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ARTICLE INFO ABSTRACT

Keywords: The biochar in concrete structures has attracted a lot of attention, offering new biomass recycling
Biochar strategies while improving mechanical and durability properties of the biochar-cement compos-
Waste glass ites. This study investigated the alkali-silica reaction (ASR) in waste glass sand-based mortars
&Siiostrucmre with three biochar, including corn cob biochar (CCB), waste wood biochar (WWB), and rice husk
Sustainability biochar (RHB), using the accelerated mortar bar test (AMBT) up to 96 days. Due to the fine

biochar size (<100 pm, D90 = 34.67 pm), samples with 5 wt% CCB exhibited the lowest mortar
bar expansion and mass gain up to 96-day of exposure in 1M NaOH bath at 80 °C, while expe-
riencing the lowest strength loss. X-ray diffraction patterns indicated increased intensity of ASR
gels, including tobermorite-type C-S-H and alkali-silicate-hydrates (ASH) in all groups. Ther-
mogravimetric analysis (TG) results revealed that CCB5 had the lowest mass loss of ASR gels after
96 days in the 1M NaOH bath. Biochar degradation due to ASR was observed using Backscattered
Electron images. Finally, it was recommended that up to 10 wt% fine-size corn cob biochar
(<100 pm, D90 = 34.67 pm) could be conservatively used to partially replace cement content for
sustainable concrete design.

1. Introduction

Concrete has been used to build numerously complex structures for decades, attributing to its durable and stable characteristics.
However, as one of the most used binder materials in construction section, cement manufacturing accounts for up to 7 % of the global
greenhouse gas emissions [1,2]. Miller et al. [3] reported that the cement production would be further increased in the next decades
due to ageing infrastructure repair and expansion of urbanisation, raising the environmental concerns, e.g. increased CO5 emissions.
Likewise, Imbabi et al. [4] estimated that the production of cement could be quadrupled from 2012 to 2050, posing a significant
challenge in the environment management in the globe. Thus, finding proper solutions to reduce cement content in concrete have
emerged as an urgent matter for researchers and scientists.

Recycling industrial by-products, such as granulated blast furnace slag (GGBFS) [5,6], fly ash (FA) [7,8], paper wastes [9,10], and
combination of limestone and calcined clay (LC3) [11,12] have been the most common approach to reduce the carbon footprint of
sustainable concrete structures. In a study by Sun and Zhang [13], the presence of GGBFS refined the cementitious microstructure, led
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to a compressive strength increase by 8 % and reduced passing charges in rapid chloride penetration test (RCPT) when compared to the
reference group at 360 days. Similarly, Ukpata et al. [14] found that GGBFS promoted the chloride-binding capacity of samples with
GGBFS, improving the resistance against chloride ion ingress. In a chloride desorption test by Teymnouri and Shakouri et al. [15], they

Fig. 1. Morphologies of materials: (a) Blended waste wood biochar (WWB); (b) SEM image of WWB; (c) Corn cob biochar (CCB); (d) SEM image of
CCB; (e) Rice husk biochar (RHB); (f) SEM image of RHB; (g) Waste glass sand (WGS) before sieving.
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reported that up to 30 wt% FA improved the chloride binding capacity of FA-cement composites when compared to FA-free samples,
attributed to more formations of monocarboaluminate (Mc) in the pozzolanic reactions. Li et al. [16] observed that FA addition led to a
denser microstructure comparing to the control group in a mercury intrusion porosimetry (MIP) test. Zunino et al. [17] reported that a
denser microstructure was observed in LC3 samples, due to combination of filler effects of limestone and formation of Mc refining
pores of the LC3-cement matrix. Although those by-products could be utilised as supplementary cementitious materials (SCMs) to
partially replace cement content designing sustainable concrete, the geographical availability of these SCMs limits their applications
for countries without such material supply, posing concerns regarding relatively high material transportation cost and raise of the
carbon footprint. Consequently, it is necessary to find other appropriate alternatives as SCMs with local material availability.

Recently, the application of biochar as SCMs has attracted attention [18-21]. Biochar is produced from various biomass wastes
subjected to the oxygen-limited pyrolysis, offering a new recycling strategy rather than conventional biomass burning or landfilling
[22-25]. Gupta et al. [26] reported that using 2 wt% dry wood dusk biochar to replace cement content led to 7-day and 28-day
compressive strength increase by 22.6 % and 7.7 % respectively. They observed that, due to water retention at early curing age,
biochar pores offered additional hydration sites with humidity promoting the cement hydration and denser microstructure. Aziz et al.
[27] used 1.5 wt% date palm leaves biochar as cement replacement, showing that biochar mortars’ ultrasonic velocity and thermal
conductivity were reduced by 9.5 % and 41 % respectively when compared to the reference group. Kang et al. [28] reported that, after
replacing cement by 4.5 wt% coconut shell biochar, they found that the 28-day flexural strength was improved by 11 %, being
attributed to filling effects of biochar. In a study by Mo et al. [29], 2 wt% weed tree biochar reduced the autogenous shrinkage of the
biochar-cement composites by 16.3 % and improved the relative humidity by 4.5 % after 180-h curing. Furthermore, several studies
[30-32] showed that lower strength loss was observed for biochar-cement composites exposed to sulphate and chloride solutions,
revealing improved diffusion resistance against aggressive ions. Based on aforementioned literature, the addition of biochar seems to
be effective in reduce the permeability of the biochar-cement composites, having potential in mitigating the ASR expansion of the
cementitious composites by limiting the access of alkali ions. In addition, Deng et al. [33] found that the addition of polyvinyl alcohol
(PVA) fibres improved the cracking energy adsorption and reduced brittleness, improving the ASR expansion resistance of the
PVA-cement composites. In this regard, biochar seems to share similar characteristics with PVA to physically mitigate ASR expansion
of cementitious composites. However, despite that many studies have been carried out to investigate the effects of biochar in both
mechanical and durability properties of the biochar-modified cementitious composites, there is a lack of understanding of how biochar
may affect the alkali-silica reactions (ASR) of the biochar-cement mortars or concrete, regarding biochar type and cement replacement
percentage.

This study aims to analyse the effects of various biochar on ASR resistance of the biochar-cement mortars, including corn cob
biochar (CCB), rice husk biochar (RHB), and blended waste wood biochar (WWB). The hydration kinetics of samples with different
biochar were compared. ASR development in samples exposed to 1M NaOH bath at 80 °C was analysed based on comparisons of mortar
expansion, mass change, and strength degradation up to 96 days of exposure. Phase changes at different NaOH solution exposure
periods were investigated using X-ray diffraction (XRD) and Thermogravimetric analysis (TG). Backscattered Electron imaging (BSE)
together with Energy Dispersive X-ray Spectroscopy (EDS) were used to identify and analyse the chemical compositions of ASR
products in samples with and without biochar.

