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Abstract: The application of alkali-activated concrete (AAC) shows promise in reducing carbon
emissions within the construction industry. However, the pursuit of enhanced performance of AAC
has led to a notable increase in carbon emissions, with alkali activators identified as the primary
contributors. In an effort to mitigate carbon emissions, this study introduces Na2COs as a supple-
mentary activator, partially replacing sodium silicate. The objective is to develop a low-carbon al-
kali-activated-strain-hardening-ultra-high-performance concrete (ASUHPC). The experimental in-
vestigation explores the impact of varying levels of Na2COs replacement quantity (0, 0.75 Na20%,
and 1.5 Na20%) and activator modulus (1.35, 1.5, and 1.65) on the fresh and hardened properties of
ASUHPC. The augmentation of Na2COs replacement quantity and activator modulus are observed
to extend the setting time of the paste, indicating an increase in the modulus of the activator and
Na2COs replacement quantity would delay the setting time. While the use of Na2COs intensifies
clustering in the fresh paste, it optimizes particle grading, resulting in higher compressive strength
of ASUHPC. The tensile crack width of ASUHPC conforms to the Weibull distribution. ASUHPC
with a Na2COs replacement quantity of 0.75 Na20O% exhibits superior crack control capabilities,
maintaining a mean crack width during tension below 65.78 um. The tensile properties of ASUHPC
exhibit improvement with increasing Na2COs replacement quantity and activator modulus, achiev-
ing a tensile strength exceeding 9 MPa; otherwise, increasing the activator modulus to 1.5 improves
the deformation capacity, reaching 8.58%. Moreover, it is observed that incorporating Na2COs as a
supplementary activator reduces the carbon emissions of ASUHPC. After considering the tensile
performance indicators, increasing the activator modulus can significantly improve environmental
performance. The outcomes of this study establish a theoretical foundation for the design of low-
carbon, high-performance-alkali-activated-strain-hardening-ultra--high-performance concrete.

Keywords: alkali-activated; carbon emission; cracking characteristics; geopolymer; ultra-high
performance

1. Introduction

With the progress of societal development, engineering structural design has placed
higher demands on aspects such as lightweight construction, service life, and space utili-
zation. Consequently, the requirements for mechanical performance and durability of
construction materials have continued to increase [1-3]. To meet these societal needs,
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some typical high-performance concrete materials have been proposed, in the form of ul-
tra-high-performance concrete (UHPC) and engineered cementitious composites (ECC).

UHPC is known for its extremely high compressive strength (=120 MPa), durability,
and high toughness [4-6]. However, it also has limitations, in terms of deformation and
crack control [7,8]. When subjected to cracked conditions, the internal steel fibers in UHPC
are prone to corrosion from aggressive media, which can weaken its mechanical proper-
ties. On the other hand, ECC is a highly ductile fiber-reinforced concrete with excellent
deformability and crack control capabilities, which typically exhibits tensile strains of over
3% [9-11], and can effectively enhance the durability and seismic performance of struc-
tural elements [12,13]. Researchers have conducted extensive studies to develop high-per-
formance concrete that combines both ultra-high strength and exceptional tensile proper-
ties [14-17]. Kunieda et al. [14] developed a high-performance strain-hardening cementi-
tious composite (UHP-SHCC), which combines the strength of UHPC with the tensile
characteristics of ECC. This remarkable material demonstrates strain-hardening behavior
and multiple cracking characteristics. Yu et al. [18] further enhanced the mechanical prop-
erties of UHP-SHCC, and proposed a ultra-high-performance engineered cementitious
composite (UHP-ECC) with impressive compressive strength, tensile strength, and tensile
strain values of 121.5 MPa, 17.4 MPa, and 8.7%, respectively. The introduction of UHP-
ECC provides a material foundation for designing more daring structures and enhances
the seismic performance and safety reserve of building structures [17]. The production of
high-performance concrete such as UHPC and ECC requires a significant amount of ce-
ment. However, the cement industry is currently recognized as one of the major sources
of carbon emissions, with each ton of cement production resulting in 0.66-0.82 tons of CO:
emissions [19]. Therefore, it is crucial to find greener alternatives to cement that can be
used as binder materials to improve the sustainability of high-performance concrete.

In recent years, geopolymer or alkali-activated binder has received significant atten-
tion for its potential to enhance the sustainability of high-performance concrete materials
by reducing carbon emissions [20,21]. Alkali-activated materials (AAM) are three-dimen-
sional inorganic structures obtained by reacting alkaline/acidic activators with silica-alu-
mina-rich raw materials. The raw materials used for AAM have a low carbon footprint
and are widely available, including materials such as kaolin, feldspar, and other silicate-
aluminate materials, as well as industrial solid wastes like slag, fly ash, and others. Alkali-
activated concrete (AAC) has been shown to have carbon emissions ranging from 9% to
80% lower than cement-based concrete [22,23]. Numerous studies have demonstrated the
potential of alkali-activated binder as a substitute for cement in the production of high-
performance concrete [24-29]. Ambily et al. [24] proposed ultra-high-performance geo-
polymer concrete (UHPGC) with compressive strength exceeding 120 MPa under ambient
curing conditions. Lao et al. [30] developed UHPGC with tensile strain-hardening behav-
ior, achieving tensile strain capacity ranging from 0.35% to 0.55% and an impressive com-
pressive strength of 222 MPa. Ohno et al. [31] utilized PVA fibers to create geopolymer
composites with a tensile strain exceeding 4%, and an average crack width of the material
at 4.5% strain that was only 45 um. These research findings highlight the wide-ranging
applications of alkali-activated binder in the field of high-performance concrete.

Currently, high-performance alkali-activated concrete commonly utilizes NaOH-
NaxSiOs activator, which have high activation efficiency. The sodium silicate modulus
(molar ratios of SiO2/Naz0) significantly affects the mechanical and workability properties
of AAC [28,32,33]. Li et al. [33], using the Taguchi method, investigated the influence of
different mixture proportional factors on the performance of slag-based geopolymer con-
crete and found an optimal modulus that resulted in good flowability and compressive
strength of AAC. Mousavinejad et al. [34] studied the effect of modulus on the fracture
performance of ultra-high performance geopolymer concrete (UHPGC) and found that
the fracture toughness of UHPGC increased with an increase in the ratio. Although AAC
is considered a sustainable alternative to cement concrete, the significant increase in car-
bon emissions resulting from the enhanced performance of geopolymer concrete cannot
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be ignored [35]. The carbon emissions from AAC activated with NaOH-Na:SiOs are pri-
marily generated by alkali activators and account for up to 80% of emissions [36,37].
Therefore, using alkali activators with lower carbon emissions is an effective approach to
reduce the carbon footprint of high-performance alkali-activated concrete.

