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A B S T R A C T

This study investigated the effects of crystalline admixture (CA) and waste wood biochar (WWB) on sulphate and 
chloride ions penetration resistance of coastal concrete infrastructure. Three solutions (e.g. water, 5 % Na2SO4 
solution, and 5 % NaCl solution) were prepared for cement paste specimens immersion up to 156 days. Strength 
developments, water adsorption, and Scanning Electron Microscopy (SEM) analysis were carried out. It was 
found that CA and WWB addition reduced the water adsorption and promoted a slight increase of the mechanical 
strength in water curing condition up to 156 days. After 28 days of Na2SO4 solution immersion, due a denser 
microstructure, CA and WWB addition led to 15.1–16.2 % and 17.9 – 20.93 % reduction in Na2SO4 solution 
adsorption respectively, while improving the mechanical properties when compared to the reference group. 
SEM-EDS presented the formation of ettringite in WWB’s pore, densifying the biochar-cement composites. 
However, due to the continuous formation of ettringite and gypsum, excessive cracks were observed, increasing 
Na2SO4 solution adsorption and lowering the mechanical strength improvement for samples with CA and WWB 
addition. CA and WWB addition resulted in 17.16 – 18.1 % and 20.85 – 23.23 % reduction in 28-day NaCl 
solution adsorption respectively and reduced the 156-day NaCl solution adsorption by 15.2–15.8 % and 17.8 – 
20.1 % respectively. Meanwhile, both CA and WWB led to mechanical strength improvements when compared to 
the control group at all ages, samples with 1 wt% CA addition had lowest strength reduction rate. Overall, the 
findings suggested that the presence of CA and WWB will improve the durability properties of coastal structures 
immersed in seawater.

1. Introduction

Cementitious composites are vulnerable in coastal areas, since 
aggressive ions including chlorides and sulphates can penetrate into the 
concrete microstructure to reduce the structure service life [1–3]. Li 
et al. [4] mentioned that chlorides pose significant challenges to con
crete structures, by lowering the ultimate capacity due to reinforcement 
corrosion. Several studies [5–7] found that the presence of sulphates 
resulted in excessive formation of ettringite and gypsum, causing con
crete strength loss and microstructural cracks. As a result, proper stra
tegies need to be used to mitigate the access of aggressive ions into the 
cementitious structures in coastal areas.

Many studies [8–10] reported that using supplementary cementi
tious materials (SCMs) can improve the mechanical properties of the 

cementitious composites while improving their resistance of chloride 
and sulphate ingress by reducing the porosity. Li et al. [8] observed that 
replacing Ordinary Portland cement with 5 wt% silica fume (SF) led to 
lower compressive strength degradation when compare to that of the 
control group after 90-day sulphate attack. They also found that lower 
RCPT charge passed was found in samples with 5 wt% silica fume (SF) 
when compared to samples without SF, indicating high chloride resis
tance due to presence of SF. Rashad et al. [2] used 20 wt% metakaolin 
(MK) to replace Portland cement in FA-cement composites. They found 
that the addition of metakaolin led to a denser cementitious micro
structure, leading to 8.8 % and 6.5 % compressive strength increase 
exposed to seawater and tidal zone in 9 months respectively when 
compared to MK-free samples. Yang et al. [11] found that incorporating 
fly ash could refine the pore structures of the cementitious composites, 
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leading to a denser microstructure to resist aggressive ion penetration. 
Hu et al. [12] reported that 25 % addition of fly ash resulted in an 
improvement in both mechanical strength and chloride resistance. Chen 
et al. [13] incorporating 10–30 % barium slag promoted the chloride 
diffusion resistance with less porosity. Similarly, Ukpata et al. [14]
concluded that in addition to pore refinement, ground granulated blast 
furnace slag (GGBFS) improved the chloride-binding compacity of the 
slag-cement composite, reducing the chloride-ion penetrations. 
Although those industrial by-products are efficient in replacing cement, 
their transportation could be contributing to a high carbon footprint and 
cost for many countries without such material availability.

Recently, biochar, produced by the pyrolysis of different biomass in 
an oxygen-free environment, has received increasing attention as an 
environmental-friendly SCMs to produce sustainable concrete [15–17]. 
Lin et al. [17] mentioned that the application of biochar in cementitious 
composites led to two benefits, including lowering the carbon footprint 
and promoting the recycling of different biomass rather than traditional 
treatments involving burning and landfill. In terms of mechanical 
properties, Javed et al. [18] observed that after adding 2 wt% bagasse 
biochar, the compressive strength was improved by 18 % when 
compared to the control group, due to relative small particle size (<
75μm) providing proper filler effect. Sirico et al. [19] found that 
woodchip biochar increased the load-bearing capacity of the cementi
tious composites, and biochar particles altered the cracking propagation 
path allowing to resist higher loads. Similarly, Mishra et al. [20] re
ported the improvement of the flexural strength of biochar-cement 
composites which was mainly due to the biochar particles interfering 
the cracks propagation. Regarding durability properties, several studies 
[21–23] concluded that cementitious composites with biochar addition 
had lower water permeability, being favourable to resist aggressive-ion 
penetrations. However, the investigations of potential effects of biochar 
addition on long-term aggressive-ion ingress are limited. In Australia, 
wood-related products play an important role in Australian economy 
[24]. Kaseasbeh & Qaralleh [25] reported that up to 40 % waste wood 
remained unrecycled in many countries, including Australia, UK, and 
USA. As a result, it is worthy analysing the feasibility of recycling waste 
wood as waste wood biochar to partially replace cement to design sus
tainable concrete with high resistance against the penetration of 
aggressive ions.

Another promising approach to reduce the porosity of the cementi
tious composites is the incorporation of crystalline admixture (CA), 
mainly used as permeability-reducing agent and self-healing agent 
[26–28]. Due to similar chemical compositions of CA compared to 
cement, Several studies reported that CA addition did not affect the 
workability [29,30] and hydration process [31,32] of the CA-cement 
composites. Ding et al. [33] reported that CA could induce the forma
tion of insoluble crystals to fill in pores and cracks of cementitious 
materials, promoting the self-healing behaviour of mortars and con
cretes. Similarly, Wang et al. [34] mentioned that CA powder could 

react with cement hydration products, densifying the cementitious 
matrix and limiting the penetration of water and chlorides. Several 
studies [29,35,36] observed that CA addition led to better chloride 
penetration resistance via rapid chloride penetration test (RCPT). 
However, there are limited studies accessing the performance of con
crete with CA addition subjected to long-term chloride and sulphate 
solution immersion.

