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This study investigated effects of crystalline admixture (CA) on shrinkage and alkali-silica reaction behaviours of
biochar-cementitious composites. Addition of 1-1.5 wt% superabsorbent polymer (SAP) completely mitigated
autogenous shrinkage while slightly increasing the 120-day total shrinkage of the SP-cement composite by 5.7%,
resulting in the highest apparent porosity. 1-1.5 wt% CA addition did not affect autogenous shrinkage while
slightly reducing the 120-day total shrinkage by 10.1%. The combination of CA and waste wood biochar (WWB)

reduced autogenous shrinkage by 24.23% and 120-day total shrinkage by 23.6%, resulting in the lowest apparent
porosity. The formation of hydration products in the WWB pores and on WWB surface densified the cementitious
matrix, leading to a reduction in water evaporation. Furthermore, for specimens exposed to 1 M NaOH solution
at 80 °C, CA addition significantly reduced the 120-day expansion by 50.6%, while the combination of CA and
WWB addition reduced the 120-day expansion by 42.9%.

1. Introduction

Durable design is required to satisfy the requirements in numerous
structural design codes, improving the structural resilience and dura-
bility of reinforced concrete structures (Amjad et al., 2023). Due to the
brittle nature of the cementitious matrix, concrete structures suffer from
a high risk of cracking as a result of service loading, restrained
shrinkage, temperature fluctuation, or environmental deterioration
(Cappellesso et al., 2023a; Zeinali et al., 2023). Crack initiation poses a
significant challenge as aggressive ions would penetrate and damage the
internal cementitious matrix, lowering the serviceability and durability
of concrete structures (Cappellesso et al., 2023b; Liu et al., 2022).
Typically, due to the ingress of harmful substances, such as chlorides,
corrosion products would form at the steel rebar-cementitious matrix
interface, reducing the bearing capacity of the structures (Hermawan
et al., 2023; Macdonald et al., 2021). Repairing cracked concrete leads
to substantial financial costs. Several studies (Cassidy et al., 2015;
Mohammed et al., 2020) mentioned that repairing and maintenance

costs are approximately $13 billion annually due to corrosion-related
structural damages and cracks in Australia. Hence, appropriately pre-
ventive techniques for controlling undesirable concrete cracking or
corrosion damages are highly required.

Many studies (Mohammed et al., 2020; Xiao et al., 2023; De Souza
and Sanchez, 2023) stated that self-healing concrete was considered as a
promising method in timely sealing cracks, requiring no additional la-
bour and maintenance costs. Tittelboom and Belie (Van Tittelboom and
De Belie, 2013) reported that there were two main self-healing process,
including autonomous and autogenous self-healing. For autonomous
self-healing process, many studies utilised capsule-filling self-healing
agents, including vascular networks (Wan et al., 2023a, 2023b; De Nardi
et al., 2023) or sporulated-form bacterial (Cappellesso et al., 2023a; Xiao
et al.,, 2023; Akhtar et al., 2023). According to Cappellesso et al.
(2023a), the main healing mechanism of bacterial-based agents was that
when capsules were broken during cracking, the bacterial with meta-
bolic activities would promote calcite precipitation to seal the cracked
region, requiring moisture, nutrient for calcium ions, and oxygen.
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Several studies (Su et al., 2021; Wu et al., 2020) highlighted that it was
necessary to provide a protective treatment for microbial agents,
ensuring the survival of bacteria during casting and hydration. However,
Wu et al. (2020) pointed out that by adding 1-4 wt% microcapsules, the
compressive strength of the bacterial-cement composites was reduced
by 15-34%. They described that the application of microcapsules
affected the workability of the cementitious composites. Meanwhile,
glass-based capsulation may be damaged to release healing agents
before cracking (Wan et al., 2023a), affecting the overall self-healing
efficiency. In contrast to the autonomous self-healing, many re-
searchers (Tian et al., 2022; Chindasiriphan et al., 2020; Zhang et al.,
2021; Xue et al., 2021) defined autogenous healing as the healing pro-
cess by continuous hydration of unhydrated products or calcite precip-
itation sealing the cracks. Although crystalline admixtures (CAs) are
normally used as permeability-reducing agents (Hu et al., 2022; de
Souza Oliveira et al., 2021), several studies (Zhang et al., 2021; Xue
et al., 2020, 2021; Li et al., 2020a; Wang et al., 2023) used CAs as
autogenous healing agent sealing cracks in the cementitious matrix.
Wang et al. (2018) suggested that CA not only promoted a denser
cementitious microstructure by inducing pore-blocking crystalline de-
posits to reduce both porosity and permeability but also improved the
self-healing efficiency of the CA-cement composites.