To further reduce carbon emissions in AAC, researchers have started exploring the
use of alkalis and salts (such as Ca(OH)z, Na2COs, CaCOs, and NaAlO2) with lower alka-
linity and carbon emissions as activators or supplementary activators in AAC production
[38-43]. Ma et al. [42] utilized Na2CO:s as a partial replacement for sodium silicate to pre-
pare AAC based on slag and slag-fly ash, and found that the use of Na2COs effectively
reduced CO: emissions. Bian et al. [44] developed ferronickel slag-based geopolymer us-
ing Na2COs and Ca(OH): as binding activators, achieving a compressive strength of 48.3
MPa. Diaz et al. [45] prepared single component geopolymer paste using CaO-Na2CO:s as
an activator and observed a carbon emission reduction of 49-58%, compared to cement.
These studies demonstrate that the use of activators or supplementary activators with
lower alkalinity and carbon emissions can effectively reduce the carbon footprint of AAC,
providing a new pathway for achieving low-carbon and environmentally friendly build-
ing materials.

However, the application of Na2COs as an activator in high-ductility alkali-activated
concrete is currently lacking, and the impact of the mechanisms of sodium silicate modu-
lus and Na2COs on the tensile properties of high-ductility concrete remain unclear. In this
study, we further develop existing high-performance-alkali-activated concrete and pro-
pose an alkali-activated-strain-hardening-ultra-high-performance concrete (ASUHPC)
that combines ultra-high compressive strength with excellent tensile performance.
Na2COs is used as a supplementary activator, and the influence of Na2COs replacement
level and sodium silicate modulus on the workability and mechanical properties of
ASUHPC is investigated. The environmental performance of ASUHPC is also evaluated
in this study. The aim of this research is to provide alternative solutions for reducing car-
bon emissions in alkali-activated-strain-hardening-ultra-high-performance concrete and
to propose a design approach for low carbon and environmentally friendly ASUHPC.

2. Test Program
2.1. Materials

Table 1 presents the mix proportions of ASUHPC used in this study. The composition
of ASUHPC mainly includes precursors, activators, fine aggregates, fibers, and additives.
The precursors consist of S105-grade ground granulated blast furnace slag (GGBS, GB/T
18046 [46]), Class F fly ash (FA, ASTM C618 [47]), and silica fume (SF). The activators con-
sist of sodium hydroxide, sodium silicate solution, and sodium carbonate. The sodium
silicate solution has a modulus of 2.25, with a composition of Na20: SiO2: H20 =29.99 wt%:
13.75 wt%: 56.26 wt%. The fine aggregates are quartz sand (QS, 2.3 g/cm?), which includes
fine sand (FS, 40-200 pm) and middle sand (MS, 200-700 pum). The additives include
BaClz, defoamer, and sodium lignosulfonate (SLS). BaClz is used to extend the setting time
of alkali-activated binder, and can react with water glass to form a dense coating layer on
the surface of slag particles, thereby preventing direct contact between slag powder and
water glass and achieving a certain retarding effect [29]. The defoamer is used to reduce
large size defects in the alkali-activated matrix, and SLS is used to improve the workability
of the alkali-activated matrix in an alkaline environment [48]. Alkali-activated binder with
a higher content of slag exhibit a denser structure and a larger proportion of pores below
50 nm, resulting in a higher tendency for shrinkage cracking [49]. Therefore, in this study,
cost-effective Nano CaCOs (NC, 10-100 nm, 2.8 g/cm?) was used to fill the pores and re-
duce matrix shrinkage cracking. The fibers used are ultra-high molecular weight polyeth-
ylene fibers (PE), and their physical properties are provided in Table 2. Table 3 presents
the chemical composition of the binder materials, while Figure 1 illustrates the microstruc-
ture of GGBS, FA, and SF. Figure 2 illustrates the particle size distribution of the solid
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materials, which was obtained by using a particle size analyzer (Mastersizer 3000, Mal-
vern, UK).

Table 1. Mix proportions of ASUHPC (weight ratio).

Activator Na2COs

Mix IDs GGBS FA SF MS FS BaCl: Defoamer SLS NC W/B2 N/BP Modulus  (Na20%) PE Fiber
M1-N1 1.35 0

M1-N2 1.35 0.75

M1-N3 0.71 021 0.08 0.05 030 0.01 0.001  0.005 0.02 0.3 7% 1.35 1.5 2vol%
M2-N1 1.50 0

M3-N1 1.65 0

WD: 14.56 mm

@ W/B ratio represents the mass ratio of water to binder materials,
W/B=(m , (Activator)+m , (Extra water))/my; .. ; ® N/B ratio represents the ratio of equivalent

Na20 mass to the mass of binder materials; The dosage of Na2COs is expressed in terms of equivalent
Na20 mass, indicated as Na20% in the composition [33].

Table 2. Physical and mechanical properties of PE fiber.

Diameter Length Strength Elastic Modules Density
(um) (mm) (MPa) (GPa) (g/cm?3)
24 18 3000 116 0.97

Table 3. Chemical composition of GGBS, FA and SF.

; GGBS FA SF
Oxide
wt%
CaO 34 4.01 /
5i02 34.5 53.97 94.73
AlLOs 17.7 31.15 /
SOs 1.64 22 0.2
Fe20s 1.03 4.16 /
MgO 6.01 1.01 /
TiO: / 1.13 /
Others 5.12 2.37 5.07
LOI (%) 0.84 4.6 15
density (g/cm?) 3.1 2.3 2.25
Dio (um) 1.65 3.55 0.10
Dso (um) 8.68 14.46 0.14
Doo (Um) 24.09 58.88 0.35

SEM HV: 5.0 kV View field: 254 ym SEM HV: 5.0 kV View field: 254 um SEM HV: 5.0 kV View field: 5.08 pm
SEM MAG: 1.00 kx Det: SE 50 um SEM MAG: 1.00 kx Det: SE 50 pm SEM MAG: 50.0 kx Det: SE 1um

Tilt Corr.: 0° WD: 9.08 mm Tilt Corr.: 0° WD: 9.69 mm Tilt Corr.: 0°

Figure 1. SEM photographs of precursors. (a) GGBS; (b) FA; (c) SF.
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Figure 2. Particle size distribution of solid materials.