This study primarily aims to investigate the effects of crystalline 
admixture (CA) and waste wood biochar (WWB) addition on the long- 
term resistance against chlorides and sulphates, targeting cementitious 
composites in coastal regions. Although seawater contains chloride and 
sulphate ions, it is important to assess how the degradation of the 
cementitious composites would occur in chloride and sulphate solutions 
separately. As a result, 5 % Na2SO4 and 5 % NaCl solutions were pre
pared, and specimens were exposed up to 156 days. This study analysed 
the mass change and strength degradation of cement paste specimens 
after 28 days, 96 days, and 156 days of immersion. Scanning electron 
microscopy (SEM) equipped with energy dispersive X-ray spectroscopy 
(EDS) was used to investigate the microstructural degradation and the 
chemical compositions of the products producing after the sulphate and 
chloride exposure. X-ray Diffraction (XRD) was used to analyse sulphate- 
attack products up to 156 days.

2. Materials and methodology

2.1. Raw materials

General purpose cement (GPC) traded by Boral Australia was used in 
this study. Crystalline admixture (CA) by PENETRON Admix® Australia 
was used, shown in Fig. 1a. Several studies [28,37–39] mentioned that 
powder-form CA contained high volume of cement (up to 80 wt%) and 
unknown chemicals, due to patent protection. It is evident in XRD pat
tens results (Fig. 2a), where CA mainly contained alite, belite, and small 
amount of portlandite, quartz, and calcite. Blended waste wood biochar 
was purchased from Green Man Char (Australia) and grounded into 
powder (Fig. 1b), named as WWB. Fig. 2b shows the particle size dis
tribution of CA and WWB, analysed by laser diffraction technique, WWB 
size being less than 200 μm. Based on the study by Lin et al. [17], small 
size of WWB could benefit the void-blocking effect on the 
biochar-cement matrix. The majority of CA powder was less than 100 
μm, with approximately 2 % of ranging between 100 and 500 μm, which 
could be identified as the special chemicals.

Fig. 3 presents the SEM images of CA and WWB in different magni
fications. CA powders (Fig. 3a) have irregular shape, and the micro
structure of WWB (Fig. 3b) is porous with randomly distributed pores. It 
could be observed that WWB has thick wall, significantly different to the 
thin wall in juliflora biochar in the study by Pawar & Panwar [40], 
indicating the microstructure variability of different biochar. Table 1
presents the chemical compositions determined by the XRF test of GP, 

Fig. 1. Raw materials morphology: (a) CA and (b) WWB.
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CA, and WWB. Due to the presence of special chemicals, the chemical 
composition of CA is slightly different to that of GPC. For CA, the per
centage of Na2O is 9.15 %, being significantly higher than that (0.25 %) 
of GPC. The Loss of Ignition of CA is also higher than that of GPC. Ac
cording to Table 1, WWB has higher content of silica (58.20 %), which 
may benefit the process of pozzolanic reaction of the biochar-cement 
composites.

2.2. Specimen preparation

To investigate the potential effects of CA and WWB addition on the 
resistance against aggressive-ion ingress of the cementitious composites, 

six mix designs were adopted (Table 2). Water to binder ratio (w/b) of 
0.35 was set for all groups. CO group had only GPC as binder material, 
being the reference group. For CA and CA2, 1 wt% and 2 wt% CA was 
added in the mix design. As a result, it could be used to compare the 
performance of the cementitious composites with and without CA 
addition. Furthermore, based on the study by Lin et al. [17], using 
2–5 wt% biochar (< 200 µm) in replacing cement did not lead to 
reduction of the mechanical properties of the biochar-cement compos
ites. Hence, this study adopted using 5 wt% biochar replacing cement, 
denoted as BC group. Superplasticizer (Sikament® Eco WR, Sika 
Australia) was added in the biochar-cement composites to maintain 
similar slump when compared to the reference group (Table 2). CB and 

Fig. 2. (a) XRD pattens of crystalline admixture; (b) Particle size distribution analysis of biochar and crystalline admixture.
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CB2 were named after adding 1 wt% and 2 wt% CA respectively. Po
tential effects of WWB addition on the resistance against aggressive-ion 
ingress could be analysed with and without CA. It should be noted that 
CA is primarily added into the cementitious composites, while WWB is 
used to partially replace cement for sustainable cementitious design 
purpose.

The mixing equipment was 10 L Hobart Mixer. Firstly, a low-speed 
mixing with 16 rpm was used for 2 mins to achieve uniform powder 
mixture, and ½ water was then added and mixed using the same low- 

speed mixing for 1 min. After that, another ½ water was mixed with 
medium-speed mixing with 24 rpm for 2 mins. Another 2 min low-speed 
mixing was conducted after shovelling the binder materials from the 
wall of the mixer. The fresh cementitious pastes were then poured in 
moulds with dimensions of 40 × 40 × 160 mm, and a 3-minute vibra
tion was applied to all moulds to promote uniform compaction. This 
study aimed to investigate the performances of CA and WWB addition on 
the resistance against aggressive-ion ingress after 28 days, 96 days, and 
156 days of exposure. Each case would be investigated using three 
prisms. Hence, totally nine prisms were casted for each mix design. It 
should be noted that all prism moulds were covered by plastic foil for 24- 
hour curing. After demoulding, cementitious prisms were stored in a 
conditioned chamber with 95 ± 5 % relative humidity and 23 ± 2 ◦C. 
According to several studies [5,7], before being exposed to sulphate and 
chloride solutions, the immersed samples should achieve a minimum 
compressive strength of 20 MPa in accordance with ASTM C1012. As a 
result, after demoulding, all cementitious prisms would be stored in the 
conditioned chamber for another three days.

After 3-day curing, hardened cementitious specimens were 
completely immersed in three different solutions in plastic containers 
stored in a room with temperature of 23 ± 2 ◦C, including water as 
reference solution, 5 % Na2SO4 solution, and 5 % NaCl solution. 5 % 
Na2SO4 and 5 % NaCl solutions were prepared using deionised water 
and reagent grade sodium sulphate and sodium chloride pellets. All 
solutions were renewed weekly over the first month of immersion, and 
thereafter biweekly, mitigating the potential pH increase due to OH- 

leaching.