2. Methodology
2.1. Raw materials and specimen fabrications

General purpose cement (GP) traded by Boral Australia was used to fabricate the mortar samples. Two local commercial biochar,
including blended waste wood biochar (WWB) and rice husk biochar (RHB) were supplied by Rainbow Bee Eater Biochar (Australia).
These two biochar were processed through pyrolysis at a temperature of 500 °C for 1 h. The third biochar corn cob biochar (CCB) was
obtained from Fanernuo Biochar Company (Xuchang, China). It should be noted that CCB was produced in the same condition as WWB
and RHB, mitigating the variance due to different pyrolysis methods. After drying in an oven at temperature of 80 °C for a week, the
three biochar were ground for 30 s using a ring mill (Fig. 1). To improve the sustainability of biochar-cement mortars, waste glass sand
(WGS) was utilised as reactive fine aggregate [34-36]. Waste glass bottles were collected from a local recycling station in Sydney,
Australia. It should be noted that all waste glass bottles were carefully cleaned, and dried in an oven at a temperature of 70 °C for a
week. Initially, a rubber hammer was used to break waste glass bottles into small pieces. Glass pieces were then ground into waste glass
sand (WGS) using a Fritsch Jaw Crusher with a size limit of 4 mm (Fig. 1g). After that, WGS was sieved to achieve a particle size
distribution as per ASTM C1260 requirements [37] (Table 1). Based on the SEM images in Fig. 1, WWB particles have thick walls with
round pores (Fig. 1b), while eclipse-shape pores are randomly distributed in RHB particles (Fig. 1f). Fig. 1d presents a significantly
different morphology of pores with irregular shape in CCB particles.

Fig. 2 shows the particle size distribution of the raw powders. Among the three biochar, WWB had relatively a coarser particle size

Table 1

Particle size distribution of WGS.
Sieving size (pm) <0.3 0.3-06 0.6-1.18 1.18-2.36 2.36-4.75
Mass (%) 15 25 25 25 10
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(up to 239.88 pm) with a D50 value of 19.95 pm and a D90 value of 79.43 pm. CCB had the finest particle size (up to 100 pm) with a
D50 value of 13.18 pm and a D90 value of 34.67 pm, while RHB (up to 178.48 pm) had a D50 value of 13.18 pm and a D90 value of
69.18 pm. Table 2 presents the chemical compositions of all powders, and Table 3 shows the physical properties of the three biochar as
given by two companies. The top three oxides in the three biochar were SiOj, Alo0O3, and CaO. The XRF results of WGS revealed that
brown waste glass contained 69.75 % SiO5 and 12.75 % NayO.

Table 4 demonstrates the mix design of all groups. The water-binder ratio of 0.47 was adopted. The specimen fabrication pro-
gramme is shown in Table 5. CWG group is the control group as benchmark. This study adopted two replacement percentages,
including 5 wt% (named as RHB5, CCB5 and CWB5) and 10 wt% biochar (named as RHB10, CCB10, and CWB10). As a result, the
effects of various biochar on the mortar expansion, mass change, and strength degradation could be compared. It is worth noting that
additional samples were casted and cured in a water tank at room temperature (Table 5), allowing to assess the mechanical strength
degradation of the specimens exposed to the 1M NaOH bath.

Firstly, all binders were premixed using a 10L Hobar Mixer at a low speed of 16 rpm for 1.5 min s, obtaining a uniform binder
mixture. Then the powder mixture was poured into a dry container. Dry WGS with different sizes (Table 2) was mixed with half water
content at low-speed ration for 2 min. Another 3-min mixing at 24 rpm was set after adding the powder mixture and the rest of water
content. It should be noted that Superplasticiser (Sikament® Eco WR, Sika Australia) was added to the fresh mixture with biochar,
achieving similar flows when compared to the control group (Table 4). Then, the fresh mortar mixtures were poured into corre-
sponding moulds as listed in Table 5. A 2-min vibration was performed to all moulds achieving desirable compaction. It is worth
mentioning that plastic foil was used to cover all moulds till 24-h demoulding.

Sodium hydroxide pellet (Rowi Scientific, Australia) was used to prepared 1M NaOH solution. It should be noted that samples
exposed to the NaOH solution bath were marked and cured in a water bath at 80 °C for 24 h as per ASTM C1260-23 [37].

2.2. Hydration kinetics

Paste samples were casted using the same mix design in Table 4 without using fine aggregate. Approximately 10 g of each fresh
paste was placed in a labelled calorimeter container. The heat evolution of each group was recorded using a TAM air isothermal
calorimetry. The temperature of 20 °C was set, and the hydration heat recording period was set up to 72 h.

2.3. Accelerated mortar bar test (AMBT)

AMBT samples were initially immersed in water at 80 °C for 24 h before obtaining the zero reading as per ASTM C1260-23 [37].
Then, each sample was removed from the 80 °C water tank, zero reading was measured using a comparator (precision of 1 pm) after
wiping the surface solution on each sample using a towel within 5 s. After that, each sample were continuously immersed in the 1M
NaOH solution bath at 80 °C until 96 days. The length of the mortar samples was the average value of three identical samples at each
designated measuring time.

