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ABSTRACT: Challenges frequently encountered in research on loose sand improvements through the use of 
microbial-induced calcite precipitation (MICP) include the non-uniformity of cemented products and blocking in 
the vicinity of the injection pipe. One of the most important factors influencing MICP’s success is the injection 
method. In this study, three bio-cementation injection methods using Sporosarcina pasteurii bacteria were 
compared on silica sand samples in the laboratory. The aim was to assess the performance of each injection method 
in terms of time efficiency, cementation product distribution, and comparison in soil shear strength before and 
after cementation. The employed injection techniques encompassed direct mixing (DM) injection, two-phase (TP) 
injection, and modified stage (MS) injection. The findings indicated that none of the three injection methods 
yielded ideal outcomes in all aspects. The MS injection produced the most cemented volume by 57.5%. However, 
no strength increases were observed, as evidenced by the hybrid sample’s internal friction angle (φ) of 31.72°, 
which was similar to that of uncemented sand. Conversely, the DM injection produced the largest improvement in 
shear strength with a 46.416° φ value, although cementation was limited to the upper half of the sample by 52.4% 
volume. 
 
Keywords: Bio-cementation, Injection method, Microbial-induced calcite precipitation, Shear strength, Soil 
improvement 
 
1. INTRODUCTION 
 

Loose sand is made up of small particles that are 
loosely bound together and not well compacted, so 
there are a lot of voids between the grains. Due to the 
voids, it has high permeability, allowing water to flow 
through easily. The shear strength of loose sand 
comes mainly from the friction between particles, and 
the internal friction angle is lower than that of more 
compacted sands. Unlike clays or silts, the particles 
do not have cohesion, which makes loose sand 
unstable and easy to collapse under pressure. 
Moreover, in saturated conditions, loose sand is more 
prone to landslides and liquefaction under seismic 
loads. Therefore, efforts are required to improve soil 
conditions so that the loose soil becomes denser. One 
of the novel soil improvement techniques that can be 
done is to conduct a cementation process using 
Microbial Induced Calcite Precipitation (MICP). This 
process not only enhances the soil mechanical 
properties but also provides a sustainable and 
environmentally friendly solution to soil stabilization 
compared to conventional grouting. MICP is a soil 
improvement approach that makes use of bacteria’s 
urease hydrolysis capacity to precipitate calcium 
carbonate (CaCO3), which then binds soil grains 
together to strengthen the soil structure [1].  

𝐶𝐶𝐶𝐶(𝑁𝑁𝑁𝑁2)2 + 2𝐻𝐻2𝑂𝑂 → 2𝑁𝑁𝐻𝐻4+ + 𝐶𝐶𝑂𝑂32−         (1) 
𝐶𝐶𝑎𝑎2+ + 𝐶𝐶𝑂𝑂32−            → 𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3          (2) 

 
Eq. (1) depicts the urease hydrolysis process 

facilitated by bacteria. When urea (CO(NH2)2) 
combines with water, it emits carbonate ions (CO3

2-) 
and ammonium (NH4+) into the environment, raising 
the pH to an alkaline level. When calcium ions (Ca2+) 
are present, they react with carbonate ions to produce 
calcium carbonate, as depicted by Eq. (2). Such 
conditions are favorable for calcium carbonate 
precipitation [2]. Therefore, the addition of a Ca2+ ion 
source, such as calcium chloride (CaCl2), into the soil 
is required to provide bacteria with Ca2+ nourishment 
for calcium carbonate to be formed. Bacteria capable 
of hydrolyzing urease are typically found in the 
genera Bacillus, Sporosarcina, Sporolactobacillus, 
Clostridium, and Desulfotomaculum [3], while 
Sporosarcina pasteurii is the most widely used 
bacterium and is quite effective in the CaCO3 
precipitation process in studies related to MICP [4-5]. 
Several factors influence the efficacy of the MICP 
approach, including the type of bacteria, bacterial 
concentration, bacterial size and shape, soil particle 
size, nutrition, chemical solution, pH level, 
temperature, and injection method or cementation 
protocol [6]. 
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One of the most common issues encountered 
when using MICP is non-uniformity in cementation 
results, which is heavily influenced by the injection 
method [6-7]. Single-phase injection, such as direct 
mixing injection [8], is prone to causing clogging near 
the injection pipe. This is because when the bacterial 
solution is mixed with cementation solution, 
immediate bio-flocculation occurs, and the holes 
around the injection pipe get blocked or clogged due 
to cementation. These clogs hamper bacterial 
movement in the subsurface [9-10]. Since the areas 
that can be cemented are areas that can be reached by 
bacteria, clogging reduces the volume of cemented 
soil to below the target, and soil strength does not 
improve considerably. Lim et al. found a similar 
difficulty in a laboratory-scale study, where the 
percentage of cemented soil reached only 36.1% of 
the total sample volume [11]. On the other hand, 
sequentially injecting the bacterial solution followed 
by the cementation solution, such as two-phase 
injection [12] and stage injection [13], increases the 
possibility that the bacteria will be washed away 
during the cementation injection solution, resulting in 
non-uniform bio-cementation. Therefore, further 
studies regarding the effectiveness of the MICP 
injection method are still required. 

