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ABSTRACT

Alkali-Silica Reaction (ASR) in Recycled Aggregate Concrete (RAC) is one of the main chal-
lenges in using demolished concrete in construction. Several methods are available to mitigate 
the impact of ASR, and they have less circular economic potential. This study aims - to investi-
gate the possibility of coconut shell biochar (CSB) as an eco-friendly additive to mitigate ASR 
in RAC. In this investigation, the authors have conducted cement mortar bar test experiments 
according to the American Society for Testing and Materials (ASTM 1260) standard, Scanning 
Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDS). Studies have 
found a higher rate of ASR in recycled concrete aggregate (RCA) compared with natural con-
crete aggregate (NCA). More importantly, it is found that CSB can adsorb cations (Na+ and 
K+) that cause ASR in RAC, thereby reducing ASR while not compromising concrete strength. 
Hence, the authors concluded that CSB can effectively mitigate ASR in RAC while sequestrat-
ing carbon into concrete structures.
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1. INTRODUCTION

The demand for construction is growing around the 
globe due to the steadily increasing human population, 
which is expected to reach 8.5 billion by 2030 and 9.7 billion 
by 2050 [1]. In accordance, the global construction sector, 
responsible for building structures, bridges, and pavements, 
consumes approximately 50% of the world's annual project-
ed materials and generates an equal share of its waste [1]. 
The rapid expansion of the construction industry has led 
to a surge in waste generation, known as Construction and 

Demolition waste or CDW [2], which constitutes at least 
30% of global solid waste generation [3]. There are various 
categories of CDW [4], in which the CDW concrete ac-
counts for a significant portion, ranging from 20% to 40% 
of total CDW. Consequently, it necessitates using sustain-
able materials to ensure a consistent supply chain and, more 
importantly, to reduce environmental stress and the deple-
tion of natural resources like rocks, sand, and soil. From this 
perspective, recycled concrete aggregate emerges as a sus-
tainable construction material derived from CDW concrete, 
comprising 55–73% of recycled aggregate concrete [5].
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Utilizing RCA in various proportions together with 
natural concrete aggregates (NCA) to produce recycled ag-
gregate concrete (RAC) is being broadly experimented as 
an alternative way to reduce excessive quantities of CDW 
[6]. RAC is widely acknowledged as an environmental-
ly friendly product, suitable for both mass and structural 
concrete applications, with ongoing research and develop-
ment efforts worldwide [7–9]. However, there are several 
challenges and drawbacks associated with RAC, followed 
by the complexity of RCA due to its diverse sources, the 
presence of residual mortar, and significant differences in 
mechanical, physical, and durability properties compared 
to traditional concrete [10]. Mainly, RAC is more suscepti-
ble to alkali-silica reaction (ASR), a chemical reaction that 
can significantly impact its durability [11].

ASR is a slow chemical reaction due to the reactive silica 
on natural and recycled concrete aggregates and the alkalis 
in cement. It expands like a gel when exposed to residu-
al water [12, 13]. The pressure generated by the expansive 
ASR gel can lead to cracking in the aggregates and the sur-
rounding cement matrix of concrete [12]. Factors such as 
the age of concrete, environmental conditions, crushing 
processes, and the heterogeneity of the source of RCA can 
encourage the formation of ASR in RAC [10, 11]. 

There are some limited methods of controlling ASR in 
new concrete, and the best method to mitigate ASR is to 
refrain from using aggregates susceptible to reactive silica. 
However, as that is not always practical, researchers have 
declared a few different ways applicable to mitigate or con-
trol ASR impact in concrete [12, 14]. For example, mini-
mizing exposure conditions such as contact with residual 
water, limiting alkali loading in concrete, adding mineral or 
supplementary cementitious materials (SCM) such as silica 
fume, metakaolin, low-calcify ash, and ground granulated 

blast furnace slags, and including lithium compounds in 
concrete. However, these are not sustainable means, and 
there is a lack of evidence for research to find such alterna-
tives. It is realized that investigating a sustainable alterna-
tive way to control and mitigate ASR in concrete, specifical-
ly in RAC, is very significant.