2.3. Mass measurements

The initial mass of all cementitious samples was measured by using a 
digital weighting device with an accuracy of ± 0.001 g before being 
exposed to three solutions, donated as mi. The excessive water on the 
specimens’ surface was wiped before taking the measurements. After 
that, the mass measurements were conducted once a day over the first 28 
days and then performed weekly up to 156-day of exposure, donated as 
mt . Change in mass was calculated based on Eq. 1. Three samples were 
measured for each group, and the average results were plotted for 
discussions. 

Change in mass(%) =
(mt − mi)

mi
× 100% (1) 

It should be noted that the measurement of the time-dependent 
sample length changes was not carried out in this study. However, it 
will be carried out as a part of a future investigation assessing the self- 
healing behaviour of biochar-cement composites incorporating CA in 
sulphate and chloride environments. The potential expansion or 
shrinkage of the samples exposed to sulphate and chloride environments 
may affect the self-healing capacity of the cementitious composites. This 

Fig. 3. Microstructural morphology: (a) CA and (b) WWB.

Table 1 
Chemical compositions of raw materials.

Chemical compositions (%) CA GPC WWB

SiO2 14.15 18.94 58.20
P2O5 0.17 0.20 2.29
SO3 1.83 2.49 1.35
CaO 49.24 63.73 19.73
K2O 0.74 0.47 2.88
TiO2 0.12 0.29 0.27
Al2O3 3.73 5.14 3.95
Fe2O3 1.76 3.00 1.67
Na2O 9.15 0.25 5.10
MgO 3.27 1.48 3.45
V2O5 < 0.01 0.02 < 0.01
Cr2O3 0.01 0.02 0.05
Mn3O4 0.08 0.19 0.50
LOI 15.78 4.09 0.50

Table 2 
Mix design of different cementitious composites.

Design Biochar 
(wt%)

CA 
(wt 
%)

Cement 
(wt%)

w/b Superplasticizer 
(wt%)

Slump 
(mm)

CO 0 0 1 0.35 — 227 
± 1.3

CA 0 0.01 1 0.35 — 225 
± 2.3

CA2 0 0.02 1 0.35 — 226 
± 1.5

BC 0.05 0 0.95 0.35 0.012 224 
± 1.8

CB 0.05 0.01 0.95 0.35 0.012 224 
± 2.5

CB2 0.05 0.02 0.95 0.35 0.012 224 
± 2.1
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will be investigated by combing length measurements and self-healing 
behaviour together to establish potential relations.

2.4. Mechanical properties degradation

The flexural strength of samples after different exposure times was 
investigated setting up a 3-point bending test using a AGX 50 universal 
testing machine as per ASTM C348–21 [41]. Based on ASTM C349–18 
[42], the broken portions of samples following the bending test could be 
directly used in compression experiments. The compressive strength of 
the samples was measured using a AGX 500 universal testing machine. 
The final flexural strength (ff ) and compressive strength (fc) of each type 
of specimens were the average value of three samples.

2.5. Microstructural analysis

The microstructural analysis was carried out using a Zeiss Supra 
55VP Scanning Electron Microscopy (SEM) with energy dispersive X-ray 
spectroscopy (EDS). According to several studies [7,43], aggressive ions 
could penetrate into the cementitious matrix within the range of 
1–10 mm after 1 month. Following the compression test, small pieces of 
samples within this depth range were selected and cast within a 
cylinder-shape epoxy resin followed by a polishing process. After that, 
polished samples were stored in a vacuum oven at 60 ℃ for 1 week and 
coated with 8 nm gold using Leica EM ACE600 coater. The operating 
voltage was 10 kV, and the working distance was set in the range of 
5–8.5 mm for microstructural identifications and EDS analysis.

Small paste samples collected following the 156-day compressive 
strength tests were immersed in isopropanol until grinding. It should be 
noted that samples of each group were grinded into powder using a ring 
mill, dried in an oven at 60◦C for 3 days. XRD analysis was conducted 
using a Bruker D8 Discover diffractometer (Cu Kα, λ = 1.54 Å). The 
measuring range was set from 5º to 70º using a sample spinner at the 
scanning step of 0.03º. Crystallography Open Database was utilised for 
mineralogy characterisation of phases after 156-day sulphate exposure.

3. Experimental results

3.1. Water exposure

The mass change as a function of the time of exposure for the six 
groups is depicted in Fig. 4. It could be observed that the addition of CA 
and WWB reduced the water adsorption over the whole exposure period 
when compared to the control group CO (black line). In terms of CA 
addition only, 1 wt% (red line) and 2 wt% CA addition (blue line) pro
moted 11.7 % and 11.9 % reduction in mass increment at 28-day water 
exposure respectively, being in a good agreement with several other 
studies [36,44]. Aspiotis et al. [36] reported that CA powder stimulated 
crystals blocking pores and limiting water access into the cementitious 
matrix, reducing the water permeability. It should be noted that due to 
the continuous water ingress, CO group had the highest mass increment 
at 156-day exposure. 1 wt% and 2 wt% CA addition reduced the mass 
increase by 14.4 % and 13.6 % respectively at 156-day exposure. Due to 
a denser microstructure, CA and CA2 groups had the lowest mass in
crease rates, achieving high resistance against water adsorption at 
long-term exposure. However, increasing the dosage of CA addition 
seemed not to further improve the water-ingress resistance, since CA and 
CA2 groups performed similarly.

For BC group with 5 wt% WWB replacing cement, a mass increase 
reduction of approximately 16.7 % and 17.9 % was observed after 28- 
day and 156-day of water exposure respectively. As shown in Fig. 2, 
approximately 80 % of WWB particles were smaller than 20 μm, 
providing a proper filler effect blocking the voids of the biochar-cement 
matrix. Furthermore, porous biochar could provide additional hydration 
sites improving the cement hydration and reducing the water perme
ation [45,46]. CB and CB2 group had the lowest water absorption with 
the combination of CA and WWB addition. Fig. 4 shows 21.1 % and 
20.6 % reduction in mass increase at 156-day water exposure for CB and 
CB2 respectively. Although WWB offered improved hydration and 
favourable filler effect, CA addition induced additional crystalline de
posits blocking voids and pores and improving the compactness of the 
cementitious matrix. As a result, the combination of CA and WWB 
promoted the best performance in mitigating water ingress.