2.2. Specimens Preparation

The mechanical performance testing of this study includes compressive tests and ax-
ial tensile tests, conducted using cubic specimens and dumbbell-shaped specimens, re-
spectively. The dimensions of the cubic specimens are 50 x 50 x 50 mm?, while the dimen-
sions of the dumbbell-shaped specimens are shown in Figure 3. The preparation of
ASUHPC specimens involves initial preparation of the activator, mixing procedures, cast-
ing, and subsequent curing, as illustrated in Figure 4:

(1) Prepare the activator by mixing cooled NaOH solution (14 mol/L) with Na25iOs
solution to achieve the desired modulus. Cool the solution for 24 h and then add a sodium
carbonate solution (25 wt%) to the mixture. Seal it. Alkaline activators with high temper-
atures will accelerate the geological polymerization and hydration reactions of cementi-
tious materials, leading to the occurrence of flash setting in composite materials.

(2) Add the precursor to a mixer and dry mix at 75 r/min for 3 min. Add quartz sand
and continue dry mixing for another 3 min. Mix the activator with extra water and add it
to the mixer, and follow with high-speed (165 r/min) mixing with water reducer and Nano
CaCQO:s for 2 min. Switch to low speed and add PE fiber within 3 min. Mix at low speed
for 2 min to ensure uniform dispersion.

(3) Pour the mixture into molds, vibrate to remove air bubbles, and achieve a smooth
surface. Cover with a moisture-retaining film and cure in the laboratory for 1 day. Demold
the specimens and subject them to water curing at room temperature. After 28 days of
curing, perform mechanical performance tests.

Unit: mm Side view ol
| ; P it | [13
Plain view
30 60
I R
85 40 80 40 85

Figure 3. Dimension of dumbbell specimen.
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Figure 4. The specimen preparation method of ASUHPC.

2.3. Test Method

This study conducted experiments related to the workability, mechanical properties,
and microstructure of ASUHPC, including tests of setting time, the particle size distribu-
tion of fresh paste and compressive and tensile strength. Microscopic analysis using X-ray

diffraction (XRD) and scanning electron microscopy (SEM) was also undertaken.

2.3.1. Setting Time

The setting time of alkali-activated paste was determined using a Vicat apparatus
according to the standard GB/T 1346 [50]. The laboratory environment during the test had
a temperature of 24.5 °C and a relative humidity of 89%. The preparation of the paste
excluded some of the raw materials (quartz sand, fibers, SLS, and nano calcium carbonate)
and followed the procedure shown in Figure 5. The total mixing time after adding the

activator was 8 min.

2.3.2. Size Distribution of Fresh Alkali-Activated Pastes

The test setup for the particle size distribution of the fresh pastes followed the meth-
odology described in a previous study by Zhang et al. [51]. The fresh pastes (consistent
with the setting time test) were immediately taken out and added to an adequate amount
of distilled water to create a suspension with a pH of 7, effectively stopping the reaction
of the mixture. After 3 days, a particle size analyzer (Mastersizer 3000) was used to meas-
ure the particle size distribution of the solid particles in the suspension (Figure 5a). The
materials used in the preparation are all non-hydraulic materials, and storing them in a
pH =7 environment for 3 days will not affect the original particle size distribution of the

materials in the fresh slurry.
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2.3.3. Mechanical Behaviors

The compressive test was conducted in accordance with ASTM C109/C109M [52], us-
ing a load-controlled method with a loading rate of 1.75 kN/s. The tensile test was con-
ducted according to the JSCE (2008) [53]. Two linear variable differential transformers
(LVDTs) were placed on both sides of the specimen using fixtures to measure deformation
within the gauge zone (Figure 5c). The tensile test was performed using a displacement-
control method at a rate of 0.5 mm/min. Additionally, a camera with an effective pixel
count of 24.2 million (Sony A7 III) was used to capture images of the crack characteristics
within the image collection zone during the tensile process. The images were subjected to
binarization processing, and crack information, such as crack number, crack width, and
crack distribution, was extracted and analyzed statistically.

2.3.4. X-ray Diffraction (XRD)

The hardened paste obtained from the setting time test after 14 days of curing was
ground to obtain dry powder for mineralogical characterization using X-ray diffraction
(XRD, Rigaku Miniflex 600, Tokyo, Japan) with Cu Ka radiation. The XRD analysis was
performed in the range of 10-70° 20, with a scanning speed of 2°/min.

2.3.5. Scanning Electron Microscopy (SEM)

The samples were analyzed for microstructure using a scanning electron microscope
(SEM, Hitachi S-3400N, Tokyo, Japan) at an accelerating voltage of 15 keV. The test speci-
mens included: (1) Blocks with fibers on the fracture surface of the tensile specimens, used
to analyze the failure mode of fibers in ASUHPC; (2) Blocks obtained from the setting time
test after 14 days of curing, used to analyze the microstructure of the alkali-activated paste.

}

|
: (a) I

I
1

I
1
! < - .
| 1
! :
1
I Water Dilution !
| ) !
1 pH=7 1
! = Mastersizer 3000 :
! - , .
1 Fresh pastes Turbid liquid Particle size analysis :
1

1

Frame for LVDTs

By,

Cube specimen B

SO - -
@ Image collection zone

Grip for specimen

1 Image collection zone Plain view !
B 60 |

‘ - X
1 / -
NG 80 | ]
:_ Gauge zone Unit: mm

Figure 5. Test setup. (a) Particle size analysis of fresh pastes; (b) Compressive test; (c) Tensile test.
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3. Results
3.1. Effect of Replacement Quantity of Na2COs and Modulus of Activator on Fresh Behavior
3.1.1. Setting Time

Figure 6 illustrates the setting time of fresh alkali-activated paste for different replace-
ment quantities of Na2COs and different activator modulus. It can be observed in Figure 6
that as the replacement quantity of Na2COs increases, both the initial and final setting
times of the alkali-activated paste are prolonged. When the replacement quantity of
Na2COs is 1.5 Na20%, the M1-N3 exhibits an initial setting time of 47 min and a final
setting time of 57 min, representing an increase of 56.7% and 42.5% respectively, com-
pared to the M1-N1. This could be attributed to the fact that the replacement of NaOH-
Na:5iOs with Na2COs reduces the pH value of the alkali-activated paste liquid phase,
which slows down the leaching of elements such as Ca, Si, Al from the precursors. Addi-
tionally, the reduction of [SiO4]* also delays the formation of the three-dimensional net-
work structure of the geopolymer gel [42]. Furthermore, as observed in Figure 6, increas-
ing the activator modulus also effectively delays the setting of the paste. The M3-N1 sam-
ple with a modulus of 1.65 exhibits initial and final setting times of 57 min and 65 min,
respectively. However, although increasing the modulus prolongs the initial setting time,
it also reduces the time interval between the final and initial setting times: this could be
attributed to the fact that increasing the modulus leads to an increase in the content of
[SiO4]*, which results in the rapid binding of leached cations to form a three-dimensional
network gel, consequently reducing the time interval between initial and final setting
times.