Biochar is an organic, carbon-rich substance that en-
hances soil productivity [15]. Coconut shell biochar (CSB), 
derived from the inner shells of coconut nuts, has demon-
strated superior properties. It has been used to develop 
more weather-resistant composites due to its high lignin 
content [16]. Comparatively, CSB has a higher carbon se-
questration rate; for example, it is about ten times more 
capable than fly ash. Ajien et al. [17] predict that 4.9 mil-
lion tons of CSB can store 9.9 million tons of atmospheric 
CO2. It reveals that around 2020 kg of CO2 is sequestrat-
ed by 1 ton of CSB, compared to 212.57 kg per 1 ton of 
fly ash [18]. Suppose CSB can be utilized as an alternative 
supplementary cementitious material (SCM). In that case, 
it can reduce the carbon footprint of building construction, 
which currently contributes 11% of global carbon dioxide 
emissions [19]. Furthermore, the last row of Table 1 indi-
cates that the cost of utilizing CSB as an RAC additive is 
minimal compared to other additives. Researchers have re-
cently tested CSB as an additive in cementitious composites 
and concrete containing NCA and RCA [20, 21]. Recent 
research has shown several benefits that can be gained by 
mixing biochar in concrete, which include reducing bleed-
ing, improving workability, decreasing plastic and drying 
shrinkage, and enhancing flexural strength [22, 23]. CSB 
has also shown positive effects on concrete properties such 
as initial and final setting time, average density, compres-
sive strength, and silica fume-cement mortar [16, 24, 25]. 
Further, biochar in concrete is described as a beneficial ad-

Table 1. Cost comparison of additives used to mitigate ASR
No Mitigation method Additive used Price of 1 kg of additive in 

Sri Lanka (USD)
Dosage The effective cost of 

additive for 1 kg of 
cement (USD)

1

Addition of SCM

Silica fume 0.75 Replacement of cement 
with 5%–15% silica fume 
[28]

0.038-0.114

2 Metakaolin 0.21 Replacement of cement 
with 10–20% of calcined 
kaolin in weight [29]

0.032

3 Low-calcium fly ash 0.04 Replacement of cement 
with 20%–40% of fly ash 
in weight [11]

0.008-0.016

4 Ground granulated 
blast furnace slags.

Not available in Sri Lanka, 
and cement manufacturers 
import as bulk for cement 
manufacturing

N/A N/A

5 Additions Lithium-
based chemical 

Lithium Nitrate 
(lithium salt)

111.11 20%-30% [30] 22.2-33.3

6 Addition of Biochar Coconut Shell 
Biochar

0.762 2.5% of cement [31] 0.019

SCM: Supplementary cementitious materials.



J Sustain Const Mater Technol, Vol. 10, Issue. 1, pp. 52–63, March 202554

ditive [21], and biochar contributes positively to the me-
chanical and permeability properties of concrete exposed to 
elevated temperature [26]. Particularly, researchers identify 
biochar as a green additive in concrete while enabling car-
bon sequestration [27].

Table 1 Rows 1 to 5 indicate different global mitigation 
methods to prevent ASR. Further, it shows the effective cost 
for each additive based on the literature. According to Table 
1, various types of SCM, such as silica fume, metakaolin, 
low-calcium fly ash, and ground granulated blast furnace 
slag, are applied. It can also be mentioned that adding lith-
ium compounds is comparatively expensive. However, us-
ing coconut shell biochar to control ASR in concrete is a 
moderately new and economical option compared to the 
methods described in Table 1.

Notably, biochar can adsorb cations such as sodium 
(Na+) and potassium (K+), which can interact with the al-
kali-silica reaction [32]. In line with this potential, the au-
thors of this paper have conducted a petrographic analysis 
of coconut shell biochar (CSB) as an absorbent to mitigate 
Alkali-Silica Reaction (ASR) in Recycled Aggregate Con-
crete (RAC). In their investigation, it was found that certain 
precipitates are absorbed into CSB particles. Despite these 
promising properties of CSB, its potential as an additive to 
mitigate ASR in RAC has yet to be thoroughly examined 
[31]. Furthermore, the exact cause of ASR reduction in 
RAC by CSB remains unclear. Therefore, this study aims 
to assess the impact of CSB as an additive in addressing 
ASR in RAC and to determine its effects on the mechanical 
properties of RAC.