2.4. Mass change

After 24-h water bath at 80 °C, each sample was wiped using a towel and weighted using a digital balance to record the zero
reading. Following the same curing regime as AMBT set up, the mass of all groups was measured accordingly. The mass change of each
group was the average weight of three mortars at each measuring time.
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Fig. 2. Particle size distribution of powders.
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Table 2
XRF results.
Chemical compositions Cement CCB RHB WWB WGS
SiO, 18.94 51.97 73.99 57.62 69.75
CaO 63.73 15.48 11.91 19.15 9.72
Al,03 5.14 12.83 5.78 3.95 2.4
P,0s 0.20 5.68 0.77 2.29 -
SO3 2.49 1.82 0.29 1.33 0.49
NayO 0.25 2.34 0.83 5.15 12.75
MgO 1.48 2.82 1.1 3.15 2.15
K>0 0.47 3.44 3.83 1.58 0.81
TiO, 0.29 0.31 0.09 0.12 -
V505 0.02 0.01 0.01 0.03 -
Fe,03 3.00 2.92 0.94 1.67 -
L.O.L 3.989 0.38 0.46 3.96 1.93
Table 3
Physical properties of biochar.
Biochar type Specific surface area (mz/g) Density (g/1 cm®) pH value
CCB 27.21 0.89 9.82
WWB 2.35 1.59 8.35
RHB 13.89 0.45 8.96
Table 4
Mortar mix design.
Mix designs GPC Water WGS RHB CCB WWB Superplasticiser Water/binder ratio Flow (mm)
CWG 1 0.47 2 - - - - 0.47 179 £ 2.7
RHB5 0.95 0.47 2 0.05 - - 0.008 0.47 180 + 1.9
RHB10 0.9 0.47 2 0.1 - - 0.016 0.47 178 £ 2.5
CCB5 0.95 0.47 2 - 0.05 0.008 0.47 181 +£ 2.6
CCB10 0.9 0.47 2 - 0.1 0.016 0.47 177 + 3.2
CWB5 0.95 0.47 2 - - 0.05 0.008 0.47 180 + 2.1
CWB10 0.9 0.47 2 - - 0.1 0.016 0.47 179 £ 3.3

Note: GPC means general purpose cement, WGS refers to waste glass sand, RHB is rice husk biochar, CCB means corn cob biochar, and WB is blended

wood biochar.

Table 5

Specimens and testing programme.

Testing method samples ~ Mould dimensions Exposure condition

28-day and 96-day compressive 3,3 50mm x 50mm x 50mm 28-day/96-day curing in water tank @ room
strength temperature

28-day and 96-day compressive 3,3 50mm x 50mm x 50mm 28-day/96-day curing in 1M NaOH bath @ 80 °C
strength

28-day and 96-day flexural strength 3,3 40mm x 40mm x 160mm 28-day/96-day curing in water tank @ room

temperature

28-day and 96-day flexural strength 3,3 40mm x 40mm x 160mm 28-day/96-day curing in 1M NaOH bath @ 80 °C

Mass change 3 40mm x 40mm x 160mm Up to 96-day exposure in1M NaOH bath @ 80 °C

Accelerated mortar bar test (AMBT) 3 25mm x 25mm x 285mm with steel pin attached at Up to 96-day exposure in 1M NaOH bath @ 80 °C

each end

2.5. Strength degradation

Based on Table 5, three cubes and prisms of each group were exposed to water at room temperature and 1M NaOH bath at 80 °C for
28 days and 96 days. As per ASTM C109-20 [38], 28-day and 96-day compressive strength was measured using a UH500 universal
testing machine. AGX50 universal testing machine was used to test 28-day and 96-day flexural strength of samples with and without
NaOH solution exposure complying with ASTM C348-21 [39]. It is worth noting that 3 samples of each group were tested for each
immersion conditions, and mechanical strength degradations at 28 days and 96 days were the average of three identical testing results.
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2.6. Microstructure analysis

Broken pieces obtained following the 28-day and 96-day mechanical tests were placed in a 99 % isopropanol solution for 24 h to
stop the hydration process, followed by a drying process at 50 °C for 10 days. Half amount of sample pieces was ground to pass a 200-
pm sieve. The rest sample pieces for BSE analysis were casted in cylinder moulds using epoxy resin for 24 h. After that, polishing
process was performed as per guidelines in literature [40]. Finally, polished samples were continuously dried in an oven with tem-
perature of 50 °C for 7 days. A Quorum Q150V coater was utilised to perform 12 nm-chromium coating on each sample. BSE analysis
was carried out using a Zeiss EVO Scanning Electron Microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS). The working
distance was set 9-10 mm at voltage of 15 kV.

XRD analysis was performed using a Bruker D8 Discover diffractometer (Cu Ka, A = 1.54 A). The scanning step of 0.02° from 5° to
70° 20 was adopted. The crystalline phases in each group were analysed using Crystallography Open Database.

TG analysis at a temperature up to 1000 °C was carried out using a NETZSCH STA 449 Jupiter. The heating rate was set as 10 °C/
min. Approximately 30 mg of each mortar powder was stored in an alumina crucible, followed by a 10-min standby in the Ny-envi-
ronment chamber. Based on literatures [41,42], the N5 flow was set at 50 ml/min for all TG analysis. Finally, TG and derivative TG
(DTG) results were used for phase calculations for samples exposed to water and in 1M NaOH solution bath at 28 days and 96 days.

3. Results
3.1. Hydration kinetics

The effects of the different biochar at two cement replacement rates on the hydration kinetics are illustrated in Fig. 3, including
normalised heat flow (Fig. 3a) and normalised heat (Fig. 3b). It should be noted that the hydration evolutions were interpreted as per
gram for each mix design. As shown in Fig. 3a, an hydration peak delay of 1 h and 1.5 h were observed for samples with 5 wt% and 10
wt% biochar respectively when compared to the control group (brown line).
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Fig. 3. Hydration kinetics of mortars with and without biochar: (a) Normalised heat flow; (b) Normalised heat.
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At the major heat peak from 8 h to 11 h of hydration, CWG group exhibited the highest heat flow peak of 3.22 mW/g after 9 h of
hydration. For samples with 5 wt% biochar, a comparable heat flow peak of 3.19 mW/g was observed for CCB5 group in dark-red line
after 10.1 h of hydration. CWB5 group and RHB5 group showed a slight heat peak reduction of 0.06 mW/g and 0.07 mW/g respectively
when compared to CWG group. As shown in Fig. 2, CCB (<100 pm) had the finest particle size, remaining comparable heat peaks as the
control group, while coarser biochar led to slight heat peak reductions. This finding was consistent with the study by Gupta et al. [43].
They reported that 5 wt% ultra-fine wood biochar (<10 pm, D90 = 9 pm) improved the heat peak by 0.25 mW/g when compared to the
reference group with a water to binder ratio of 0.5:1. This phenomenon could be explained by a higher content of finer biochar particle
providing more hydration sizes and improving the cement hydration when compared to plain cement pastes. In this study, the D90
value of CCB, CWB, and RHB is 34.67 um, 79.43 pm, and 69.18 pm respectively (Fig. 2). High content of coarser biochar particles
seemed to negatively impact on the hydration development of the fresh cementitious mixture, e.g. 0.06-0.07 mW/g peak reduction in
CWB5 and RHB5 group. This finding had a good agreement with a finding by Dixit et al. [44], reporting slight heat peak delay and
reduction for samples with 5 wt% wood dust biochar (<300 pm, D90 = 200 pm). In terms of 10 wt% cement replacement, noticeable
heat peak reductions of 0.3-0.45 mW/g were observed. Regardless of the biochar size, the presence of 10 wt% biochar led to a cement
dilution effect, reducing the heat peak by up to 14.1 % when compared to the reference group. Similarly, Zhang et al. [45] used 10 wt%
sludge-based biochar to partially replace cement, reporting that excessive biochar addition led to a heat peak reduction of 0.25 mW/g.