The strength development of the different cementitious specimens 
cured in water for 28 days, 96 days, and 156 days are presented in Fig. 5. 

Fig. 4. Mass change of samples immersed in water.
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As shown in Fig. 5a, while replacing cement by 5 wt% WWB, the flexural 
strength of BC group was very similar to that of the reference CO group 
at three exposure ages. Although WWB could promote the hydration of 
the cementitious composites, excessive amount of porous biochar 
inevitably creates weak points in the interfacial transition zone (ITZ), 
lowering the strength increment. Similarly, Gupta et al. [45] explained 
that while 1 wt% biochar promoted 10–13 % flexural strength increase 
compared to the control group, samples with 5 wt% biochar achieved a 
similar flexural strength when compared to the plain samples. They 
pointed out that more porous areas in the tensile plane of the 
biochar-cement composites with 5 wt% biochar reduced the 
load-bearing capacity. However, due to crystal deposit induced by CA, 
the flexural strengths of CA, CA2, CB, and CB2 were slightly higher than 
that of the CO group, being 7.3 %, 6.8 %, 6.9 %, and 6.3 % respectively. 
It should be noted that a higher dosage of CA did not lead to a higher 
flexural strength development.

For the compressive strength development, the cementitious com
posites with CA, WWB, or both additions performed better than the 
reference in Fig. (5b). While there was only 6.5 % compressive strength 
increment for BC group, higher strength increments were observed in 
samples with CA addition at 28 days, being 12.2 %, 10.5 %, 10.4 %, and 
9.22 % for CA, CA2, CB, and CB2 respectively. Lin et al. [17] stated that 
unlike flexural strength, biochar addition could lead to an improvement 
of the compressive strength due to a denser microstructure. The primary 

reason is that compressive forces tend to close the porous area in the 
cementitious matrix, while the pores at bottom sections of the specimen 
are opening when subjected to flexural forces [45,47].

Overall, all samples’ compressive strength increased up to 156 days, 
and the compressive strength increase was higher than that of flexural 
strength. The reason is that although both CA and WWB can lead to a 
denser cementitious microstructure, this would not significantly change 
the brittle nature of the cementitious composites, limiting the increase in 
the flexural capacity.

3.2. The 5 % sodium sulphate solution exposure

As shown in Fig. 6, the mass increments of all samples exposed to the 
5 % sodium sulphate solution were higher those of samples immersed in 
water. For the control group CO, the mass increments were 1.25 % and 
1.68 % for 28-day and 156-day of Na2SO4 exposure respectively. Due to 
the continuous sulphates ingress at 28 days, numerous ettringite and 
gypsum were found (Fig. 7a), and SEM-EDS results (Fig. 7b) confirmed 
that the formation of ettringite led to unfavourable cracks in the 
cementitious matrix of CO samples. In terms of CA addition, the for
mation of crystalline deposits mitigated the access of sulphate ions into 
the CA-cement matrix, leading to 16.2 % and 15.1 % reduction in the 
mass increase when compared to CO group after 28-day of Na2SO4 
exposure. At 156-day immersion age, specimens with CA addition only 
presented a mass increase reduction of 14.7 % and 14.06 % for CA and 
CA2 samples respectively. Due to the long-term immersion, more cracks 
inevitably created more accessible channels for penetration into the 
cementitious matrix in Fig. 8(a), leading to higher water and sulphate 
adsorption. Similar finding was reported by Dobrovolski et al. [48], 
reporting that although CA mitigated the access channel for sulphates 
and water, more cracks in the cementitious microstructure were formed 
due to the long-term immersion, increasing the water and sulphate 
adsorption. However, the mas increase remained low compared to the 
reference group CO, indicating the favourable sulphate resistance of CA 
addition up to 156 days.

For sample with WWB addition at 28 days, the mass increment was 
1.023 % (17.9 % reduction), 0.989 % (20.93 % reduction), and 0.997 % 
(20.33 % reduction) for BC, CB, and CB2 respectively in comparison 
with the reference CO mix, being in good agreement with several studies 
[7,49]. Gupta et al. [7] reported that 2 wt% rice husk biochar led to 
24 % reduction sulphate adsorption of biochar-cement mortar when 
compared to biochar-free samples at 28 days. However, samples with 
WWB addition only promoted a better reduction in water and sulphate 
adsorption than samples with CA addition only. As shown in Fig. 2, 80 % 
of WWB particle was smaller than 20 μm. The small size of pulverised 

Fig. 5. Strengths development of samples cured in water: (a) Flexural strength 
and (b) Compressive strength.

Fig. 6. Mass change of specimens in 5 % sodium sulphate immersion.
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WWB not only provided favourable filler effect improving the 
compactness of the biochar-cement matrix, but also improved local 
hydration by reducing the effective water-to-binder ratio before sul
phate immersion. As a result, WWB addition promoted a slightly better 
sulphate resistance than CA addition at 28 days. However, it could be 
noted that the mass stabilised from 28 days to 96 days but increased 
from 96-day exposure to 156-day exposure for all samples. There was a 
significant increase of mass change rate for specimens with WWB after 
120 days. Many studies [50,51] reported that, although pulverised 
biochar could improve sulphate resistance at early immersion age, 
long-term exposure inevitably induced micro-cracks in the cementitious 
matrix and the interfacial transition zone (ITZ) between biochar and the 

hydration product. The primary reaction products of sulphate attack are 
ettringite and gypsum based on the consumption of calcium hydroxide 
or calcium aluminate [7], causing porous microstructure. The evidence 
could be found in the SEM analysis of the CA samples (Fig. 8a) and CB 
samples (Fig. 8b) at 156-day exposure, where needle-shape ettringite 
induced significant cracks lowering the sulphate resistance. As depicted 
in Figs. 8c and 8d, the SEM-EDS results of point 2 in CA sample and point 
3 in CB sample indicated the formation of ettringite in the cementitious 
matrix. Furthermore, due to the long-term sulphate immersion, biochar 
degradation and cracks in the ITZ of the biochar-cement matrix was also 
observed (Fig. 8b), creating additional channels for aggressive ions 
diffusion. As a result, WWB addition led to 16.14 %, 18.12 %, and 

Fig. 7. (a) Formation of ettringite and gypsum in CO sample due to sulphate ingress at 28 days; (b) EDS result of ettringite formation at point 1.

