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ARTICLE INFO ABSTRACT

Keywords: This study evaluated the feasibility and efficiency of stabilizing washed recycled sand (RS) derived from con-

EICP struction and demolition wastes when treated by soybean-based enzyme-induced carbonate precipitation (EICP),

Recycled sand cured at a low temperature of 4 °C. Two types of RS were studied, being fine recycled sand (FRS) and coarse

g:zzz‘;ﬁ‘;;’;{: recycled sand (CRS). Urease extracted from soybeans was used to catalyze the urea hydrolysis reaction, which led

Ground improvement to the precipitation of calcium carbonate, which acts as a soil binder. Such a low-temperature curing condition
was found to effectively minimize surface clogging at the same treatment cycles when compared to room-
temperature curing due to a comparatively low urease activity. The excess amount of CaCO3 precipitated on
the surface was found to block the effective EICP solution from flowing through the sample and did not
contribute to strength improvement. The unconfined compressive strength (UCS) results on CRS depicted a slight
strength reduction at low-temperature curing, but the improvement in bio-clogging indicated the potential of
involving extra treatment cycles which could further develop the strength. SEM, EDS and XRD analyses further
established the existence of the biocement gel triggered by soybean-extracted urease cured at low temperatures
within the both CRS and FRS particles. As such, soybean-based EICP solution was found to be an effective green
binder for washed RS in terms of the noticeable stabilizing effect, hence was found to be a suitable as a
geotechnical fill material for ground improvement works.

1. Introduction resulting in the generation of excessive amounts of solid waste. Thus,

engineers, especially from the civil and geotechnical engineering fields,

Since the 20th century, an increasing number of engineers and sci-
entists have proposed the concept of recycling and reuse of sustainable
construction materials, in order to create a better future for both humans
and the Earth. At the same time, land disposal wastes from construction
activities have been witnessed to grow dramatically in the past few
years, which is a negative impact as a result of increased industrializa-
tion and modernization progress. The equilibrium between the waste
disposal growth and field capacity is increasingly difficult to maintain,

* Corresponding author.

have been progressively and continuously seeking sustainable alterna-
tives of virgin materials to be used in a wide range of applications by
adopting appropriate processing approaches and technologies. Re-
searchers proposed to use recycled crushed concrete aggregates derived
from construction and demolition (C&D) waste to substitute the original
aggregates used in the pavement subbase [1]. Reported values of Cali-
fornia bearing ratio, Los Angeles Abrasion Loss, and resilient modulus
from repeated load triaxial tests concluded the satisfactory strength
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Table 1
Cost details of EICP treatments.

Material Unit price® Typical Dose per L

solution”

Purified enzyme AUD 156/g (USD 102/g) 0.25g

powder

Soybean AUD 0.012/g (USD 180 g°
0.078/g)

DM water AUD 1.10/L (USD 0.72/ >1L
L)

CaCl, powder AUD 0.087/g (USD 0.06/ 110.99 g
g)

Urea powder AUD 0.058/g (USD 0.04/  60.06 g
g)

Skim milk powder AUD 10/g (USD 6.5/g) 4g

Note: ? Unit price with conversion (1 AUD = 0.66 USD).

b shows the dose used in EICP solution containing 60 g/L sieved soybean
power, 1.0 M CaCl, solution and 1.0 M Urea solution.

¢ includes the assumption of 30 % sieving rate.

performance and durability of recycled concrete aggregates in pavement
applications. Some studies prompted alkali activation on recycled con-
crete aggregate and recycled aluminium salt slag and discussed the
opportunities in terms of being used in semi-rigid inclusion columns [2].
Researchers also carried out a series of strength and environmental tests
on olive stone biochar produced via the gasification process, reporting
the suitability and potential of the usage as construction fill materials
[3].