Since CA contains 60-80 wt% cement powder (Penetron, 2023), CA
addition does not negatively affect the workability (Wang et al., 2018;
Munn et al., 2003) and setting time (Zheng et al., 2019) of the cemen-
titious composites, highlighting the favourable benefit in terms of
practicality when compared with the application of bacterial-based
capsulation. Borg et al. (2018) investigated the compressive strength
of mortar specimens with 1 wt% CA, and they found that CA addition
promoted 12.6% increment of compressive strength when compared to a
reference group. Many studies (FloresM et al., 2015; Chandra and
Ravitheja, 2019) agreed that the main reason for strength improvement
was that CA promoted the formation of calcite and C-S-H gels filling
pores and voids in the cementitious matrix, improving matrix
compactness to resist higher loads. However, Oliveira et al. (de Souza
Oliveira et al., 2021) revealed that although CA promoted a denser
microstructure in the CA-cement matrix, there was limited improvement
on tensile strength, due to the brittle nature of the cementitious matrix.
Likewise, Sisomphon et al. (2013) observed that there was a slight
strength improvement of approximately 4.8% on the flexural capacity
after adding 1.5 wt% CA. Oliveira et al. (de Souza Oliveira et al., 2021)
reported that another benefit of CA-induced denser microstructure was
that it also promoted structural resilience, protecting internal steel re-
bars. Meanwhile, many studies (Li et al., 2020a; Azarsa et al., 2019)
highlighted that CA stimulated crystalline deposits in filling pores in the
cementitious matrix, reducing capillary channels to resist aggressive-ion
penetration. Zhang et al. (2021) reported that CA addition not only
reduced the permeability of the CA-cement composites, but also
improved the closure rate of cracked samples. Lauch et al. (2022a)
added 2 wt% CA in the cementitious composites, and they found that
cracked samples were fully sealed when exposed to wet/dry cycles. Xue
et al. (2021) cured pre-cracked CA-cement samples in water and NaCl
solutions. They concluded that due to the additional formation of Frie-
del’s salt (Fs), specimens cured in NaCl solution had faster crack closure
when compared with samples cured in water. Furthermore, Guenca et al.
(Cuenca et al., 2021) observed that CA offered continuous healing ca-
pacity in a multi-cracking experiment. They found that the reopening
crack due to the second cracking area was healed up to 70%. Several
studies (Lucas et al., 2016; Guan et al., 2020) explained that due to the
accumulation of the special chemicals in CA, being the main stimulator
of self-healing products, reopening crack would be sealed in the pres-
ence of moisture. Although the effects of CA on the mechanical prop-
erties and self-healing efficiency of cementitious composites are well
documented and investigated, there are limited evidence showing the
potential effects of CA on the volume stability and durability properties
of CA-cement composites, such as shrinkage deformation and
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alkali-silica reactions (ASRs). Regarding ASRs, the potential effects of
CA addition on the ASR behaviours of the CA-cement composites are not
well understood. As a result, the application of the CA addition on the
cementitious composites may be affected due to its potential to deteri-
orate ASRs (Dong et al., 2021; Dong et al., 2022; Xue et al., 2019; Xue
et al., 2020).

Based on the findings by Lin et al. (2023), biochar was a proper
alternative to partially replace cement, improving mechanical strengths
and durability properties of the biochar-cement composites. Javed et al.
(2022) found that using 2 wt% bagasse biochar in replacing cement led
to a strength increase of 18% on the compressive strength of the
biochar-cement composite when compared to the reference group.
Several studies (Xu and Wang, 2021; Wang et al., 2019a) observed that
the presence of biochar promoted the cement hydration and filled in
pores and voids, leading to a denser microstructure to reduce chloride
diffusion. Similarly, Gupta et al. (2018) found that using biochar to
partially replace cement reduced the permeability of the cementitious
composites. As a results, more studies are required to investigate the
feasibility of recycling different biomass wastes to produce biochar in
Australia, reducing the cost and resources in managing these wastes by
burning or landfill. This study considers using local biochar to partially
replace a portion of the cement to investigate the volume stability
properties of the biochar-cement composites, aiming to provide more
results in understanding how biochar may affect the properties of the
cementitious composites.

In this study, the potential effects of CA addition on shrinkage and
ASRs were investigated. The investigations of shrinkage and ASRs
complied with AS 2350.13 (AS 2350, 2006) and AS 1141.60.1 (AS 1141,
2014) respectively. Both tests were performed for 120-day curing to
understand how CA addition would affect the volume stability and
durability properties of the CA-cement composites. Apparent porosity
analysis was carried out to determine differences between the porosity
of samples, and Scanned electron microscopy (SEM) was used to
investigate the interfacial-transition zones (ITZs) between reactive ag-
gregates and the cementitious matrix in ASRs experiment. In addition,
biochar was used in this study to assess its potential to improve the
properties of the cementitious matrix. Furthermore, the analysis of raw
materials included SEM image, X-ray fluorescence spectrometry (XRF),
and particle size distribution (PSD) were carried out.

2. Experimental program
2.1. Raw materials

General purpose (GP) cement produced by Boral Australia, was uti-
lised as the major binder in this study. Commercially available super-
absorbent polymers (SAP), namely DESAP® by Global Spill Control
(Australia), was used as one of the healing agents in this study. Ac-
cording to Lauch et al. (2022b), SAP was the polymers formed by
cross-linked polyacrylamide in powder form. Based on several studies
(Li et al., 2020b; Aghaee and Khayat, 2022), SAP could properly miti-
gate the autogenous shrinkage of SAP-cement composites. Similarly,
commercially available crystalline admixtures (CA), traded by PENE-
TRON Admix® (Australia), was selected as another healing agent for
investigations relating to both shrinkage and alkali-silica reactions. CA
consists of a large amount of CaO, a certain amount of silica, and several
patent-protected chemicals. Blended waste wood biochar was a com-
mercial product, obtained from Green Man Char (Australia), which was
produced from oxygen-limited pyrolysis based on locally constructional
waste wood. Fig. 1 illustrates the images of the different raw materials.
Originally blended biochar was ground into fine powder, namely WWB.
The particle size distribution (PSD) of CA and WWB was analysed by
Malvern 2000 Particle Size Analyser. As depicted in Fig. 2, the maximum
particle size of WWB particle is 200 pm, providing proper filler effect in
blocking voids in the cementitious matrix. Due to its large cement
content (60-80%), the PSD of CA is very similar to that of GP cement.
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Fig. 1. Morphology of raw materials: (a) PENETRON CA, (b) SAP, (c) Original blended biochar, and (d) WWB.
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Fig. 2. Particle size distribution of CA and WWB.

However, since CA contains several special chemical powders, particles
being larger than 100 pm and up to 500 pm were identified.