Fig. 3b depicts the normalised heat for all groups after 72 h of hydration. CCB5 group exhibited the highest normalised heat of
274.01 J/g. Due to relatively coarser particle (<239.88 pm, D90 = 79.43 pm), CWBS5 had the lowest heat of 269.2 J/g among the three
biochar, having a comparable heat release than that of the control group (271.5 J/g). However, up to 8 % heat reduction was observed
for samples with 10 wt% biochar, highlighting the negative effects on the hydration development of biochar-cement composites due to
the cement dilution effect.

3.2. Mortar expansion analysis

The ASR kinetics and expansion results for all groups are presented in Fig. 4. Each expansion value is the average result of three
identical samples. The results revealed different mitigation performances related the cement replacement ratios. Samples with 5 wt%
biochar displayed slight reductions in the 28-day and 96-day mortar expansions by 4.2-7.2 % and 3.7-6.87 % respectively when
compared to that of the reference group. Samples with 10 wt% biochar exhibited slightly higher expansion when compared to the CWG
group at all measuring times, being 5.7-12.1 % and 7.2-9.4 % for 28-day and 96-day mortar expansion respectively. By contrast,
Biochar seem not as effective as other SCMs, such as GGBFS [46,47] or FA [48,49] in mitigating ASR expansion.

The poor ASR migration performances may be governed by two aspects: firstly, it should be noted that due to the porous nature of
the biochar particles (Fig. 1), more accessible channels were formed for Na™ and water to penetrate into the cementitious matrix.
Higher biochar content (e.g. 10 wt%) would inevitably lead to a more porous cementitious matrix than samples with low biochar
content [22,30,48]. Secondly, these three biochar did not offer sufficient amount of alumina (Tabel 1), which could reduce the
dissolution of silica eliminating the ASR gel formation [50]. Based on a study by Souza and Sanchez [51], they found that samples with
30 wt% FA displayed the lowest expansions, where a high alumina content contributed to ASR mitigation. Similarly, Nguyen etal. [11]
reported that due to presence of sufficiently free alumina, the formation of C-A-S-H improved the alkali-binding capacity of the
LC3-cement matrix, reducing the mortar expansions.

Overall, 5 wt% CCB (<100 pm, D90 = 34.67 pm) exhibited the best ASR mitigation, reducing expansion by 7.2 % and 6.87 % at 28
days and 96 days respectively compared to reference CWG specimens, while the other two biochar had similar ASR expansions when
compared to the control group up to 96 days. Phase assemblages of samples exposed to water and NaOH solution will be presented in
later sections.
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Fig. 4. Mortar bar expansion in AMBT up to 96 days.
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3.3. Mass changes

Fig. 5 shows the mass change of samples with and without biochar over the exposure period up to 96 days. Compared with the trend
depicted in Fig. 4, similar trend was observed for the mass gain during the exposure period. The results indicated that samples with 10
wt% biochar had higher mass gain than that of the control group. CWB10 had the highest mass increase of 3.32 %, being 9.26 % higher
than that of CWG group (3.04 %). Due to relative finer particle size, 4.33 % and 5.97 % increase in the mass gain at 96 days were found
in RHB10 and CCB10. The higher mass at 96 days indicated that more sodium ions and water were absorbed in samples with 10 wt%
than the control group, revealing higher formations of ASR products.

In terms of samples with 5 wt% biochar, samples with coarser biochar exhibited similar mass gain to the control group, being 2.91
% and 3.24 % reduction for RHB5 and CWB5 group. CCBS5 exhibited the lowest mass gain of 2.83 % (6.86 % reduction) among the three
groups at 96 days. This finding is consistent with the lowest ASR expansion results (Fig. 4). The presence of finer-size CCB particles
improved the hydration process promoting a denser biochar-cement matrix, limiting the access of sodium ions.

3.4. Strength degradation

The effects of biochar with two replacement ratios on the mechanical properties of all mortars up to 96 days are depicted in Fig. 6. It
should be mentioned that the mechanical properties were calculated based on the average of three results for all groups. Overall,
mortars with 5 wt% biochar exhibited lower mechanical strength degradations when compared to samples with 10 wt% biochar
regardless of biochar types up to 96 days. The strength degradation was consistent with the expansion rates shown in Fig. 4.

In terms of compressive strength degradation, after 28-day immersion in water at room temperature or in 1M NaOH bath at 80 °C,
CWG had 16.57 % and 27.59 % reduction on 28-day and 96-day compressive strength respectively, acting as the benchmark. CCB5
group displayed the lowest strength degradation of 14.31 % and 25.32 % at 28 days and 96 days respectively. However, higher
compressive strength degradations of 17.21-18.28 % (28-day exposure) and 27.81-29.39 % (96-day exposure) were observed for
samples with coarser biochar when compared to the compressive strength benchmark. This phenomenon could be due to two main
factors: finer-size CCB5 particles exhibited better filer effects providing more hydration sites than coarser biochar (WWB and RHB),
refining the porosity of the CCB-cement matrix leading to a higher compressive strength. Secondly, coarser biochar particle experi-
enced cracks after 96-day NaOH solution immersion. Based on SEM images in Fig. 7, a distinct cracking line developed across a RHB
particle and surrounding cementitious matrix (Fig. 7a), and multiple cracking lines were observed in a WWB particle (Fig. 7b). It is
worth mentioning that the BSE with EDS analysis will be discussed in later sections. Some studies [30,32] reported that although
biochar particles provided more hydration sites promoting the strength development of the biochar-cement composites, long-term
exposure in aggressive-ion environment led to biochar degradation, forming more accessible channels. After the crack developed
across the biochar particle, cracked cementitious matrix would be more susceptible to formations of ASR products. As a result, higher
compressive strength reductions were observed in RHB5 and CWB5 group when compared to CWG group. Severe compressive strength
degradations were found in mortar samples with 10 wt% biochar, being 21.79-23.24 % and 32.52-36.86 % for the 28-day and 96-day
compressive strength respectively. As explained in Section 3.1, excessive biochar particles interfered with the hydration development,
reducing the strength gain. Coarser pulverised biochar powder also resulted in a more porous biochar-cement, causing higher strength
degradation at long term.

