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Abstract

Soft clay subgrade is unsuitable for road pavement because it has low bearing capacity and CBR value. Therefore, the soil
needs stabilization, but with a sustainable stabilization method. One of these methods is biogrouting, namely grouting,
which uses bacteria. Thus, the main objective of this study was to determine the performance of Bacillus subtilis and
Bacillus amyloliquefaciens bacteria in stabilizing the soil. The performance of these bacteria was quantified by the CBR
value and soil-bearing capacity experimentally in a laboratory model test with each soil thickness of 0-30 cm. The CBR
value of the soil improved by the biogrouting method by about 4 times the CBR value of untreated soil. The increase in
bearing capacity was obtained about 4 times for treated soil with Bacillus subtilis and about 5 times for treated soil with
Bacillus amyloliquefaciens. The layer thickness significantly improves the performance of the subgrade at a layer thickness
of 20 cm. The new result of this study is that both bacteria are native Indonesian bacteria, so they are suitable for use in
Indonesia. In addition, Bacillus amyloliquefaciens has never been used in research to increase soil-bearing capacity.
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1. Introduction

Road pavement is a series of layers of selected materials placed on top of a natural subgrade to withstand traffic
loads. It can be either flexible or rigid. Good pavement performance is influenced by the performance of all components
in the pavement, including subgrade performance. The subgrade is the foundation layer that supports the vehicle load
directly through the pavement layer above it.

In general, the problems often encountered in pavement subgrade soils are the California Bearing Ratio (CBR) value
and the low bearing capacity of the soil. Clay properties such as grain size, consistency limit, liquid limit, plastic limit,
and shrinkage limit significantly affect changes in the CBR value of the subgrade [1]. Clay soils exhibit high settlement
when subjected to a load because they have a high liquid limit, moisture content, and pore ratio [2]. One way to overcome
the settlement and high pore ratio is to use vertical drainage, a mechanical soil improvement [3]. Other methods of
mechanical soil improvement are geosynthetics [4] or soil replacement [5]. However, some disadvantages of
geosynthetics include long-term durability and handling, storage, and installation, which must be assured by quality
assurance and plastic waste [6].

In addition, there is also chemical stabilization, or chemical grouting, which involves adding chemicals to increase
the structural integrity and durability of the soil [7]. Examples of stabilization materials include lime, cement, volcanic
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ash, rice husk ash, palm kernel shell ash, and fly ash [8-12]. Adding lime, volcanic ash, and a combination can increase
the CBR value, reduce the development potential, and decrease the soil plasticity index [13]. Soil improvement by the
stabilization method with cement and rice husk ash can improve soil characteristics, such as lowering the liquid-plastic
limit index and increasing shear strength [8]. Anburuvel [14] stated that cement can stabilize all types of soil with a 5%
dosage, while lime is only suitable for high-plasticity soil. However, stabilization methods using chemical additives
such as cement, lime, and fly ash are limited because they require considerable production costs, have adverse ecological
impact, and increase carbon emissions [15, 16]. Furthermore, soil layers stabilized by sulphate-containing cement or
lime can result in heaving and early pavement failure [12].

In recent years, there has been environmentally friendly and cost-effective grouting, which is called bacteria-assisted
grouting or biogrouting. Biogrouting is the process of calcium carbonate generation through microbially induced
calcium carbonate precipitation (MICP). In this process, bacteria guide the formation of calcium carbonate through a
series of biochemical reactions, such as their metabolic functions and the absorption and transformation of nutrients in
the environment. The resulting calcium carbonate is usually granular or crystalline, forming a calcium carbonate
skeleton [17]. These bio-cement skeletons are deposited between soil particles or on the surface of soil particles,
increasing cohesion and friction between soil particles [18-20], thus improving the macroscopic properties of soil [21].
In addition, calcium carbonate fills the voids between particles and can be a binding material between soil grains,
resulting in a decrease in soil porosity [22], creating sandy soil non-collapse strain softening shear behavior [23], thereby
reducing liquefaction potential [24-26]. Thus, the biogrouting method has a greater impact on improving soil properties
than conventional methods [27, 28].

