Arabian Journal of Geosciences (2020) 13: 469
https://doi.org/10.1007/s12517-020-05450-3

ORIGINAL PAPER

®

Check for
updates

Experimental study on soil improvement using local microorganisms

Mohsen Mohammadizadeh ' @ - Rasoul Ajalloeian'? - Bahram Nadi' - Shahla Soltani Nezhad*

Received: 28 June 2018 / Accepted: 18 May 2020 / Published online: 13 June 2020
© Saudi Society for Geosciences 2020

Abstract

Bio-mediated soil improvement has been recently introduced as a novel link between biotechnology and geotechnical engineering.
Microbial induced carbonate precipitation (MICP) is one of the most promising bio-mediated methods which have been developed
based on biologically driven urea hydrolysis. In the present study, an indigenous bacterium that can be used in MICP is identified in the
native soil of Sirjan, Southern Iran. This bacterium, called Acinetobacter calcoaceticus Nima (ACN), was compared with the standard
Sporosarcina pasteurii (SP), with respect to their performance in the improvement of the mechanical properties of biologically treated
soil samples. During a 40-day period of the experiment, direct shear and shear wave velocity tests were conducted to investigate the
influence of the treatments on soil properties. Also, stereo microscope images were used to investigate the precipitation on the inter-
particle contacts. It was observed that the bio-mediated techniques can significantly improve the mechanical properties of the soil
samples. For instance, while the shear wave velocity of the bacteria-free soil was measured as 175 m/s, SP-treated soil has the shear
wave velocity of 526 m/s. This value was even higher for the ACN-treated samples (588 m/s) indicating that the local bacteria
performed considerably better than the standard SP when used for the native soil.

Keywords Bio-mediated soil improvement - Microbial induced carbonate precipitation - Urease-producing microorganisms -
Direct shear test - Shear wave velocity - Stereo microscopy

Introduction

Soil materials usually do not meet engineering requirements,
mainly in terms of shear strength and deformability.
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Consequently, soil improvement techniques, also known as
ground treatment, have been extensively used in many geo-
technical engineering projects. Traditionally, there exist two
main categories of ground improvement techniques namely
mechanical compaction and chemical stabilization
(Ibragimov 2015). The selection of the appropriate improve-
ment method is accomplished based on various criteria such as
soil type, percentage of fines, area and depth of the improve-
ment, and availability of the material. A common approach is
the use of Portland cement, lime, and chemical stabilizers, such
as epoxies, silicates, and polyurethanes for filling the soil voids
and gluing its solid particles. However, almost all of these
chemicals, except for sodium silicate, are toxic and hazardous
material, and hence have raised serious environmental con-
cerns. For instance, in 1974, acrylamide grout caused water
poisoning in Japan, resulting in the ban of nearly all chemical
grouts (Karol 2003).

Bio-mediated soil improvement techniques have been re-
cently introduced into the geotechnical engineering practice as
environmentally friendly solutions for sustainable construc-
tion. For instance, lignin-based biofuel co-products (BCPs)
have been used to stabilize pavement subgrade soil materials
with low quality (Uzer 2016). The bacterial potential in the
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improvement of the mechanical properties of different soils
has been also studied by a number of researchers (e.g.,
Rajasekar et al. 2017; Kano et al. 2017). Biodegradation of
the soil’s bacteria results in the increase of its shear strength
(Grabiec et al. 2017) and both compressive and shear wave
velocities, V, and V; (Akyol et al. 2017). The bacterial effects
have also been influential in improving the compressive and
tensile strength of cement mortars (Al-Salloum et al. 2017). In
all cases, the potential impacts of the bio-treatment on the
engineering properties of soils can be reasonably estimated
through the examination of previously researched non-bio-
mediated treatment methods. For instance, evaluation of the
potential increase in shear strength of sands from bio-
mediated calcite precipitation will be similar to the previous
studies examining the use of gypsum, cement, and epoxy for
soil improvement (Neelands and James 1963; Acar and El-
Tahir 1986; Ismail and David 2001; Avseth et al. 2000;
Sharma and Fahey 2003).

Microbial induced carbonate precipitation (MICP) in the soil
is a new method for increasing soil strength based on the activity
of bacteria. This interdisciplinary approach (biotechnology and
civil engineering) has been used to solve geotechnical problems,
such as slope instability, soil erosion and scour, seepage of levees
and cutoff walls, settlement and bearing capacity of shallow
foundations, and earthquake-induced liquefaction (Hamdan
etal. 2017). As stated in Jiang and Soga (2016), MICP treatment
can reduce the cumulative erosion weight, erosion rate, and axial
strain relative to non-MICP soil. The magnitudes of hydraulic
conductivity for all tested samples before the erosion process fall
into a range from 5.5 % 107> to 8.0 x 10~ m/s.

