250 500 750 1000 1250 1500 1750 2000

G1.0 (This Study)
G1.5 (This Study)
G2.0 (This Study)

FA-Based HS-EGC
Developed in This Study

Ohno & Li (2014)
Nematollahi et al. (2015)
Nematollahi et al. (2016)
Nematollahi et al. (2017)

Shaikh et al. (2018)

Ohno & Li (2018)

Ling et al. (2019)

Farooq et al. (2019)
Farooq et al. (2020)
Kan et al. (2020a)
Kan et al. (2020b)
Nguyen et al. (2021)
Humur & Cevik (2022)
Nguyen et al. (2023)

‘ FA-Based
F EGCin
Literature

Sui et al. (2018)
Zhou et al. (2018)
Lei et al. (2019)
Zhang et al. (2019)
Zhang et al. (2020)

I | |
| | |
| I | |

H |

L l

Cement-Based
HS-ECC in
Literature

I
| b

Na_SiO, [l NaOH [l Sand

Cement| FAREMSFEEEMK  LP M GGBS Water Ml SP  PVA [ PE [l Heat Curing

Fig. 16. Comparison of HS-EGC, FA-based EGC and HS-ECC with similar compressive strength: (a) Embodied carbon, and (b) embodied carbon per SD Index. The HS-
EGC developed in this study (especially G1.0) showed the lowest embodied carbon per SD Index in the FA-based EGC family.
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Fig. 17. Comparison of HS-EGC, FA-based EGC and HS-ECC with similar compressive strength: (a) Embodied energy, and (b) embodied energy per SD Index. G1.5
recorded the lowest embodied energy per SD Index among all the compared mixes.

compressive strength and tensile ductility was achieved in G1.5 in this
study, the lowest material cost per SD Index was obtained in this mix
(678.75 CNY/m>/MPa) instead of G1.0 (775.29 CNY/m>/MPa). How-
ever, it should also be mentioned that among all the referred mixes, the

lowest material cost per SD Index was achieved in HS-ECC developed by
Zhou et al. [102] (i.e., 587.9 CNY/mB/MPa), due to its excellent me-
chanical performances.
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Fig. 18. Comparison of HS-EGC, FA-based EGC and HS-ECC with similar compressive strength: (a) Material cost, and (b) material cost per SD Index. For FA-based

EGC, the lowest material cost per SD Index was obtained in G1.5.
6. Conclusions

In this study, a comprehensive experimental work was conducted to
explore the influence of the silica modulus of alkaline activators on the
tensile strain-hardening behavior and microstructures of pure fly ash
(FA)-based High-Strength Engineered Geopolymer Composites (HS-
EGCQ). Based on the analysis results, conclusions can be drawn as follows:

e EGC mixes with silica moduli of 1.0 and 1.5 showed compressive
strengths over 80 MPa, which could be strictly classified as HS-EGC.
The mixture with the silica modulus of 1.5 recorded the highest
compressive strength (93.0 MPa), and the further increase of the
silica modulus would hinder the geopolymerization and was not
beneficial for the strength gain of FA-based HS-EGC.
Distinguished strain-hardening behaviors were observed in all the
HS-EGC mixes. The increase of silica modulus would cause a
reduction in both tensile cracking strength and tensile strength of HS-
EGC, as well as a resultant decreasing strain energy density. In terms
of tensile strain capacity, the highest value was achieved in the mix
with a silica modulus of 1.5 (6.7 %), and this mix also recorded the
highest index of overall mechanical performances.
Remarkable inflection points and double-stage patterns were
observed in the tensile stress-strain curves, crack number evolution
curves, and crack width evolution curves of all the HS-EGC mixes,
owing to the over-saturated cracking phenomenon. At the first stage,
the conventional steady-state multiple crack evolution dominated
with a stable crack number increase but slow crack opening, while at
the second stage (over-saturated cracking), crack number increased
more slowly but the crack opening was distinguished.

e From BSE results, HS-EGC with the silica modulus of 1.5 showed the
densest microstructures with the least unreacted FA particles, the
mix with the silica modulus of 1.0 had a comparatively dense
microstructure but still possessed a large amount of unreacted FA
particles, while the mix with the silica modulus of 2.0 had the largest
number of macro pores, which could explain the differed mechanical
performances of the three mixes. EDS results also demonstrated the
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highest reaction degree of the HS-EGC mix with the silica modulus of
1.5.

From the literature review of FA-based EGC and cement-based High-
Strength Engineered Cementitious Materials (HS-ECC) with similar
compressive strength, it was found that the embodied carbon,
embodied energy, and materials costs of the developed HS-EGC were
lower than those of the HS-ECC counterparts. Especially when
coupled mechanical performances and sustainability indices were
considered, the developed HS-EGC almost showed the best indices
among all the currently available FA-based EGC and HS-ECC mate-
rials. The above finding indicated a sustainable feature and good
market potential of the developed HS-EGC. Additionally, both high
compressive strength (over 90 MPa) and high tensile strain capacity
(over 6 %) were first achieved for pure FA-based EGC materials,
which successfully pushed the performance envelope of this type of
construction material.

Finally, although the influence of the silica modulus on the me-
chanical performances of HS-EGC was investigated in this study, limi-
tations still exist in the experimental design and research scope. For
example, the gradient settings of silica modulus (i.e., 1.0, 1.5 and 2.0)
were limited, and more variables (e.g., 1.25 and 1.75) are suggested to
be investigated in the future. Furthermore, the influence of the silica
modulus of alkaline activators on the durability (e.g., chloride resis-
tance, sulfate resistance, and long-term drying shrinkage) should also be
paid attention to in the further studies. Efforts on utilizing waste-derived
alkali [106] and alternative activators (e.g., NaoCO3 [107]) with better
sustainability are also appreciated to further improve the greenness and
cost efficiency of pure fly ash-based HS-EGC materials.
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