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ABSTRACT: The aim of this study is to establish a subgrade layer by field-scale testing using a 6% Bacillus
subtilis bacterial solution in Microbially Induced Calcite Precipitation (MICP), altering the bacterial culture's age
by four days and curing it for 150 days. Field-scale testing was carried out, starting with soil property tests,
followed by tank tests, bacterial growth, and soil mechanical tests using bacterial solutions. The study found that
on the field model scale, the unconfined compressive strength increased with the lengthening of the curing period.
However, because of the influence of rainfall, high rainfall lowers the soil's carrying capacity. In the 14-day to
45-day test, there is a difference in carrying capacity between layer 1 (0-15 cm) and layer 2 (15-30 cm).
Comparing Layers 1 and 2, Layer 1 has a higher (qu) value, but Layer 2 has a higher (qu) value during the 60-150
days test. The optimal value of CBR with MICP stabilization is 20% after 150 days of curing. This increased by
four times as compared to soil without bacterial stabilization, while the optimum value of compressive strength
increased by three times. The SEM analysis reveals that MICP caused calcite to appear on the soil's surface. The
results indicated that bacterial bio cementation stabilization is an alternative method of soil improvement that can
enhance the mechanical characteristics of the soil, beneficial for the construction of infrastructure, and is
environmentally benign.
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1. INTRODUCTION

The discovery of unfavorable soil conditions can increase in the dry density of the sample, which
lead to geotechnical issues like instability, long-term increases particle bonding and contributes greatly to
settlement, low shear strength, and high  the improvement of soil mechanical properties and
compressibility, as well as the characteristic of  liquefaction resistance [7]. Microbial calcite
swelling and shrinking during the rainy and dry  precipitation can be caused by organisms involved in
seasons. The effects of inadequate bearing capacity  the nitrogen cycle through the hydrolysis of urea by the
can result in losses, beginning with losses from rising ~ enzyme urease, which results in the production of
building costs, risks to construction safety where the  carbonate ions in the presence of ammonium. Calcium
structure being built cannot stand steadily, and a  carbonate is readily precipitated under these
decrease in the age of construction. In the case of road conditions. In the presence of calcium [8,9], it was
construction needs where material replacementandthe  found that tropical organic soil, along with the addition
use of chemicals for the subgrade layer are not  of sand using the pre-mixing treatment method with a
efficient, it is necessary to use other methods to  3-day curing period, increased the value of Unconfined
improve the quality of the existing soil for road  Compressive Strength (UCS).
construction purposes without replacing the existing ) o o
soil and damaging the environment. One of the Biocementation is a soil improvement method
potential soil stabilizing methods that have lately that utilizes the ability of bacteria I|_V|ng in the soil to
attracted the attention of many researchers is  Produce the enzyme urease, which catalyzes the
biocementation, which is based on microbially hydrol)_/5|s _Of urea_lnto carbon dlox_lde and ammonia.
induced calcite precipitation (MICP) [1-3]. MICP is a MIC_P is quite f_IeX|b_Ie and cgn_be Fallored for different
recent, sustainable, and cost-effective  soil applications using different injection methods. Its use

improvement technique with low CO, emissions [4]. in geotechnical applications has been studied _by
several searchers over the past few years to examine

The use of microorganisms is considered an its potential for strength enhancement and
alternative amidst the prevalence of chemical and permeability reduction [10]. Through bacterial
synthetic materials in civil construction [5,6]. The  biocementation conducted on a lab scale, it was
effective formation of CaCOs; will increase the  discovered that bacteria (Bacillus subtilis) stabilized
strength and stiffness of subgrade layers and  the bearing capacity of highly flexible clay soil.
embankments while maintaining their permeability =~ Bacterial growth in phases 3 and 6 is used as a
characteristics. The formation of CaCOs results inan  stabilizing agent. The bearing capacity assessment is
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based on the unconfined compressive strength,
California Bearing Ratio (CBR), and soil reaction
modulus as a subbase layer. The test results indicate
that adding 2% to 6% bacteria tends to raise the
compressive strength value while adding 8% bacteria
causes it to drop. This phenomenon is consistent with
the increase in CaO values due to the MCP [11] and
Unconfined Compression Test (UCT). Variations in
Bacillus subtilis concentration were applied to as much
as 3%, 4.5%, and 6% of the coal-contaminated sand in
order to observe the impact of CaCOs calcite
precipitation on the unconfined compressive strength
characteristics of the coal-contaminated sand. The
bacteria used were 3-day cultures still in the stationary
phase and 6-day cultures in the dead phase. After 28
days of treatment, there was a significant increase in
the unconfined compression test value of the soil
stabilized with MICP compared to the untreated soil
[12]. MICP was a commonly utilized method of soil
stabilization that decreased sand's hydraulic
conductivity and  increased  shear  strength
characteristics [13]. It is imperative to carry out
developments related to field testing on the
biocementation ability of bacteria against seasonal
changes (rainy season and dry season) because several
previous laboratory testing studies have found that the
biocementation potential of bacteria can increase the
carrying capacity. Using a solution of Bacillus subtilis
bacteria for bacterial biocementation stabilization
(MICP), which is cured for 150 days and tested for
soil-bearing ability, the goal of this research is to
establish a subgrade layer using field-scale testing.