In general, the flexural strength degradations increased with the increasing biochar content (Fig. 6¢-d). At 28-day exposure,
7.49-10.76 % and 25.09-29.59 % flexural strength reduction were observed in samples with 5 wt% biochar and 10 wt% biochar
respectively when compared to CWG group. However, significant strength degradation (36.51-38.27 %) were found in mortars with
10 wt% biochar. One possible interpretation was that unlike compressive force closed pores in the cementitious matrix, flexural force
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Fig. 6. Mechanical properties of all groups up to 96 days: (a) Compressive strength comparison; (b) Compressive strength degradation; (c) Flexural
strength comparison; (d) Flexural strength degradation.

Fig. 7. Typical biochar degradation after 96-day 1M NaOH solution bath: (a) RHB5 group; (b) CWB5 group.

tended to induce cracks in weak area with pores prior to failure of the denser cementitious matrix. After immersing in 1M NaOH
solution for 96 days, the combination of excessive porous biochar and ASR-induced cracks lowered the flexural strengths of samples
with 10 wt% biochar. Similarly, Boumaaza et al. [52] agreed that excessive biochar powder content leads to weaker tensile plane,
reducing the flexural strength.

Overall, by combining the heat development (Fig. 3) and strength degradation (Fig. 6), finer-size corn cob biochar (<100 pm, D90
= 34.67 pm) seemed to be more favourable in resisting sodium-ion ingress, leading to less mechanical strength degradations when
compared to the control group and samples with coarse biochar. This finding is in good agreement with the mortar expansion and the
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mass change results.
3.5. Phase assemblage

Fig. 8 shows the XRD spectra of all mortars exposed to 1M NaOH solution after 28 days and 96 days. It worth mentioning that waste
glass sand was used as main reactive fine aggregates in this study, the diffraction peaks of quartz were relatively higher than other
chemical phases (Fig. 8a and b). Thus, the phase change of quartz would not be analysed. A peak accumulation of semi-crystalline ASR
gels is observed at 29.4° 20, indicating the formations of tobermorite-type C-S-H with a layered silicate structure [53-55] and
alkali-silicate-hydrates (ASH), including kanemite, makatite, magadiite, kenyaite, shlykovite, and octosilicate [56-58]. Other peaks
31.9° 20 and 49.9° 20 revealed the additionally formations of tobermorite-type C-S-H in high-calcium availability. After 96 days of
NaOH exposure, higher diffraction peaks of ASR gels were observed, indicating continuous development of alkali-silicate reactions. In
addition, the peaks at 12.2° 20 and 17.4° 26 indicated the formation of C-A-S-H (zeolite or katoite), where CC5 group exhibited the
highest intensity for the two exposure periods.

Overall, lower diffraction peaks of ASR gels were observed in samples with 5 wt% biochar when compared to those of samples with
10 wt% biochar for the two exposure periods in1M NaOH bath at 80 °C. Especially, CCB5 group exhibited the lowest peaks of ASR gels
among all samples, highlighting the capacity of finer-size biochar in limiting the ASR expansions. The XRD patterns were consistent
with the expansion results, as samples with 10 wt% biochar presented higher expansion due to higher amount of ASR gels. Addi-
tionally, the increase of portlandite diffraction peaks and reduction of alite/belite peaks reflected the continuous hydration of all
groups in the NaOH bath.
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Fig. 8. XRD patterns: (a) 28-day 1M NaOH solution bath; (b) 96-day 1M NaOH solution bath. (Note: A = Alite (C3S); AS = A-S-H; B = Belite (C3S);
CA = C-A-S-H (zeolite or katoite); CC = Calcite; P = Portlandite; Q = Quartz; T = Tobermorite-type C-S-H).
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3.6. TG/DTG analysis

The TG and DTG results of all mortar samples exposed to 28-day and 96-day 1M NaOH solution bath at 80 °C are shown in Fig. 9.
The first thermal event in the temperature range of 40-105 °C was attributed to the loss of free or loosely bound water (¢,,q-). The
second endothermic peak between 105 and 250 °C was due to the loss of chemical bound water in the ASR gels (¢ gz), including
tobermorite-type C-S-H [53,58,59] and ASH [60,61]. Furthermore, the mass loss of tobermorite-type C-S-H might occur in the tem-
perature range of 250-320 °C [58,61]. However, Sinha and Wei [58] reported that since a portion of low-alkali or high-alkali ASR gels
might dehydrate in the temperature range of 40-105 °C, leading to an underestimation of the total mass loss of ASR gels. Nevertheless,
the quantitative analysis of ¢,,q.. and ¢,z Was calculated based on Eq. (1) and Eq. 2

Pwater =Mao - Mios a

@asg = (Mios - Maso) + (Maso - Mz) )

Fig. 10 shows the mass content of free and loosely bound water and ASR gels after 28-day and 96-day 1M NaOH solution bath at
80 °C respectively. After 28-day NaOH bath, samples with 10 wt% biochar exhibited higher ¢,,.. of 4.87-5.02 % than that of samples
with 5 wt% biochar (3.36-4.22 %) and CWG group (4.37 %). The lowest ¢, (3.36 %) in CCB5 group revealed that the presence of
finer-size CCB particle promoted resistance against ion penetrations at 28 days. When the NaOH exposure was extended to 96 days
(Fig. 10a), due to the significant ASR product development, the ¢, of samples with 10 wt% biochar increased significantly, indi-
cating possible formation of ASR gels dehydrating at low temperature (50 °C-105 °C).

Taking ASR gels mass loss of 4.02 % (the thermal event between 105 °C and 320 °C) in the control group at 28 days as the baseline,
a mass loss of 3.72-4.38 % and 4.79-5.26 % were observed in samples with 5 wt% and 10 wt% biochar respectively. In general, using
10 wt% biochar as SCMs led to a slight increase in the formations of ASR products. This phenomenon might be due to a combination of
interfered strength development and relative porous biochar-cement matrix. However, due to possible dehydration of small portion of
ASR products in the evaporation process of free water and loosely bound water, the ASR gel content would be underestimated. Sinha
and Wei [58] emphasised that the overlapping of mass loss calculations in two endothermic events (40 °C-105 °C and 105 °C-320 °C)
would lead to direct comparisons being less realistic. Nevertheless, after 96 days of NaOH bath, the mass loss of ASR gels increased for
all groups. Only CCB5 and RHBS5 exhibited slightly lower ASR gel content than that of the reference group, being in good agreement
with mortar expansions and strength degradation analysis.