In this study, the investigations were initiated by ana-
lyzing the mechanical properties of concrete samples with 
added CSB. An assessment of the impact of CSB on ASR 
in RAC in compliance with ASTM1260 followed this. Sub-
sequently, the mortar bars were sectioned into thin slices 
and optically examined using petrographic methods. For 
the final experiment, Scanning Electron Microscopy with 
Energy Dispersive X-ray Spectrometry (SEM-EDS) analy-
sis was conducted on selected sites of the thin sections to 
determine the cause of ASR reduction, which concludes 
that the adsorption of Na+ and K+ cations by CSB additives 
in the concrete, leads to a decrease of ASR in RAC

2. MATERIALS AND METHODS

2.1. Materials
The aggregate samples and biochar particles were main-

ly concerned, and all were arranged from Sri Lanka. 

2.1.1. RCA and NCA
Specifically, the coarse fraction RCA samples were ob-

tained from the Construction Waste Management (COWM) 
Center in Galle, located in southern Sri Lanka. NCA sam-
ples were collected from a quarry plant in the western part 
of the country. The RCA and NCA aggregate samples were 
thoroughly washed and dried to ensure they were impuri-
ties-free. They were then graded according to the BS 882-
1992 standard and obtained in the size range of 20 mm.

Furthermore, before commencing the research, the 
physical properties of both RCA and NCA samples, in-
cluding bulk density, specific gravity (on an oven-dry basis, 
saturated surface dry basis, and apparent specific gravity), 
and water absorption, were evaluated. Table 2 compares 
the physical properties obtained through these procedures 
and findings from the literature. Specific gravity and wa-
ter absorption tests were conducted following the ASTM C 
127-88 standard, while the bulk density of the samples was 
evaluated according to the ASTM C 29/C 29M-97 standard. 
According to Table 2, the physical properties of the tested 
RCA and NCA samples are within the range of minimum 
and maximum values found in the literature.

2.1.2. Coconut Shell Biochar (CSB)
Biochar is a carbon-rich product produced through py-

rolysis [41] or gasification processes [22] using organic waste 
materials. In the agricultural sector, it serves as a soil enhancer. 
Various types of biochar can be produced from different or-
ganic waste sources, such as agricultural waste, rice husks, 
bagasse, paper products, animal manures, and even urban 
green waste [23]. Specifically, CSB is a solid product obtained 
by heating coconut shell biomass to temperatures typically be-
tween 300°C and 700°C under oxygen-deprived conditions. 
Biochar possesses various capabilities, including adsorption, 
sequestration, functionality, and synergy [19]. Its adsorption 
capability can manifest in different forms, such as physical ad-
sorption, electronic attraction, and cation exchange.

Table 2. Physical properties of RCA and NCA samples
No Physical properties Experiment 

Results (Reference)
Minimum from Literature 

(Reference)
Maximum from Literature

(Reference)
RCA NCA RCA NCA RCA NCA

1 Bulk Specific Gravity (specific 
gravity of oven-dried basis)-kg/m3

1.66 2.25 2.10 (f) 1.95 (g) 2.49 (d) 2.90 (f)

2 Bulk Specific Gravity (specific 
gravity of SSD basis)-kg/m3

1.74 2.26 2.39 (h) 2.58 (b) 2.69 (c) 2.88 (d)

3 Apparent Specific Gravity (based on 
oven-dried sample)-kg/m3

1.81 2.27 2.62 (h) 2.70 (h) 2.71 (d) 2.90 (d)

4 Bulk Density-kg/m3 1192 1510 1200 (f) 1658 (d) 2394 (e) 2890 (e)
5 Water Absorption -% 5.25 0.28 3.00 (a) 0.20 (g) 5.93 (b) 4.20 (e)
References: (a) [33], (b) [34], (c) [35]; (d) [36], (e) [37], (f) [38]; (g) [39], (h) [40]. RCA: Recycled concrete aggregate; NCA: Natural concrete aggregate.
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Table 3 describes prominent properties of coconut shell 
biochar, such as elemental percentages of Carbon, Hydro-
gen, Nitrogen, Oxygen, ash content, potentials of hydrogen 
(pH), electric conductivity (EC), Brunauer-Emmett Tell-
er (BET), and including the ability to adsorb cations [24]. 
Based on these findings, coconut shell biochar was selected 
as an additive for testing in this research.

Coconut shell biochar, readily available in the western 
part of the Sri Lankan market, was obtained in bulk for the 
experiments. The coarse fraction of the biochar was sepa-
rated from the lot, and biochar particles that had not un-
dergone adequate pyrolysis were discarded upon physical 
observation. Specific biochar samples were then further as-
sessed to confirm their potential as adsorbents for Na+ and 
K+ cations. Two particular tests, kinetic adsorption, and iso-
therm tests, which were not presented in this paper, were 
conducted to evaluate this potential.