Owing to its climatic diversity, Iran has various tempera-
ture and humidity regimens, and a wide variety of soil types
can be found in the country. Because of the arid climate of the
southern parts of the country, resistant bacteria (e.g., spore-
forming) are the dominant population in the native soils of
these regions. In this study, for the first time, Acinetobacter
calcoaceticus strain Nima is isolated from the native soil of
Sirjan, Southern Iran, and used for MICP. Acinetobacter
calcoaceticus is a soil bacterial species of the genus
Acinetobacter. 1t is a no motile, gram-negative coccobacillus
and grows under aerobic conditions. This bacterium produces
the urease and the biological calcium carbonate cement forms.
Several soil samples are made and examined through direct
shear and shear wave velocity tests. The results are compared
with those obtained from the application of the standard
Sporosarcina pasteurii (SP) bacteria.

Theoretical background
Due to the existence of water and nutrients, soil media are

considered to be ideal habitats for different species of micro-
organisms, including microbes and bacteria. Microorganisms
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are highly adaptable and have been survived for over 3.5
billion years (Stotzky 1997). Identification, characterization,
and classification of microorganisms are usually accom-
plished according to their shape, type of cell wall, biochemical
transformation, nutrients, and DNA/RNA sequences (Chapelle
2001). The bacteria which produce the urease enzyme, e.g.,
Bacillus, Sporosarcina, Spoloactobacilus, Clostridium, and
Desulfotomaculum, have been recently used in soil improve-
ment practice (Kucharski et al. 2008). This technique, also
known as bio-treatment, influences the formation of fine-
grained soils and changes the engineering properties of
coarse-grained soils.

Living organisms can produce minerals, such as silicates, car-
bonates, and calcium, in a process that is referred to as biomin-
eralization (Lowenstam and Weiner 1989). These minerals may
be synthesized under two distinct mechanisms, namely biologi-
cally controlled and biologically induced mineralization. In the
former, the process is controlled irrespective of the environmen-
tal conditions, while in the latter, the formation of minerals is
significantly influenced by extracellular metabolic activities of
the microorganisms as well as the environmental conditions
(Dhami et al. 2013). The produced minerals can function as a
clogging factor to seal the pores of soil skeleton and thus reduce
its permeability, and/or as a cementations factor to increase the
strength and stiffness of the soil.

Among the existing bio-treatment techniques, MICP which
is a biologically induced process has been widely used to
improve the mechanical and hydraulic properties of soils.
The extent of soil improvement using this technique depends
on the environmental factors, including the physical and
chemical properties of the soil such as water content, miner-
alogy, particle size distribution, and texture. It has been report-
ed in the literature that the improvement due to biominerali-
zation will slow down and eventually stop as the population of
microorganisms increases (e.g., De Muynck et al. 2010). This
can be attributed to the increasing salinity of the medium,
resulting from the microbial activities, which in turn controls
the population growth.

Materials and methods

In this study, Sirjan’s native soil was used. The soil was clas-
sified in accordance with the Unified Soil Classification
System (ASTM 2012 Standard D 2487-11). The tested soil
is uniform sand with medium-size grains and is classified as
poorly graded sand with silt (SP'-SM?). The physical and
mechanical properties of the soil are summarized in Table 1,
and its grain size distribution curve is given in Fig. 1.

! Sand-Poor
2 Sand-Mo (Swedish word for silt)
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Table 1 Physical and mechanical properties of the soil used in this study

Optimum moisture Maximum dry unit weight Passing sieve Specific Cohesion Internal friction D10 D30 D60
content (%) (kgm3 ) #200 (%) gravity (kg/mz) angle (°) (mm) (mm) (mm)
12.00 1.680 6.70 0.2 28.00 0.09 0.14 0.23

The methodology adopted for this study is based on urea
hydrolysis and precipitation of calcium carbonate in the pres-
ence of Ca®" ions (Whiffin et al. 2007; Van Paassen et al.
2009; Dejong et al. 2010; Chou et al. 2011; Burbank et al.
2012; He et al. 2013):

CO (NH,)2 + CaCl, + 2H,0—2NH,Cl + CaCO; (1)

After depositing the sediment, a coating and bonding be-
tween soil particles is created, which in turn results in the
increase of compressive strength of the specimens. In addition
to the bacteria, reactive substances, i.e., urea and calcium ions,
should be present in the environment (these are supplied by
adding the required chemical solutions). Direct shear and
shear wave velocity measurements were carried out to evalu-
ate the soil’s mechanical properties. The effect of time on the
soil’s strength was also studied. Furthermore, the bacteria
were cultivated as isolated from the soil. Stereo microscopy
was utilized to visually assess the performance of the locally
cultivated bacteria.