Washed recycled sand (RS) is an innovative concept within recycled
products derived from C&D waste due to the participation of high-
pressure watering technology. Such a processing approach makes
washed RS different from the unconventional term of recycled sand [4,
5]. The feeding material of the washing plant contains diverse types of
C&D waste, washed RS, as one of the final products, which is therefore
different from natural sand because of the ingredients. However, they
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hydrolysis process releasing a considerable amount of carbonate ions,
which can form inorganic compounds at a later stage. It is believed to be
an ideal candidate in terms of cement replacement binder as the
precipitated calcium carbonate bonds soil particles together and de-
creases the permeability by filling up the voids [12,13]. The expected
precipitation of calcium carbonate is induced either by free enzyme,
which is called enzyme-induced carbonate precipitation (EICP), or
microbially bacteria, which is called microbially induced carbonate
precipitation (MICP). Both EICP and MICP approaches follow the same
working principle which embraces a fundamental step called ureolysis
[14]. A source solution containing calcium (Ca2+) is vital to form cal-
cium carbonate. Calcium chloride was chosen for this study, considering
its easy access from the market as well as its affordable price. Differing
from MICP, EICP mainly relies on the urease enzyme’s catalyzing
function without absorbing the calcium ions [15], thus highlighting the
importance of urease activity. The reaction equation is presented as
follows [16].

CO(NH,), + 2H,0 ——>"*" , oNH; + CO* (€]
cacl, 29 ¢ 1 21 @
Ca** + o2 "B Cac0, ©)

Several studies reported a generally low calcium conversion rate of
EICP treatment compared with MICP treatment, indicating extra treat-
ment cycles are expected, and extra cost would be spent [17, 18]. Yet
purified urease powder, such as when extracted from jack bean (Cana-
valia ensiformis), was reported to have fairly high activity in numbers
[19, 201, which can make it competitive with MICP-treated samples in
terms of strength improvement. The price of the purified urease powder

100%

fall into the same particle size ranges, as outlined in the United Soil 50— 0256 s —6—CRS
Classification System (USCS) [6]. . ((ju '7) 1()2 - % -FRS
Yo c=0.94
The target application of washed RS is as a geotechnical fill materials <
for ground improvement works, thus it has to be readily compacted [7]. & N
Portland Cement is one of the most widely acknowledged and used § o0 &
chemical stabilizers in the world’s construction industry over the last i )
few decades, with various benefits such as strong binding ability, high g 4% /
1 1 . . 11 S !
durability, low permeability, short reaction time, easy accessibility and - K / L
fair adaptability [8-10]. However, the production process of cement was 20% ) 0 0eo
d50 =0.699 mm
reported to be one of the largest contributors to carbon dioxide emis- ¢ Cu=5.54
i 3 : 47 Ce=0.65
sions at the same time [11], hence the need to seek other chemical 0o
binders with less carbon dioxide footprint from an environmentally 001 01 1 10 100
. . Particle Size, D (mm)
sustainable perspective.
Biocementation is an environmentally friendly biochemical urea Fig. 1. Gradation curves of CRS and FRS (Modified after [29]).
Table 2
UCS details of EICP treated samples using soybean extracted urease enzyme.
ucs Soybean powder Curing temperature ES’s pH CS’s molar Treatment Source material Reference
(MPa) concentration (g/L) Q) adjustment concentration (M) cycles
0.12% 100 20 8 0.75 1 Yellow river silt [34]
1.8% 80 25 N.A. 1.0 4 Ottawa sand [21]
3.8 50 20 N.A. 1.0 12 Calcareous sand [33]
0.6" 100 25 6.5 2.0 2 Ottawa silica sand [39]
0.623 20 Room temperature N.A. 1.0 3 Silica sand [47]
1.5 80 25 N.A. 1.0 10 ASTM C778-graded  [48]
sand
0.2 100 25 6.5 0.5 4 River sand [23]
0.7 30 25 7.3 1.5 1 Clayed sand [49]
0.8" 60 25 N.A. 0.5 6 ASTM C778-graded ~ [43]
0.1 sand
0.2° 60 25 N.A. 0.5 8 Ottawa sand [50]

Note: N.A. = Not adjusted.
 additives involved in either urease extraction or sample treatment process.
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Fig. 2. Physical appearance of (a) CRS; and (b) FRS.