Overall, TG/DTG results highlighted the possible resistance improvement of finer-size CCB particles, providing proper filler effects
and improved hydration development leading to a denser microstructure limiting the ASR gel development.

3.7. BSE-EDS analysis

The BSE images of samples exposed to 96-day 1M NaOH solution bath at 80 °C are depicted in Fig. 11. After 96-day NaOH exposure,
different levels of cracks were observed in all groups. In general, samples with 10 wt% biochar exhibited higher amounts of cracks than
that of samples with 5 wt% biochar. As shown in Fig. 11e-g, cracks not only penetrated across biochar particles, but also damaged the
Interfacial transition zone (ITZ) between biochar and the cementitious matrix (marked along orange dash line), leading to increased
susceptibility to ASR development. Biochar degradation was also found in samples with 5 wt% biochar (Fig. 11b-d). This observation
revealed the low stability of biochar subjected to long-term 1 M NaOH exposure.

In this study, point of interest (POI) was used to indicate the locations of EDS analysis (Fig. 11), including the paste or hydration
products on biochar surface (namely HP, crossing sign), ITZ between the paste and the WGS particle (namely ITZ, circle sign), cracking
line in the WGS particle (namely aggregate, triangle sign). Many studies [11,51,53,62] reported that one possible limitation of focused
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Fig. 9. TG/DTG analysis: (a) 28-day 1M NaOH bath exposure; (b) 96-day 1M NaOH bath exposure.
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EDS analysis was that the EDS results could not represent the elemental compositions of the ASR products. Thus, to eliminate the
potential negative impacts of focused EDS analysis, 18 points were scanned at each sign, achieving the collection of 100+ points for
each group. The elemental analysis of all mortars exposed to 96-day 1M NaOH solution bath at 80 °C are showed in Fig. 12, including
(Na + K)-Si-Ca plot and Al-Si-Ca plot. The average values of atomic ratios of 108 points, including Ca/Si, Al/Si, and (Na + K)/Si, are
presented in Table 6 (POIs in HP), Table 7 (POIs in ITZ), and Table 8 (POIs in aggregate).

In terms of atomic ratios in HP region, e.g. the cement past or hydration products on biochar surface, (Na + K)/Si ratios of
0.14-0.152 might be due to the formation of small portion of ASR products. CCB5 group exhibited the lowest value of (Na + K)/Si and
the highest Ca/Si and Al/Si ratios compared to other groups, indicating possible improvement in the diffusion resistance of alkali ions.
The increase in biochar content led to higher (Na + K)/Si ratios and lower Al/Si ratio. This result might highlight the relatively poor
resistance of biochar-cement matrix resisting the alkali-ion ingress.

In terms atomic ratios in ASR gel located in the ITZ and cracked line in WGS particle, gradual reductions in Ca/Si ratios were found
from the paste to the ITZ and the crack in deep WGS. Similarly, in a study by Deng [63], Ca/Si ratio was 0.367 in the ASR gel near ITZ
and 0.327 in the ASR gel deep in WGS. Furthermore, the author also found that various oxides in different glass impacted on the ASR
development, where the presence of Cr203 in green WGP might mitigate the ASR gel development better than in the case of CryO3-free
brown WGP. Ma et al. [64] reported that semi-permeable net of C-S-H gel near aggregate inhibited the access of calcium along the
crack to deep aggregate, leading to low Ca/Si ratios during the formation of ASR gel. It should be noted that the average Na/K ratios of
ASR gels in ITZ (0.446-0.492) were higher than those of ASR gel in deep aggregate (0.335-0.391). Based on several studies [65,66],
crystalline ASR gel exhibited a Na/K ratio being in a range of 0.1-0.27, while amorphous ASR products had Na/K ratio ranging from
0.46 to 0.76. Thus, most of ASR products in ITZ regions for all groups could be considered as amorphous ASR gels, while the ASR gels in
deep aggregate cracks could be classified as the combination of amorphous ASR gels and small amount of crystalline ASR gels. Distinct
Amorphous ASR products could be observed in BSE image of each group.

Overall, the atomic ratios remained similar reduction or increase trend moving from POIs in the paste to POIs in the crack of deep
aggregate for all groups. More discussions will be provided in Section 4.

4. Discussion

Based on aforementioned results and comparisons, different types of biochar exhibited various performances in ASR-induced
expansion and strength degradation. According to the available literatures [62,67,68], the formation of ASR products could be
divided into three stages: early-age reaction, early-stage expansion (Fig. 13a), and late-stage expansion (Fig. 13b). By adopting this
hypothesis, the potential effects of biochar on ASR resistance in WGS-based mortars would be compared and discussed.

4.1. Effects of biochar types

Three biochar were used as SCMs, including CCB (<100 pm, D90 = 34.67 pm), CWB (<239.88 pm, D90 = 79.43 pm) and RHB
(<178.48 pm, D90 = 69.18 pm). Fig. 13 shows the performance comparison of mortars with and without biochar after 28-day and 96-
day 1M NaOH bath at 80 °C. By replacing cement up to 5 wt%, only slight heat increase was found in CCB5 groups, while the other two
groups had similar heat when comparing to the control group (Fig. 13). CCB5 group exhibited improved hydration process, leading to
higher mechanical properties among all groups (Fig. 6). As a result, lowest mortar expansion and mass gain was observed in CCB5
group at the early-age reaction stage, where CCB5 group might experience a lower ASR gels development. However, no significant
differences were found for other samples, having similar increasing trend of mortar expansions and mass gain.

As the NaOH solution exposure time increased, slight reductions in mortar bar expansion (4.2-7.2 %) at 28 days were observed in
samples with 5 wt% biochar when compared to the reference group (Fig. 13a). The differences should be attributed to the strength
development and the biochar-cement matrix. As reported by Gupta et al. [43], ultra-fine biochar (<10 pm, D90 = 9 um) led to
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particle

RHB particle

Fig. 11. BSE images with POIs of all samples after 96-day 1M NaOH solution bath: (a) CWG group; (b) CCB5 group; (c) CWB5 group; (d) RHB5
group; (e) CCB10 group; (f) CWB10 group; (g) RHB10 group. (Note: Crossing sign reflecs POIs in cementitious matrix or hydration products in
biochar surface; Cycle sign is POIs in edge of WGS (ITZ); Triangle sign donates POIs in the ASR-induced crack in WGS particle).

significant heat increase, indicating higher strength gain with a refined microstructure. However, considering the size differences
among the three biochar, CWB and RHB were relatively coarser, inevitably interfering with the strength development and initiating
more accessible channels for sodium ion diffusion. On the other hand, it should be pointed out that the porosity of the CCB-cement
matrix would be less than that of other two groups with biochar addition. During the early-stage expansion, although biochar addi-
tion provided filler effects in pores of the cementitious matrix, alkali ions and water molecules could access through coarse biochar
particles penetrating to deeper cementitious matrix, leading to slight reduction of mortar expansion after 28-day of NaOH exposure.
During the stage, since the cementitious matrix did not severely damaged, the formation of ASR gels was restricted due to less
availability of alkali ions. Noticeably reductions in expansion and mass gain rate were observed between for CCB5 group (Figs. 5 and 6)
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Fig. 12. Ternary plots of elemental compositions in hydration products and ASR gels: (a) (Na + K)-Si-Ca plot; (b) Al-Si-Ca plot.