Selection of microorganisms

Preliminary studies were performed on the identification of
different types of urease-producing bacteria and their capabil-
ity to produce enzymes. Subsequently, the SP (PTCC = 1645)
was selected as the witness. This bacterium was supplied from
the collection of microorganisms of Iran’s Scientific and
Industrial Research Center.

The topsoil was discarded and samples required for isola-
tion of microbes were obtained from 10-cm layers below the
soil surface. Ten grams of each soil sample was mixed with

90 cm® of 0.9% salt solution and incubated at 30 °C in a
shaker incubator at 100 rpm for 2 h. A total of 1 cm® from
the soil-borne bacterial suspensions was serially diluted (in the
range of 10" to 107°) and each dilution was plated in triplicate
on Nutrient Agar (NA) medium. The plates were incubated
aerobically at 30 °C for 24 h. After the incubation period,
the plates were observed for any kind of growth, and the
distinct colonies were sub-cultured. The screening for
urease-producing bacteria was conducted using urea broth
medium in test tubes. The color changes from pale yellow to
pink-red indicated positive urease activity, as shown in Fig. 2.

Identification of urease-producing bacteria

The urease-producing bacteria were identified based on mor-
phological, biochemical, and 165 »DNA gene sequencing and
phylogeny analysis. Phylogenetic affiliation of the screened
strain was ascertained by 16S »DNA gene sequence analysis.
In order to find the most similar available sequences, a BLAST
search was done in the NCBI database. 16S rDNA sequence
data of most closely related species was retrieved and used in a
tree construction to demonstrate the taxonomy of this isolate.
Figure 3 shows the inferred phylogenetic relationships derived
from neighbor-joining analysis of the 16S rDNA gene se-
quence of the Acinetobacter calcoaceticus Nima (ACN) with
the most validly described species of the genus Acinetobacter.
The numbers located at the crotch mean the reliability of the
cluster descending from that node; the higher the number, the
more reliable is the estimate of the taxa that descend from that
node.

Genomic DNA was extracted from a pure culture of isolat-
ed bacteria using a DNA extraction kit (Cinnagen Cat. No.:
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Fig. 2 Identification and isolation of bacteria from Sirjan soil

DNS8115C), according to the manufacturer’s instructions.
PCR amplification was performed in a total volume of 50 pul
mixture, containing 4 pl templates DNA (50 ng), 5 pl of
primer (10 pmol), 5 pl of R primer (10 pmol), 1 pl of 10 mM 4
dNTP mix, 1.5 pl of 50 mM MgCl,, 5 pl of 10x PCR buffer,
0.5 ul of Taq DNA Polymerase (5 U pl™!, Fermentas,
Germany), and 28 pl of sterile distilled water and micro-
centrifuged briefly. An initial denaturing step of 94 °C for
3 min was followed by 25 cycles of amplification (1 min at
94 °C, 1 min at 56 °C, 1.5 min at 72 °C) and a final extension
step at 72 °C for 5 min. PCR products were separated by
electrophoresis of 5 pl of PCR product in a 1% agarose gel
for 2 h and by staining with ethidium bromide. Amplification
products were stored at —20 °C. The clean PCR product was
subjected to cycle sequencing in both directions. Phylogenetic
analysis was carried out as follows: the sequences were edited
using Bioedit V.5.0.9 (Hall 1999). A BLAST search at the
NCBI genome database server was conducted to identify the
nearest neighbors (Altschul et al. 1990). Alignment, phyloge-
netic, and molecular evolutionary analyses were conducted
using MEGA version 5 (Tamura et al. 2011). Bootstrap tests
and reconstruction were performed 1000 times to confirm the
reliability of the phylogenetic tree (Felsenstein 1985). The

21 Acinetobacter calcoaceticus strain GX23
40 Acinetobacter sp.SL3
Acinetobacter sp.S248
38 —39_|:Acinetobatter calcoaceticus strain LCR64