often results in financial pressure, as outlined in Table 1. As such, for one
cubic meter RS sample treated with 4 rounds of EICP injections using
purified urease powder, equal volume and equimolar of urea and CaCly
solutions, and skim milk powder, it is estimated that 80k USD will be
spent. Besides, the storage of the purified powder itself could also be an
issue, as it was supposed to be sealed and stored at a cool place with a
bag of silica gel aside to minimize the presence of any moisture. Extra
attentiveness and equipment such as the laboratory scale are expected
due to the fact that single dose usage of purified jack bean urease is
relatively small (i.e. accurate to a unit of mg). However, it is reported
that the general size of plant urease is smaller than that of bacteria,
which makes EICP solution less problematic in filling up the pores in
finer particles such as sand [21]. Moreover, a relatively germ-free
working environment and a certain level of biochemical knowledge is
required for the adoption of MICP technology, which makes it complex
and difficult for the industry to employ on real projects or on large
scales. EICP was therefore selected in this research study as an alter-
native to cement for stabilizing washed RS. Due to the commercial
concern on the usage of purified urease powder, several researchers
have explored a wide range of plants with naturally existing urease
enzyme, such as beans, melons and fungi [22], to stimulate the reaction
of EICP at low costs. Among those, soybean (Glycine max) has been
reported to be of particular interest for years, primarily due to its high
urease content and easy accessibility.

Unconfined compressive strength (UCS) is one of the key indicators
directly linked to the effectiveness of the EICP treatment method [12].
For EICP treatment using soybean extracted enzyme, it was stated that
UCS values are predominantly controlled by factors of enzyme activity
methods and cycles of treatment, and source material, while the urease
enzyme activity is generally controlled by the concentration of soybean
powder, temperature and duration of curing condition, pH of enzyme
solution (ES), and molar concentration of cementitious solution (CS)
[21, 23, 24]. Table 2 provides a brief UCS summary of soybean
extraction-based EICP stabilized sand samples published in the past five
years, considering the aforementioned factors, with a one-phase injec-
tion method applied. The majority of the studies reported a room tem-
perature curing (20-25 °C) rather than low-temperature curing (i.e. 4
°C) due to a higher urease activity [25-27]. However, EICP is deemed to
have a rapid reaction time compared with MICP in terms of the early
stage presence of carbonate [28], indicating that the unwelcome car-
bonate often precipitates on the sample surface before reaching the
target site. As such, bio-clogging takes place and prevents the EICP so-
lution from flowing throughout the sample, therefore further resulting
in inconsistent calcium carbonate precipitation.

This research study evaluated a low-temperature curing environ-
ment for soybean-based EICP, which slowed down the urea hydrolysis

process and aimed to minimize the bio-clogging impact without
compromising the amount of calcium carbonate precipitation. The
washed RS was suggested to be used previously in unbound conditions
for natural sand substitution [29]. However, the authors intended to
explore the wider possibilities of RS treatment in construction activities,
namely in stabilized geotechnical fills. The particular interest in EICP
was triggered by a low carbon footprint perspective, as well as study
their usage as a stabilized geotechnical fill material, which requires
lower strength values which can be met by EICP treatment. The
solid-liquid ratio of the soybean powder during the enzyme extraction
process and the number of treatment cycles were accordingly modified.
Electrical conductivity (EC) was chosen to be the reference parameter
which implies the urease activity.

The main intention of this study was to carry out pilot research on
EICP treated washed RS cured at low temperatures, considering the
innovation of the source material and different point of view in curing
temperature with the existing publications. The results indicate the EICP
treatment with RS is promising, and at implementation stage further
refinements can be developed. Ammonium ions, as the inevitable by-
product in the carbonate precipitation process, however, are a major
environmental and health concern [19].

2. Material and methods
2.1. Washed recycled sand

The parent soil used in this study, washed recycle sand (RS) was
manufactured from a local washing plant in Melbourne, Victoria, and
the product itself is commercially available. This is Australia’s first C&D
washing plant which has adopted high-pressure washing technology to
produce washed recycled products. The input ingredients contain few
kinds of C&D waste such as clean fill with rock, non-destructive digging
soils and ballast. Washed recycled products such as coarse recycled sand
(CRS) and fine recycled sand (FRS) are tested to have the following
geotechnical characteristics: Gs of 2.65 and 2.66, maximum void ratio of
0.61 and 0.64, minimum void ratio of 0.39 and 0.45, D5 of 0.699 mm
and 0.286 mm, C. of 0.65 and 0.94 and C, of 5.54 and 2.60, individually
[29]. Both sand products were classified as poorly graded sand (SP), in
accordance with USCS [6], with the gradation curves presented in Fig. 1.
As presented in Fig. 2 (a) and (b), both CRS and FRS have natural
sand-like physical properties.