Initial setting time

80 I Final setting time
—_ Na,CO, Series Modulus Series
£ 60}
2
o 40F
5
® 20}

0
. D N O D D D

\I \I \I ’ (b
SRR RGN
Figure 6. Setting time of ASUHPC with different replacement quantities of Na2COsz and modulus of
activator.

3.1.2. Size Distribution of Fresh Alkali-Activated Pastes

Figure 7 shows the particle size distribution curves of fresh alkali-activated paste for
different replacement quantities of Na2COs and activator modulus. It can be observed that
the Na2COs replacement quantities and activator modulus have a significant impact on
the particle size distribution of fresh alkali-activated paste. Do, Dso, and D10 represent the
particle sizes corresponding to the cumulative percentage distribution reaching 90%, 50%,
and 10%, respectively. With an increase in Na2COs replacement quantities, the median
particle size (Dso) and D10 decrease, while D increases. This can be attributed to the use
of Na2COs, which lowers the alkalinity of the liquid phase and slows down the dissolution
of active components and the formation of polymerization products, thereby increasing
the proportion of smaller-sized particles. In addition, the presence of [COs]?~ leads to the
formation of low-density calcium carbonate precipitates in the fresh paste, resulting in an
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increase in the proportion of larger particles. In Figure 7, it can be observed that when the
activator modulus increases, the Dso value of the fresh alkali-activated paste significantly
decreases. This is primarily due to the fact that a lower activator modulus promotes the
dissolution of reactive silico-aluminates, facilitating their polymerization and attachment
to the precursor particle surfaces, resulting in the formation of larger particles [51].

Na,CO; Series Modulus Series

[Cuwn [ e e | o
7.28 4.98 4.42
218 192 1838 12 218 19.4 138
59.1 127 147

D1o (um) 7.28 7.10 415
Dgo (M) 59.1 835 60.9

8t RN 8 MA1-N1
——M1-N2 —— M2-N1
——M1-N3 —— M3-N1

4l 4l

O 1 . 1 0 1 1 N 1

0.1 10 100 1000 0.1 1 10 100 1000

Particle size (um) >

Figure 7. Particle size distribution curves of fresh alkali-activated paste with different Na2COs re-
placement quantities and activator modulus, along with parameters such as D9, Dso, and Dro.

In Figure 7, the particle size distribution of fresh alkali-activated paste is shown for
different replacement quantities of Na2COs and activator moduli. Figure 8a presents the
cumulative particle size distribution curves of fresh alkali-activated paste for different
Na2COs replacement quantities and activator modulus, compared to the modified A&A
model curve. The modified A&A model is a classic model for maximum dry packing den-
sity of particles [54]. Its expression is as follows:

D! - D!,
Py (D)=pr—pi™ M

where D represents the particle size, Pwr (D) denotes the cumulative percentage of particles
with a size smaller than D, D? and D!

max min

are the maximum and minimum particle sizes

in the mixture, respectively; _q_ is the distribution modulus, which is set to 0.23 in this
study.

In order to investigate the effect of particle size distribution on the density variation
of fresh alkali-activated paste, the residual sum of squares (RSS) between the cumulative
particle distribution curve and the target curve was calculated using the least squares
method, as shown in Figure 8b. A smaller RSS indicates the actual cumulative curve is
closer to the ideal packing model, indicating a denser stacking [55]. In Figure 8b, it can be
observed that increasing the Na2COs replacement quantity leads to a smaller RSS, indicat-
ing a denser particle packing. On the other hand, increasing the activator modulus has the
opposite effect.
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Figure 8. (a) The cumulative particle size distribution curves of fresh alkali-activated paste for dif-
ferent Na2COs replacement quantities and activator modulus, compared to the modified A&A
model curve; (b) Comparison of the deviation (RSS) of the cumulative particle size distribution
curve and the modified A&A model curve.

3.2. Effect of Replacement Quantity of Na2COs and Modulus of Activator on Compressive
Strength

Figure 9 shows the compressive strength of ASUHPC for different Na2CO:s replace-
ment quantities and activator modulus. Xu et al. [56] found that AAC achieves compres-
sive strength in the range of 136.5-150.7 MPa when the Si/Al ratio is 2.4 and the Ca/(Si +
Al) ratio is 0.33-0.38. In this study, the Si/Al ratio and Ca/(Si + Al) ratio are 2.27-2.46 and
0.34-0.36, respectively, and the compressive strength exceeds 120 MPa. It is worth noting
that while the use of a certain Na:COs replacement quantity reduces the alkalinity of the
activator, it actually increases the compressive strength of ASUHPC (from 122.9 MPa to
126.7 MPa), which is consistent with the findings of Lao et al. [57]. Indeed, the optimized
Na2CO:s replacement quantity enhances the particle size distribution of fresh alkali-acti-
vated paste (as shown in Figure 8), resulting in improved density and, consequently,
higher compressive strength of ASUHPC. Similarly, as observed in Figure 9, an increase
in activator modulus leads to a decrease in the compressive strength of ASUHPC, which
is attributed to the decrease in the density of fresh alkali-activated paste caused by the
higher activator modulus [25].

140

Na,CO, Series Modulus Series

130

120F = - -

110

Compressive strength (MPa)
—

100

N N N N
SN NN
K IR MBS
Figure 9. Compressive strength of ASUHPC for different Na2COs replacement quantities and acti-
vator modulus.
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3.3. Effect of Replacement Quantity of Na2COs and Modulus of Activator on Tensile Behavior of
ASUHPC

3.3.1. Cracking Behavior

To investigate the crack development of ASUHPC during the tensile test, a binariza-
tion-based digital image correlation method was employed to monitor and analyze the
crack propagation process. Taking M1-N1 as an example, as shown in Figure 10, the im-
ages within the image collection zone were binarized during five strain stages (A, B, C, D,
and U, with U representing the ultimate strain stage) of the tensile process. Cracks along
the longitudinal axis of the specimen were identified, and the number, width, and distri-
bution of the cracks were calculated.
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Figure 10. Processing and statistical procedure of crack initiation and propagation in tensile speci-
mens using binarization-based digital image correlation method.