2.2. Methods
The methodology adopted to investigate the effect of 

CSB on the alkali-silica reaction on RAC consists of several 
steps. The flow chart shown in Figure 1 illustrates a meth-
odology composed of experiments and analytical steps. Ac-
cordingly, the key steps of the method are the preparation 
of biochar, experiments on mechanical properties of RCA 
with biochar, assessment of the impact of biochar in ASR 
within the cement mortar bars of RCA, and petrographic 
analysis on the cement mortar bars of RCA & biochar.

2.2.1. Preparation of Biochar
Commercially available coarse fractions of coconut 

shell biochar were ground manually. Then, the finer-size 
biochar particles that passed through a 75µm sieve were 
collected, as explained in Figure 1a. The selected biochar 
particles were mixed to ensure a uniformly distributed mix 
was available for the experiments.

Table 3. Physical properties of biochar [42]
Measured property Measured value Measured property Measured value
Carbon (%) 86.6 Total pore volume (mL/g) 0.21
Hydrogen (%) 3.03 Total basic groups (µmol/g) 3048
Nitrogen (%) 0.08 Total acidic groups (µmol/g) 272
Oxygen (%) 10.3 Carboxylic groups (µmol/g) 156
Ash content (%) 5.53 Lactone groups (µmol/g) 72
pH 8.8 Phenol groups (µmol/g) 44
EC (µS/cm) 139 Maximum Cd+ adsorption capacity (mol/kg) 30.8
(BET) surface area (m2/g) 212 Maximum Pb+ adsorption capacity (mol/kg) 64.9
EC: Electrical conductivity; BET: Brunauer, Emmett and Teller.

Figure 1. Methodology adopted in the research.

(a) (b) (c) (d)
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2.2.2. Experiments on the Mechanical Properties of 
RAC with Biochar
The mechanical properties of Grade 25 Recycled Ag-

gregate Concrete (RAC), which consists of CSB and RCA, 
were examined (Fig. 1b). The mixed designs included 
replacing 2.5% of the binder with CSB and completely 
substituting the coarse aggregate with RCA. The sam-
ples were tested for compressive strength (cubes mea-
suring 150x150x150 mm) according to the BS 1881, Part 
116:1983 standard, split tensile strength (cylinders with a 
diameter of 150 mm and a height of 300 mm) based on 
the BS 1881, Part 117:1983 standard, and 3-point flexural 
strength (beams with dimensions of 100 mm in height, 
100 mm in width, and 400 mm in length) by the BS 1881, 
Part 118:1983 standard after curing for 28 days. The mate-
rials' compositions applicable for each mix design of each 
concrete batch used for preparing the samples are present-
ed in Table 4, along with the nomenclature used in this 
research. According to Table 4, RCA-C and NCA-C repre-
sent control samples of RCA and NCA, respectively. Sim-
ilarly, RCA-B and NCA-B explain CSB test samples. The 
compositions of the materials of cement, biochar, sand, 
and aggregate used in each sample are given in weight per 
unit volume (kg/m3). All tests were conducted using a uni-
versal testing machine (HLY 600KN/1000KN).

2.2.3. Assessment of the Impact of Biochar on ASR 
(Cement Mortar Bar Test)
In this research, ASTM C 1260 was employed to 

quantify the Alkali Silica Reaction (ASR). The cement 
mortar bar test (or prism test) specified by ASTM C 
1260 is used to measure the percentage of expansion 

caused by ASR in aggregates within the prisms, as elab-
orated in Figure 1c. If the average expansion of tripli-
cate samples exceeds 0.10% on the 16th day after casting, 
the corresponding aggregate is suspected of alkali-silica 
reactivity and requires further investigation for conclu-
sive findings. Accordingly, the expansion percentages of 
test specimens in Table 5 were reviewed to assess the 
impact of biochar as an additive. Table 5 indicates the 
proportions of aggregate, cement, water, and biochar in 
each sample.

Figure 1c shows that cement mortar prisms were pre-
pared using graded finer-size recycled concrete aggregate 
and natural coarse aggregate as described in the ASTM C 
1260 standard. The steps in the standard are shown in the 
Figure 2. A triplicate of prism samples was prepared for 
each mix design. During the experiment, special attention 
was given to maintaining certain experimental conditions, 
including the dimensions of prism samples, the tempera-
ture of the water in the bath, and the concentration of 
NaOH solution.