In this study, the authors conducted a laboratory-
scale investigation to compare three injection 
methods: direct mixing, two-phase injection, and 
modified-stage injection using Sporosarcina 
pasteurii bacteria on silica sand samples. The aim of 
this study is to compare the effectiveness of each 
injection method in terms of the required time it takes 
for the sample to be cemented, the fraction of 
cemented soil, and the shear strength of the soil 
before and after cementation. 

 
2. RESEARCH SIGNIFICANCE 

 
This research addresses the critical issue of soil 

instability in loose sands, which are prone to 
landslides and liquefaction, especially under seismic 
loads. By exploring the effectiveness of different 
injection methods for MICP, the study aims to 
enhance soil strength and stability through bio-
cementation. At present, the cost of MICP technology 
for soil improvement is still very high, thus 
hampering its application on a larger scale [7]. 
Discussion on the economic aspect of MICP is 
beyond the scope of this study; nonetheless, 
identifying a more effective injection method 
indirectly enhances the effectiveness of the injection 
process, hence influencing cost efficiency. The 
findings could lead to more reliable and efficient soil 
improvement techniques, reducing the risks 
associated with loose sand in construction and 
infrastructure projects. Additionally, understanding 
the optimal conditions for MICP can contribute to the 
development of sustainable and environmentally 

friendly soil stabilization methods, leveraging natural 
processes to achieve engineering goals. 
 
3. MATERIAL AND METHOD 

 
3.1 Sand Sample Preparation 

 
This experimental investigation was conducted on 

silica sand. The sand sample preparation process 
involves sterilizing the sand and testing its physical 
properties. Sand sterilization was carried out by 
drying the sand at 110°C for 24 hours to remove 
native microorganisms that exist in the sand so that 
they would not affect the Sporosarcina pasteurii 
activities. Meanwhile, physical properties tests of 
sand were conducted based on the Indonesian 
National Standard (SNI), including sieve analysis 
(SNI 3423:2008), soil-specific gravity tests (SNI 
1970-2008), and soil unit weight tests (SNI 03-3637-
1994). The specific gravity (Gs) of sand is 2.688, 
while the dry unit weight (γd) is 15.958 kN/m3. In 
accordance with ASTM D2334-19, the hydraulic 
conductivity of the sample acquired from the constant 
head test is 2.02 x 10-2 cm/s for the loose sample and 
1.72 x 10-3 cm/s for the denser conditions. This value 
is within the range of 1.0 to 10-3 cm/s for typical well-
graded or poorly-graded clean sands (SW/SP) with 
medium permeability [14]. 
 

 
Fig. 1 Particle size distribution of the sand sample 
 

 
Fig. 2 Cultured bacteria at (a) Nutrient Agar and (b) 
urea-CaCl2 solution 
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Fig. 1 shows the particle size distribution of the 
sand. It reveals that the most dominant grain size 
ranges from 0.180 to 0.425 mm, which is adequate for 
the MICP approach based on the previous report, 
which found that soil with a gradation of 0.05-0.4 mm 
is suitable for the MICP application [15]. The sample 
consists of 0% gravel, 94.34% sand, and 5.66% fines. 
The uniformity coefficient (Cu) and gradation 
coefficient (Cc) were also obtained from the graph, 
which are 3.00 and 1.27, respectively. Based on the 
Unified Soil Classification System (USCS), the sand 
was classified as poorly graded sand (SP). 
 