Fig. 8. (a) Micro-cracks in CA-cement matrix cured in Na2SO4 at 156 days; (b) Biochar degradation and cracks formed between biochar particle and the cementitious 
matrix in CB sample cured in Na2SO4 at 156 days; (c) EDS result of Point 2 in CA sample; (d) EDS result of Point 3 in CB sample.
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16.99 % reduction in 156-day sulphate solution adsorption when 
compared to the control group for BC, CB, and CB2 respectively.

Fig. 9 depicts the XRD pattens of crushed samples exposed to 5 % 
sodium sulphate in 156 days for all groups. According to Zhan et al. 
[52], diffraction peak at 2θ of 29.2º was identified as CS, and portlandite 
was found at 2θ of 18.1º and 34. 1º. Wang et al. [53] found gypsum at 2θ 
of 11.08º and 22.84º in the diffraction spectra. Ettringite was observed at 
2θ of 9.1º and 16. 1º (Fig. 9). Boudache et al. [54] found additional 
ettringite peak at 2θ of 27.2º. Furthermore, unhydrated cement clinkers, 
such as alite and belite were observed in all groups.

However, it should be noted that XRD patten (black line) had higher 
diffraction peaks of ettringite and gypsum than other groups, being in a 
good agreement with mass change results (Fig. 6) The correlation is that 
due to the excessive formations of sulphate-attack products (ettringite 
and gypsum), more micro-cracks formed during the immersion period, 
creating more accessible channels for water and sulphate ions to pene
trate into the cementitious matrix. As a result, higher formations of 
ettringite and gypsum led to higher sulphate solution absorption in the 
control group (Fig. 6). Regarding the presence of CA or WWB, although a 
denser microstructure was promoted at early age, sulphate ions inevi
tably penetrated into the cementitious matrix to form ettringite or 
gypsum for all groups at 156 days (Fig. 9).

Fig. 10 shows the mechanical strength degradations of all samples 
immersed in the 5 % sodium sulphate solution up to 156 days. 6.47 % 
increase in the flexural strength was observed for BC group when 
compared to CO group, which was higher than the 2 % strength increase 
observed on samples cured in water. This may be due to the formation of 
ettringite blocking the pores of WWB after 28-day of sulphate solution 
exposure, densifying the microstructures leading to an increase in flex
ural strength. It was evident from the precipitation of calcium hydroxide 
and ettringite in the pores of WWB (Fig. 11a), and the EDS results 
supported that there was formation of ettringite as the result of exposure 
to the Na2SO4 solution in Fig. 11(b). For samples with CA addition, the 
flexural strength increase was 8.44 %, 9.58 %, 7.81 %, and 8.79 % for 
CA group, CA2 group, CB group, and CB2 group respectively compared 
to CO mix at 28-day. Due to formations of ettringite and gypsum, at 28 

days, samples cured in Na2SO4 solution had slightly higher mechanical 
strength than those of samples cured in water (Figs. 5a and 5b). Gupta 
et al. [7] explained that at early exposure age, ettringite and gypsum 
acted as pore filling products reducing the porosity of the cementitious 
microstructure, promoting the small increase in the mechanical 
strengths. For long-term sulphate exposure at 156 days, WWB addition 
only promoted 6.05 % increase in the flexural strength compared to CO 
group, and CA addition led to 14.7 %, 12.56 %, 10.13 % and 9.64 % 
flexural strength increase for CA, CA2, CB, and CB2 group respectively 
when compared to the reference group.

Regarding compressive strength, the addition of CA and WWB pro
moted better compressive strength than the reference group at all ages. 
At 28 days, CA addition led to 12.22 % and 10.53 % compressive 
strength increase, while 5 wt% WWB promoted 10.1 % increase in the 
compressive capacity when compared to CO group. Similar to the 
development of flexural strength, BC samples (10.1 % strength increase) 
cured in Na2SO4 solution had better strength increase than BC sample 
(6.5 % strength increase) cured in water at 28 days. The evidence could 
be observed in Fig. 11a, hydration products and formation of ettringite 
gradually filled the pores of WWB, leading to a denser biochar-cement 
matrix carrying more compressive loads. Hashem et al. [55] found 
that the strength increase in the first-month immersion was attributed to 
the formation of gypsum in the pores of the cementitious matrix. The 
combination of CA and WWB led to 11.47 % and 10.4 % compressive 
strength increase for CB and CB2 respectively. At 156-day of sulphate 
immersion, due to the continuous sulphate attack, unfavourable cracks 
and biochar degradation were observed (Figs. 8a and 8b), resulting in 
strength loss. When compared to compressive strength (76.14 MPa) of 
CO group at 156 days, there was 15.28 %, 12.62 %, 9.9 %, 10.03 %, and 
12.53 % strength increase for CA, CA2, BC, CB, and CB2 respectively.

Although slight strength improvement was observed after 28-day of 
sulphate immersion, the long-term Na2SO4 solution immersion led to a 
strength degradation for all samples. However, at 156 days, 1 wt% CA 
could lead to 15.28 % compressive strength improvement compared to 
that of the control group, while using 5 wt% WWB replacing cement 
promoted 10.1 % compressive strength increase. Fig. 12 presents the 

Fig. 9. XRD pattens of samples exposed to 156-day sulphate solution. (Note: A=alite; B=belite; CS= C-S-H; E = ettringite; G=gypsum; P = portlandite.
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mechanical strength degradation rate of each group immersed in 5 % 
sodium sulphate solution from 28 days to 156 days. For flexural 
strength, 14.61 % strength degradation was found for CO group at 156 

days, due to excessive cracks formation in the cementitious matrix. For 
CA addition only, 9.67 % and 12.29 % strength reduction were observed 
for CA and CA2 respectively. The denser CA-cement matrix led to lower 
strength reduction rate when compared to the control group. It should 
be noted that the presence of WWB seemed to lead to more strength 
degradation (11.98 – 14.95 %) than those of samples with CA addition 
only. As shown in Fig. 8b, cracks were observed in pulverised WWB 
including the ITZ, creating more accessible channels for aggressive ions 
(e.g. water and sulphates) to penetrate deeper into the cementitious 
matrix. As a result, higher strength reduction was found in samples with 
WWB. For compressive strength, it could be noted that a lower strength 
reduction rate was found for compressive strength degradation (Fig. 12). 
As mentioned in Section 3.1, compressive forces lead to voids and pores 
closure. Although excessive cracks were found in the cementitious ma
trix (Figs. 8a – 8b) at 156 days, the reduction rate was only 11.52 % for 
CO group. Similar to flexural strength degradation rate, the presence of 
WWB led to slightly higher compressive strength reduction rate (8.76 – 
11.64 %) than those of samples with CA addition (9.1 – 9.85 %) 
(Fig. 12). Overall, samples with 1 wt% CA addition seemed to show the 
best resistance to mechanical strength degradation (Fig. 10a, Fig. 10b, 
and Fig. 12).