One of the bacteria that can produce calcite crystallization is Bacillus subtilis, a gram-positive, nonpathogenic,
endospore-forming, and rod-shaped bacterium [29]. Endospores help Bacillus survive in extreme conditions such as
high temperatures and drought. B. subtilis cells are about 4-10 micrometers long and about 0.25-1.0 micrometers in
diameter. B. subtilis can grow at 30-35°C and pH 6-9 [30]. B. subtilis has shown promising results in soil improvement,
namely increasing soil cohesion, bearing capacity, and shear strength [19, 20] as well as reducing soil erosion [31]. B.
subtilis can increase the CBR value and bearing capacity of the soil. Using B. subtilis at 6% showed the most optimal
increase with a curing time of 28 days [32]. There was an increase of 4 times after 150 days of treatment, and the
unconfined compressive strength value increased tenfold after 35 days of treatment compared to the original soil [33].
Other studies have shown that B. subtilis can increase the shear strength of organic soil [20], the unconfined compressive
strength, and the cohesion of expansive soil [19]. Both studies showed increased shear strength, compressive strength,
and cohesion values with increasing curing time [19, 20].

Like B. subtilis, Bacillus amyloliquefaciens is a gram-positive, nonpathogenic, endospore-forming, rod-shaped
bacterium commonly found in soil environments. B. amyloliquefaciens can grow at 20-35°C and pH 5-7. B.
amyloliquefaciens has a length of about 1.8-3 micrometers and a diameter of about 0.7-0.9 micrometers [34]. Lee [35]
showed that B. amyloliquefaciens could produce high levels of calcite. Several researchers have used B.
amyloliguefaciens to reduce soil erosion with satisfactory results. [36, 37].

The main objective of this study was to determine the effectiveness of B. subtilis and B. amyloliquefaciens in
stabilizing subgrade soil in terms of CBR value and soil-bearing capacity in a small-scale laboratory model. The results
of this study are expected to provide an environmentally friendly alternative for soil improvement that increases CBR
value and soil-bearing capacity for road construction work. The reason for choosing B. subtilis and B. amyloliquefaciens
is that these bacteria are native species in Indonesia, which will reduce the cost of the bacteria procurement and facilitate
smooth adaptation to Indonesian weather conditions. B. subtilis and B. amyloliquefaciens were isolated from Cikarang
soil and a bee’s digestive tract, respectively. This performance comparison is compelling, as no previous research has
used B. amyloliquefaciens in enhancing soil-bearing capacity.

The paper is organized as follows: Section 2 presents the sample, the CBR test, and the plate bearing test. Section 3
presents the results, comparing original soil with soil treated with B. subtilis and B. amyloliquefaciens. Section 4
concludes this study.

2. Research Methods

This research was conducted experimentally in the Soil Mechanics laboratory of the Civil Engineering Study
Program at Pelita Harapan University. The primary research material was soft clay obtained from Cikarang. The bacteria
used for biogrouting consisted of B. subtilis and B. amyloliquefaciens.

The sieve analysis result of the specimen is shown in Figure 1. Clay soil is prepared by sieving using a No. 4 sieve
before being compacted in a test tank. The condition of the original soil was compacted according to the density of the
soil in the field based on a density test, while the soil treated using the biogrouting method was prepared in dry conditions
and then mixed with water based on the results of standard compaction tests in the laboratory. The soil was cured for 1
year. This soil was used as a subgrade, the lowest part of the road pavement layer, as shown in Figure 2.
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Figure 1. Sieve analysis result of specimen
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Figure 2. Typical layer of road pavement

Clay soil was compacted layer by layer in a test tank and prepared as a subgrade treated using the biogrouting method
from the bacteria B. subtilis and B. amyloliquefaciens. The test scheme in the laboratory can be seen in Figure 3.
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Figure 3. Flowchart of the research methodology
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These bacteria utilized calcium sourced from shells to produce CaO as a source of CaCQO3 in clay soil particles. The
culture medium, which acted as a nutrient medium for both bacteria, consisted of 0.4% yeast extract, 0.5% dextrose, and
0.25% calcium oxide and was then sterilized using an autoclave at 121°C for 15 minutes. The bacterial inoculation
process was conducted under sterile conditions in vials containing 10 ml of 0.8% Nutrient Broth (NB). The bacteria
were sprinkled onto the original soil and allowed to settle in the test tank.