Figure 11 presents the crack width and distribution along the central axis of the spec-
imens during each strain stage (A, B, C, D, and U), as well as the crack morphology at the
ultimate stage. The left side of the image represents the distribution, number, and width
of cracks in each strain stage. The horizontal scale of each grid in the image ranges from 0
to 400 um, while the vertical scale corresponds to the length of the image collection zone.
In the Na2COs series, it can be observed that at a Na2COs replacement quantity of 0.75
Na:0%, there is an increase in the number of cracks, and the cracks appear more uniform
and dense. When the Na2COs replacement quantity is further increased to 1.5 Na20%, the
cracks initially exhibit smaller widths and a more uniform distribution. However, towards
the end of the tensile process, the overall crack width increases, indicating a lower crack
control capability, compared to M1-N1. In the Modulus series, it is evident that increasing
the activator modulus weakens the crack control capability of ASUHPC, which is demon-
strated by a significant reduction in the number of cracks and a substantial increase in
crack width. Specifically, in the case of M2-N1, a crack with a width of 362 um appears at
the ultimate stage, highlighting the decreased crack control capability.
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Figure 11. The binary images of crack distribution in ASUHPC at the ultimate stage, as well as the
crack width and location distribution at the central axis of the specimen in each strain stage (A, B,
C, D, and U), obtained through image processing techniques.

Statistical analysis of crack characteristics in ASUHPC was performed using the
Weibull distribution. The cumulative distribution function (CDF) and probability density
function (PDF) of the Weibull distribution are given by Equations (2) and (3), respectively.
The mean and standard deviation of crack width calculated using the Weibull distribution
are shown in Equations (4) and (5), respectively:

F(w)=1-exp(~(w/ 2)") @)
Sw)=(k/ D)W/ D) exp(=(w/ A)") ®)
W,om =ALA+1/K) 4)
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s, = AT(1+2/k)-T(1+1/k))’ )

where w represents the crack width obtained through image processing techniques, 4
and k are the scale parameter and shape parameter of the Weibull distribution, respec-
tively. The Weibull distribution provides a good fit to the distribution of crack widths in
the tensile process of the specimens. The specific crack information is presented in Table
4.

Table 4. The crack characteristics and Weibull distribution parameters of ASUHPC during the ten-
sile process for different Na2COs replacement quantities and activator modulus.

Tensile Tensile Weibull Distribution
. . Number of .
Mix IDs Strain Strain )
%) Cracks %) A k R Wmean Sw

A:0.97 7 A:0.97 87.86 3.57 0.885 79.14 24.58
B:2.02 12 B: 2.02 122.11 2.96 0.938 108.98 40.06

M1-N1 C:3.94 26 C:3.94 97.66 1.84 0.944 86.77 48.95
D:5.05 34 D:5.05 106.70 1.95 0.964 94.61 50.53
U:6.33 47 U: 6.33 93.23 1.75 0.948 83.02 48.84
A:1.02 12 A:1.02 58.09 1.61 0.802 52.04 33.04
B:2.01 21 B: 2.01 63.59 1.75 0.892 56.63 33.40

M1-N2 C:3.98 39 C:3.98 74.06 1.85 0.890 65.78 36.89
D: 4.96 43 D:4.96 68.07 1.79 0.938 60.55 34.99
U:6.21 48 U:6.21 70.99 1.72 0.939 63.29 37.90
A:1.05 8 A:1.05 104.92 1.80 0.932 93.30 53.65
B:1.99 13 B:1.99 128.20 2.63 0.887 113.90 46.61

M1-N3 C:3.96 21 C:3.96 118.39 2.51 0.953 105.06 44.74
D:7.03 39 D:7.03 128.67 2.07 0.967 113.98 57.84
U: 847 41 U: 847 130.64 2.07 0.979 115.72 58.52
A:1.09 6 A:1.09 137.96 5.44 0.908 127.28 27.01
B:1.95 8 B:1.95 169.55 6.94 0.873 158.53 26.87

M2-N1 C:5.04 21 C:5.04 193.57 3.14 0.973 173.21 60.47
D:7.03 26 D: 7.03 196.24 3.01 0.959 175.26 63.57
U:9.17 28 U:9.17 208.58 2.78 0.982 185.68 72.29
A:1.05 4 A:1.05 111.10 3.41 0.654 99.83 32.30
B:2.01 7 B: 2.01 149.33 2.46 0.909 132.45 57.43

M3-N1 C:4.93 18 C:4.93 159.06 2.26 0.979 140.89 66.07
D: 7.00 30 D: 7.00 141.30 1.81 0.971 125.62 71.79
U: 8.56 34 U: 8.56 148.11 1.70 0.941 132.15 80.04

Figure 12 illustrates the variations in the mean crack width of ASUHPC for different
Na2COs replacement quantities and activator modulus. With an increase in the Na2COs
replacement quantity, the crack width of ASUHPC initially decreases and then increases
at the same tensile strain. During the tensile process, the highest mean crack width of M1-
N2 is only 65.78 pm, much lower than M1-N1 and M1-N3, which indicates that a certain
amount of Na2COs helps reduce the crack width. However, when the Na2COs replacement
quantity is further increased to 1.5 Na2O%, the mean crack width in ASUHPC (M1-N3)
increases to around 100 um to 120 um, which indicates that excessive Na2COs replacement
quantity can reduce the crack control capability of ASUHPC. With an increase in activator
modulus, the mean crack width of ASUHPC exceeds 100 um. In particular, the mean crack
width of M2-N1 reaches 185.68 um in the ultimate stage, which leads us to observe that a
high activator modulus is unfavorable for controlling crack width.
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Figure 12. The relationship between mean crack width and tensile strain in ASUHPC for different
Na2COs replacement quantities and activator modulus.

In showing the distribution characteristics of crack width in ASUHPC for different
NaxCQO:s replacement quantities and activator modulus, Figure 13 presents the probability
density distribution and cumulative distribution curve of crack width in the ultimate ten-
sile stage of ASUHPC. In the graph, it can be observed that a certain amount of Na2COs
(0.75 Na20%) reduces both the crack width and width variability. Increasing the activator
modulus widens the PDF curve and shifts the CDF curve to the right, significantly reduc-
ing the crack control capability of ASUHPC. This finding is consistent with the observa-
tions in Figure 11.