Fig. 3(a) and (b) present the micro-morphology of CA and WWB
respectively. CA contains many irregular-shaped particles, and Fig. 3(b)
reveals that WWB microstructure is porous with thick wall. Guizani et al.
(2017) reported that although beech wood biochar (BWB) was pro-
cessed by 500-600 °C pyrolysis, a thin wall was observed in the

microstructure of BWB particles, highlighting the variability of the
biochar microstructure. As illustrated in Fig. 3(b), the shapes of
macro-pores in WWB are randomly formed and distributed, and there is
structural disintegration at the edge of WWB particle during the grinding
process by ball milling. Overall, the macro-pores of WWB are oval shape
ranging from to 1 pm 5 pm. XRF results in Table 1 show the chemical
compositions of the three different raw materials. Although CA contains
up to 80% cement, General purpose cement (Boral, Australia) has higher
contents of calcium oxide (CaO), silica (SiO5), and aluminium oxide
(Al,O3) than CA (PENETRON, Australia). However, it should be noted
that CA has higher contents of sodium oxide (NazO) and magnesium
oxide (MgO), being 9.15% and 3.27% respectively. One interpretation
could be that CA may contain various sodium-based chemicals to pro-
mote self-healing. The XRF results reveal that the SiO,/CaO ratio of
WWB is 2.95, significantly higher than that (SiO2/CaO ratio = 0.3) of
cement. If the content of amorphous silica being exposed to WWB sur-
face is relatively higher, it could improve the pozzolanic reaction during
the hydration process.

2.2. Sample preparation

This study aimed to investigate the impact of different healing agents
on the resistance to shrinkage and the potential effect of CA addition on
resisting alkali-silica reactions, as shown in Fig. 4. As a result, different
prism moulds were utilised, including shrinkage mould (40 mm x 40
mm x 160 mm) and AMBT mould (25 mm x 25 mm x 25 mm). Lin et al.
(2023) suggested that 2 wt% biochar was the optimal percentage to
replace cement, providing a favourable reduction in shrinkage. Hence, 2
wt% WWB was utilised in replacing GP cement to cast
biochar-cementitious composites. Due to the addition of SAP, an extra
amount of water was essential to maintain the effective water-to-cement
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(a) Crystalline admixture
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(b) WWB

Fig. 3. Morphologies of Ca and WWB.

Table 1

Chemical compositions of raw materials.
Chemical compositions (%) CA General Purpose Cement WWB
CaO 49.24 63.73 19.73
Al,03 3.73 5.14 3.95
SiO, 14.15 18.94 58.20
P,0s 0.17 0.20 2.29
SO3 1.83 2.49 1.35
K,0 0.74 0.47 2.88
TiO, 0.12 0.29 0.27
V205 <0.01 0.02 <0.01
Cry03 0.01 0.02 0.05
Mn304 0.08 0.19 0.50
Fe,05 1.76 3.00 1.67
Na,O 9.15 0.25 5.10
MgO 3.27 1.48 3.45
LOI 15.78 4.09 0.50

ratio of 0.35. This study adopted the methodology by Wang et al.
(2022a). They conducted a trial-and-error test to find the optimal vol-
ume of extra water for the samples with SAP. Aiming to maintain a
comparable workability, the required amount of additional water and
mixture details for prisms were in Table 2. Similarly, due to the addition
of WWB, a trial-and-error test was performed to determine the optimal
dosage of superplasticiser to keep a comparable slump. Meanwhile, for
the accelerated mortar bar test (AMBT), dacite fine aggregates (reactive
sand) were crushed from dacite coarse aggregates and a commercial
product of sodium hydroxide pellets (Rowe Scientific, Australia) was
selected to prepare the 1 M NaOH solution.

Initially, all materials were pre-mixed for 3 min using a 5-L Hobart
mixer to obtain a proper powder mixture. Then, 1/3 volume of water
was added in the mixer for another l-minute of low-speed mixing. After
that, the rest of water was added with medium-speed mixing for 3 min.
Then, cementitious mixture on the bowl’s wall was shovelled to avoid
loss of binder materials, and mixing was continued for 1 min. Fresh
cement paste for shrinkage test and fresh cement mortar for AMBT was
then poured into the corresponding moulds and were vibrated for 3 min

Durability experiment
programme

s Shrinkage

meamd  Shrinkage

smmmnd  AMBT

Material e CA:1-1.5 wt%
- * Biochar: 2 wt%

40%x40x160 mm I

Autogenous shrinkage 120-day exposure Weekly measurement
Total shrinkage I I Apparent porosity test I

* Reactive sand

I 25%25x285 mm I 1M NaOH bath I 120-day exposure Weekly measurement
mmmmme AMBT

—_—

v

SEM analysis

40x40%x160 mm (not to scale)

25%25x285 mm (not to scale)

Fig. 4. Experimental program.
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Table 2
Mix design of shrinkage and AMBT tests.
Tests Samples GPC Reactive sand Water CA SAP WWB Extra water Superplasticizer Slump (mm)
Shrinkage Cco 1 - 0.35 - - - - - 231 +£1.3
CA 1 - 0.35 0.01 - - - - 229+ 25
CA15 1 - 0.35 0.015 - - - - 228 +£ 2.2
SAP 1 - 0.35 - 0.01 - 0.11 - 229 + 2.4
SAP15 1 - 0.35 - 0.015 - 0.16 - 227 £ 1.2
CB 0.98 - 0.35 0.01 - 0.02 - 0.008 228 + 3.3
Accelerated mortar bar test Cco 1 2 0.35 - - 0 - - 210 £ 2.4
CA 1 2 0.35 0.01 - 0 - - 209 + 3.1
CB 0.98 2 0.35 0.01 - 0.02 - 0.008 211 £ 2.1

to remove air bubbles for uniform compaction. In this study, since three
samples were created for each test, the same mixing process was
repeated to produce sufficient paste and mortars samples for each test.
Importantly, plastic foil was applied to cover all prism moulds till 24-h
demoulding.