Table 6
Elemental analysis of hydration products in the paste or on biochar surface (HP).
(Na + K)/Si Ca/Si Al/Si
Average STVD Average STVD Average STVD
CWG 0.147 0.154 0.899 0.867 0.018 0.017
CCB5 0.140 0.089 0.953 0.889 0.024 0.020
CWB5 0.145 0.115 0.942 0.735 0.017 0.014
RHB5 0.143 0.105 0.933 0.795 0.021 0.019
CCB10 0.145 0.101 0.908 0.730 0.016 0.022
CWB10 0.152 0.114 0.925 0.667 0.017 0.019
RHB10 0.146 0.123 0.911 1.045 0.016 0.027

when compared to control group. CCB5 group also exhibited the lowest mass loss of ASR gel after 28-day of NaOH exposure (Fig. 10).

However, due to the presence of numerous ASR-induced cracks, all groups exhibited significant expansions and mass gain after 96-
day of NaOH exposure (Fig. 13b). The ASR development was highly related to the characteristics of the biochar-cement matrix. Based
on BSE images in Fig. 11, cracks could be observed crossing biochar particle, revealing the degradation of biochar after severe ASR
development. This phenomenon indicated the ASR-induced cracks have extended from deep or ITZ of reactive glass sand to the
cementitious matrix. Based on the elemental analysis in Tables 7 and 8, (Na + K) ratio of ASR gels in CWB5 group was higher than that
of the control group in both ITZ and deep aggregate regions. Na/K ratio also indicated the major formation of amorphous ASR gels in
two POIs. Higher content of ASR gels (Fig. 10) was formed due to relatively porous CWB-cement matrix. Furthermore, direct evidence
could be seen in Figs. 6 and 13, where the mechanical degradations in samples with 5 wt% biochar were more severe at 96 days than
those at 28 days of NaOH exposure. As a result, the addition of 5 wt% biochar led to only slight improvement in resistance against ASR
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Table 7
Elemental analysis of ASR gels in ITZ zone between paste and WGS (ITZ).
(Na + K)/Si Ca/Si Al/Si Na/K
Average STVD Average STVD Average STVD Average STVD
CWG 0.418 0.317 0.498 0.369 0.017 0.012 0.471 0.314
CCB5 0.375 0.308 0.556 0.529 0.021 0.020 0.446 0.524
CWB5 0.435 0.519 0.519 0.555 0.018 0.016 0.492 0.384
RHB5 0.417 0.450 0.532 0.678 0.020 0.023 0.454 0.510
CCB10 0.432 0.459 0.492 0.456 0.020 0.025 0.475 0.346
CWB10 0.470 0.465 0.447 0.417 0.018 0.025 0.465 0.582
RHB10 0.437 0.497 0.496 0.495 0.019 0.018 0.458 0.472
Table 8
Elemental analysis of ASR gels in cracks of WGS (Aggregate).
(Na + K)/Si Ca/Si Al/Si Na/K
Average STVD Average STVD Average STVD Average STVD
CWG 0.255 0.180 0.259 0.271 0.014 0.019 0.391 0.421
CCB5 0.261 0.147 0.275 0.200 0.018 0.018 0.347 0.358
CWB5 0.287 0.275 0.242 0.203 0.012 0.014 0.386 0.215
RHB5 0.261 0.235 0.264 0.345 0.014 0.017 0.368 0.351
CCB10 0.289 0.245 0.234 0.203 0.015 0.015 0.335 0.472
CWB10 0.321 0.182 0.238 0.211 0.013 0.017 0.358 0.381
RHB10 0.290 0.224 0.260 0.239 0.016 0.018 0.349 0.294
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Fig. 13. Mortars performance comparison: (a) 28-day NaOH solution exposure; (b) 96-day NaOH solution exposure.
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expansion (Fig. 5).

Due to the combination of finer-size CCB particle and a denser microstructure in CCB-cement matrix, lower amount of cracking
lines were observed with the same magnification of 200x, reflecting lower portion of ASR products. Overall, by considering the ASR
expansion, mass gain and strength degradation after 96 days of 1M NaOH bath at 80 °C (Fig. 13a and b), finer-size corn cob biochar
seemed to provide a better mitigation of ASR when compared to coarser-size waste wood biochar and rice husk biochar.

In general, the potential of SCMs in mitigating ASR development is affected by the Ca/Si ratio of the ASR gels and the availability of
the alumina [11,51,69,70]. Based on a study by Nguyen et al. [11], ASR gels with high calcium content demonstrated lower swelling
capacity. Several studies [71-73] also reported that ASR gels with high Ca/Si (>0.5) displayed high stiffness with low expansion. Based
on Tables 7 and 8, the Ca/Si ratios of samples (0.519-0.556) with 5 wt% biochar were slightly higher than that of the reference group,
being in good agreement with the slight mortar bar expansion reductions at 96 days. However, a negligible difference in Ca/Si ratios
were observed for samples with and without biochar, having similar expansions after 96 days. In terms of role of alumina, AI** could
react with alkali ions to form lower-solubility phases, e.g. zeolite (C-A-S-H), K-A-S-H or N-A-S-H, mitigating the ASR process [11,70,
74]. Another interpretation is that the presence of aluminium in the silica framework leads to reduction of Si dissolution rate with
lower interfacial free energy, thus eliminating the formations of ASR gels [11]. By considering this favourable benefit of alumina, XRF
results in Table 2 exhibit that the value of Al;O3 of three biochar was 12.83 %, 3.95 %, and 5.78 % for CCB, WWB and RHB
respectively. As a result, insufficient supply of aluminium ions did not contribute to effective chemical adsorption effect of aluminium
ions, in which the adsorption of Al ions on the surface of amorphous silicon led to negative charging sites, preventing the dissolution of
silicon in alkaline environment to reduce ASR. Based on Fig. 12 and Tables 7and8, the ASR gels of CCB5 had slightly higher Al/Si ratio
than that of the control group, possibly contributing to the slight reductions of ASR process up to 96 days. Furthermore, Deng et al. [75]
reported that samples with lithium nitrate exhibited lower content of ASR gel when compared to lithium-free mortar. The author
revealed that, similar to Al ions, lithium ions could bind with negative charges of silica layers, mitigating the formation of ASR gels.
However, due to no or limited supply of Al and Li ions, fine-size biochar led to only limited improvement in the ASR mitigation.