2. RESEARCH SIGNIFICANCE

This research covers the application of subgrade
bacterial biocementation for highways. In the case of
road construction needs where the placement of
materials and the use of chemicals for the subgrade
layer are inefficient, it is necessary to use other
methods so that the quality of the existing soil becomes
better without replacing the existing soil and damaging
the environment. Bacterial biocementation using
Bacillus subtilis bacteria is an alternative and is
expected to increase the carrying capacity of the soil.
The research results can be used as a reference in
developing an alternative soil improvement method
using bacterial biocementation stabilization.

3. MATERIALS AND METHODS

This study uses soil from Gowa Regency South
Sulawesi Indonesia, while the type of bacteria used is
Bacillus subtilis. Bacillus subtilis bacteria are one type
of gram-positive bacteria and are bacillus (sticks) that
can form oval-shaped endospores in the central part.
Bacillus subtilis was cultured in a B4 medium
containing urea (20 g/L), nutrient broth (3 g/L),
NaHCO; (2.12 g/L), CaCl,.2H,O (4.14 g/L), and
NH4CI (10 g/L) dissolved in distilled water. Cultured
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bacteria were collected at the stationary phase of
culture growth after 3 days and at the death phase of
culture growth after 6 days. Endospores are a phase
carried out by bacteria such as Bacillus and
Clostridium that produce a form of survival defense in
unfavorable conditions. These endospores are resistant
to extreme environmental conditions such as high
temperatures, drought, and toxic chemical compounds.
Bacillus subtilis can live in the presence or absence of
oxygen and is therefore referred to as an anaerobic
microorganism.

(a) (©)
Fig.1 (a) Soil sample. (b) Bacillus subtillis bacteria (c)
B4 media

(b

Figure 1 shows (a) the original soil (b) the
bacterial solution of Bacillus subtilis (c) growing
media (B4) consisting of 20 gr urea, 3 gr nutrient broth,
2. 12 g NaHCOs, 4.14 g CaCly, and 10 g NH4CI.
Calcium carbonate induced by microbes is influenced
by 4 factors, namely, calcium concentration, dissolved
inorganic carbon concentration, pH, and nucleation
availability [14].

3.1 Excavation of Field Test

The prepared soil is then mixed with a 6%
bacterial solution (dry density of soil with a 4 day
bacterial culture) then the soil and bacterial solution
are mixed until evenly distributed then compacted in
the test tank that has been prepared. The excavation of
the field test, as shown in Fig.2

(b)
Fig.2 (a) Soil filling for field test (b) Compacted soil

Figure 2 shows a cross-section of the excavation
measuring 200 cm in length, 100 cm in width, and 30
cm in depth to simulate conditions of substandard CBR
value (below 6%), which is frequently observed in soft
soil [15]. Using a CBR value of 5.3%, the subgrade
layer was prepared. Before excavating the test basin,
soil property tests were first carried out to determine
the physical properties of the soil. The test plan of the
model is shown in Fig. 3, shows the field test placed
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outdoors so that it is exposed to heat and rain. This
testing tank is to serve to see the condition of the soil
that has been mixed with bacteria. Field testing was
conducted for 14 to 150 days. The field test has been
marked with a test location that will be carried out
during 150 days. The mechanical tests that will be
carried out are UCT and CBR.

3.2 Sampling Process

UCT sampling in the excavation field is done by
coring at the location of the tub that has been placed.
For each test sample taken, as many as 2 samples are
taken at a layer 1 depth of 0-15 cm and a layer 2 depth
of 15-30 cm, as shown in Fig. 4.

