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ABSTRACT
In the past decades, efforts have been made to substitute Portland cement by developing novel cement materials using
industrial byproducts such as alkali-activated slag (AAS) cement, in which granular ground blast furnace slag (GGBS)
is the main raw material. When GGBS reacts with alkali-activators (hydrate lime, sodium silicate and etc.), alkaliactivated reaction can be generated, which produces cementitious hydration products to bind granular grains and fill
the gap between aggregates. Besides, different chemical, fiber, additive and mineral have been amended with the AAS
cement to improve certain aspects of the cement engineering performance. In this study, biochar was tried to improve
the engineering performance of AAS cement and the biochar-enhanced AAS cement was applied to stabilize local
carbonate sand. Unconfined compressive strength, soil pH, and water content were measured. The results show that
with the addition of biochar in AAS system, the stabilized carbonate sand displayed better water retention capacity
without compromising its strength.
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1

INTRODUCTION

Soil stabilization has been regarded as the most
common method when the soil property of the project
site doesn’t reach the requirement for proposed
construction. In particular, chemical stabilization
method has been applied to achieve the purpose of
improving soil strength, deceasing soil permeability and
etc. (Rezaeimalek et al., 2017) in a variety of soil
conditions. Cement and lime are the most commonly
used binders for soil stabilization. However, they suffer
the problems of sulphate attack and sea water erosion.
Therefore, it is needed to develop new cement materials
that can maintain high durability and strength.
Alkali-Activated Slag (AAS) cement is regarded as a
sustainable product since it utilizes industrial byproducts such as ground granulated blast furnace slag
(GGBS) and it is not quite necessary to develop new
process facilities to produce alkali-activated concretes
(Provis, 2018). Besides, the production requires about
half energy needed for Portland Cement. In addition to
its environmental friendliness and sustainability, many
studies on AAS have proved that its extraordinary ability
in early stage strength, durability and chemical
resistance (Gupta, 2018; Mithun, 2016). Thus, it is a
promising binder for soil stabilization especially under
complex ground conditions.
Biochar is a green material produced from the
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burning of the leaves, branches, wood chip or other
agricultural wastes under anoxic condition. It has been
applied in soil reclamation, agriculture and carbon
restoration (Weber and Quicker 2018) due to its superior
characteristics in physical and chemical properties, such
as light weight, high porosity, high water retention rate,
high cation exchange capacity, and surface sorption
capacity. Research shows that by amending Portland
cement with biochar, the slow releasing of water will
control hydration rate and achieve a better hydration
degree (Gupta et al. 2018). However, there’s no research
regarding adding biochar into AAS cement as a new soil
binder.
The objective of this study is to investigate the
mechanical and chemical properties of biocharenhanced AAS stabilized sand. The effects of biochar
dosage and curing time on water retention capacity and
strength are particularly analysed.
2

MATERIALS AND METHODS

2.1 Raw materials
The sand used in this study is commercial carbonate
sand that is packed and sold on Oahu Island, Hawaii.
Due to too much fine sand observed, the commercial
sand was firstly sieved and those passing through No.40
sieve was discarded. Fig.1 shows the particle size
distribution of the sieved carbonate sand. Then, the

sieved sand was oven dried at 110°C and mixed with
distilled water to achieve 5% initial water content.
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Then the mixture was compacted into a cylindrical
PVC pipe with a diameter of 51 mm and a height of 102
mm, as shown in Fig. 2. Later, the short pipe is sealed by
3 layers of polyvinyl films to avoid water evaporation.
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Fig. 1. Particle size distribution curve of the calcareous sand.

The biochar used in this study was produced from
softwood forestry residues. Its density was 155.8 kg/m3
and the cation exchange capacity was 21.5 meq/100g.
The chemical composition in biochar are shown in Table
1.
Table 1. Composition of Biochar in percentage by weight.
Formula
Content

C
45%

N
0.7%

P2O5
0.8%

K2O
3.3%

Ca
4.5%

Mg
0.5%

Prior to being added to AAS, the biochar was sieved
to maintain the maximum diameter of 1.2mm and the
minimum diameter of 0.85mm. Then, biochar was fully
saturated and added into the AAS system. GGBS and
hydrated lime were used as raw materials for AAS
cement. The chemical composition of GGBS is shown in
Table 2. The hydrated lime contained 71% calcium oxide
(CaO) and 0.3% of the magnesium oxide (MgO).

Table 2. Chemical composition of GGBS.
Composition
CaO
SiO2
Al2O3
MgO
Fe2O3
SO3
K2O
TiO2

Content
32.32%
35.69%
15.83%
9.46%
0.83%
1.11%
1.09%
1.58%

2.2 Sample preparation and testing methods
In this study, two binder contents were used, 10%
(B10) and 20% (B20). The binder content was defined
as the dry weight ratio of binder to sand. The binder is
composed of GGBS and hydrate lime at a ratio of 4:1.
The water-to-binder ratio is 0.4. In total, 6 different
biochar contents (0%, 0.5%, 1%, 1.5%, 2% and 2.5%)
were adopted, which was based on the dry weight of
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Fig. 2. Cylindrical soil specimens.