3.2 Bacterial Culture and Cementation Reagents 

Preparation 
 

Bacterial culture is the process of multiplying 
bacterial cells in new media under controlled 
laboratory conditions to produce a single colony. 
Bacteria were cultured from the Sporosarcina 
pasteurii isolate obtained from the National Research 
and Innovation Agency of the Republic Indonesia 
(BRIN). Sporosarcina pasteurii is preferred because 
it has high urease activity, the capability to thrive at 
pH levels exceeding 8.5 [16], and considerable 
resistance to ammonia effects [17].  

The media used in this study were solid nutrient 
agar (NA) and liquid nutrient broth (NB), which were 
then gradually transferred to urea-CaCl2 media. On 
solid media, the bacterial culture process was carried 
out using the quadrant streak method as shown by Fig. 
2(a). Bacteria were cultured inside an incubator for 
18-24 hours at a temperature of 30°C. For liquid 
media, bacteria were cultivated inside a shaker 
incubator with a stirring speed of 150 rpm. Fig. 2(b) 
depicts bacterial culture on urea-CaCl2 media, which 
becomes turbid. Subsequently, the urea-CaCl2 
solution containing bacteria was then measured for its 
optical density (OD). The bacterial solution used in 
this study had optical density values in the range of 
1.180-1.210. 

A cementation reagent is a solution that serves as 
a liquid medium for bacterial growth and nourishment. 
The reagent was injected into the sample at regular 
intervals throughout the cementation process. 
Providing this cementation reagent is beneficial so 
that the bacteria introduced into the sand sample can 
survive and carry out the cementation process 
effectively. Every 20 mL of this solution consisted of 
0.5 M urea-CaCl2, 3 g of nutrient broth, 10 g of NH4Cl, 
and 2.12 g of NaHCO3. The interval for cementation 
regent injection in this experiment was 20 mL for 
each 12-hours cycle [18]. This solution was priorly 
filtered with a vacuum pump to remove any 
contaminants. 
 
3.3 Injection Process 

 
Fig. 3 depicts the sample configuration, which 

contains sand in a 120-mL syringe and a perforated 
injection pipe located in the center. The injection pipe 
was a modified IV tube with a 4 mm outside diameter 
that had been perforated on each side in four columns 
of 35 rows, while the end of the IV tube was closed. 
The bacterial solution and cementation reagent were 
injected into the sand via the injection pipe until all 
voids were filled (saturated state). A 0.45μm sterile 
microfilter was attached at one end of the IV tube 
which functions to filter bacteria and sand so that they 
are not carried away by the cementation reagent flow 
when the effluent was released via the bottom outlet. 
Every 12-hour cycle, pH was checked on the 
remaining effluent solution exiting the syringe outlet. 
The aim was to detect the existence of urease activity 
in the sample, indicated by an increase in pH to 
alkaline and a strong odor. The solution was injected 
into loose sand using three different injection 
methods: direct mixing (DM), two-phase injection 
(TP), and modified-stage injection (MS). The 
solution in the DM and TP injection procedures 
remained non-circulatory, but the solution in the MS 
injection method was circulated. 
 