200 cm

= Unconfined compression
® = California bearing ratio test

(b)

(a) (b)
Fig.4 (a) UCS field sampling, (b) UCS samples

4. RESULTS AND DISCUSSION

To determine the best characteristics to apply to
a particular situation, it is very important that we start
by analyzing the relationship between the mechanical
properties of the soil [16]. Before digging the test tub,
according to standard ASTM Procedures D422-63,
D854-58, D4318-84, and D427-61, the fundamental
properties of soil, such as grain size analysis, specific
gravity of soil solids, and Atterberg limits (liquid limit,
plastic limit, and shrinkage limit), were determined
[17]. The results of soil testing were shown in Table 1.

Table 1. Summary of soil characteristics investigation

Test results

Test Unit  Value
Specific gravity (Gs) - 2.69
Water content (w) % 29.64
Wet density (Ywet) kKN/m® 17.08
Dry density (Ydry) kKN/m® 13.17
Atterberg limit
Liquid Limit (LL) % 28.9
Plastic Limit (PL) % 12.35
Plasticity Index (PI) % 16.55
Shringkage Limit (SL) % 10.85
Sieve analysis and hydrometer :
Gravel % 0
Sand % 19.2
Silt % 27.04
Clay % 53.76
Classification USCS: CL
Engineering Properties of Soft Soil
((;Jur;conflned Compressive Strength KN/m2 269
California Bearing Ratio (CBR) % 5.38

4.1 Unconfined Compression Test Results Of
Bacteria-Stabilized Soil Layer

The most often used test to characterize the
strength of biocemented soils is the unconfined
compressive strength (UCS) [18]. Sample testing was
carried out at the ages of 14, 28, 35, 45, 60, 75, 90, 120,
and 150 days; soil depth of 30 cm (0-15 cm and 15—
30 c¢cm) in layers 1 and 2, and daily rainfall information
during a 150-day period as shown in Fig. 5.

15-30 cm

Depth (cm)

0-15cm

150 days
120 days
90 days
m 75 days
m 60 days
m 45 days
m 35 days
28 days
m 14 days

layer 2

layer 1

0 50

100 150 200 250 300 350 400 450 500 550 600
qu (kN/m2)

650 700 750

Fig.5 Unconfined compression test results on field test samples for 150 days
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Figure 5 illustrates, where qu values vary. Figure
5 illustrates the greatest value of 560.71 kN/m2 for the
qu value (depth 0-15 cm) throughout the 14-day
testing period. For 150 days, the qu value in layer 2
(depth 15-30 cm) is 575 kN/mz, and for layer 1 (0-15
cm), it is 338 kN/m2.  After 35 days, the qu value
decreased,; in the first surface layer, the qu value was
49 kN/m2, while in the second layer, the qu value was
43 kN/m2. When comparing the qu values in the first
and second layers at 90 days of testing, there is a
difference between the first layer's 234 kN/m2 and the
second layer's 15-30 cm qu value of 431 kN/m?, which
is an increase of 10 times from the test at 35 days. This
difference is observed at 45 days of testing. This

discrepancy results from low rainfall intensity as well
as the depth of the second layer of bonding that forms
between soil particles and CaCO;z; calcite
biocementation. Bacteria's endospores have the ability
to endure both dry and wet circumstances during the
rainy and dry seasons. Extending the curing period can
improve the soil's compressive strength in comparison
to unstabilized soil. Fig. 6 illustrates the link between
stress and strain. The relationship between stress and
strain is plotted on the graph in Figures 6 and 7. The
amount of rainfall increases between 35 and 75 days
into the test, then declines between 120 and 150 days.
The interactions between soil and additional materials
were mostly responsible for the rise in UCS [19].

600 g —o— 14 days (3.51 mm/day)
500 | —=—28 days (3.47 mm/day)
& g —— 35 days (5.65 mm/day)
S 400 r 45 days (7.04 mm/day)
X ——60 days (5.37 mm/day)
5 300 ¢ —e—75 days (5.26 mm/day)
S 200 I 90 days (4.56 mm/day)
n 120 days (3.72 mm/day)
100 f 150 days (3.43 mm/day)
0 = T S S
0 6 7

Fig.6 Stress-strain relationship depth (0-15 cm)
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Figure 8 demonstrates the relationship curing
time and water content, in comparison to layer 2 (15—
30 cm), which has a water content of 37-46%, layer 1
(0-15 cm) has a higher qu value at 14-35 days.
Rainfall has a big impact on this, a lot of it changes the
soil's compressive strength.