The subgrade treated using the biogrouting method was varied based on layer thicknesses of 10 cm, 20 cm, and 30
cm, respectively, for both B. subtilis and B. amyloliquefaciens bacteria. At each point, tests are differentiated by the
CBR and plate-bearing tests (Figure 4). The CBR tool was set in a test tank above the biogrouting soil. The CBR test
was performed by applying pressure through the crank to measure the penetration reading from the dial gauge and the
load read from the proving ring. Similarly, plate bearing testing was carried out on plates placed on biogrouting soil.
Bearing capacity was determined from the relationship between pressure and settlement [38].

CBR &

Plate bearing
Test

Figure 4. CBR and plate bearing test of the subgrade layer model in the laboratory

Based on the CBR test results on the relationship between penetration and load, the CBR value indicated subgrade
performance. In contrast, from the plate bearing test, the bearing capacity of the soil was obtained from the relationship
between settlement and working pressure. These two parameters served as a reference in assessing the subgrade
performance of a road pavement component. The results of both tests could be used as conclusions demonstrating
performance improvement of biogrouted soil, both in terms of the effectiveness of using the biogrouting method of the
two types of bacteria used and the impact of the layer thickness on soil stabilization.

3. Results and Discussion

The soil used as subgrade for road pavement through model tests in the laboratory was clay soil, either without
improvement or with improvement using the biogrouting method. The density in the test tank was designed using
standard compaction. The density parameter was determined from the dry unit weight value of the soil, as shown in
Figure 5. The compaction test results showed that the dry unit weight value of the soil repaired with biogrouting was
higher than the soil without improvement.

The soil density with biogrouting using B. amyloliquefaciens was significantly higher in dry bulk density than soil
without treatment. In contrast, soil with biogrouting using Bacillus subtilis is similar to soil without treatment. The
performance of both types of biogrouting showed significant improvement over the original soil. The performance of B.
amyloliquefaciens was superior to that of B. subtilis. The thickness of the biogrouting soil layer had a significant effect
at a thickness of 20 cm, whereas at 30 cm, it showed an inconsequential effect.
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Figure 5. Soil density test results

3.1. Result of California Bearing Ratio (CBR) Test

The performance of biogrouting soil as a subgrade material can be seen through the results of the CBR (California
Bearing Ratio) test and plate load test. A typical CBR test is shown in the load-penetration relationship for the original
soil (Figure 6). The CBR value obtained by the highest CBR analysis is between 0.1 inch and 0.2 inch of penetration.
The CBR value of the soil without treatment was 0.73% and can be classified as very soft clay soil. Soil CBR values
are influenced by the water content applied in the soil mixture [39]. Soft soil has a high water content, so the CBR value

is low.
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Figure 6. CBR test results of the original soil

Improvement of soil CBR is needed to enhance subgrade performance on road pavement. The subgrade model was
carried out in a test tank in the laboratory with biogrouting soil thicknesses of 10 cm, 20 cm, and 30 cm, respectively.
The performance of the biogrouting soil from the CBR test results in the test tank is shown in Figure 7. The performance
of the subgrade based on the CBR value is more clearly seen in the relationship between layer thickness and the CBR
value of each type of repair carried out (Figure 8). The two types of bacteria used had nearly identical effects on
increasing CBR performance at a layer thickness of 20-30 cm.
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Figure 7. CBR test results on biogrouting soil: (a). t =10 cm; (b). t =20 cm; (c). t =30 cm
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Figure 8. CBR performance of subgrades of biogrouted soils

An increase in the thickness of the stabilized soil was accompanied by an increase in the CBR value for the
biogrouted soil mixture. The CBR value of the biogrouted soil increased by approximately 4 times the CBR value of the
original soil. Thus, the performance of the road pavement subgrade is expected to improve by 4 times. Increasing the
CBR value of the base soil also contributes to reducing the thickness of the road pavement layer.

The CBR value of the soil increases as the stabilized soil thickens. Apart from the thickness of the stabilized soil
layer, water content can also affect the CBR value of the soil. According to Varela et al. [40], high water content can
lower the CBR value of the soil. However, under specific water content conditions, it can yield maximum CBR values
[41]. This correlates with soil compaction tests' maximum density and optimum water content.