2.3. Experimental programme

2.3.1. Shrinkage

The shrinkage experiments were carried out to investigate both total
shrinkage in Fig. 5(a) and autogenous shrinkage in Fig. 5(b) complying
with AS 2350.13 (AS 2350, 2006), being the Australian Standard for
investigating shrinkage of cement mortars. After demoulding, the sam-
ples length was measured using a digital comparator with an accuracy of
+0.001 mm, and all readings were repeated three times to appropriately
record the initial length. Cementitious specimens for autogenous
shrinkage measurements were covered with aluminium foil and sealed
immediately in a plastic bag after the first measurement to avoid water
evaporation. According to AS 2350.13 (Methods of testing portland,
blended and masonry cements, Method 13: Determination of drying
shrinkage of cement mortars) (AS 2350, 2006), all shrinkage specimens
were then properly placed in a conditioned room with 50 + 5% relative
humidity and 23 + 2 °C. During the length measurements, it should be
noted that no moist curing was applied for all samples after demoulding.

The measurements were performed once a day for the first week, and
then all specimen’s length was measured weekly up to 120-day curing.
Autogenous shrinkage and total shrinkage results were directly

measured by the digital comparator. It should be noted that three
samples were cast for each case, and the average values were used to plot
the shrinkage results.

2.3.2. Accelerated mortar bar test

All AMBT specimens in Fig. 5(c) were demoulded after 24-h curing in
the humidity cabinet, and initial lengths were measured. A 153-L
autoclave (Zirbus LVSA 50/70) was utilised as the main heating sta-
tion in this study. A temperature of 80 °C could be obtained within a few
mins and the pressure remained as atmospheric pressure. According to
AS 1141.60.1 (Methods for sampling and testing aggregates, Method
60.1: Potential alkali-silica reactivity - Accelerated mortar bar method)
(AS 1141, 2014), AMBT samples should be placed in a container with 1
M NaOH solution. The container was immersed in the 80 °C water bath
in the autoclave to accelerate ASR expansion. Similar to shrinkage
measurements, all samples were measured once a day for the first week
and measured once per week up to 120-day in the NaOH solution.

2.3.3. Apparent porosity analysis

Several studies (De Souza and Sanchez, 2023; Ahmadi Moghadam
et al., 2020) suggested that the apparent porosity test could be used to
investigate the pore volume differences of the cementitious matrix. This
study adopted Archimedes method to analysis the apparent porosity of
the total shrinkage specimens at 28-day exposure and 120-day exposure.
It should be noted that additional three prisms were casted for 28-day
apparent porosity test for each mix design. However, the 120-day
apparent porosity test was measured using the total shrinkage

Fig. 5. Tests of cementitious composites: (a) total shrinkage test, (b) autogenous shrinkage test, and (c) AMBT test.
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samples. Initially, the samples were fully immersed in distilled water for
48 h to a constant saturated mass before exposed to 105 °C, protecting
pores structure in the high-temperature environment. Next, the samples
were placed in the oven with 105 °C for 2 days to get a constant dry mass
(mq). Then the dried samples were placed in distilled water for another
48 h. After that, the submerged weight of the prisms was measured as
(m;), and the saturated weight (mg) was measured by quickly wiping the
surface water of the samples. Hence, the apparent porosity (P) was ob-
tained by the following equation:

p="2 " 100% o)

s — My

2.3.4. Microstructural analysis

High-resolution SEM equipment (Zeiss Supra 55VP) was used to
analyse the microstructure of the shrinkage and AMBT samples. Before
the SEM analysis, samples were crushed and dried in a vacuum oven at
50 °C for 3 days. Then, all samples were coated with gold by a coating
machine (Leica EM ACE600 coater). After that, SEM analysis was per-
formed by using a voltage of 10 kV. Meanwhile, aiming to classify the
hydration products in a particular location, point scan of energy
dispersive X-ray spectroscopy (EDS) in Zeiss Supra 55VP was utilised. It
should be noted that 10 points were examined in each location to get an
average result of Ca/Si ratio of the hydration products.

3. Experimental results
3.1. Autogenous shrinkage

Fig. 6 presents the autogenous shrinkage deformation of the samples
with CA, SAP, and WWB. The addition of CA leads to a negligible
reduction in autogenous shrinkage deformation. In Fig. 6, the autoge-
nous shrinkage results of CA (black line) and CA15 (red line) are very
similar to the reference group CO (blue line). The shrinkage deformation
rate is gradually reduced, and a noticeable trend is that after 80-day
exposure, the autogenous shrinkage values tend to remain stable. As
aforementioned, each specimen was covered with aluminium foil and
sealed in an individual plastic bag during 120-day testing period, pre-
venting the moisture evaporation. Several studies (Aghaee et al., 2023;
De Meyst et al., 2021) pointed out that internal curing due to water
retention was an effective way in reducing the autogenous shrinkage of
the cementitious composites. Due to the large amount of cement (up to
80%) in CA, CA does not affect the workability of the fresh cementitious
paste by water retention, evidenced by the slump obtained with and
without CA, being 229 + 2.5 and 231 + 1.3 respectively in Table 2.

200

—200

—400

-200

=600 -

—400

—800

—1000

—1200

Autogenous shrinkage (ue/10°)

—1400

—+—CA —<o—CAI5S —o—CQ
—1600 ‘

SAP SAPI5 CB

71800 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Time (days)

Fig. 6. Autogenous shrinkage results.
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Likewise, Wang et al. (2018) also suggested that CA addition did not
reduce the workability of the cementitious composites. Although addi-
tion of CA promotes a denser cementitious microstructure (Xue et al.,
2021; Wang et al., 2018; FloresM et al., 2015; Chandra and Ravitheja,
2019), no water retention process is involved in the CA-cementitious
composites for internal curing. As a result, 1-1.5 wt% CA addition
does not lead to any reduction in the autogenous shrinkage deformation
in Fig. 6. Hence, CA is not a proper cementitious supplementary material
(CSM) allowing reduction in the autogenous shrinkage of the cementi-
tious composites.