4.2 Results of Bacterial Biocementation Field CBR
Tests

CBR testing is used to evaluate the strength of
foundation, subgrade, and subbase materials,
including recycled materials for pavements on roads
and airports. The basic soil condition is improved with
a higher CBR value. CBR testing was carried out over
a 150 day period. The results of the CBR test carried
out using the DCP (Dynamic Cone Penetrometer) tool

are shown in Fig. 9, displays the CBR results in an
excavation tub that has been 150 days cemented with
bacteria. The results vary according on the season
(rainy or dry). As observed in tests 28, 35, 45, and 60
days, Figure 10 illustrates how high rainfall affects the
CBR value. The maximum rainfall of 51 mm and the
CBR value of 3% result in weakened soil particle
bonds, decreased soil bearing capacity, and a
maximum CBR value of 20% or increased four times.
For the duration of the 90-150 day test, the CBR value
remains fixed at 20%. According to the Indonesian
general specification, subgrade and subbase should
have minimum CBR values of 6 and 20%,
biocementation increases the carrying capacity of the
soil. The relationship between depth and changes in
bearing capacity can be seen in Fig. 10.
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Fig.9 Relationship between CBR and daily rainfall during a 150-day testing period
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Fig.10 Relationship between depth and change in soil bearing capacity
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Figure 10 shows the results of the 30 cm depth.
There are differences in the value of each test, such as
testing at 14, 90, 120, and 150 days. At 14 days, the
strength of the first layer (0-15 cm) is stronger than the
second layer, but at 90, 120, and 150 days, the second
layer is stronger than the first layer. This shows that
the CaCO3; cementation under the surface layer is
increasing. This is caused by the condition of the soil,
which is not exposed to direct sunlight, so that soil
moisture is able to optimize the bonds between soil
particles.

4.3 Microstructure Test Results Scanning Electron
Microscope (SEM)

The examination of microstructure used SEM,
which is a method for examining the surface and cross-
sectional morphology of  materials  under
magnification. As seen in Fig. 11, SEM analysis was
performed on both bacterially stabilized and
unstabilized soil samples. SEM give up-close view of
the CaCO3 connections formed at the inter-particle soil
grains and sheds light on the mechanisms that improve
biocemented soils. Figure 11 shows the results of SEM
testing with 10 um magnification on soil that is not
cemented by bacteria: (a) there is no calcite (whitish
color) and there is no bond calcite that binds soil
particles; the color of the material tends to be blackish;
and (b) the results of SEM testing on the original soil
with bacterial cementation show that the soil cemented
by bacteria has whitish calcite. The shape of the
precipitated crystals (CaCQOs) acts as a binding agent
between soil particles, serving as the principal soil
stabilizing factor [20]. Figure 11 shows the growth and
development of CaCQOg crystals. Bond calcite forms
links between soil particles to cement the soil, and
bond calcite on soil particles to produce sturdiness in
the material. This is consistent with the findings of
[21]. The result of the bio-cementation process are
carbonate ion deposits known as bio-cements or
calcium carbonate crystals [22], who used SEM testing
of soil samples to discover that bacterial
biocementation leads to the creation of soil particle
bonds.

(@)

(b)

Fig.11 Microstructural analysis Scanning Electron
Microscope (SEM) (a) Untreated soil (b) Treated soil

32

5. CONCLUSION

The results of the field test model indicated that
the subgrade layer of soil produced compressive
strength values that increased with the curing period.
However, the soil's bearing capacity was impacted by
rainfall, with high rainfall causing a decrease in the
soil's bearing capacity. At 14 to 45 days following
testing, layer 1 had a higher qu than layer 2. When
testing had been performed 60-90 days on, layer 2's qu
value was higher. The increase in CBR values occurred
due to bacterial cementation, but high rainfall affected
the CBR values, as in the 28, 35, and 45-day tests, the
CBR was 3%. During 150 days of curing, the optimum
bearing capacity of the MICP-stabilized soil increased
4 times that of the soil without bacterial stabilization,
while the optimum compressive strength increased 3
times that of the soil without bacterial stabilization.
SEM test showed calcite on the soil surface due to
MICP The research shows that the stabilization of
Bacillus subtilis bacteria in soil increase the soil's
carrying capacity as a subgrade and as an
environmentally benign.
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