As explained in the ASTM C 1260 standard, the follow-
ing equation, denoted as equation (1), is used to calculate 
the expansion percentage of the specimen (Sn) after mea-
suring the final length on the 16th day of the experiment.
Expansion percentage of specimen (Sn)  (1)

Lf: final measurement of the length of the prism after 16 days
Lo: Initial measurement of the length of the prism after two 
days
Le: The gap between the heads of screws embedded in 
prisms

Table 4. Material Compositions of test samples and nomenclature [31]
No Sample 

Category
Sample 

ID
Biochar 

(%)
RCA % WRT 

to NCA
Material Compositions Remarks

Cement 
(kg/m3)

Biochar 
(kg/m3)

Sand 
(kg/m3)

Coarse Aggregate 
(kg/m3)

1
NCA

NCA-C 0.0% 0% 320 0 847 1249 Control Sample
2 NCA-B 2.5% 100% 320 8 847 1249 Test Sample
3

RCA
RCA-C 0.0% 100% 320 0 847 1118 Control Sample

4 RCA-B 2.5% 100% 320 8 847 1118 Test Sample
RCA: Recycled concrete aggregate; NCA: Natural concrete aggregate.

Table 5. Material Compositions and the Nomenclature of Cement Mortar Bar Test Samples [31]
No Sample 

Name
Aggregate 

Type
No Test 
Samples

Weight in grams Coconut Shell Biochar (% 
out of cement)

Aggregates Cement Water (Cement: 
Water=1:0.47)

1 RCA-C RCA 3 669 440 206.8 0.0%
2 RCA-B 3 669 440 206.8 2.5%
3 NCA-C NCA 3 990 440 206.8 0.0%
4 NCA-B 3 990 440 206.8 2.5%
RCA: Recycled concrete aggregate; NCA: Natural concrete aggregate.
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2.3. Petrographic Analysis and SEM Analysis on RAC 
Mix Designs
Three types of petrographic analysis (Fig. 1d) were 

conducted to examine the thin sections prepared from 
the respective cement mortar bars. The petrographic 
observations aimed to gain insights into the microscale 
structural features, textural characteristics, mineralogi-
cal compositions, and alterations (secondary reactions) 
of the cement matrices in RCA and NCA mixes with 
both 0.0% and 2.5% of Coconut Shell Biochar (CSB).

Firstly, optical microscopic assessments were per-
formed using a ZEISS Primotech microscope from 
Oberkochen, Germany, equipped with Crossed Polar-
ized Light (CPL) and Plane Polarized Light (PPL) on 
the designated samples. Secondly, to deduce the textural 
features and physicochemical processes at the micro and 
nanoscale levels of the samples, Scanning Electron Mi-
croscopy (SEM) analysis was carried out using a ZEISS-
EVO LS15 microscope from Oberkochen, Germany.

Furthermore, additional SEM studies were conducted 
with energy-dispersive X-ray Spectrometry (SEM-EDS) 
using a ZEISS-EVO 18 microscope from Oberkochen, 
Germany. These SEM-EDS studies were utilized to iden-
tify the precipitates adsorbed onto biochar in the cement 
matrices of RAC for prisms cast from RCA and NCA.

3. RESULTS AND DISCUSSION

3.1. Mechanical Properties of RAC with Biochar as an 
Additive
The compressive strengths of RCA-B and NCA-B show a 

12.1% and 5.4% decrease, respectively, compared to RCA-C 
and NCA-C, as illustrated in Figure 3. However, the com-
pressive strength values obtained (Fig. 3a) are still within 
the specified target strengths for Grade 25 concrete [31].

Figure 3b displays the readings of split tensile strength 
and flexural strength tests performed on the samples 
from all four mix designs (Table 4). Notably, there is a 
noticeable increase in strength for RCA-B and NCA-B 
compared to their control samples (RCA-C and NCA-C) 
in both split tensile and flexural strength. RCA-B exhibits 
a gain of 4% in split tensile strength and 13% in flexural 
strength, while NCA-B demonstrates gains of 3% in split 
tensile strength and 10% in flexural strength. These re-
sults are aligned with the previous research findings on 
biochar-mixed concrete [21, 25, 43].