Na,CO; Series Modulus Series

M1-N1 PDF CDF M1-N1  PDF CDF
M1-N2 PDF CDF M2-N1 PDF CDF
M1-N3 PDF CDF M3-N1 PDF CDF
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Figure 13. Weibull distribution (including probability density function (PDF) and cumulative dis-
tribution function (CDF)) of crack width in ASUHPC at the ultimate stage for different Na2COs re-
placement quantities and activator modulus.
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3.3.2. Tensile Stress-Strain Curve

Figure 14 depicts the stress—strain curves of ASUHPC for different Na2COs replace-
ment quantities and activator modulus. It can be observed in Figure 14 that variations in
Na2COs replacement quantities and activator modulus significantly affect the stress fluc-
tuations during the strain-hardening, initial cracking strength, tensile strength, and ulti-
mate tensile strain stages of ASUHPC. In the strain-hardening stage, stress fluctuations
are evident in ASUHPC. These fluctuations are mainly caused by the continuous initiation
and stable propagation of cracks in ASUHPC, leading to stress redistribution as the tensile
deformation increases. Among ASUHPC specimens with different Na2COs replacement
quantities, M1-N2 exhibits the smallest amplitude of stress fluctuations during the strain-
hardening stage, indicating better fiber bridging effects during crack initiation, which is
consistent with the observation of the smallest average crack width in the M1-N2 sample.
On the other hand, increasing the activator modulus has an opposite effect on stress fluc-
tuations and crack control capability during the strain-hardening process of ASUHPC.

Average curves
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Figure 14. Tensile stress-strain curves of ASUHPC for different Na2COs replacement quantities and
activator modulus.

Table 5 shows the Summary of tensile properties. Figure 15 illustrates the initial
cracking strength, tensile strength, ultimate tensile strain, and tensile strain energy of
ASUHPC for different Na:COs replacement quantities and activator modulus. In Figure
15a, it can be observed that the addition of Na2CO:s significantly reduces the initial crack-
ing strength of ASUHPC. The initial cracking strength of M1-N3 is 3.17 MPa, which is a
decrease of 31.7% compared to M1-N1. Conversely, in the modulus series, the initial
cracking strength increases with the increase in modulus. Specifically, at a modulus of
1.65, the initial cracking strength of M3-N1 is 5.92 MPa, which is a 27.6% increase com-
pared to M1-N1. According to the ECC design criteria [58], one of the prerequisites for
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ECC to exhibit stable crack propagation is that the complementary energy (Jup) exceeds
the fracture energy of the matrix (Jo), with a higher pseudo strain-hardening coefficient
(PSH) (i.e.,) indicating a more saturated crack distribution. A higher initial cracking
strength implies a higher fracture toughness of the matrix [59-61]. Therefore, for M1-N2
with a Na2COs replacement quantity of 0.75 Na2O%, the reduced initial cracking strength
results in a more saturated crack distribution, compared to M1-N1. However, although
the initial cracking strength of ASUHPC (M1-N3) continues to decrease with a further
increase in the Na2COs replacement level, an excessive amount of Na2COs reduces the
bridging effect between fibers and the matrix, thereby reducing the crack control capabil-
ity of ASUHPC (manifested by fewer crack numbers and larger crack widths). For the
modulus series, the significant increase in initial cracking strength noticeably diminishes
the saturated crack behavior of ASUHPC, leading to a significant reduction in crack num-
bers.

In Figure 15b, it can be observed that the tensile strength of ASUHPC exceeds 8 MPa,
and the use of Na2CO:s has a positive impact on the tensile strength. Both M1-N2 and M1-
N3 exhibit tensile strengths exceeding 10 MPa, representing an improvement of 27.2% and
22.2%, respectively, compared to M1-NI1.

Figure 15c shows that when the Na2COs replacement quantity is at 0.75 Na2O%, the
crack control capability of ASUHPC is improved, but the overall deformation capacity is
limited, with M1-N2 reaching a limit strain of only 6.13%. Although increasing the acti-
vator modulus reduces crack control capability, M2-N1 exhibits the highest deformation
capacity with a limit strain of 8.58%, representing a 31.6% increase, compared to M1-N1.

Figure 15d shows that in the Na2COs Series, M1-N2 exhibits a strain energy of only
416.8 k]-m=, which is only 6.2% higher than M1-N1, as its ultimate strain is similar to M1-
N1. However, when the Na:COs replacement reaches 1.5 Na20%, the strain energy of M1-
N3 significantly increases to 518.5 k]-m=, representing a 32.2% improvement, compared
to M1-N1. Furthermore, in the modulus series, it can be observed that increasing the ac-
tivator modulus significantly enhances the energy consumption capacity of ASUHPC.
Both M2-N1 and M3-N1 exhibit higher strain energy due to increased deformation ca-
pacity. M3-N1 achieves a strain energy of 564.1 kJ-m=3, which is 43.8% higher than M1-
NI1. In Figure 11, it can be observed that during the strain hardening stage, M3-N1 has
larger crack widths and poorer crack control capability. However, it can fully utilize the
bridging effect of fibers, achieving high energy consumption while reaching an ultimate
strain of 7.66%.

The use of Na:COs reduces the initial cracking strength but benefits the tensile
strength, while increasing the activator modulus enhances the initial cracking strength but
reduces the crack control capability. On the basis of the above observations, we conclude
that optimizing the cracking behavior and tensile properties of ASUHPC can be achieved
by adjusting the replacement quantity of Na2COs and the modulus of the activator.

Table 5. Summary of tensile properties.

Initial Cracking Tensile Strength, Ultimate Tensile Strain Energy,

MixIDs  giress, e (MPa) o, (MPa)  Strain, ¢, (%) g, (kJ-m?)
MI1-N1 164 8.60 6.52 3923
MI1-N2 392 10.94 6.13 416.8
MI1-N3 3.17 10.51 7.38 518.5
M2-N1 474 9.64 8.58 553.6

M3-N1 5.92 10.50 7.66 564.1
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Figure 15. Tensile properties of ASUHPC for different Na2COs replacement quantities and activator
modulus. (a) Initial cracking strength; (b) Tensile strength; (c) Ultimate tensile strain; (d) Tensile
strain energy.