 
 
Fig. 3 Sample configuration 



International Journal of GEOMATE, May, 2025 Vol.28, Issue 129, pp.55-65 

58 
 

The direct mixing method involved first mixing 
the bacterial solution and cementation reagent before 
injecting them into the sand and leaving them for 12 
hours. Next, the cementation reagent was injected 
every 12 hours until the soil was cemented. Sand was 
considered to have undergone cementation when 
blocking occurred and injection pressure became too 
heavy. The direct mixing process is illustrated in Fig. 
4 (a). The two-phase injection method involved 
injecting the bacterial solution at the initial procedure 
and leaving it for 12 hours. Following that, the 
cementation reagent was administered every 12 hours 
(Fig. 4(b)). The third injection method, the modified 
stage injection, was a modification of the method 
proposed by Tobler et al. [13]. This method was 

carried out by (i) continuously circulating the 
bacterial solution with a peristaltic pump for 2 hours, 
(ii) leaving it for 12 hours, then (iii) injecting the 
cementation reagent and leaving it for the next 12 
hours. The cycle was repeated until the sand was 
observed to be cemented (Fig. 4(c)). 
In this experiment, the injection of the sample was 
divided into three batches, where sample group 1 
(DM-1, TP-1) was given the injection cycles first, 
followed by sample group 2 (DM-2, TP-2) eight days 
later, and lastly sample group 3 (MS-1 and MS-2) 
four days later. These batch differences may result in 
varying environmental conditions, such as 
temperature difference, for the bacteria.

 

 
 
Fig. 4 Injection method: (a) Direct mixing (DM); (b) Two-phase injection (TP); (c) Modified stage injection (MS) 
 

 
Fig. 5 Illustration of direct shear sample tests: (a) loose sample; (b) hybrid sample 
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Table 1. Required injection time 

Sample Time to achieve pH 9 (hours) Time to stop injection 
(hours) 

Date of Injection 

Start End 

DM-1 108 600 (no blocking) 11 Jan 2024 5 Feb 2024 
DM-2 36 600 (no blocking) 19 Jan 2024 13 Feb 2024 
TP-1 144 600 (no blocking) 11 Jan 2024 5 Feb 2024 
TP-2 48 600 (no blocking) 19 Jan 2024 13 Feb 2024 
MS-1 132 600 (no blocking) 23 Jan 2024 17 Feb 2024 
MS-2 84 384 23 Jan 2024 9 Feb 2024 

 
 
3.4 Analysis of CaCO3 Concentration 

 
The concentration of CaCO3 was quantified to 

ascertain the extent of CaCO3 crystal development 
within the sand’s pores. Multiple techniques exist for 
quantifying CaCO3 content, including thermo-
gravimetric analysis (TGA), which yields reliable 
results comparable to those obtained from X-ray 
diffraction and the ASTM method [19]. The TGA 
method determined the CaCO3 content by assessing 
the weight loss of a cemented sand sample subjected 
to high-temperature combustion up to 1000 °C, 
utilizing the SDT 650 and TGA instrument Trios 
V5.0.0.44616. The initial weight (Winit), weight at 
weight loss started (Wstart), and weight at weight loss 
ended (Wend) were determined, respectively. The 
CaCO3 content was calculated using Eq. (3), in which 
2.274 represents the constant ratio of the atomic 
weight of CaCO3 to CO2 resulting from the 
combustion process. Further, the CaCO3 content in 
the sample can be correlated with its shear strength. 

 
𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂3% = 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒

𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖×2.274
= ∆𝑊𝑊𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖×2.274
             (3) 

 
3.5 Direct Shear Test 

 
The shear strength was evaluated in accordance 

with ASTM D3080-04 Direct Shear Test, both before 
and after cementation, under dry unsaturated 
conditions. Fig. 5(a) illustrates the sample condition 
of loose silica prior to cementation. Due to the limited 
size of the cemented sample, a hybrid sample 
(consisting of cemented sand sample in middle and 
surrounded by loose silica) was evaluated to 
determine the shear strength of the hardened sample, 
which consists of a cemented sample in the middle of 
the mold surrounded by loose silica (Fig. 5(b)). This 
scenario did not yield the actual strength of the 
cemented sample, but it demonstrated how strength 
increases in soil reinforced by cemented sand 
columns. The soil strength parameters were 
determined from Eq. (4) by setting the cohesion value 
of sandy soil to zero. 