2.2. Urease enzyme extraction

Soybeans, as seen in Fig. 3 (a), were purchased from a local market
and air-dried for a minimum of 48 hours. The dried soybean was fed into
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(h)

Fig. 3. Soybean enzyme extraction process: (a) soybean purchased from the market; (b) home-grade grinder; (c) soybean powder after grinding; (d) sieving; (e)
sieved soybean powder; (f) soybean solution before centrifuging; (g) soybean solution after centrifuging; and (h) collected supernatant as the ready-to-used urease

enzyme solution (ES).

a home-grade coffee grinder that was set to the finest mode, referring to
Fig. 3 (b) and (c). The soybean powder gained from the grinder was
sieved using 300 pym mesh and collected as ready-to-use soybean pow-
der. The purpose of the extra sieving step was to prevent material im-
perfections that are resulted from large inclusions [24], and an optimum
particle size range of 0-250 mm has been conveyed [21]. For every
200 g of the soybean, about 61 g of the powder could be obtained after
grinding and sieving, implying a 30 % of the retaining rate.

Sieved soybean powder in Fig. 3 (e) was mixed completely with
1000 mL demineralized water at the concentrations of 20 g/L, 40 g/L,

60 g/L and 80 g/L respectively, using a magnetic stirrer for at least
40 minutes, and being left for 30 minutes at room temperature. The
supernatant of the soybean liquid was collected and centrifuged at
6000 rpm for 15 min at 4 °C. As exhibited in Fig. 3 (g) and (h), the su-
pernatant after the centrifugal action, as noted as the soybean extracted
urease, was sealed in separate containers and stored in the 4 °C refrig-
erator. The freshly made soybean-extracted urease could be used
directly without any further purification and consumed within four days
to ensure enzyme activity.

Laboratory-graded urea and calcium chloride powder were
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Fig. 4. EICP treatment procedure.
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Table 3
Treatment details of UCS samples.

Construction and Building Materials 434 (2024) 136735

Sample ID Soil types Soybean powder concentration (g/L) Curing temperature Presence of stabilizer Treatment cycles
CRS-SB20-21°C CRS 20 21 N 6"
CRS-SB40-21°C CRS 40 21 N 47

CRS-SB60-4°C CRS 60 4 Y 5

FRS-SB60-4°C FRS 60 4 Y 5

Note: ? indicates that the final treatment cycle did not contain full volume solution.
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Fig. 5. Change of urease activity in against to soybean powder concentration.
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Fig. 6. UCS values of EICP treated samples.

commercially purchased and fully mixed with demineralized water at
the desired molar concentration. 1.0 M and 1.11 M urea solution, and
1.0 M calcium chloride solution were prepared separately in advance
and stored at low temperature (4 °C).

2.3. Urease activity measurement

Enzyme activity was measured and calculated to determine the EC by
using a compact conductivity meter [30]. A tested solution containing
1 mL of the soybean extracted ES and 9 mL of 1.1 M urea solution was
prepared, and left under 21 °C for 30 minutes because the change in EC
was found to be unstable right after mixing [21]. The values of EC were
hereafter monitored for continuous 5 min and a dilation factor of 10 was
used to work out the EC change per minute. 1 mS/cm/min can be
considered equivalent to 11.11 mM/L/min in the process of urea

hydrolysis [31]. As such, urease activity presented in this study has the
unit of mM/L/min and can be worked out. Triplicate samples were made
for the batch tests and the average value was reported.

2.4. UCS sample preparation

The UCS samples were prepared using a split clear acrylic mold with
a dimension of 50 mm in inner diameter and 110 mm in height at an
ambient temperature of 21 °C. The final height of the soil sample would
be 100 mm, and an extra mold height of 10 mm was involved for the
convenience of sample compaction prior to the treatment. The gauze
was put at the bottom of the sample, and functioned as the filter that
allows the solution to drain out freely by gravity without losing the sand
particles [32]. A thin plastic vinyl layer was settled around the circular
mold. Oven-dried CRS and FRS were compacted respectively using the
three-layer compaction method, with the target relative density value of
40 %. From the desired relative density, the total mass of a EICP treated
sample was computed. Dried materials were accordingly prepared in
three portions with equivalent mass and added to the mold in lifts of
3.33cm each. A manual compaction technique was carried out for each
layer, while the sample height after compaction was checked before the
addition of the following layer. The surface of each layer was slightly
scarified to ensure the uniformity of the overall compaction. A filter
paper was put on top of the sample to prevent surface disturbance from
the solution-pouring process.