Based on the above-mentioned comparisons, the role of various biochar in mitigating ASR process includes different aspects.
Firstly, finer-size biochar exhibited better ASR mitigation, by improving the cement hydration and lowering the strength degradation.
The application of 5w% of corn cob biochar (<100 pm, D90 = 34.67 pm) led to the lowest mortar bar expansion and mass gain among
all groups. Secondly, the free alumina content of the binder, supplying aluminium ions plays a crucial role in mitigating ASR. However,
aluminium ions supply by biochar is very limited due to their low alumina content (Table 1), leading to a poor surface passivation of
reactive aggregate not able to prevent the dissolution of amorphous silicon. As a result, ASR mitigation effect remained very limited.
Noticeably, the alumina content was the highest in corn cob biochar CCB (Table 1), which can also explain the slightly better per-
formance of mortar specimens with 5w% of CCB in mitigation ASR. Overall, 5 wt% finer-size CCB can slightly improve both me-
chanical properties and ASR resistance. 5 wt% coarser-size waste wood biochar and rice husk biochar could still be used as a
sustainable component, having similar ASR-resisting capacity than the control group.

4.2. Effects of cement replacing ratio

Samples with 10 wt% biochar had higher mortar bar expansions and mass gain, while experiencing higher mechanical strength
degradations at 96 days when compared to samples with 5 wt% biochar. This result showed opposite conclusion compared to other
types of SCMs [69,70], where 20-30 wt% limestone and calcined clay [11], 30 wt% FA [74,76] and 20 wt% slag [47,77] could be used
in GPC system to mitigate ASR process.

Considering the characteristics of biochar (Fig. 1), biochar exhibited a porous microstructure when compared to FA, clay, or slag
having solid texture. In terms of higher cement replacing percentages, e.g. 10 wt% to 20 wt% FA, clay or slag, finer-size solid powder
could provide direct filler effects in pores of the cementitious matrix, reducing the overall porosity of samples with such SCMs.
However, due to the porous microstructure of biochar, although more hydration sites could improve the early hydration, direct
exposure to 1M NaOH solution negatively impacted the mortar microstructure. Moreover, this phenomenon was highly related to its
particle size, where ultra-fine particles had predominant improvement of cement hydration. Thus, the use of ultra-fine biochar showed
proper potential of higher cement replacement percentages, which is strongly recommended for future studies. Based on BSE images of
samples at 96 days, numerous cracks were observed in samples with 10 wt% biochar, where the degradation of coarser-size biochar led
to improved susceptibility to ASR development, posing another challenge of using coarse biochar with large size in resisting the
development of ASR process.

Overall, 10 wt% finer-size corn cob biochar could be conservatively used as cement replacement, with comparable ASR resistance
when compared to the control group. One possible solution for higher ASR mitigation was to utilise even finer-size CCB or other types
of biochar, e.g. biochar size being less than 40 pm or even ultra-fine size (<10 pm), where improved hydration development and less
porous biochar-cement matrix could be expected to have better resistance against ASR development up to 96 days of AMBT test.

5. Limitations

This study adopted only the Accelerated Mortar Bar Test (AMBT) as per ASTM C1260-23 [37]. Real-world applications are highly
required to compare the experimental results of biochar in slightly mitigating the ASR process. As a pioneering study of exploring
potential role of using biochar to improve the ASR resistance of the biochar-cement composites, only three biochar were used. Thus, it
is recommended to further validate the effects of fine-size or ultra-fine-size biochar as well as the content of alumina in biochar powder
on the potential resistance improvement against the ASR process. Therefore, a more comprehensive understanding of how biochar
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would act in mitigating the ASR development could be explained, improving the practicality of biochar as SCMs in the construction
sector.

6. Conclusions

This study investigates the effects of three biochar, including corn cob biochar (CCB), waste wood biochar (CWB), and rice husk
biochar (RHB) on the ASR mitigation in sustainable waste glass sand-based mortars using the Accelerated Mortar Bar Test (AMBT). The
major conclusions were drawn as the follows.

1) Due to its finer particle size (<100 pm, D90 = 34.67 um), CCB5 group exhibited the highest hydration heat among all WGS-cement
mortars. After 96-day of exposure in 1M NaOH bath at 80 °C, CCB5 had the lowest mortar bar expansion and mass gain, while
demonstrating the lowest mechanical strength degradation.

2) XRD patterns revealed increased intensity of ASR gels, including tobermorite-type C-S-H and ASH in all groups from 28-day to 96-
day NaOH exposure. Small diffraction peaks of C-A-S-H (zeolite or katoite) were observed in CCB5, indicating the possible
contribution of C-A-S-H in mitigating the ASR development.

3) TG/DTG analysis further demonstrated the role of CCB powder in mitigating the formation of ASR products, where the lowest mass
loss of ASR gels in a temperature range from 105 to 320 °C was found.

4) BSE images revealed the degradation of biochar particles due to severe ASR-induced cracks. The values of Ca/Si ratio gradually
reduced from POIs in paste or hydration products on biochar to POIS in aggregate cracks. Amorphous ASR gels were identified in
the ITZ between the WGS and the paste, while a combination of amorphous and crystalline ASR gels was observed based on lower
Na/K ratio.

5) Up to 10 wt% CCB (<100 pm, D90 = 34.67 pm) could be conservatively used as SCM, demonstrating comparable ASR-resisting
performance when compared to the reference group.

6) The novelty of this work was to comprehensively analyse the role of different biochar in the ASR-resisting performances of WGS-
based mortars using the AMBT, where mortar bar expansion, mass gain, and strength degradation was compared up to 96 days.
Finer-size biochar (size <100 pm) could be conservatively used up to 5 wt% as cement replacement.

7) However, it is highly recommended that more studies need to be performed to investigate the role of ultra-fine biochar with higher
cement replacing ratio, further improving the sustainability of the biochar-cement composites.
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