 
𝜏𝜏 = 𝑐𝑐 + 𝜎𝜎 tan∅            (4) 
 

4. RESULT AND DISCUSSION  
 
4.1 Effluent pH Control (Cementation Process) 
 

According to Kim et al. [20], the optimal pH for 
Sporosarcina pasteurii bacteria to perform urease 
activity was in the range of 8.7-9.5. The initial pH of 
the sample before injection was relatively neutral (pH 
7). The pH increased following the injection, showing 
that urease activity occurred in each sample. The 
length of time required for the effluent from each 
sample to reach pH 9 is shown in Table 1. 

Injection was performed at different periods: in 
batch one, on DM-1 and TP-1; in batch two, on DM-
2 and TP-2; and in batch three, on MS samples. Since 
the room temperature could not be kept constant and 
was influenced by the ambient temperature, the 
difference in injection period allowed for different 
experimental temperature settings. As a result, each 
sample had a varied duration to attain alkaline 
conditions. DM-1, TP-1, and MS-1 samples required 
longer durations than DM-2, TP-2, and MS-2 samples 
to achieve pH 9. These findings are likely to be 
influenced by a variety of factors, including changes 
in bacterial quality and uncontrolled fluctuations in 
experimental temperature, which result in differences 
in the pace of bacteria carrying out the urease process. 
Moreover, the initial OD value of the bacterial 
solution for each sample slightly varied. However, 
after the pH value in all samples’ effluent reached 9, 
it remained steady until the injection was terminated. 

 
4.2 Proportion of Cemented Sample 

 
In this study, the injection cycle was intended to 

be carried out continuously until the injection pipe 
became blocked. As the injection process progresses, 
CaCO3 is progressively generated within the pores, 
resulting in a decreasing capacity of the sample to 
facilitate the flow of the solution [21], hence 
increasing the pressure required for syringe injection. 
The time required for the sample to be blocked during 
injection also varies as shown in Table 1. In the DM, 
TP, and MS-1 samples, blocking only occurred at the 
top part of the sample. As a result, the sample will 
continue to allow the injected cementation reagent to 
seep for an extended period of time. In fact, previous 
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research found that bacterial urease activity decreases 
after 16 to 32 days [15]. Therefore, in this study, the 
injection duration was limited to 25 days (600 hours), 
despite the fact that no blockage or only partial 
blockage occurred. Meanwhile, the MS-2 samples 
had the shortest injection duration; the injection pipe 
was clogged after 384 hours. This is assumed to be 
owing to the repeated bacterial injection process 
every 24 hours, which circulated for two hours, 
resulting in a higher quantity of bacteria inside the 
MS-2 sample than other samples. Therefore, the more 
bacteria in the silica sand, the faster CaCO3 formation 
occurs. Despite receiving the same treatment in the 
same batch, MS-1 and MS-2 have different injection 

durations. This result may be caused by variables 
other than the environment and injection method that 
affect the quality of bacteria. One of the hypothesized 
factors is the effect of bacterial density in the solution 
with a slightly different initial OD [9, 22]. Changes in 
the sample’s density may also have an effect on the 
permeability [23]. In this case, the density of the 
sample was measured solely by the weight of the soil 
volume that filled the syringe in a loose condition. 
However, the density can change due to impact or 
vibration to the sample, as well as inconsistency of 
injection pressure. These factors are challenges to be 
clarified in further research. 

 
Fig.6 Results of cementation with injection method variations: Direct Mixing (DM), Two Phase (TP), and 
Modified Stage (MS) 
 

 
Fig.7 Combined and simplified illustration of 
cementation result 

Fig. 6 presents the documentation of the cemented 
sample, which is further combined and simplified into 
an image as shown in Fig. 7. Approximately 1 cm of 
the uppermost part of all the samples did not undergo 
cementation. The absence of radial holes at the upper 
part of the injection pipe results in the minimum 
accumulation of bacterial solution and cementation 
reagents at the top. The majority of cementation 
occurs at a depth of 1 cm to approximately half the 
length of the syringe. For the non-circulatory 
injection samples (DM and TP), the cementation 
results at the half top were as wide as the syringe 
diameter, but the bottom part of the sample remained 
loose and uncemented. This condition is thought to be 
due to the shortage of oxygen at the bottom of the 
syringe, which prevents the facultative anaerobic 
Sporosarcina pasteurii bacteria from producing 
urease optimally under anaerobic conditions [24]. As 
a result, the CaCO3 precipitation process slows as 
depth increases [25].  