However, SAP addition dramatically reduces the autogenous
shrinkage of the SAP-cementitious composites, being in good agreement
with many studies (Rostami et al., 2021; Tu et al., 2019). As depicted in
Fig. 6, instead of directly experiencing the autogenous shrinkage, the
cement pastes with SAP expand during the early curing age (0-3 days).
According to Snoeck et al. (2015), SAP particles can maintain the water
retention process, resulting in an overall expansion of the SAP mixtures
during the initial hydration stage. SAP15 samples show larger expansion
than SAP group, and the shrinkage deformation of both SAP and SAP15
mixtures tend to remain stable after 7-day exposure. As a result, almost
no autogenous shrinkage deformations are measured on the
SAP-cementitious composites. Several studies (Aghaee et al., 2023;
Snoeck et al., 2015) revealed that SAP particles gradually released
retained water to reduce hydrostatic tension forces, preventing the
autogenous shrinkage. It should be noted that, for SAP group, there is a
small autogenous shrinkage deformation after 3-day exposure. This can
be due to the end of the continuous SAP particle expansion, but the
autogenous shrinkage remained flat after 7-day exposure. However, the
actual effect of SAP on the autogenous shrinkage of the cementitious
matrix highly depends on the water-releasing behaviours of SAP (Snoeck
et al., 2015; Moelich et al., 2022). Unlike comparable elimination of the
autogenous shrinkage by SAP observed in this study, Snoeck et al.
(2015) observed that one of the SAP addition did not mitigate the
autogenous shrinkage deformation. They stated that it was due to the
relatively slow release or partially releasing of water content retained by
SAP particles. In this study, the addition of 1-1.5 wt% SAP could almost
eliminate autogenous shrinkage, and the higher dosage of SAP was the
most effective.

Adding 2 wt% WWB to replace General purpose cement in the CA
group, CB group led to an autogenous shrinkage deformations reduction
of approximately 24.23% at 120-day exposure, compared to that of the
reference group. Instead of sharply shrinking during the early curing
period up to 7 days, the cementitious pastes with WWB experienced
relatively slow shrinkage, reducing by approximately 59.19% shrinkage
deformation at 7-day exposure. Similar findings were reported by
several studies (Mo et al., 2019; Gupta et al., 2020). Gupta et al. (Gupta
and Kua, 2019) suggested that due to water retention of pulverised
biochar, relatively low w/c ratio (water/cement ratio) reduced the
capillary porosity near the interfacial transition zones (ITZs). Mean-
while, biochar particles gradually release absorbed water, promoting
additionally internal curing (Kua and Tan, 2023; Gupta and Kua, 2018).
As a result, the self-desiccation of CB group is reduced due to both
capillary porosity refinement and internal curing. Mo et al. (2019)
observed approximately 19% shrinkage reduction at 7-day exposure,
being significantly lower than this study. The first reason is that rela-
tively larger pulverised biochar was used by Mo et al. (2019), while Lin
et al. (2023) found that finer-size biochar particles could be more
effective in reducing the shrinkage of the biochar-cementitious com-
posites. Secondly, It should be noted that Mo et al. (2019) did not add
superplasticiser to keep a comparable w/c ratio for the
biochar-cementitious pastes, leading to improper biochar distribution.
However, 0.8 wt% superplasticiser is added to improve the workability
of the biochar-cement composites in this study, improving biochar dis-
tribution for porosity refinement. Overall, WWB could be considered as
an appropriate alternative to replace cementitious binder in reducing
the autogenous shrinkage of sustainable concrete.
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3.2. Total shrinkage

Fig. 7 depicts the total shrinkage deformations of the cementitious
pastes up to 120-day exposure. Several studies (Gupta et al., 2020;
Wongkeo et al.,, 2012) suggested that capillary pore structure and
refinement could be considered as the key factors affecting the evapo-
ration rate of moisture in the cementitious matrix. In Fig. 7, the addition
of CA and WWB significantly reduced the total shrinkage strain, and the
addition of SAP only reduced the total shrinkage up to 4-day curing, but
slightly increased the total shrinkage of the SAP-cement composites
during at long term.

Considering the potential effect of CA addition on total shrinkage, CA
and CA15 group show similar total shrinkage deformation subjected to
120-day exposure with negligible differences. When compared to the
control group (blue line) in Figs. 7 and 13.4% and 10.9% shrinkage
reduction is observed for CA (black line) and CA15 (red line) groups
respectively at 7-day exposure. Many studies (FloresM et al., 2015;
Wang et al., 2019b) observed that CA promoted pore-blocking crystals,
improving the compactness of the CA-cement matrix. As a result, a
denser microstructure would reduce the evaporation rate of moisture in
both CA and CA15 group, leading to a reduction in the total shrinkage
strains. However, CA addition does not affect the trend of the shrinkage
deformation when compared to that of the control group. The reason
could be that although CA refines the microstructure of the cementitious
matrix at the early age (up to around 28 days), there is no major change
in the inherent cementitious nature at the longer age due to the loss of
water. Thus, there are only slight changes in the trend of total shrinkage
when compared to the reference group CO. 1 wt% CA addition leads to
8.4% and 10.1% reduction in 28-day and 120-day shrinkage strains
respectively, while 1.5 wt% CA addition promotes 7.1% and 9.2%
reduction on 28-day and 120-day shrinkage strains respectively.
Although CA promotes a denser cementitious microstructure, the
reduction rate of total shrinkage does not increase when exposing to
longer-term curing. Hu et al. (2022) stated that the presence of moisture
was the crucial factor in activating the special chemicals in CA to
stimulate the formation of pore-blocking deposits. Due to the 50%
relative humidity in a conditioned room, no additional crystalline de-
posits formed due to the lack of moisture. As a result, there is no dif-
ference in shrinkage reduction when comparing 7-day and 28-day
shrinkage for the CA-cement composites. Overall, while promoting
proper self-healing efficiency as mentioned by many studies (Zhang
et al., 2021; Li et al., 2020a; Azarsa et al., 2019), the addition of CA
slightly mitigates the total shrinkage of the cementitious composites.
Meanwhile, by comparing the shrinkage reduction rate between CA and
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Fig. 7. Total shrinkage results.
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CA15 group, higher dosage of CA powder does not reduce the shrinkage
deformation.