Overall, it can be concluded that coconut shell biochar, 
as an additive, enhances the mechanical properties of recy-
cled aggregate concrete, namely split tensile strength and 
flexural strength, while achieving the targeted compressive 
strength at 28 days [31].

Figure 2. Key steps in the cement mortar bar test.

Figure 3. Test Results (a) Compressive Strength in 28 Days; (b) Split Tensile Strength in 28 Days; and Flexural Strength in 
28 Days [31].

(a) (b)
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3.2. Assessment of the Impact of Biochar on ASR
Figure 4a presents the expansion percentages (%) of 

RCA-B and NCA-B compared to RCA-C and NCA-C. In 
contrast, Figure 4b indicates expansions in millimeters and 
reduction percentages for specific samples. The RCA-C 
and RCA-B samples exhibited expansions of 0.057% and 
0.053%, respectively, while the NCA-C and NCA-B sam-
ples showed expansions of 0.011% and 0.010%, respective-
ly. Since both RCA-B and NCA-B samples with biochar 
demonstrate a reduction in expansion, it can be concluded 
that Coconut Shell Biochar (CSB) has positively impacted 
the expansion of cement mortar bars caused by the alka-
li-silica reaction.

Accordingly, the ASR reduction percentage of RCA-B 
samples compared to the RCA-C samples is 7.0%. This re-
duction of ASR is caused by 2.5% (11.0 g) of CSB against 
440 g of cement. Consequently, the ASR reduction percent-
age per gram of CSB and per gram of cement can be esti-
mated as 0.0014%. A study conducted by Karalis et al. [18] 
reports ASR reduction when adding fly ash in percentages 
of 15% and 25% against cement (637.5 g), resulting in ASR 
reductions of 0.009% and 0.0011% per gram of CSB and 
per gram of cement, respectively. This suggests that adding 
2.5% of CSB is more effective in reducing ASR than adding 
15% or 25% of fly ash to concrete.

It can be stated that coconut shell biochar in each mor-
tar bar with RCA and NCA has contributed to reducing the 
expansion of mortar bar samples by 12.4% and 11.1%, re-
spectively, as illustrated in Figure 4b. The results of the ex-
periments conducted with petrographic analysis and SEM 
analysis are further validated below.

Previous researchers have documented that Recycled 
Concrete Aggregate (RCA) has a higher potential for Al-
kali-Silica Reaction (ASR) compared to Natural Coarse 
Aggregate (NCA) [11, 44]. This is corroborated by the re-
sults presented in Figure 4a. In this research, RCA exhib-
ited an ASR expansion (0.057%), five times higher than 
NCA's (0.011%).

The petrographic analysis allowed researchers to ex-
amine the microstructure (Fig. 5) of the cement matrices 
in mortar bars made from RCA and NCA, which were 
influenced by the presence of biochar. Therefore, the au-

thors argue that the increased expansion observed in the 
samples with RCA is due to residual alkalis released by 
the adhered mortar present in RCAs, as visible in Figure 
5. Furthermore, a higher density of cracks was observed 
on the surfaces of RCAs (Fig. 5) compared to NCA. 
These cracks' development (initiation and propagation) 
could create a favorable environment for forming ASR 
gel [10], leading to additional expansions. Simultane-
ously, ferrous compounds (FC) were observed at sever-
al locations (Fig. 5) within the cement matrices of RCA 
samples compared to NCA.

Reactive silica could exist in aggregates that are used 
to produce concrete. In the presence of alkali solution in 
the pores of concrete, particular reactive silica tends to re-
act, producing leisurely but harmful cracks in the concrete 
structure [12]. Natural aggregates, generally in quartz, are 
composed of silica (SiO2) and are recognized as chemically 
inactive [45]. Also, it is found that Ichikawa and Minura 
(2007) describe that silica (SiO2) in aggregates is primarily 
structured as siloxane groups (≡Si – O – Si≡) or siloxane 
networks [12]. The same researchers argue that reacting 
reactive silica with an alkali solution would result in the 
disarrangement of crystalline silica at the surface of the ar-
rangement. Further, they explain that when there is water, 
these structurally disordered crystalline silica inclines to 
absorb water and produce hydrous silica, which is amor-
phous and can be identified as a silanol group (≡Si – OH) 
in the pore solution [12, 45]. When highly concerted hy-
droxyl ions exist, the silica neutralizes the silanol and silox-
ane groups in two stages, as illustrated in equations (2) and 
(3), respectively [45].