3.4. Mineral Characterization
3.4.1. X-ray Diffraction

Figure 15 shows the XRD patterns of the unreacted precursors and alkali-activated
pastes for different Na2COs replacement quantities or activator modulus. In Figure 16a,
significant broad scattering peaks can be observed for GGBS, FA, and SF, indicating their
amorphous or partially crystalline nature. This is consistent with their amorphous prop-
erties, indicating good reactivity of the precursors. Crystalline peaks of Gehlenite (PDF#
96-900-4072) and Quartz (PDF# 01-079-2403) can be observed in the XRD pattern of GGBS
and SF, respectively. FA exhibits higher crystallinity compared to GGBS and SF, showing
multiple distinct crystalline peaks in the XRD pattern, including Mullite (PDF# 01-089-
2644) and Quartz (PDF# 01-089-8937) phases [62].

Figure 16b and c display the XRD patterns of alkali-activated pastes for different
Na2CO:s replacement quantities and activator modulus, all of which exhibit low-intensity
crystalline peaks. In slag-fly ash-based geopolymers, the coexistence of aluminosilicates
and hydrated calcium silicate is observed [63]. The main phase of aluminosilicate in the
alkali-activated pastes is amorphous [64]. However, a distinct crystalline peak of hydrated
calcium silicate (C-S-H, PDF# 00-033-0306) appears at approximately 29° 20. Figure 16b
shows that the crystalline peak of C-S-H intensifies with an increase in Na2COs replace-
ment quantity. This may also be one of the reasons for the improvement in compressive
strength as the replacement quantity of Na2COs increases. Additionally, Vaterite (CaCOs,
PDF# 01-072-0506) crystalline phase is observed in M1-N2, but disappears in alkali-acti-
vated pastes with higher Na2COs replacement quantity, and Calcite (CaCOs, PDF# 01-086-
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23346) appears instead. This is because it is easier to form Vaterite with larger particle size
in undersaturated carbonate solutions, while Calcite is more likely to form in saturated
carbonate solutions [65]. The relatively low-density Vaterite and Calcite phases may cause
localized expansion in the matrix, reducing the matrix’s fracture toughness, and conse-
quently lowering the initial cracking strength of ASUHPC. In Figure 16c, it can be ob-
served that the crystalline phases of the alkali-activated pastes remain relatively un-
changed within the range of activator modulus from 1.35 to 1.65.
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Figure 16. The XRD patterns of the unreacted precursors and alkali-activated pastes for different
Na2COs replacement quantities or activator modulus. (a) XRD patterns of unreacted precursors
(GGBS, FA, and SF); (b) XRD patterns of alkali-activated pastes for different Na2COs replacement
quantities; (c) XRD patterns of alkali-activated pastes for different activator modulus.

3.4.2. Scanning Electron Microscopy

The SEM images in Figure 17 depict the fiber failure modes on the fracture surface of
ASUHPC. The fiber failure modes in the ASUHPC fracture surface are primarily fiber
pull-out and fiber fracture (see Figure 17a). In Figure 17b, it can be observed that different
Na2COs replacement quantities and activator modulus have a significant influence on the
fiber failure modes of the ASUHPC fracture surface. In M1-N1, most fibers experience
pull-out failure, with only a few fibers exhibiting fracture. After partially replacing NaOH-
Na2SiOs activator with Na2COs, the proportion of fibers experiencing pull-out and fracture
failure is significantly reduced in M1-N2 and M1-N3 specimens. The use of Na:COs en-
hances the fiber-matrix bond strength in ASUHPC, leading to higher tensile strength in
M1-N2 and M1-N3, compared to M1-N1. This may be attributed to the improved density
of the paste, as indicated in Figure 11. Additionally, Figure 17b demonstrates that increas-
ing the activator modulus also reduces the proportion of fibers experiencing pull-out and
fracture failure in the specimens. As a result, M2-N1 and M3-N1 exhibit slightly higher
tensile strength, compared to M1-N1.
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Figure 17. Fiber failure modes of the fracture surface of ASUHPC. (a) Typical fiber failure modes,
including fiber pull-out failure and fiber fracture failure; (b) Fiber failure modes of the fracture sur-
face of ASUHPC for different Na2COs replacement quantities and activator modulus.

Figure 18 presents the SEM images of different alkali-activated pastes. It can be ob-
served that all alkali-activated pastes contain unhydrated fly ash and slag embedded in
the alkali-activated gel. In Figure 18a, it can be seen that the M1-N1 paste is relatively
dense with fewer microcracks, and the width and length of cracks are small. However,
with the partial replacement of NaOH-Na2SiOs activator by Na2COs, the width of cracks
in the paste increases, and M1-N3 exhibits distinct cracks with a width of approximately
5 um. Similarly, increasing the activator modulus also leads to an increase in crack width
and significant elongation of cracks, which is consistent with previous research findings
[66]. Figure 18b shows the morphology of Na:CO:s series pastes in two different magnifi-
cations. At a magnification of 2000, the presence of calcium carbonate crystals near the
microcracks is observed in M1-N2 and M1-N3 pastes. The irregularly shaped low-crys-
tallinity calcium carbonate, due to its low density, large deposition volume, and small
size, causes differential expansion in certain aggregation regions, leading to the occur-
rence of microcracks in alkali-activated pastes [42]. The expansion of calcite in the aggre-
gation regions may be one of the reasons for the reduction in the initial crack strength of
M1-N2 and M1-N3 under tensile.
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Figure 18. SEM images of alkali-activated pastes. (a) Microstructure morphology of alkali-activated
pastes for different Na2COs replacement quantities and activator modulus; (b) Distribution of
CaCOs in alkali-activated pastes with different Na2COs replacement quantities.

4. Environmental Benefit Analysis

The use of Na2CO:s significantly reduces the consumption of NaOH-NazSiOs solution
and NaOH, which is of great significance for reducing the carbon emissions of alkali-acti-
vated concrete. In order to quantify the impact of activator variations on the environmen-
tal performance of ASUHPC, this section comprehensively discusses the environmental
performance of ASUHPC by considering both its tensile properties and carbon emissions,
using the ratio of tensile properties to CO2-e to represent environmental benefit indices,
and thus evaluate its environmental benefits. Table 6 presents the carbon emission factors
and total carbon emissions per cubic meter of ASUHPC used in this study. It should be
noted that the carbon emission factors of raw materials only consider the carbon emissions
generated during their production process.
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Table 6. Carbon emission factor of raw materials and COz-e per m? concrete. (kg CO2-e/kg).
Materials Emission Factor Mix IDs Reference
(kg CO2-e/kg) M1-N1 M1-N2 M1-N3 M2-N1 M3-N1

GGBS 0.019 15.58 15.58 15.58 15.58 15.58 [67]

FA 0.009 2.237 2.237 2.237 2.237 2.237 [67]

SF 0 0 0 0 0 0 [68]

NaOH 1.915 83.96 75.27 66.32 69.83 55.61 [68]

Naz5iOs 1.222 433.3 388.1 342.5 479.2 524.8 [68]

Na2CO:s 0.111 / 1.657 3.325 / / [69]

QS 0.01 4.066 4.066 4.066 4.066 4.066 [67]

PE fiber 2 38.80 38.80 38.80 38.80 38.80 [70]
COre / 578.0 525.7 472.9 609.7 641.1 /

(kg CO2-e/m?)