Fig. 7 clearly depicts that SAP addition increases the long-term total
shrinkage of the SP-cement composites when compared to SP-free con-
trol group. However, at an early age up to 7 days, the shrinkage results of
SAP (green line) and SAP15 group (purple line) are reduced by 11% and
9.7% respectively. This is mainly due to the internal curing offered by
SAP particles, releasing absorbed water to promote the hydration, being
in good agreement with other studies (Wang et al., 2022a; Rostami et al.,
2021). It should be noted that, the total shrinkage strains of the
SAP-cementitious composites are higher than those of SAP-free samples
starting from the second week of exposure. Several studies (Wang et al.,
2016, 2022a) revealed that the primary reason was that most absorbed
water was completely released after 7-day exposure, providing no
further internal curing to mitigate the capillary pore forces after the
second week. Likewise, Yang et al. (2019) pointed out that after
releasing water, the decomposition of SAP gel created larger pores in the
cementitious matrix, increasing the water evaporation rate. The evi-
dence could be found in Fig. 7, where the shrinkage deformation of SAP
and SAP15 group remained sharply during the second week of exposure.
Furthermore, considering 120-day exposure, 2% and 5.7% increment of
shrinkage strains is observed for SAP and SAP15 group when compared
to the reference group. The higher shrinkage strains are related to higher
water evaporation rate being consistent with other literature (Wang
et al.,, 2022a; Yang et al., 2019). Wang et al. (2022a) suggested that
higher dosage of SAP induced more pore defects, creating more channels
for water to escape from the cementitious matrix.

By replacing cement with 2 wt% WWB, the total shrinkage strains of
the WWB-cement composites are significantly reduced in Fig. 7. Similar
to autogenous shrinkage, CB group (WWB and CA addition) shows
favourable mitigation on the total shrinkage strains, being significantly
lower than that of CA group (CA addition only). For 7-day curing, the
total shrinkage deformations of CB group are reduced by 31.3%
compared to that of CO group. As aforementioned, WWB gradually re-
leases water to promote additional hydration, and refining porosity to
reduce capillary pore tensions. Unlike decomposition of SAP particles
after water releasing, WWB particles remains porous structure providing
additional hydration sites, reducing potential the formation of pore
defects. Likewise, Senadheera et al. (2023) pointed that the porous na-
ture of biochar provided more hydration sites to densify the cementi-
tious matrix, leading to a reduction of water evaporation. The evidence
could be found in Fig. 8(a) and (b), showing that porous WWB particles
provide more sites for cement hydration, as hydration products could be
found in WWB pores and on WWB surface in Fig. 8(a) and (b).

Fig. 9 depicts the Ca/Si ratio comparison for hydration products at
different locations by using EDS analysis. The highest average Ca/Si
ratio (3.52) is found in location 3, while the lowest average Ca/Si ratio
(1.71) is found in location 4. The common Ca/Si ratio of C-S-H gel from
alite hydration is 1.7-1.8 (Cuesta et al., 2021), while lower Ca/Si ratio is
0.8-1.4 (Deschner et al., 2012; Wang et al., 2022b). Likewise, Guesta
et al. (Cuesta et al., 2018) summarised that C-S-H gel with Ca/Si ratio of
1.67-2.5 was classified as inner C-S-H gel, and C-S-H gel with Ca/Si
ratio higher than 2.5 indicted outer C-S-H gel. Aghaee and Khayat
(2023) revealed that outer C-S-H gel was porous and bound with cal-
cium hydroxide, being in a good agreement with several other studies
(Chen et al., 2004; Kunther et al., 2017). As a result, the hydration
products at location 2 and location 4 could be classified as C-S-H gel,
while the hydration products at the other 3 locations could be the mix of
C-S-H gel and calcium hydroxide. Based on several studies (Aghaee and
Khayat, 2023; Babaahmadi et al., 2022), C-S-H gel with lower Ca/Si
ratio demonstrated higher strength. As shown in Fig. 9, C-S-H gels at
location 2, 4, and 5 would contribute to higher compressive strength
than C-S-H gels at location 1 and 3, due to a denser morphology
(Aghaee and Khayat, 2023). Nevertheless, WWB promotes a denser
cementitious matrix by providing more hydration sites, leading to less
water evaporation. Furthermore, finer-size WWB powder could act as
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fillers to block voids and pores, reducing the water evaporation rate.
Similar findings could be found in existing literature (Lin et al., 2023;
Gupta et al., 2020; Senadheera et al., 2023). For long-term curing, WWB
addition promotes 26% and 23.6% reduction on the total shrinkage at
28-day and 120-day curing respectively. Similar to SAP particles, the
water releasing process of WWB may stop at 7-day exposure, and the
shrinkage reduction rate is decreasing accordingly. By considering these
favourable benefits, the addition of WWB could significantly mitigate
the total shrinkage of the biochar-cementitious composites.

3.3. Apparent porosity

The apparent porosity (AP) results at 28-day and 120-day are sum-
marised in Fig. 10. When compared to the reference group, CA addition
reduces AP by up to 7% at 28-day exposure. Considering the total
shrinkage results provided in Fig. 7, the reduction of AP with CA addi-
tion is properly correlated with the lower total shrinkage strains of CA
and CA15 group. In terms of CB group, the combination of CA and CB
addition reduces AP by 10.3% at 28-day exposure. Since WWB addition
promotes the cement hydration in Fig. 8(a) and (b) and fills in voids of
the cementitious matrix, the highest reduction of AP is observed for this
group. In correlation, the lowest total shrinkage results are observed for
CB group in Fig. 7. Apparently, AP results at 120-day exposure, excepted
for samples with SAP addition, decrease slightly when compared to that
of 28-day exposure, having a good agreement with other studies
(Ahmadi Moghadam et al., 2020; Mo et al., 2016). Based on the study by
Qin et al. (2018), the compactness of the cementitious matrix was
slightly increased with the increase of the exposure period in the air,
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Fig. 10. Apparent porosity analysis at exposures of 28-day and 120-day.

resulting in a slight reduction in long-term apparent porosity.