3.3. 5 % sodium chloride solution exposure

Fig. 13 shows the adsorption of NaCl solutions of all samples up to 
156 days. The mass increase is generally greater than that of water 
adsorption (Fig. 4). While exposed to the NaCl solution, some chlorides 
were bound by hydration productions with aluminate phases to form 
Friedel’s salt (FS), being 3CaO.Al2O3.CaCl2⋅10 H2O. For WWB addition, 
BC, CB and CB2 showed 20.85 %, 23.23 %, and 22.1 % reduction on the 
mass increase respectively when compared to CO group. First of all, 
pulverised WWB could lead to a denser microstructure resisting chloride 
ingress into the cementitious matrix. Meanwhile, porous WWB provided 
additional zone for hydration products formed binding more chlorides, 
interfering their diffusion. It is evidenced by the formation of FS on the 
biochar pores (Figs. 14a – 14e). As shown in Fig. 14a at 10k magnifi
cation, WWB was bound with the cementitious matrix with hydration 
products binding FS filling in the pore after 28-day of NaCl immersion, 
confirmed by the EDS map scan in the BC sample (Figs. 14b – 14c). 
Fig. 13d depicts another evidence of WWB offering additional spaces for 
the formation of FS, confirmed by the EDS result in Fig. 14e. It should be 
noted that, although samples were immersed in 5 % NaCl solution after 
28 days, denser hydration products could be observed (Fig. 14d), and 
this applied to other samples (SEM photos not shown). Similar obser
vation was found by Qiao et al. [56], where FS formed at a slow speed, 

Fig. 10. Strength degradation of samples immersed inn 5 % Na2SO4 solution: 
(a) flexural strength, (b) compressive strength.

Fig. 11. (a) Hydration and sulphate attack products in biochar pore at 28 days; (b) EDS result of point 4 in CB samples cured in Na2SO4 at 28 days.
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leading to less damage to the cementitious microstructure. In addition, 
CA addition promoted a reduction of 17.16 % and 18.1 % in mass in
crease for CA and CA2 group respectively when compared to the refer
ence group. Overall, the combination of WWB and CA demonstrated the 
best chloride resistance after 28-day of immersion, due to a denser 
cementitious matrix (Figs. 14a and 14d).

However, after 60 days, Fig. 13 shows that the NaCl solution 
adsorption rate increased significantly. As shown in Fig. 14a, after 156- 
day of NaCl solution immersion, sodium ions replaced calcium ions 
leading to hydration product degradation and more porous micro
structure (Figs. 15a and 15d), being consistent with the observation by 
Sugiyama [57]. Sugiyama [57] found that sodium ions replaced calcium 

ions in C-S-H gels, where exchange rated was enhanced for C-S-H with 
lower Ca/Si ratios. CA addition led to the adsorption rate reduction of 
15.8 % and 15.2 % respectively for CA and CA2 samples when compared 
to CO group at 156 days. WWB addition led to a mass increase reduction 
of 17.8 %, 19.2 %, and 20.1 % for BC, CB, and CB2 group respectively at 
156 days. It should be noted that, similar to WWB degradation at 156 
days in the sodium sulphate immersion, WWB degradations were 
observed in CB samples at 156 days (Fig. 15d). According to the EDS 
spectrum in Fig. 15e, the high percentage of silica indicated that FS may 
be bound with C-S-H gel due to chloride-ion penetration, generating 
cracks in the ITZ of the biochar-cement matrix. Additionally, visible 
crack was found in the WWB particle, allowing more chlorides ions to 

Fig. 12. Mechanical strength degradation rate of samples immersed in 5 % sodium sulphate solution at 156 days.

Fig. 13. Mass change of samples immersed in 5 % sodium chloride solution.
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Fig. 14. (a) Chloride-ion penetration products in WWB pore of CB sample at 28 days; (b) EDS results of map scan; (c) Elemental distribution in map scan from (a); (d) 
Micro-cracks on the biochar-cement matrix and chloride-ion penetration products in WWB pore at 28 days; (e) EDS result of Point 5.
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penetrate into the cementitious matrix, being in good agreement with 
several other studies [7,58].

Fig. 16 presents the degradation of the mechanical strengths of the 
different groups immersed in 5 % NaCl solution up to 156 days. BC 
group showed a slight increase in the flexural strength (3.12 %) when 
compared to CO group, while CA addition led to 10.6 % and 8.8 % 
flexural strength increase for CA and CA2 respectively after 28-day of 
NaCl solution exposure. It should be noted that BC samples cured in 
Na2SO4 at 28 days showed 6.47 % flexural strength increase, being 
slightly higher than that of BC samples immersed in 5 % NaCl solution at 
28 days. For CB and CB2 group, 4.86 % and 5.8 % flexural strength 
increase were observed at 28 days. At long-term immersion, the flexural 
strength of CO group achieved an average value of 7.04 MPa (156 days). 
When compared to the CO group, a strength increases of 18.5 % and 
15.4 % was observed for CA (8.34 MPa) and CA2 group (8.13 MPa) 
respectively. In terms of WWB addition, when compared to the CO 
group, there was 10.12 % (7.75 MPa), 12.18 % (7.9 MPa), and 11.35 % 
(7.84 MPa) flexural strength increment was observed for BC, CB, and 
CB2 group respectively. As presented in Fig. 15d, excessive formations 
of FS and ettringite led to cracks in the ITZ of the biochar-cement matrix, 
allowing more chlorides to penetrate into the cementitious microstruc
ture, lowering the flexural strength.