≡Si–OH+OH-=SiO-+H2O (2)
≡Si-O-Si+2OH-=2SiO-+H2O (3)

The hydroxyl ions shown in both equations (1) and 
(2) are present in the concrete pore solution as NaOH 
or KOH [45, 46]. Equation (4) illustrates the products 
of alkali-silicate solution and gel that result from the 
reaction between siloxane groups and hydroxyl ions. 
The literature has used the notation R+ to denote Na+ 
or K+ [12, 45].

Figure 4. (a) Expansion percentages (%); (b) Expansion reduction percentages (%) in the cement mortar bar samples of 
RCA and NCA with 0.0% and 2.5% of CSB.

(a) (b)
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≡Si-O-Si≡+OH-+R+(Na+ or K+)=≡Si-O-R+H-O-Si= (4)

When there are higher contents of OH- and alkali met-
als around the hydrous silica (Si-OH), the reactions desig-
nated by equations (5) and (6) would be further performed 
in the concrete pore solution. Finally, alkali-silica hydrate 
and water are identified as the ultimate products of the al-
kali-silica reaction.

≡Si-OH+OH-+R+ (Na+ or K+) = ≡Si-O-R+H2O (5)
≡Si-O-R+nH2O=Si-O-+(H2O)n+R+ (Na+ or K+) (6)

Accordingly, the researchers primarily suspect that inter-
vention in Alkali-Silica Reaction (ASR) has occurred due to 
biochar mixing, as there is a noticeable reduction in ASR ex-
pansions in biochar-mixed prisms. Consequently, SEM-EDS 
analysis was performed on the thin sections produced for pe-
trographic analysis to identify the reactions caused by adding 

biochar. Figure 6 indicates some precipitation spots on flakes 
of biochar particles observed in the RCA samples through 
SEM-EDS analyses. Figure 6a highlights a spot (Focused 
level 1) observed on a thin section at the millimeter (mm) 
scale. Figure 6b shows the same place (Focused level 2) at the 
micrometer (µm) scale. Specifically, Figure 6c presents an en-
larged version of the same spot (Focused level 3), with labels 
indicating the Cement Matrix (CM), Coconut Shell Biochar 
Particle (CSB), and Flakes of CSB (F). Figure 7a indicates the 
focused area of the precipitations, and Figure 7b illustrates 
specific precipitation spots of a biochar particle through the 
SEM-EDS study. The precipitation spots were identified as 
draw point no.1 FD 1) out of the 12 free draw points, and 
spectra were captured to one graph while having individual 
spectra for some points of the same lot. For clarity, only the 
spectra in Figures 7c and Figure 7d display the respective ele-
ments recognized from FD 1 and 2 points, respectively, based 
on their energy (keV) and intensity (counts) values. Several 

Figure 5. Microscopic view of a cement matrix comprised of RCA and biochar particles.
RCA: Recycled Concrete Aggregate Particle; AM: Adhered Morta; C: Cracks; FC: Ferrous Compound.

Figure 6. SEM images of precipitants adsorbed onto biochar in the cement matrix of RCA-B: (a) Focused level 1; (b) Fo-
cused level 2; (c) Focused level 3.
CM: Cement Matrix; CSB: Coconut Shell Biochar Particle; F: Flakes of CSB.

(a) (b) (c)
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chemical elements, including Na+ and K+, were found in FD 
1 and 2. Similarly, the other free draw points (FD 3-12) were 
studied, and the availability of each element was reported as 
a percentage of weight relative to the total weight of elements 
counted at each spot. The minimum and maximum weight 
(%) values of each component for the 12 spots captured from 
the RCA-B sample are tabulated in Table 6.

Table 6 reveals the presence of Na+ and K+ elements in 
the precipitants adsorbed onto biochar particles. It was ob-
served that the weight percentages (%) of Na+ varied from 
0.0% to 20.04%, while K+ ranged from 0.0% to 18.33%. In 
contrast, biochar particles in the NCA-B samples showed 
zero weight percentages (%) for the element Na+, with K+ 
ranging from 3.61% to 7.07%. Consequently, biochar has 

Figure 7. SEM-EDS images; (a) Focused-biochar particle; (b) Assessed free draw points (FD1–FD12); (c) and (d) SEM-
EDS (Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy) spectra, weight (%), and atomic (%) of 
FD1 and FD2, respectively, in the sample of RCA-B.