However, the addition of SAP increases the 28-day AP by 7.3% and
9.7% for SAP and SAP 15 group respectively when compared to the
reference CO group. Due to the decomposition of SAP after releasing
absorbed moisture, additional pores were formed, leading to increased
AP of SAP and SAP15 group. Further evidence could be found in Fig. 10,
where slight increase in 120-day AP of samples with SAP addition is
observed. In correlation with the total shrinkage strains in Fig. 7, unlike
the mitigation of the autogenous shrinkage by SAP addition, the addi-
tion of SAP inevitably increases AP of the cementitious composites,
leading to higher total shrinkage strains. Meanwhile, higher dosage of
SAP further increases the total shrinkage strains and AP of the SAP-
cementitious composites.

Overall, the apparent porosity results are highly correlated with the
total shrinkage strains for all cementitious composites. Samples with
lower AP have lower total shrinkage strains when compared to samples
with higher AP. Although SAP addition completely mitigates the
autogenous shrinkage, due to the decomposition of SAP particles, SAP
addition increases the total shrinkage and leads to higher AP. The
addition of CA presents an opposite trend, as CA addition has a negli-
gible effect on the autogenous shrinkage, while slightly reducing both
total shrinkage strain and AP. Moreover, CB group shows the best per-
formances in reducing autogenous, total shrinkage strains and AP. The
primary reason is that WWB addition further promotes the compactness
of the biochar-cementitious composites.
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3.4. Accelerated mortar bar test

Fig. 11 presents the average mortar expansion results up to 120-day
exposure to the 1 M NaOH solution bath at 80 °C and each expansion
point is the average of three identical samples. As recommended by
AS1141.60.1 (AS 1141, 2014), the expansion limit of reactive aggregate
at 10 days and 21 days is 0.1% and 0.3% respectively. It could be
observed that the 10-day and 21-day mortar expansion of CO group is
approximately 0.53% and 0.59% respectively in Fig. 11, confirming the
high reactivity of dacite sand against the expansion limit as suggested by
AS1141.60.1 (AS 1141, 2014). According to Fig. 11, the reference CO
group (blue line) has the highest level of mortar expansion, which is
expected, since there is no mitigation strategy against the alkali-silica
reaction. It could be observed that there is a high reactivity of the
reference CO group at early age, as the 7-day expansion is 0.52%. The
expansion rate of CO group is gradually reduced over time, being
consistent with other studies (Ma et al., 2023; Nguyen et al., 2020). For
the long-term NaOH solution exposure, 0.62% and 0.8% mortar
expansion are observed at 28-day and 120-day respectively.

CA addition leads to significant reduction in the mortar expansions in
Fig. 11. At 7-day exposure, the average mortar expansion is approxi-
mately 0.14% (black line), significantly reducing the expansion by
72.4% when compared to that of the refence group (blue line). By
adding 1 wt% PENETRON CA, it is observed that the 14-day and 28-day
mortar expansions are reduced by 63.6% and 57.7% respectively.
Similar finding is reported in the study with 1 wt% CA addition (Munhoz
et al., 2021). Munhoz et al. (2021) reported that 1 wt% CA addition led
to 75.4% and 64.5% expansion reduction at 14-day and 28-day exposure
respectively. Jalali and Afgan (2018) explain that while promoting a
denser cementitious matrix, CA addition denied the alkali ion penetra-
tions mitigating the ASR expansions. Likewise, Liu (2011) reported that
the addition of Xypex CA reduced the penetration depth of sodium ions,
promoting the resistance against ASR expansions in the CA-cement
composites.

The expansion reduction rates observed in this study are smaller than
those reported by Munhoz et al. (2021). It should be noted that the
different performance of the CA and the different level of reactivity
contributed to the differences in ASR expansion observed in this study
and in the experiment by Munhoz et al. (2021). However, a 57.7%
reduction in 28-day mortar expansion could still be considered as an
effective mitigation on the ASR expansion for the cementitious com-
posites. After 120 days of 1 M NaOH solution exposure at 80 °C, the
average expansion of CA group is 0.39%, reducing the expansion by
50.6%. It could be found that there is a decreasing trend on the ASR
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Fig. 11. ASR expansion comparison of self-healing biochar-cementi-
tious composites.
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expansion reduction rate, reducing from 72.3% at 7-day to 50.6% at
120-day exposure. Although CA promotes a denser cementitious matrix,
the continuous immersion in the 1 M NaOH solution at 80 °C allows
more alkali ions reacting with reactive fine aggregates, creating more
pores for sodium-ion penetration. Similarly, according to Munhoz et al.
(2021), more ASR products were found at later immersing ages, due to
sodium-ion penetration. As a result, CA promotes a smaller expansion
reduction in 120-day testing time.

Considering the effect of 2 wt% WWB, Fig. 11 indicates that the
average expansion results of CB group (orange line) are significantly
lower than that of the reference group. The mortar expansion is 0.21%
and 0.35% at 7-day and 28-day exposure respectively, leading to a
57.9% and 44.2% reduction in expansion rate respectively. However, it
should be noted that additional WWB particles leads to more expansion
when compared to samples with CA addition only. Based on the XRF
results in Table 1, SiO2 of WWB is 58.20%, being higher than that of CA
(14.15%) and cement (18.94%). Several studies (Lin et al., 2023;
Nguyen, 2021) mentioned that the high content of amorphous silica
exposed on the biochar surface was a favourable fact for the formation of
C-S-H gel during hydration process. However, due to the porous nature
of WWB, WWB with high silica content would act similarly to reactive
sand, leading to additional ASR products. As a result, higher content of
silica of WWB negatively affect the ASR mitigation in the
biochar-cement composites. At 120-day curing, the average CB mortar
expansion is 0.46%, being 42.9% less than that of CO group. It could be
observed that similar to the trend of expansion reduction rate of CA
group, there is also a decreasing trend in the expansion reduction rate
due to WWB addition during the immersing age.