When compared to CO group, CA promoted 12.36 % and 9.5 % 
compressive strength increase, and WWB led to 5.4 %, 9.11 %, and 
8.1 % compressive strength increase for BC, CB, and CB2 respectively at 
28-day NaCl solution immersion. A slightly higher increase in 
compressive strength was observed when compared to flexural strength 
for BC group, as already discussed in Section 3.1. Fig. 14a shows the 
degradation of hydration products and excessive formation of ettringite 
and FS in CO specimens, leading to micro-cracking. As a result, there 

were significant strength loss for all samples after 156-day of NaCl so
lution exposure. The compressive strength of CA groups was 17.6 % and 
16.2 % strength higher than that of CO group at 156 days, while WWB 
addition led to 7.65 %, 12.01 %, and 10.46 % compressive strength 
increase for BC, CB, and CB2 respectively. Considering the slight in
crease in the 156-day compressive strength, the combination of CA and 
WWB had favourable long-term effect on the resistance against chloride- 
ion exposure.

Fig. 17 presents the mechanical strength degradation rate of each 
group immersed in 5 % sodium chloride solution from 28 days to 156 
days. For flexural strength degradation, the highest degradation rate was 
found for CO group (22.39 %), significantly higher than that of the other 
samples. As depicted in Fig. 15a, numerous cracks allowed more chlo
ride ions and water to penetrate into the cementitious matrix, lowering 
the flexural strength. Only 16.92 – 17.75 % strength reduction was 
observed for CA specimens, indicating lower the strength reduction rate 
of the CA-cement composites due to the denser microstructure. The 
presence of WWB led to a similar flexural strength reduction rate (16.99 
– 18.36 %) when compared to CA samples. In terms of compressive 
strength reduction, a lower reduction rate was observed for all groups 
when compared to flexural strength. Amin et al. [59] reported that 
13.96 % compressive strength reduction after 4 months of chloride 
immersion. They found that chloride ingress led to micro-crack forma
tions reducing compressive strength, including the formation of Frie
del’s salt. The addition of CA led to the lowest compressive strength 
reduction rate of 11.13 – 12.34 %, while 5 wt% WWB slightly increased 
the strength degradation rate, being 14.47 %, 14.04 %, and 14.39 % for 
BC, CB, and CB2 group respectively. It should be noted that the degra
dation of WWB in long-term chloride immersion was the primary reason 
for the negative impact on the strength development.

Fig. 15. (a) Excessive cracks on CO samples at 156 days; (b) EDS result of point 6; (c) EDS result of point 7; (d) WWB degradation on CB samples at 156 days; (e) EDS 
result of point 8.
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4. Discussion

Before the immersion of the specimens in the solutions, e.g. water, 
Na2SO4, or NaCl, all samples were cured in a conditioned chamber with 
95 ± 5 % relative humidity and 23 ± 2 ◦C for 3 days. As a result, all 
samples achieved a sufficient compressive strength higher 20 MPa 
following the curing protocol. As presented in Fig. 18 and Fig. 19, at 0- 
day immersion, CA induced formation of crystalline deposit to block 
small pores and partially fill in relatively large pores. Similarly, small 
pulverised WWB completely filled the small pore, and large WWB bound 
with the cementitious matrix (Fig. 11a, Fig. 13a, and Fig. 13d). In this 
case, both CA and WWB formed a primary barrier in major pores 
limiting the access of water and aggressive ions to penetrate.

4.1. Sulphate ingress

In terms of time-dependent sulphate ingress, cracks were formed due 
to formation of ettringite after 28-day sulphate immersion (Fig. 7a), 
allowing sulphate solution to penetrate into the cementitious matrix to 
generate more cracks. However, CA induced crystalline deposits in the 
large capillary pore to form a denser CA-cement matrix (Fig. 18b2), 
limiting the access of sulphates. Thus, samples with CA performed better 
than CO group after 28-day of Na2SO4 immersion. WWB addition had a 
slightly different way in limiting the sulphate ingress. As show in 
Fig. 18b2, small pulverised WWB particle filled the pores while large 
WWB offered additional sites for the formation of ettringite (Fig. 11a), 
reducing the internal stress in the cementitious matrix. Similar finding 
was reported by Gupta et al. [7]. They observed that biochar offered 
more internal pores for the formation of sulphate attack reaction prod
ucts, mitigating the potential threat of microstructural cracks in the 
biochar-cement composite. After 156-day Na2SO4 immersion, Fig. 18a3 
depicts excessive cracks and formation of ettringite in the cementitious 
matrix. Without the presence of CA and WWB, sulphate ions could 
directly penetrate into the matrix via the existing cracks to form new 
cracks. In particular, cracks connected the pores in the cementitious 
matrix, significantly increasing the sulphate adsorption at 156 days 
(Fig. 6). As shown in Fig. 18b3, due to continuous sulphate ingress, 
cracked formed in the protective barrier of crystalline deposit. As a 
result, sulphate solution could penetrate into the cementitious matrix 
behind the pores with crystalline deposits to form more ettringites and 
cracks. However, the difference in crack depth observed in Fig. 18a3 and 
Fig. 18b3 provided evidence for the reduction of sulphate solution 
adsorption by CA addition. Similarly, as shown in Fig. 18c3, sulphate 
ingress led to the degradation of WWB and the formation of cracks in the 
ITZ (Fig. 8b). Hence, sulphates could penetrate into the cementitious 
matrix through pores initially blocked by WWB, leading to additional 
cracks further lowering the strength and increasing the sulphate solution 
adsorption.

4.2. Chloride-ion penetration

After 28-day of NaCl solution immersion, the formation of FS and 
ettringite could be observed in Fig. 19a2. Since CA promoted additional 
crystalline deposits blocking the pores, the formation of FS did not 
damage the protective crystalline layer, and cracks only formed in front 
of the pores with crystalline deposit. As discussed in Section 3.3, due to 
the relatively large size of FS (up to 28 μm), FS formed on the surface of 
the WWB, confirmed by map scan (Fig. 14b) and point scan (Fig. 14e). 
Thus, chloride solution did not pass through WWB particle after 28-day 
of NaCl solution immersion, limiting the continuous growth of FS and 
ettringite stimulating the crack formation. The major difference with in 
Na2SO4 solution at 28 days was that there was ettringite formation 
growth in WWB’s pore, and FS formed on the surface of WWB particle. 
However, both CA and WWB created effective barriers to mitigate 
aggressive-ion ingress.