Aci B 1

strain GX24

48 22

Acinetobacter pittii strain W26

Acinetobacter calcoaceticus strain LCR16

Acinetobacter calcoaceticus strain AHB26P

65 |___ Acinetobacter calcoaceticus strain Nima

Aci b I strain D10

Fig. 3 Neighbor-joining phylogenetic tree based on 16S rRNA gene
sequences. Numbers at branch points represent bootstrap percentages
(based on 1000 replicates)
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Fig. 4 Growth velocity (per minute) of the two types of bacteria

nucleotide sequence of the 16S rRNA gene of bacterial strain
(Sporosarcina pasteurii strain Nima) reported in this study
has been deposited in GenBank under Accession No of
“MF662810.”

Preparation of the samples

Both types of bacteria were separately cultured in liquid form,
1000 cm” capacity, in a nutrient broth environment. Bacterial cul-
ture was performed in a liquid medium containing 15 /1000 cm®
casein-peptone, 5 g/1000 cm® soymeal-peptone, 5 g/1000 cm®
NaCl, and 20 g/1000 cm’ urea and pH was adjusted to 7.3. For
the culturing and heating period, a shaker encoder and temperature
of 30 °C was used, and the bacteria containers were put in the
incubator. The growth velocity of the ACN in the initial stages was
rather slower than the standard SP as depicted in Fig. 4.

SP bacteria had the maximum live weight on the fifth day as
1.5 x 10° bacteria per cm’, and the population reached its mini-
mum on the 15th day. On the other hand, the maximum popu-
lation of live ACN bacteria was observed on the sixth day as
1.4 % 10° bacteria per cm® (see Fig. 5).

Bacteria-free soil samples for direct shear test were prepared
at the optimum moisture content, i.e., 12% as shown in Table 1.
On the other hand, for the samples containing bacteria, the re-
quired amount of bacteria solution (in place of water), 12%, was
added to the dry soil, for each Sporosarcina pasteurii and
Acinetobacter bacteria type. Eighteen samples were prepared
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Fig. 5 Daily growth curve comparison of the two types of bacteria
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Fig. 6 Configuration of the
microseismic test

for direct shear testing on different days. Inside the direct shear
molds were coated by grease. We used a thin plastic layer which
rests on top of the greased layer. All test samples were made in
plastic layer. After that, samples were removed from the mold
and kept in appropriate condition until the test days.

The samples for shear wave velocity measurement (microseis-
mic test) were made in polyethylene tubes; depending on the
desired density, the required amount of water for bacteria-free
samples and the required amount of bacteria solution for the
samples containing bacteria have been used for densities 60%,
80%, and 95% respectively 4.7%, 8.4%, and 11.0%. It will be
noted that the soil samples are not sheared during this test (shear
wave velocity measurement). The soil properties for these sam-
ples are given in Table 1.

All the samples (including bacteria-free condition) were
sheared in all direct shear tests. The prepared samples from the
previous step, with the same size as required by the direct shear
test, were put into the shear mold and placed in the machine
accordingly. The rate of shearing was set as 1 mm/min and gauge
readings were made every 30 s. Once the test is completed, the
lateral load cell number remains constant. After completion of
the test, calculations were made, and the maximum shear stress
diagram was plotted according to the two fixed vertical stresses
0.2 kg/cmz, and 1 kg/cmz). It will be noted that in microseismic,
for measuring shear wave velocity, the samples are not sheared.

Because the soil inside of the cylinder should be compact,
initially, metallic tubes with 80-mm diameter and 300-mm height
were used for the specimens of the microseismic test. However,

Hammer X
\L Timber Sensor 10Hz
Accelerometer Sample
—
< 1 meter

the disturbance of shear waves impacted the accuracy of mea-
surements, and thus, polyethylene tubes were used instead (Law
et al. 1989). The polyethylene tube is less capable of absorbing
the shear wave and has the role of retaining the soil sample only
(Szabo and Wu 2000). Due to the need for pores to form the
sediment, different densities have been considered in this exper-
iment (relative densities of 60%, 80%, and 95%). At all stages of
the test, the sensor directly contacts the soil. On the other hand,
specimens with a diameter of 90, 75, 63, and 50 mm were made
from a soil sample in identical conditions, and it was observed
that the shear wave velocity of soil was different for each of the
diameters. For these samples, as the diameter (cross-section) de-
creased, shear wave velocity increased. However, the samples
with diameters of 105, 120, and 150 mm had similar shear wave
velocity. Therefore, it was concluded that the use of a pipe with a
diameter greater than 105 mm had no effect on the outcomes of
the test (and this size was selected).