It is widely acknowledged that biocement can be carried out using
either the premix or percolation methods, while percolation can be
fulfilled by a one-phase or two-phase injection approach [17, 19, 33].
One phase injection method was picked for this study, in which
soybean-extracted ES and CS were first mixed together with the volume
ratio 1:1, hereafter known as EICP solution, which was poured into the
sample as a whole. Considering the density difference, urea solution was
added to equal volume of the CaCl; solution, followed by the presence of
ES. Skim milk powder was also included as a stabilizer at 4 g/L con-
centration. This is because that soybean extracted urease is generally
less stable and therefore, lacks nucleation sites [34]. It is believed that
the presence of proteins, organic substances and calcium carbonate
‘seed’ can all contribute to the development of the nucleation items for
calcite precipitation [35-37]. Among the current findings, skim milk
powder is deemed as a cost-effective and achievable option. The prep-
aration of EICP solution was presented in Fig. 4. The pH of the EICP
solution was not adjusted in this study.

Also in Fig. 4, the overall treatment procedure was conducted as
follows: (1) 1.2 void volume equivalent of demineralized water was
injected into the sample with drainage allowed; (2) 1.2 void volume
equivalent EICP solution was poured on the slightly compacted soil
samples right after the solution was made, i.e. at low temperature, with
drainage allowed; (3) the bottom was sealed when all the EICP solution
was poured in and the sample was sent to the fridge for 48 hours; (4)
another 1.2 void volume equivalent of EICP solution was injected and
the sample was put at the low-temperature environment for 24 hours;
(5) step (4) was repeated for another three times such that a total of 5
treatments was fulfilled; (6) the sample was taken out from the fridge
after the final treatment and cured at room temperature (21 °C) for two
days. The liquid surface stayed higher than the sample to keep the
sample as saturated as possible during the whole treatment process. CRS
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Fig. 7. Failure patterns during UCS test for (a) sample CRS-SB20-21°C; (b) sample CRS-SB40-21°C; (c) sample CRS-SB60-4°C; and (d) sample FRS-SB60-4°C.

samples treated with the same molar concentration of CS but different
soybean powder concentration were prepared and cured at room tem-
perature to determine the curing temperature influence on surface bio-
clogging. The summary of EICP treatment details is given in Table 3.

The demineralized water with double the void volume was used to
rinse the sample. Several studies have mentioned the presence of the
residual calcium salt or urea after the biocement treatment [23, 38-40].
It was pointed out that the strength of the soil could be therefore posi-
tively impacted, however, leading to the strength overestimation [38].
Hence, the water rinsing / flushing process was suggested by several
studies to minimize the existence of the unwanted chemical materials.
The fully treated samples were oven-dried at 60 °C until the mass was no
longer reduced and hence deemed ready for the UCS test. Triplicate soil
samples were prepared.

A deformation rate of 1 mm/min was set for UCS testing as outlined
in ASTM D2166 [41]. A sandpaper was utilized to slightly level the
sample surface prior to the test, if required.

2.5. Microstructural analysis

Scanning Electron Microscopy (SEM) test was carried out to capture
the presence of the biocementation gel in the micro-scale. Energy-
dispersive X-ray spectroscopy (EDS) analysis and X-ray powder
diffraction (XRD) analysis were performed to determine the chemical
components generated along the biocement growth process. The tested
fragments for SEM, EDS and XRD tests were collected from samples that
underwent UCS tests.

Fragments collected from UCS samples were further pulverized into
powder, before being placed into the X-ray diffractometer. For 26 angles
from 10 degrees to 80 degrees, the angular speed of 0.02 degrees and a
scanning speed of 4 degrees/min readings were recorded.

2.6. CaCOg precipitation measurement

Besides SEM and XRD analyses, fragments gathered from the UCS
test were fully soaked in a hydrochloride acid solution with a concen-
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Fig. 8. Surface clogging of (a) sample CRS-SB20-21°C after 5th treatment cycle; (b) sample CRS-SB40-21°C after 3rd treatment cycle; and (c) sample CRS-SB60-4°C

after 5th treatment cycle.