All specimens were cured at room temperature 20°C
for different periods of time (short term: 3 d and 7 d; long
term: 28 d, 60 d and 90 d). Each case was prepared in
triplicate. At the end of curing, unconfined compression
tests were performed in accordance with ASTM D216616 (2016) using a Load Trac-III load frame from
Geocomp. Besides, the water content and pH values
were also measured according to ASTM D4972-19
(2019).
3

RESULTS AND DISCUSSIONS

3.1 Water retention capacity
Fig.3 and Fig.4 show the results of water content at
different curing time for B10 and B20, respectively. In
general, with the increase in curing time, the water
content of stabilized sand dropped, regardless of biochar
content and binder content. This was due to the
continuous hydration of AAS and inevitably water
evaporation in the long run. Then, the effect of biochar
content on remaining water in stabilized sand was
different in short term and long term. In short term, the
water content of specimens with various biochar content
was close to each other. At this stage, it was presumed
that most water for the AAS hydration reaction in short
term was that freely present in soil pores, but not that
which was saturated by biochar. Biochar was expected
to still maintain its original fully saturated condition.
Thus, in the short term, the water content did not vary
much even if biochar content is different.

significantly improve or reduce soil strength within the
biochar content range applied in this study. The function
of biochar in soil matrix was two-fold. Firstly, the
biochar could serve as internal curing agent, meaning
that it could continuously provide water source for AAS
hydration reaction (Mo et al. 2019). Thus, the hydration
degree of AAS tended to be higher at higher biochar
content. Secondly, the biochar, due to its weak strength,
was likely to be the weak points in soil matrix, which
might lead to early internal failure during UCS test
though the cementitious bindings were still intact.
Currently, we were unable to determine which factor was
more dominant. Nevertheless, the marginally changed
soil UCS at different biochar contents implied that the
two factors might be equally important for soil strength.
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Fig. 3. Water content of B10 samples at different curing ends.
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Fig. 4. Water content of B20 samples at different curing ends.
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Fig. 5. Unconfined compression strength of B10 samples.

In the long term, however, specimens with higher
biochar content tended to retain more water, especially
in the low binder content case (B10). This was
presumably due to the fact that AAS hydration reaction
was almost completed in the long term and the presence
of more biochar in soil meant that more water was
absorbed by biochar, which limited its long-term
evaporation. Thus, the specimen with higher biochar
content could retain more water.
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3.2 Unconfined compressive strength
The unconfined compressive strength (UCS) of
specimens with 10% and 20% binder are shown in Figs.5
and 6, respectively. At the same curing period, higher
binder content always led to higher UCS. With more
cementitious hydration products produced in the alkaliactivated reaction, the sand particles are cemented
tightly and the voids between particles are filled as well
to provide higher strength. Then, the UCS of stabilized
sand increased with curing time, which was due to
continuous hydration reaction that produced more and
more cementitious products binding soil particles
together.
In terms of the effect of biochar content on soil
strength, generally speaking, adding biochar did not
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Fig. 6. Unconfined compression strength of B20 samples.

3.3 pH of stabilized sand
Figs. 7 and 8 show the development of soil pH with
curing time. At 10% binder content, regardless of
biochar content, the soil pH increased from 3 d to 7 d,
but dropped within 28 d to 60 d and then picked up again
at 90 d. At 20% binder content, however, the soil pH
increased steadily with time to 7 d, then a sudden drop
can be observed from 7 d to 28 d. After 28 d, the pH rises
up to their peaks at 90 d. The different trend was likely

due to the companion process of AAS hydration and
dissolution of hydrated lime. During the pH descending
period, it was likely that the initial 7 d was dominated by
dissolution of hydrated lime as the Ca(OH)2
concentration was rather low initially. The increase of
pH boosts the hydration process and reflects the quick
strength increase in first 7 days (Gruskovnjak et al.,
2006). From 7 to 28 d, the hydration process tends to
slow down (Gruskovnjak et al., 2006), most of the
dissolved hydrated lime were consumed. This leads the
pH drop to the lowest point at 28 d. From 28 d to 60 d,
the hydration product remains at a sluggish pace. As the
water release from the biochar, the remaining hydrated
lime is dissolving into the pore solution until it saturates
and the pH increase again to their peaks around 12.4.
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Fig. 7. pH value of B10 samples at different curing ends.
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Fig. 8. pH value of B20 samples at different curing ends.

4

CONCLUSIONS

1. The water retention capacity of biochar amended
AAS has been proved. In both low and high binder
content group, more biochar will result in a higher water
content at curing end. The retention capacity is more
superior in long curing period samples
2. When samples are under same curing period,
higher binder content always show higher strength. In
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the selected biochar content of this study, the dominance
between the strength increase effect from biochar and
soil structure violation effect are not fully confirmed.
3. The pH changes during the curing periods are
attributed to the hydration process of the AAS and the
dissolution of the hydrated lime. The change of pH can
reflect the hydration rate of the AAS and strength
increase rate during the curing process.
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