3.5. Microstructural analysis

Fig. 12 shows the SEM images of the ITZ of the different samples
immersed for 28-day, at various magnifications, including CO group in
Fig. 12(a) and (b), CA group in Fig. 12(c) and (d), and CB group in
Fig. 12(e) and (f). In this study, due to the high reactivity of the fine
aggregate, there is relatively higher formation of ASR gel at 28-day
exposure, resulting to larger mortar expansions of the reference group
in Fig. 11. The evidence could be found in Fig. 12(b). Apparent crack is
observed between reactive aggregate and the cementitious matrix,
reflecting the high alkali-silica reaction of CO group. Similar findings
were reported by Joo et al. (Joo and Takahashi, 2023), confirming that
due to the alkali attack, the excessive formations of ASR gel created
cracks in the ITZ between reactive aggregates and the cementitious
matrix.

According to Fig. 12(d), there are no apparent cracks within the ITZ
of CA group, indicating less formations of ASR gels between reactive
sand and the cementitious matrix. Gong et al. (2020) explained that due
to continuous sodium attack, ASR products would deteriorate the stable
ITZ between reactive aggregates and the cementitious matrix, leading to
higher sample expansions. In this study, CA addition promotes a denser
CA-cementitious matrix, significantly reducing the alkali access, miti-
gating the mortar expansion in Fig. 11. The reduced formation of ASR
gels in the ITZ is highly related to the lower mortar expansions, verifying
that CA addition could improve the resistance against the alkali-silica
reaction. Fig. 12(f) depicts the ITZ of CB group, and less cracks are
observed within the ITZ when compared to that of CO group in Fig. 12
(b). The combination of CA and WWB addition reduces the penetration
depth of sodium ions, leading to less mortar expansions during the im-
mersion period. However, the presence of WWB provides additional
source of amorphous silica, leading to higher mortar expansions,
compared to mortars containing on CA.

By combining Figs. 11 and 12, a high correlation between the mortar
expansions and the cracks formation within the ITZ of samples is
observed. For CO group, it is observed that the excessive formations of
ASR products lead to more cracks in the ITZ in Fig. 12(b), leading to the
highest mortar expansions. Since CA promotes a denser cementitious
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(f) ITZ amplification in CB group.

matrix, less ASR products and cracks are found in the ITZ of CA samples.
Meanwhile, CA samples shows the lowest mortar expansions. However,
due to the high silica content in WWB, the porous WWB microstructure
allows more ASR products formation by consuming amorphous silica in

WWB.

As a result, several cracks are observed in the ITZ of CB group,

and the mortar expansion of CB group is higher than that of CA group.

4. Conclusions

This study investigated the effects of CA addition on shrinkage and
alkali-silica reaction of the cementitious composites with and without

WWB.

@

(2)

Some conclusions could be summarised as the follows.

The 1-1.5 wt% CA addition has no effect on the mitigation of
autogenous shrinkage of the cementitious composites. 1-1.5 wt%
SAP addition could completely mitigate the autogenous
shrinkage of the cementitious matrix. The combination of 1 wt%
CA and 2 wt% WWB promotes a proper reduction (24.23%
reduction) in the autogenous shrinkage of CB group at 120 days.
By promoting a denser cementitious matrix to prevent water
moisture evaporation, 1.0 wt% CA addition leads to 10.1% total
shrinkage reduction, and 1.5 wt% CA reduces the total shrinkage
by 9.2% at 120-day exposure.
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Due to the decomposition of SAP particles after releasing water,
more pores and voids formed increasing the water evaporation
rate, slightly increasing the total shrinkage (2% and 5.7% incre-
ment for 1 wt% and 1.5 wt% SAP addition respectively). Higher
dosage of SAP addition further increases the total shrinkage.
For CB group, fine WWB particle fills the voids and pores leading
to a denser cementitious microstructure, and porous WWB pro-
vides more sites for hydration. Additionally, C-S-H gel forms in
the pores of WWB and on the surface of WWB. As a result, WWB
leads to 23.6% reduction on 120-day total shrinkage.

The results of apparent porosity are highly correlated with the
results of total shrinkage for all cementitious samples. 1-1.5 wt%
SAP addition increases the total shrinkage of the cementitious
composites with the highest apparent porosity, while 1-1.5 wt%
CA addition slightly reduces the total shrinkage of the CA-cement
composites and leads to a lower apparent porosity. CB samples
were measured the lowest total shrinkage and the lowest
apparent porosity.

Due to excessive formations of ASR products, CO group showed
the highest mortar expansion. 1 wt% CA addition could signifi-
cantly reduce the alkali attack, significantly mitigating the
mortar expansions with less formation of ASR products in the ITZ.
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However, the additional WWB addition led to a higher mortar
expansion.

Current results suggests that CA addition could also lead to lower
shrinkage and ASR expansion of the CA-cement composites,
suggesting that it could be conservatively used as self-healing
agent in Australia. The addition of WWB promotes the resis-
tance of shrinkage deformation and ASR expansion for biochar-
cement composites, indicating that it is feasible to recycle
waste wood in Australia to produce waste wood biochar.
Although systematic analysis is carried out to investigate the in-
fluence of CA on the shrinkage and alkali-silica reaction of the
cementitious composites, more studies are needed for a more
comprehensive conclusion on the actual effects of CA addition.
Particularly, accelerated mortar bar test (AMBT) could only
provide preliminary results for the ASR analysis, being used as
reference results.
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