Calcite

=

w.L

Fig. 9. SEM images of (a-b) sample CRS-SB60-4°C; and (c-d) sample FRS-SB60-4°C.

tration of 1.0 N. To obtain a comprehensive understanding of the
average amount of CaCOs precipitation, three small pieces of fragments
were collected from the bottom, the middle and the top part of each
single sample, respectively. Acid-soaked samples were flushed with
sufficient DI water when bubbles no longer presented and all large
blocks thawed into small pieces, hence dried in the oven at 60°C. As per
sample, the pure dry mass of the fragments before (m;) and after (my)
acid wash was noted down. The percentage of CaCOj3 precipitation could
be then worked out as following [42]:

CaCOs (%) = % «
2

100 4
3. Results and discussion
3.1. Urease activity, UCS and CaCOg3 precipitation measurement

The calculated urease activity at different soybean powder concen-

trations was depicted in Fig. 5, that 60 g/L of soybean powder was able
to provide the most active urease enzyme. The increasing trend of urease
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(b)

Fig. 10. SEM and EDS results at selected probes of (a) sample CRS-SB60-4°C; and (b) sample FRS-SB60-4°C.

activity in against to the soybean powder concentration growth was
similarly reported, the corresponding values of urease activity were also
found to match with previously reported findings [43]. To offset the
negative impact of low-temperature curing on urease activity reduction
at the same levels of soybean powder concentration, 60 g/L was picked
to extract urease enzyme for CRS-SB60-4°C and FRS-SB60-4°C sample
treatments. UCS results are summarized in Fig. 6.

As seen in Fig. 7 (a) and (b), both CRS-SB20-21°C and CRS-
SB20-21°C samples split into halves at the failure point, the top part of
the CRS-SB40-21°C sample, in particular, broken into small pieces and
loose sand. Such failure patterns indicated an uneven distribution of
biocement gel throughout the sample. A very limited amount of CaCO3
was precipitated near the top part of CRS-SB40-21°C, which could be
explained by the presence of a white crust layer observed after the

second treatment cycle. The white crust layer tended to be thicker and
thicker with the increased treatment cycles, while the EICP solution was
found to hardly percolate through, as shown in Fig. 8. The appearance of
such a clogging layer was spotted at a later stage of sample CRS-
SB20-21°C than of sample CRS-SB40-21°C, due to the lower value of
soybean powder concentration at 20 g/L. However, it still disrupted the
sixth treatment cycle for sample CRS-SB20-21°C because of the heavy
layer on top, as presented in Fig. 8 (a). For EICP containing higher
soybean powder concentration (i.e. 40 g/L), there was increased bio-
clogging, leading to a lower UCS value of 60.67 kPa compared with
sample CRS-SB20-21°C (89.39 kPa). This is because CaCOg3 precipitated
and accumulated at the sample surface did not contribute to the strength
improvement. As previously discussed, the higher the concentration of
soybean powder involved, the more macromolecular proteins
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Fig. 12. XRD spectra for FRS.

contained, the higher the likelihood of protein clustered near the sur-
face, the more severe the bio-clogging issue, thus, the less uniform of
CaCOs distributed through the sample [43].

A decrease in UCS was noticed, as expected, for EICP-treated CRS
under low-temperature curing. 52.6 % reduction was found for samples
CRS-SB20-21°C and CRS-SB60-4°C, while only 4.6 % was spotted be-
tween CRS-SB40-21°C and CRS-SB60-4°C. Meanwhile, the existence of
the white crust layer was not observed until the fifth treatment for
samples curing at low temperatures, signifying the potential for extra
rounds of EICP solution injection. As such, the further development of
UCS could be expected.

The shear plane shown in Fig. 7 (d) was with cracks further extended
through the entire sample column, specifying a more uniform and ho-
mogeneous CaCOj3 precipitation condition, as proved by the highest UCS
value reported (109.45 kPa). Meanwhile, sample CRS-SB60-4°C was
measured with a lower average CaCO3 precipitation content of 2.58 %
than sample FRS-SB60-4°C (8.49 %), which was in line with their UCS
values. This could be explained by the fact that a larger value of void
ratio may contribute to a greater amount of CaCOg precipitated [23].
FRS was found to be looser in structure and hence had slightly higher
void ratio values than CRS [29].
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3.2. SEM, EDS and XRD analysis

Microstructural analyses were carried out for samples CRS-SB60-4°C
and FRS-SB60-4°C to further investigate the feasibility of applying low-
temperature curing EICP technology on washed RS.