. 
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Fig.8 Thermogravimetric analysis results; (a) DM sample, (b) TP sample, (c) MS sample 
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In contrast to the results of the non-circulatory 

injection, the MS sample had a longer cemented 
section with a smaller diameter. Moreover, the 
diameter of the cemented parts tends to reduce as the 
depth increases. The MS samples exhibit a broader 
cementation range, resulting in a higher figure for the 
fraction of cemented sand derived from volume 
measurements compared to the TP and DM samples. 
The MS sample is cemented at 57.5%, followed by 
the DM sample at 52.4%, and the TP sample has the 
smallest cementation proportion of 44.7%. This 
finding is assumed to be the result of two hypotheses. 
First, a substantially larger number of bacteria 
circulated into the MS sample. The increased number 
of bacteria enables a more even distribution of 
bacteria to reach the bottom of the syringe. Another 
suggestion is that air was inadvertently introduced 
into the sample while circulating the bacterial 
solution; nevertheless, air can enter the syringe 
because the pump mechanism utilized to circulate is 
open flow. Several investigations have found that the 
microbial growth rate and ureolytic activities of 
Sporosarcina pasteurii are influenced by aerobic or 
anaerobic conditions, which are determined by the 
availability of oxygen [24, 26, 27]. To clarify this 
suggestion, further research requires comparative 
analysis of samples that were injected with additional 
air and those that were not 
 
4.3 CaCO3 Concentration Analysis 

 
Fig. 8 depicts the TGA results of the cemented 

samples. In all three samples, there were two 
significant slope declines that indicated weight loss, 
particularly in the temperature range of 300-400 °C 
and 750-840 °C. The CaCO3 concentration was 
determined by analyzing weight loss within the 
temperature range of around 750-840 °C [28], while 
the slope observed between 300-400 °C suggested 
water evaporation, organic material degradation, or 
the presence of hydroxides. The results indicated that 
the CaCO3 concentrations in the DM and TP samples 
were comparable at 18.06% and 18.02%, respectively. 
However, the MS sample exhibited a reduced CaCO3 
concentration of 17.44%. The solution circulation 
mechanism in the MS sample enables bacteria to 
reach deeper regions and stay active, yet it lacks 
sufficient time for CaCO3 accumulation due to the 
continuous disturbance caused by the flow. The 
amount of CaCO3 may indicate the sample’s density, 
which may subsequently influence its strength. 
Higher CaCO3 content implies reduced pore space 
between sand grains and enhanced binding among 
them [29]. 
 
4.4 Shear Strength of Sand and Hybrid Sample 
 

Table 2 compiles the shear strength of loose silica 

and hybrid samples (cemented sand column 
surrounded by loose sand) for each injection method. 
Due to the limited number of cemented samples, 
hybrid samples were only tested at two normal stress 
variations. Furthermore, the high shear strength of the 
cemented samples limited the direct shear apparatus’ 
ability to perform tests at higher normal stress values. 
The direct shear stress results from samples DM-
hybrid-2 and TP-hybrid-2, presented in Fig. 9, depict 
(a) shear stress (τ) against horizontal displacement 
and (b) vertical strain against horizontal displacement. 
The recorded data exhibits a consistent pattern with 
other samples tested under similar normal stresses. 
All samples demonstrated a contraction during the 
test, with no observed dilation. The shear stress did 
not exhibit a distinct peak value. The author attributes 
the absence of a visible peak shear stress to the 
relatively low normal stress applied during the direct 
shear stress. This suggests that, compared with the 
strength of cemented samples, the normal stress was 
still too low to accurately model the Mohr-Coulomb 
failure criterion for the samples. Therefore, further 
research is recommended using more samples 
subjected to higher normal stress to better understand 
and validate the Mohr-Coulomb criteria. 