If there is a big gap between soil particles, the possibility of
the formation of sediment is low and vice versa. In total, nine
samples were made at three relative densities and for the three
types of soil, i.e., bacteria-free, SP-treated, and ACN-treated.
The microseismic tests were scheduled for a period of 40 days.
For each test, the specimen was put on a timber, as the test
medium. As illustrated in Fig. 6, two sensors were installed at
the two ends of the timber: one accelerometer right on the
timber, and one shear wave sensor on the specimen.

Direct shear tests were conducted to evaluate the influence
of bio-treatments on the shear strength of the samples. Eight

Table 2 Shear wave velocity (m/s) for the three soils in the 40-day period of testing
Treatment D, (%) Date of testing
30/7/ 6/8/ 9/8/ 15/8/ 19/8/ 25/8/ 3/9/ 8/9/ 13/9/
17 17 17 17 17 17 17 17 17
SP 60 2222 232.6 285.7 3571 400.0 434.8 454.5 476.2 487.8
80 250.0 256.4 3125 3704 400.0 476.2 500.0 500.0 512.8
95 243.9 263.2 322.6 3448 370.4 500.0 505.1 520.8 526.0
ACN 60 2273 2353 294.1 363.6 434.8 454.5 454.5 476.2 512.8
80 256.4 270.3 3333 384.6 416.7 454.5 476.2 500.0 540.5
95 285.7 3125 357.1 400.0 454.5 500.0 512.8 540.5 588.0
Bacteria-free 60 175.0 188.7 200.0 212.8 2174 222.2 232.6 232.6 232.6
80 181.8 1923 200.0 200.0 212.8 212.8 215.1 2174 2174
95 185.2 1923 200.0 200.0 200.0 200.0 212.8 215.1 215.1
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samples of each soil were made (with dimensions of 10 cm %

10 cm x5 cm) and tested every 5 days (over a period of
40 days). The last set of samples prepared for the test was
those used for stereo microscopy. Stereo microscopy samples
of SP- and ACN-treated soils with relative densities of 60%,
80%, and 95% were made at diameters of 40 mm and 30 mm.

Results and discussion
Microseismic tests

Each test was repeated ten times and the results were recorded
after further data processing, e.g., omitting outliers and inaccurate
data and applying a smoothing filter. Shear wave velocities of the
three different soils during the test period are given in Table 2. It
is evident that the shear wave velocity in bacteria-treated samples
has significantly increased (nearly 100%) after 40 days. This
indicates the improvement of stiffness properties of the treated
specimens. Moreover, the native bacteria (ACN) showed even a
better contribution to the improvement of the soil’s stiffness
compared to the standard SP bacteria. On the other hand, in
absence of the bio-treatment, the soil’s stiffhess shows a relative-
ly constant trend (the small changes in shear wave velocity can
be attributed to the gradual drying of the samples).

Figure 7 depicts the ratio of compressional and shears wave
velocities (V,/V;) for the three soils over time. It can be

E 3.4
§ 32 ——95% |
= 3 —a—80%
g
£ 2 4\ 4 é ——60%
> 26 =
ERY \n/ k 4
3]
2 b&/y!
22 ; ; : ; : = I
0 5 10 15 20 25 30 35 40
Time (Day)
b,
%‘ 32 N ——00% |
= 3 \ —-—80% ||
=]
= 23 -:\\\ ——95% |
2 “\
z 26
S 24
> 22 , , ‘ ‘ ‘ : * ;
0 5 10 15 20 25 30 35 40
Time (Day)
(o
= 36
§ 3.4
< 32
g; 3
Ci 2.8 —4—95% |-
£ 26 —--80% |
o
5 24 ——60% |
> 22 . . . , , : ,
0 5 10 15 20 25 30 35 40
Time (Day)

Fig. 7 The ratio of compressional wave and shear wave velocities. a SP-
treated soil, b ACN-treated soil, and ¢ bacteria-free soil
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Fig. 8 Variations of shear strength of bio-treated soil samples over time
(the numbers in parentheses are the applied normal stress)

observed that the ratio decreased in the case of bio-treated soil
specimens. According to Pride (2005), this reduction of V,/V
is synonymous with the reduction of the soil’s porosity. In
Fig. 7, the highest porosity reduction is observed for the
ACN-treated samples with a relative density of 80%.
Porosity reduction can be regarded as a positive functionality
of'this treatment which enhances both mechanical and hydrau-
lic properties of the soil.

