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Abstract: The principle of sustainable development imposes an obligation on societies to manage
natural resources rationally and to care for the quality of the environment, by, among other things,
reducing CO2 emissions. Alternative ways of stabilising building substrates by increasing their
shear strength (cu) are increasingly being sought. This paper presents how microorganisms can
influence cu and thus the load-bearing capacity of building substrates. Tests were performed in
a triaxial compression apparatus in three variants. The first variant of testing was carried out on
cemented soil samples, which were cemented in situ. The next two series of tests were performed on
reconstructed samples, i.e., natural soil and soil inoculated with a solution of Sporosarcina pasteurii
bacteria. The results obtained show that carbonate cementation increases the shear strength of the
soil; in addition, this biomineralization-induced cementation gives higher cu results than natural
carbonate cementation.

Keywords: shear strength; stabilization; bio-cementation; Sporosarcina pasteurii; MICP (microbially
induced calcite precipitation)

1. Introduction

The development of an economy based on knowledge and innovation has been ob-
served in Europe for several years. It goes hand in hand with reinforcing the requirements
for environmental protection to primarily promote eco-innovation. At the same time, we are
witness to a substantial reduction in the consumption of natural resources through a change
in the energy and material consumption of products and an increase in the recirculation of
raw materials and purchased goods.

The production of the most important building material of the 20th century, Portland
cement, is associated with significant environmental pollution and energy issues since its
production takes place at very high temperatures of 1400–1500 ◦C [1]. Significant amounts
of carbon dioxide and highly toxic nitric oxide are emitted into the atmosphere during the
production process [2,3]. Hence, alternative solutions that would lead to the reduction in
the use of Portland cement and mineral resources, which are becoming increasingly scarce,
are being searched for [4–6].

In the meantime, the development of the civilization makes it necessary to erect
various buildings or communication routes in areas with complex geotechnical conditions,
including land with insufficient load-bearing capacity. This requires the use of appropriate
technologies to strengthen the subsoil with low bearing capacity. It is very difficult to adopt
a simple, unambiguous classification of soil reinforcement methods. As a classification
criterion, the following may be used: reinforcement technology, materials used, depth
of interference in the subsoil or the final reinforcement effect. A number of techniques
(technologies) for surface and deep stabilization are based on subsoil stabilization by, e.g.,
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introducing hydraulic binders or a mixture of hydraulic binders and aggregate in order to
improve subsoil parameters [7–12]. The most commonly used hydraulic binders are cement,
fly ash and lime. These methods are very effective, but unfriendly to the environment. For
stabilization, substances containing acrylamides, lignosulfonates or polyurethane are used,
although they are toxic compounds with an adverse impact on the environment [13]. In
addition to soil and groundwater pollution, undesirable effects of chemical stabilization
also include excessive reduction in groundwater permeability, increase in the pH value of
groundwater and disturbance of the ecosystem [14].

Worldwide cement production accounts for about 5–7% of global anthropogenic
emissions of CO2 [3,14,15]. In addition to ecological aspects, disadvantages of methods
based on the use of hydraulic binders are their cost and the need to combine surface and
deep stabilization, which additionally generates higher investment costs.

Several methods are available on the market as alternatives to traditional hydraulic
binders, e.g., electro-osmotic soil reinforcement [16,17] or the increasing development of
inorganic polymer (geopolymer) technologies [15,18–20]. It is estimated that the synthesis
of geopolymers is a much less energy-intensive process than the production of Portland
cement and causes the emission of four to eight times less carbon dioxide [15,21]. Another
example of subsoil reinforcement is the use of low-pressure injection of silica solution to
stabilize liquefiable soils [22,23].

At the same time, the awareness of environmental care is constantly growing around
the world, hence the increase in the trend of searching for substitutes for common stabiliza-
tion methods to limit their impact on the environment.

Carbonate cementation, caused by bacteria of the Bacillus strain [24], may become an
alternative to traditional cementation. This type of biocementation can be an alternative to
surface stabilization of the subsoil by improving its mechanical properties [25–28].