SEM images and EDS results of samples CRS-SB60-4°C and FRS-
SB60-4°C were shown in Fig. 9 and Fig. 10, where the presence of
CaCOg crystals was observed, but the linkage in-between was not tight,.
A mixture structure of calcite and vaterite was observed for CRS, while
FRS contained more calcite and a few aragonite crystals. Compared to
calcite forms of replace CaCOs crystals, aragonite and vaterite were less
favoured due to the lack of stability in terms of proving a secondary
nucleation site due to their irregular and spherical shapes [44, 45].

EDS results for low-temperature curing samples were conducted at
probe locations, providing information on the elemental composition of
minerals. As shown in Fig. 10, Oxygen (O), Carbon (C) and Calcium (Ca)
were detected in both samples, hence verifying the existence of CaCOs.
EDS, however, was not able to further determine the morphology of the
precipitated crystals, specifying the significance of conducting XRD
analysis.

Fig. 11 and Fig. 12 presented the morphology of the CaCO3 precip-
itation under XRD analysis for low-temperature cured EICP-treated CRS
and FRS, respectively. For both the unbound CRS and FRS, XRD spotted
high peaks for quartz only, while calcite, vaterite, as well as aragonite
crystals, were traced for EICP-treated samples. The finding depicted that
CaCOg crystals precipitated in stabilized FRS were mainly calcite, while
vaterite also took a spot in stabilized CRS. The intensity of calcite peaks
traced by XRD was higher in FRS than in CRS, indicating a stronger
bonding. The chemical compositions of both sands (CRS and FRS) were
previously tested via the XRF test and reported in earlier publication
[29]. SiOy is believed to be the major mineral in both CRS (65 %) and
FRS (75 %).

4. Conclusions

This research applied soybean-extracted enzyme-based EICP on
washed RS. A single-phase injection method was adopted, where ES and
CS were premixed at low temperatures and added to the sample directly.
89.39 kPa of UCS value was tested for the CRS sample treated with EICP
solution containing 20 g/L soybean powder and 1.0 M of urea and cal-
cium chloride solution and cured at room temperature. However, a bio-
clogging phenomenon was observed, and the clogging became worse
along with the increased cycles of treatment. This was evident from the
UCS reduction for CRS treated with EICP solution, which contained a
higher concentration of soybean powder, thus a higher urease activity
was expected. A low-temperature curing environment was found to be
able to improve surface clogging and lessen the amount of undesired
CaCOj3 precipitation during the treatment process. A similar UCS
strength of approximately 60 kPa was tested for EICP-treated CRS
samples curing at 21 °C to 4 °C, with a slight difference in the applied
EICP solutions. Although the UCS should have a positive linear corre-
lation with the number of treatments, serious surface congestion was
witnessed for samples cured at room temperature, which stopped the
possibility of performing further treatments. For samples cured at low
temperatures, however, the unwanted white crust layer appeared at a
later stage with a small amount, indicating the potential of the UCS
development. Low temperature cured FRS sample was reported to have
a higher UCS than CFS, as well as a greater proportion of CaCOs pre-
cipitation. Meanwhile, microscale analyses, including SEM, EDS and
XRD proved the presence of CaCOj crystals within the tested washed RS
particles.

This study indicated that soybean-extracted urease-based EICP can
stabilize washed RS, and a low-temperature curing environment could
help with the ease of bio-clogging. As such, EICP stabilized RS could be
used as geotechnical fill materials and contribute to ground improve-
ment works. Implementation of the EICP treatment during construction
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has been proposed to take place during the winter months, whereby low
temperatures of 4 °C are common. It is also recommended that future
studies should investigate the optimum parameter of EICP treatment on
washed RS to further increase the strength and shorten the overall
treatment duration period. Considering the strength achieved, EICP
stabilized washed RS could be involved in temporary backfill or pave-
ment subgrade layers where minimum surface load are imposed. The
environmental value of practically adopting EICP on top of the presence
of unwanted ammonium ions is also supposed to be assessed in the near
future. For instance, the emission of ammonia gas could be controlled
with the assistance of polyacrylic acid [46].
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