The cemented column positioned in the center of 
the DM-hybrid and TP-hybrid samples has a targeted 
diameter of 35.3 mm, which accounts for 29% of the 
overall sample volume. The direct shear test results, 
presented in Fig. 10, indicated a notable enhancement 
in the shear strength of the DM-hybrid and TP-hybrid 
specimens in comparison to the shear strength of 
uncemented silica. Under uncemented conditions, 
loose silica exhibits an internal friction angle of 
31.94°, which is considered rather acceptable for 
loose fine sand. The DM-hybrid and TP-hybrid 
samples exhibited an increased shear strength, as 
evidenced by the generation of high internal friction 
angles, specifically 46.42° and 45.09°, which is 
considered very dense sand [14]. This result 
corresponds with previous studies suggesting that soil 
strength parameter improved in fine sand [21, 30] and 
sand with fines [31] treated with MICP, as well as 
clay and silt [32-34], which are correlated with the 
existence of CaCO3 between soil pores.  

 
Table 2. Shear strengths from direct shear test 

Normal 
Stress Average Shear Stress (kPa) 

(kPa) Loose 
Silica DM-hybrid TP-hybrid MS-

hybrid 

31.592 17.149 33,719 32,163 23,481 

63.185 36.234 66,125 63,163 33,442 

126.370 81.007 N/A N/A N/A 

ϕ (degree) 31.944 46.416 45.094 31.724 
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Fig. 9 Direct shear stress result: (top) shear stress to 
horizontal displacement, (bottom) vertical strain to 
horizontal displacement 
 

 
Fig. 10 Normal-shear stress relationship based on 
Mohr-Coulomb failure criteria 
 

The cemented sample size in the MS-hybrid 
sample was less than the intended size, accounting for 
only approximately 16-28 mm (6-18% of the total 
sample volume). Concurrently, the MS-hybrid 
sample did not exhibit any strength increase in 
comparison to the shear strength of uncemented silica, 
and in fact, it was slightly weaker with an internal 
friction angle of 31.72°. This result occurred because 
the cemented sample’s reduced diameter did not 
contribute additional strength to the hybrid sample 
system. The volume of the cemented column in the 
MS-hybrid sample accounted for just 6-18% of the 
total sample volume in the direct shear test. In 

addition, this may also be caused by weak 
cementation bonds, as evidenced by the CaCO3 
concentration analysis, which indicated that the MS 
sample exhibited the lowest concentration relative to 
the DM and TP samples. 
 
5. CONCLUSION 
 

This study demonstrates that none of the three 
injection methods implemented may generate an ideal 
cementation product that satisfies all aspects 
considered. The required time for cementation should 
not be determined solely based on the injection 
method, as it appears to be substantially influenced by 
uncontrollable fluctuations in ambient temperature. 

Non-circulatory injections (DM and TP) may 
generate the maximum diameter of the cemented 
column sample; however, cementation occurs only in 
the top half of the sample, leaving the bottom 
uncemented. Moreover, the DM and TP methods 
create higher CaCO3 concentrations of 18.06% and 
18.02%, respectively, compared to the 17.44% 
CaCO3 in the circulating injection (MS). The 
combination of greater diameter and higher CaCO3 
content contributes significantly to the hybrid 
sample’s shear strength. The cemented column 
strengthens the hybrid sample, increasing the internal 
friction angle to 46.42° for the DM-hybrid sample and 
45.09° for the TP-hybrid sample, which is 
significantly higher than the unreinforced sand of 
31.94°.  

In contrast, circulating injection (MS) results in a 
larger volume of cemented sample spread along its 
length but with a smaller diameter. Additionally, 
circulation of the solution inhibits the accumulation 
of CaCO3. The smaller diameter of the cementation 
column and its lower CaCO3 concentration did not 
affect the hybrid sample’s improvement in shear 
strength, as determined by the internal friction angle, 
which was nearly identical to the unreinforced 
condition at 31.7°.  

To clarify the factors diminishing the 
effectiveness of the MICP injection process, further 
research is warranted. This research should consider 
additional variables influencing CaCO3 
accumulation, including environmental temperature 
regulation, injection-circulation pressure control, and 
the control of oxygen availability within the sample. 
Furthermore, increasing the sample size will facilitate 
the identification of mechanisms that may arise under 
more realistic field conditions.  
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