Due to the fact that an intensive civilization development increasingly causes the need
to build engineering structures in areas with transitional soils, which in some conditions are
low-bearing soils, our research was carried out on silty soils [29]. In addition, the selection of
soils is confirmed by the observations of [26] regarding the better effect of biomineralization
in fine-grained soils. The main aim of current investigation was to prove the significant role
of natural or artificially induced biocementation, as an environment-friendly technology for
soil improvement. In order to verify the impact of carbonate cementation on improving soil
shear strength, the tests were carried out in a triaxial compression apparatus on three types
of soil samples. All samples were characterized by a similar granulometric composition and
condition. In order to highlight the role of bacteria in improving the mechanical properties
of soils, the research was carried out in three research series. The first series was conducted
on samples of naturally cemented soil, P-I [30]. The second series of tests were carried out
on natural model samples, i.e., not cemented (P-II), and the third one on reconstructed
samples prepared from soil inoculated with Sporosarcina pasteurii (P-III). Finally, the results
are discussed within the context of designing shallow foundations.

2. Existing Research Findings—Searching for Alternatives and Pro-Ecological
Methods for Soil Stabilization

Calcium carbonate (CaCO3) is one of the most widespread chemical compounds—it
makes up about 4% of the composition of the Earth’s crust, forming geological and oceanic
sediments and biominerals [31–33]. It is an essential component of many rocks, such as
limestone, chalk, marble, dolomite and travertine, as well as being found in bones and
teeth, the external skeletons of crustaceans, snail shells, corals, pearls and shells.

Calcium carbonate is of great practical importance—for centuries it has been used as a
building material. Today it is used in a variety of industrial and agricultural applications, as
well as in medicine and cosmetology, and in a newly developing field—biomineralization
for engineering purposes [31–35].

Precipitation of calcium carbonate in nature occurs chemically due to changes in
environmental parameters, but a significant part of it is formed biogenically during biomin-
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eralization with the participation of living organisms. Calcium carbonate can occur in two
varieties, as calcite or aragonite. These are minerals with identical chemical composition,
but their different spatial structure causes them to have different physical and chemical
properties. Other examples of anaerobic oxidation of methane in organic-rich ecosys-
tems and the intense production rates of calcite, aragonite and siderite were presented by
Valenzuela et al. and Deb et al. [35,36].

The most common research for engineering applications focuses on simple, fast and
efficient methods—such as a method based on the reaction of urea hydrolysis (ureolysis), which
uses, bacteria that exhibit ureolytic activity. Examples of such bacteria are Bacillus bacteria.

Bacteria of the Bacillus strain that were used in the present study are widespread in
nature. They are isolated from soil, or fresh and salt water, but also from the digestive tract
of animals or perishable food. The Bacillus strain contains Gram-positive bacteria with the
ability to form highly resistant spore forms—endospores. These forms allow bacteria to
survive in unfavourable environmental conditions, often at extreme temperatures, and in
environments deficient in nutrients and water. In addition, they spread in nature, even over
long distances. The Bacillus strain is characterized by high growth rates and an efficient
system allowing for the synthesis of up to 20 to 25 g·L−1 of products [37]. Moreover, most of
them are species safe for humans and animals (they have the status of ‘generally recognized
as safe’).

So far, scientists have undertaken research on the use of Bacillus bacteria in construction
as a binder for sealing structural cracks to improve the endurance of structures, includ-
ing the phenomenon of so-called ‘self-healing’ of cement composites, or increasing the
compressive strength of concrete [38].

The possibility of using natural microbiological processes to create a cement matrix of
the reinforced subsoil attracts attention of many researchers [25,27,39,40]. Biostabilization is
a method focusing on microbiologically induced precipitation of calcium carbonate using
urea hydrolysis [41–49]. This process takes place thanks to the presence of strains of urolithic
bacteria, such as Sporosarcina pasteurii (S. pasteurii), which have the ability to precipitate calcium
carbonate on their external cell walls [25,46,50]. This is due to the urease enzyme, which leads
to the hydrolysis of urea contained in the medium [51]. After the formation of carbonate
‘battleships’, the bacteria die, while calcium carbonate remains, creating carbonate connections
between grains [52] (Figure 1), thus strengthening the material.
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The above microbiological process of obtaining calcite precipitation is often described
using the abbreviation MICP (microbially induced calcite precipitation) [53]. Chemically,
the process is as follows (1)–(2):

CO(NH2)2
urea→ 2NH+

4 + CO2−
3 (1)

Ca2+ + CO2−
3

Sp.cell→ CaCO3 ↓ (2)

The bacterium Sporosarcina pasteurii (S. pasteurii) attracts Ca2+ ions, which guarantee
the proper function of the bacterial life processes (1). The amount of ions that will not be
used in metabolic processes precipitates on the outer surface of the cell wall. After the
addition of a medium containing, among others, urea, its hydrolysis takes place—urea
is hydrolysed to ammonium and carbon dioxide (assuming the ionic forms NH+