After 156-day NaCl solution immersion, excessive cracks were 

Fig. 16. Strength degradations in 5 % NaCl solution: (a) flexural strength, (b) 
compressive strength.

Fig. 17. Strength degradation rate immersed in 5 % sodium chloride solution 
at 156 days.
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observed in CO group (Fig. 15a). FS and ettringite formed in large pore 
creating high tensile stress to the cementitious matrix, leading to crack 
growth around the large pore leading to more channels for chloride 
ingress (Fig. 19a3). It should be noted that although CA addition 
induced crystalline deposit partially filling the large pores (Fig. 19b3), 
continuous chloride ingress led to cracks in the protective layer of 
crystalline deposit. Thus, chloride ions penetrated deeper into the 
cementitious matrix, resulting in additional formations of FS and 

ettringite in capillary pores. At 156 days, WWB degradation was also 
observed due to the excessive formation of FS and ettringite (Fig. 15d). 
As a result, aggressive ions and water could penetrate via the cracks 
through the ITZ and WWB, causing new cracks behind the pore with 
WWB (Fig. 19c3). However, although chlorides broke the protective 
barrier by CA and WWB, effective chloride resistance could be still 
achieved, evidenced by the strength increase when compared to the 
reference group ( Figs. 10a - 10b and Figs. 16a – 16b).

Fig. 18. Schematic showing time-dependent sulphate ingress up to 156 days: (a) Reference group; (b) Samples with CA addition; (c) Samples with WWB addition.

Fig. 19. Schematic showing time-dependent chloride-ion penetration up to 156 days: (a) Reference group; (b) Samples with CA addition; (c) Samples with 
WWB addition.
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Overall, the presence of CA and WWB improves both sulphate and 
chloride resistance as well as the mechanical strength and reducing so
lutions adsorption. The primary benefit of CA addition in improving 
durability properties lied on the crystalline deposit densifying the 
cementitious matrix, particularly in large pores (Fig. 18b1 and 
Fig. 19b1). In the early immersion age up to 28-day, crystalline deposit 
acted as protective layer limiting the access of sulphate and chloride 
ions. Furthermore, there were two advantages of WWB addition in 
improving the durability properties of the biochar-cement composites. 
Firstly, small pulverised WWB filled the small pores densifying the 
microstructure. Secondly, large WWB offered additional space for 
ettringite (Fig. 11a) and FS formation (Fig. 14a), reducing the tensile 
stress in the matrix and delaying crack development. However, both 
protective layers seemed to be broken due to excessive formations of 
sulphate and chloride ingress products at 156 days (Fig. 8b and 
Fig. 15d), leading to cracks in the deeper cementitious matrix. However, 
the compressive strength and flexural strength of composites containing 
WWB were still higher than reference mix CO at 156 days, being in good 
agreement with Lin et al. [17].

5. Conclusions

This study conducted long-term immersion test investigating the 
effects of CA and WWB addition on the long-term resistance perfor
mance in Na2SO4 and NaCl solutions up to 156 days. The finding of this 
study conservatively concluded that the addition of CA and WWB could 
improve the durability properties of coastal structures immersed in sea 
water. The main findings are as the follows: 

(1) CA and WWB addition reduced the water adsorption due to a 
denser microstructure while curing in water up to 156 days. CA 
addition promoted 6.8–7.3 % and 10.5 – 12.2 % increase in 
flexural strength and compressive strength respectively for the 
cementitious composites after 28-day of water exposure. For 
WWB addition only, similar flexural strength and slight increase 
in compressive strength (6.5 %) was observed for BC samples at 
28 days. The combination of CA and WWB addition led to 6.3 – 
6.9 % and 9.22 – 10.4 % strength increase in flexural strength 
and compressive strength respectively at 28 days.

(2) Compared to the control group, CA addition led to 15.1–16.2 % 
and 14.06 – 14.7 % reduction in 28-day and 156-day Na2SO4 
solution adsorption respectively. Similar findings were observed 
for samples with WWB. 5 wt% WWB led to 17.9 – 20.93 % and 
16.14 – 18.12 % reduction in sulphate solution adsorption at 28 
days and 156 days respectively.

(3) XRD results suggested that higher amount of ettringite and gyp
sum formed in CO groups when compared to other groups after 
156 days.

(4) Regarding strength degradation in the 5 % Na2SO4 solution after 
immersion for up to 156 days, both CA and WWB promoted a 
slight increase in mechanical strength when compared to CO 
group. Although CA and WWB led to a denser microstructure as 
protective layer against sulphate ingress at 28 days, cracks were 
still observed after 156 days of immersion the Na2SO4 solution, 
increasing solution adsorption and lowering mechanical 
properties.

(5) CA addition led to 17.16 – 18.1 % and 15.2–15.8 % reduction in 
NaCl solution adsorption at 28 days and 156 days respectively 
when compared to control group. Furthermore, WWB addition 
promoted 20.85 – 23.23 % and 17.8 – 20.1 % chloride solution 
adsorption reduction at 28 days and 156 days respectively.

(6) CA and WWB addition led to less compressive strength degra
dation in NaCl solution up to 156 days. CA promoted 8.8 – 10.6 % 
and 15.4 – 18.5 % flexural strength increase when compared to 
control group at 28 days and 156 days respectively and led to 
9.5–12.36 % and 16.2 – 17.6 % compressive strength increase 

after 28-day and 156-day of NaCl solution immersion 
respectively.

(7) Overall, CA and WWB led to a significant improvement against 
chloride-ion ingress maintaining higher mechanical properties 
than the reference group. Based on the discussions in Sections 3.2 
– 3.3, 1 wt% CA addition promoted the best resistance against 
sulphate and chloride ingress, considering both strength com
parison at both 28 days and 156 days and strength degradation 
rate at 156 days.

(8) Due to of the push worldwide for developing sustainable concrete 
and the increased manufacture of biochar, more studies are 
highly required to explore the performance of bio-char cementi
tious composites including shrinkage and durability properties 
such as carbonation or alkali-silica reaction.
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