3.2. Result of Plate Bearing Test

The performance of other biogrouted soils as a subgrade for road pavement can be observed from the bearing
capacity through plate-bearing tests conducted in the laboratory. Typical plate-bearing test results can be seen in the test
results for soil without improvement (Figure 9). The plate-bearing test results illustrate the bearing capacity value
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determination based on the relationship between pressure and settlement. Bearing capacity was obtained from the
intersection of two linear lines. The same method was applied to other test results to determine the soil-bearing capacity
value. Thus, the subgrade bearing capacity performance of the biogrouted soil can be evaluated.
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Figure 9. Plate bearing test results on untreated soil

The test results of the biogrouted soil bearing plate and its comparison with the original soil without treatment are
shown in Figure 10. The pressure behavior of soil with biogrouting was significantly higher than that of soil without
biogrouting. Soil treated with biogrouting exhibited an increase in calcium carbonate (CaCOj3) precipitation. The degree
of improvement is influenced by the CaCO3 content used in stabilization. The critical threshold for CaCO3 content that
significantly affects the stabilization effectiveness is 23%, as at this level, deformation and pore pressure are at their
highest values, while stress and cyclic resistance are at their lowest values [42]. Soil improvement using the biogrouting
method substantially enhances the loads that the road pavement subgrade can support.
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Figure 10. Plate bearing test results on biogrouting soil: (a). t =10 cm; (b). t =20 c¢cm; (c). t=30cm

An increase in the thickness of the biogrouted soil layer resulted in higher pressure, both for soil treated with B.
amyloliquefaciens and B. subtilis. However, the performance of biogrouted soil using B. amyloliquefaciens yielded
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superior results compared to using B. subtilis. This aligns with the increase in soil density and higher CBR values in the
biogrouting method using B. amyloliquefaciens. When analyzing the effect of layer thickness, the maximum soil-bearing
capacity value was achieved at 20 cm, as shown in Figure 11. The soil bearing capacity increased linearly at layer
thicknesses of 10 cm and 20 cm, then decreased slightly at 30 cm. On average, the bearing capacity was approximately
four times greater than that of soil without treatment.
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Figure 11. The relationship between ratio S/ and number of dynamic loads

4. Conclusion

Several conclusions were obtained based on the results and discussions in this study. The conclusions were obtained
from soil compaction, CBR test results, and plate-bearing test results from each untreated soil sample, and soil treated
with B. subtilis and B. amyloliquefaciens. Soil density was measured in dry density values of 1.34 gr/cm? for untreated
soil, 1.35 gr/cm? for treated soil with B. subtilis, and 1.41 gr/cm? for treated soil with B. amyloliquefaciens. The density
of treated soil with B. subtilis was not significantly different from untreated soil, but soil treated with B.
amyloliquefaciens exhibited an increase of 5.2% in density. This was influenced by the unification of soil grains due to
the bacterial grouting.

In general, it was found that soil improvement using the biogrouting method could enhance the performance of the
base soil, as seen from the increase in CBR and bearing capacity values. Based on the CBR test on 30 cm soil layer
thickness, the CBR value was 1.12% for untreated soil, 4.07% for soil treated with B. subtilis, and 4% for soil treated
with B. amyloliquefaciens. The CBR value of soil treated using the biogrouting method increased by approximately 4
times that of untreated soil. The increase in soil CBR value correlated with an increase in bearing capacity value. This
was observed from the highest bearing capacity of 1300 kPa for untreated soil, 5500 kPa for soil treated with B. subtilis,
and 6700 kPa for soil treated with B. amyloliquefaciens. The obtained increase in bearing capacity was about 4 times on
soil treated with B. subtilis and about 5 times for soil treated with B. amyloliquefaciens. The layer thickness of base soil
had the most significant improvement at 20 cm. Soil improvement with biogrouting using B. amyloliquefaciens was
more effective than using B. subtilis in increasing CBR values and soil-bearing capacity. Thus, if this method is applied
on subgrade, road pavement performance on biogrouting soil is also expected to improve.
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