(a) (b)

(c)

(d)
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adsorbed Na+ and K+ from the cement matrix of RCA-B 
and NCA-B samples. Therefore, it is factual to assert that 
coconut shell biochar is an additive that can be utilized to 
mitigate the alkali-silica reaction in Recycled Aggregate 
Concrete (RAC) when controlling the presence of cations 
such as Na+ and K+ (R+ in above Eq. (6)).

According to Figure 4b, although there are relatively 
similar reduction percentages in expansion for RCA-B and 
NCA-B, Table 6 indicates that biochar particles in the RCA-B 
samples have absorbed more cations than those in the NCA-B 
samples. Several factors may have contributed to this differ-
ence. For instance, in addition to Na+ and K+ elements, bio-
char in the RCA-B and NCA-B samples has adsorbed Fe (Fer-
rous) elements in the range of 5.82% to 44.53% and 7.99% to 
16.03%, respectively. Comparatively, a higher weight (%) of 
Fe elements is observed in RCA than in NCA [47].

4. CONCLUSIONS AND RECOMMENDATIONS

The authors draw the following conclusions based on 
their investigation into the utilization of Coconut Shell Bio-
char (CSB) as an additive to mitigate the Alkali-Silica Reac-
tion (ASR) in Recycled Aggregate Concrete (RAC):
I. It was found that incorporating 2.5% of CSB into RAC 

resulted in a 4% increase in split tensile strength and a 
13% increase in flexural strength. Although a marginal 
decline of 12.1% in compressive strength compared to 
the 0.0% CSB mix remained within acceptable limits 
of target strength for grade 25 concrete. Thus, as an ad-
ditive, coconut shell biochar enhances the mechanical 
properties of recycled aggregate concrete.

II. Notably, including coconut shell biochar in cement 
matrices with RCA and NCA has reduced the expan-

sion by 12.4% and 11.1%, respectively. This suggests 
coconut shell biochar can mitigate ASR in recycled ag-
gregate and conventional concrete.

III. It has been estimated that the reduction in ASR due 
to the addition of CSB is 0.0014% per gram of CSB 
and gram of cement. A smaller amount of CSB could 
outperform a higher amount of fly ash regarding ASR 
reduction.

IV. There was a tendency for the development (initiation 
and propagation) of micro cracks in RCA compared 
to NCA, which is identified as a reason for additional 
expansions in RAC due to ASR in RCA. Additionally, 
residual ferrous compounds leached from reinforce-
ments in the parent concrete were observed in sever-
al locations of the cement matrices of RCA, more so 
than in NCA.

V. Finer biochar particles act as fillers and occupy a sig-
nificant amount of pore space in the cement matrices. 
This fineness allows for a uniform distribution of bio-
char particles throughout the cement matrix, ensuring 
consistent performance.

VI. The authors assert that CSB mitigates ASR by leveraging 
biochar's ability to adsorb cations such as Na+ and K+. 
Furthermore, CSB in RAC exhibited higher stress and 
workload than NCA in cation adsorption onto respec-
tive biochar particles, likely due to additional cations 
resulting from residual ferrous compounds in RCA.

VII. Finally, the authors recommend further investigations 
into using coconut shell biochar as an additive in RAC 
to control residual ferrous compounds in RCA.

The above conclusions are based on the Sri Lankan RCA 
and CSB; therefore, further studies are recommended to 
generalize these results to other world regions.

Table 6. SEM-EDS results: Presence of elements (minimum and maximum) in the precipitants found on biochar within the cement 
matrix of RCA-B and NCA-B [47]
No Element Weight (%)

RCA-B NCA-B
Minimum Maximum Minimum Maximum

1 C – 13.54 4.40 51.17
2 O – 43.21 19.89 44.16
3 Na – 20.04 – –
4 Mg – 8.54 1.73 4.91
5 Al – 7.86 2.28 8.45
6 Si 3.95 15.92 5.12 15.03
7 S – 6.58 – –
8 K – 18.33 3.61 7.07
9 Ca 2.86 59.18 0.96 4.50
10 Ba – 5.54 – 1.60
11 Ti – 13.35 1.06 3.36
12 Fe 5.82 44.53 7.99 16.03
13 Co – 1.30 – –
14 Pd – – – 1.20
RCA: Recycled concrete aggregate; NCA: Natural concrete aggregate; SEM-EDS: Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy.
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