Direct shear tests

The results of the direct shear test during the 40-day period
indicated that despite the untreated (bacteria-free) samples,
which had a relatively constant strength, the shear strength
of the bio-treated soils has considerably increased over time.
Figure 8 shows the direct shear test results for SP- and ACN-
treated samples. It can be observed that the ACN-treated sam-
ples have better overall performance, especially at higher

65
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Fig. 9 Variations the angle of internal friction for the bio-treated samples
over time
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normal stress where the 40-day strength is almost 10% higher
than the SP-treated ones. Figure 9 depicts the variations of the
angle of internal friction for the two types of soils over the 40-
day period. According to this figure, both bio-treatment tech-
niques caused the friction angle to drastically increase (from
28° to around 60°). Likewise, this figure shows that the indig-
enous ACN bacteria give better results regarding the improve-
ment of shear strength of the granular soil of Sirjan area.

Stereo microscopy

The stereo microscopy produces two-dimensional images that
allow for visual identification of depositions created on the
soil particles’ surfaces. During the precipitation process, the
soil particles’ surfaces are initially coated with a thin layer of
minerals. Subsequently, a solid inter-particle bond is formed
from the sediments, which is the main cause of porosity re-
duction and soil improvement. In essence, the mechanism of
bacteria movement is in such a way that they tend to be

Fig. 10 Stereo microscopy
images of bio-treated samples at
different relative densities. a SP-
treated and D,.= 60%, b SP-
treated and D,.= 80%, ¢ SP-
treated and D,.=95%, d ACN-
treated and D, = 60%, e ACN-
treated and D,. = 80%, and f ACN-
treated and D,.=95%

concentrated around the contact points where more food is
present.

Figure 10 shows stereo microscopy images of the samples
of bio-treated soil at different relative densities. In this figure,
the chains of bacteria which result in higher strength and stiff-
ness are highlighted with white circles. This figure suggests
that ACN-treated soil with D, = 80% has the largest number of
bacteria chains and thus is the case which bacteria-treatment
has performed best. Also, according to Fig. 10, the local ACN
bacteria form a longer chain within the soil medium compared
to the standard SP bacteria.

Concluding remarks

This paper presented the results of an experimental study on
the bio-treatment of granular soils using MICP. Two types of
bacteria, namely the standard SP and the indigenous ACN,
were used to improve the mechanical properties of the sandy

@ Springer
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soil of Sirjan (Southern Iran). Laboratory experiments were
conducted to identify the biological behavior of the bacteria
(particularly their growth rate). After initial investigations on
the biological characteristics of the microorganisms, soil spec-
imens were made and treated over a period of 40 days.

Microseismic test results revealed that both bacteria-treated
soils become stiffer over time as the measured shear wave veloc-
ity of the samples showed a meaningful increase. While the
bacteria-free soil had a shear wave velocity around 175 m/s
and ACN-treated soil samples had a shear wave velocity increase
up to 588 m/s after 40 days. The shear wave velocity of SP-
treated samples, in similar conditions, was 526 my/s.

According to the results of microseismic tests, the highest
increase rate of the samples treated with the two types of
bacteria at different densities belonged to ACN 60%. It can
be concluded that treatment for relatively loose and low-
density soils has been more effective. On the other hand, the
shear wave velocity of ACN 95% specimen reached the value
of 588 m/s over time. It is noteworthy that, the best perfor-
mance regarding the increase of shear wave velocity for
bacteria-free soil (due to soil drying only) was 1.33 times,
which was observed at a relative density of 60%.

In the direct shear tests, the highest shear strength was
related to the ACN-treated soil. The shear strength in this case
(at vertical stress 1 kg/cmz) was 2.25 times higher than the
shear strength in the case of SP. At the lower vertical stress
(0.2 kg/cmz), this ratio was around 3. When the soil was treat-
ed with ACN bacteria, the angle of internal friction, which is
one of the most important soil geotechnical factors, was more
than 2 times greater compared to the standard treatment with
SP for treated soil with ACN.

According to stereo microscopy results, the amount of sed-
iment formation and bacterial activity in the density of 80%
was highest for both bacterial species. It seems that the higher
degrees of compaction do not leave sufficient space for bac-
terial activities. This study showed superior performance of
indigenous ACN bacteria compared to the standard SP. The
findings of this research suggest that the use of native bacteria)
ACN in this case) should be considered as a viable option for
the purpose of bio-mediated soil improvement.
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