Figure 19 illustrates the carbon emissions of each raw material and the total carbon
emissions per cubic meter of ASUHPC. The graph shows that the activator contributes the
most to the carbon emissions of ASUHPC raw materials, accounting for over 87%. In M1-
N1, Na25i0s accounts for 75.0% of the total carbon emissions, while the carbon emissions
from the NaOH-NaxSiOs activator reach 89.5%. The carbon emissions of M1-N1 amount
to 578.0 kg CO2-e/m3, but the use of Na2COs to partially replace the activator significantly
reduces the carbon emissions of ASUHPC, with M1-N3 reducing by 18.2%, compared to
M1-N1. On the other hand, increasing the activator modulus means increasing the dosage
of NazSiOs, which leads to higher carbon emissions. When the activator modulus is in-
creased to 1.65, the carbon emissions of M2-N1 reach 641.1 kg CO2-e/m3, representing a
10.9% increase.
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Figure 19. The total carbon emissions and composition per cubic meter of ASUHPC.

The carbon emissions of ASUHPC are normalized, assuming the COz-e value of M1-
N1 as one unit. The CO2-e values for M1-N2, M1-N3, M2-N1, and M3-NT1 are 0.91, 0.82,
1.05, and 1.11, respectively. The ratio of tensile strength, ultimate tensile strain, and strain
energy to COr-e is used as an environmental benefit index and plotted on a three-dimen-
sional radar chart to evaluate the environmental performance of ASUHPC (see Figure 20).
In Figure 20, it can be observed that M2-N1 and M3-N1 have the largest enclosed area,
indicating the most outstanding overall environmental performance. Although M1-N2
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has the lowest CO2-e value, its inferior tensile performance diminishes its overall environ-
mental performance, with only the 0u/CO:z-e index standing out, compared to M1-N1.
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Figure 20. Radar chart of environmental indices: 0u/COz-€; £u/COz2-€; gse/ CO2-e.

However, the evaluation of overall environmental performance alone cannot fully
determine the superiority or inferiority of different ASUHPC mixes. M1-N2 demonstrates
good crack control capability during the strain hardening stage, with crack widths con-
sistently below 100 um throughout the entire tensile process, which is beneficial for im-
proving the durability of concrete structures [71]. Although M2-N1 and M3-N1 exhibit
superior mechanical properties, their crack control capability is relatively lower, making
them suitable for structures that do not require high durability.

5. Conclusions

This study further advanced the development of high-performance alkali-activated
concrete by proposing alkali-activated-strain-hardening-ultra-high-performance concrete
(ASUHPC) and attempting to achieve its low carbonization through the use of sodium
carbonate as a supplementary activator. The study investigated the influence of NaCOs
replacement quantity and activator modulus on the fresh and hardened properties of
ASUHPC, and also evaluated its environmental performance. The following conclusions
can be drawn:

(1) The setting time of the fresh alkali-activated paste is prolonged with increasing
Na2CO:s replacement quantity and activator modulus. The use of Na:COs delays the for-
mation of the polymerization product, thereby delaying the setting of the paste. Different
particle size distributions are observed in the fresh alkali-activated pastes due to varying
levels of Na2COs replacement quantity and activator modulus. Increasing the Na:CO:s re-
placement quantity optimizes the particle size distribution and improves the density of the
matrix, while increasing the sodium silicate modulus has a negative effect on the density.

(2) The compressive strength of all ASUHPC mixtures exceeds 120 MPa, and the var-
iation in compressive strength follows the same trend as the density variation in fresh
alkali-activated pastes. The highest compressive strength of 126.7 MPa is achieved when
the Na2COs replacement quantity is 1.5 Na2O%, which corresponds to the highest density
in the fresh paste.

(3) The crack width during the tensile process of ASUHPC follows a Weibull distri-
bution. The use of Na2COs improves the saturated crack behavior of ASUHPC. When the
Na2COs replacement quantity is 0.75 Na20%, the crack control capability is the best, with
the highest number of cracks and the maximum average crack width during the tensile
process only reaching 65.78 um. On the other hand, increasing the modulus of the activa-
tor significantly weakens the crack control capability of ASUHPC, leading to an increase
in crack width.
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(4) The use of Na2CO:s as a supplementary activator can effectively reduce the initial
cracking strength of ASUHPC. This may increase the pseudo-strain hardening coefficient
of ASUHPC, resulting in better saturated crack behavior. Increasing the modulus of so-
dium silicate improves the initial cracking strength, which reduces the crack control capa-
bility of ASUHPC but also increases the area enclosed by the stress-strain curve. There-
fore, when the activator modulus is 1.65, the strain energy of ASUHPC reaches 564.1 kJ-m-
3, which is a 43.8% increase, compared to when the modulus is 1.35.

(5) XRD analysis revealed that the crystalline peaks of the C-S-H phase were en-
hanced with increasing Na2COs replacement quantity. Different crystalline phases of
CaCO:s were observed in different Na2COs replacement quantities, with Vaterite and Cal-
cite present in M1-N2 and M1-N3, respectively. SEM analysis revealed that increasing the
Na2CO:s replacement quantity and activator modulus resulted in a higher proportion of
fiber fracture in the fracture surface of ASUHPC, which indicates an enhancement of fiber
bridging effect.

(6) Although the use of Na:COs effectively reduces carbon emissions, with a reduction
of 18.2% observed when the Na-COs replacement quantity is at 1.5 Na2O%, a comprehensive
analysis considering key tensile properties, such as tensile strength, ultimate tensile strain,
and tensile strain energy, reveals that increasing the activator modulus yields better envi-
ronmental performance. However, in applications that require higher durability, ASUHPC
with a Na2COs replacement quantity of 0.75 Na20% is evidently more suitable.
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