4 and
CO2−

3 (2)) [54]. The reaction of calcium ions deposited on the cell wall (Ca2+) with the ion
CO2−

3 leads to the precipitation of CaCO3 [46,52,55], and thus to the cementation of the soil
(3). At the same time, ammonium ions (NH4+) increase the pH value of the environment,
improving the precipitation efficiency (Figure 2) [14,56].
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Biocementation is a process occurring naturally in the environment and is associated
with the deposition of sandy formations. Examples of the occurrence of the biocementation
process can be found, among others, in the Pinnacles desert in Western Australia and in
the vicinity of East Cliff in England [53]. The naturalness of this phenomenon is the most
important reason why scientists are so interested in using the metabolic processes of bacteria.
Thanks to bacteria, we can obtain a natural binder in an environmentally friendly way.

Dhami et al. and Burbank et al. [25,46] presented the results of research in which
they used natural microbiological processes to cement loose sands. Microbiologically,
precipitation of calcite (MICP) was achieved using Bacillus pasteurii microorganisms, aerobic
bacteria ubiquitous in the environment, including in soil. The test results of MICP-cemented
samples and gypsum-cemented samples were evaluated in a non-destructive manner
by measuring the shear wave velocity using bender elements, and then determining
their strength parameters using isotropically consolidated undrained compression (CIUC)
triaxial tests. A series of triaxial tests (CIUC) indicated that MICP-treated specimen exhibit
behaviour similar to that of gypsum cement specimen, which represent typical cement
sand behaviour. Studies using SEM confirmed the formation of a cement matrix in the
form of a calcite forming a bond where particles meet. In turn, X-ray composition mapping
confirmed that the observed cement bonds consist of calcite.

The mentioned bacteria were successfully used to repair the cracked surface of soil [58]
or to reduce the swelling pressure of clay [59]. Mujah et al. and Canakci et al. [52,60] showed
that the production of carbonate joints between grains of biostabilized soil reduces its porosity,
which results in much lower hydraulic permeability. Libudzisz et al. [54] also noticed a
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decrease in the porosity of non-cohesive soil in their research, and the porosity values at the
maximum content of CaCO3 were reduced by up to 90% compared to natural soil.

In their research on the possibility of using the biostabilization method in the reinforce-
ment of silty soils, they noted that this process increases stiffness and shear strength [27].
Thanks to the conducted research, it was also noted that the Sporosarcina pasteurii strain has
a high resistance to dynamic incidents, which often appear, for example, on construction
sites of earthworks.

Harianto et al. [61] focused on shear strength and consolidation of sandy soil inocu-
lated with bacteria in their research. Thanks to biostabilization, they obtained hardened
sand blocks and the tested shear strength increased in relation to the strength of natural soil.
The measurement of consolidation of samples showed that in the stress range of 10–50 kPa,
there was a clear difference between the values of the porosity index of soil with bacteria
and natural soil. In the case of the test sample, the porosity index value decreased from 2.2
to 2.0, while in samples with bacteria this value decreased from 2.5 to 2.1. Van Paassen and
Biogrout [62] investigated the impact of biostabilization on cohesive soil, namely sandy
clay. Based on the results, they reported that under the influence of bacteria, there was
also an increase in the strength of the soil and a decrease in its permeability resulting in an
increase in its load-bearing capacity. Cheng and Cord-Ruwisch, as well as Robertson [63,64]
concluded that there is a significant increase in the strength of the treated soils.

Another study [56] focused on determining the optimal conditions for the biocemen-
tation process in soil. For testing, they used silty clay inoculated with bacteria, which
they tested for shear strength at various temperatures. Based on the obtained results, they
reported that the compressive strength increased systematically with the increase in soil
pH, and the highest value was obtained at 40 ◦C.

3. Materials and Methods

The tests were carried out on soils located in two research sites. The first area is located
in the area of Głuchów (area A), about 15 km south-west of the centre of Poznań, and the
second research site is located in the south-eastern part of Poznań (area B) (Figure 3).
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The main purpose of the conducted research was to compare the shear strength cu of
undrained soil, i.e., natural silty soils (area B), and of cemented silty soils (area A) with silty
soils subjected to biocement (soils from area B + Sporosarcina pasteurii). The research work
was carried out in four stages. In the first stage, cone penetration tests (CPTU) were carried
out in area A, which were used to assess the effect of preconsolidation [65–68] and, above
all, to evaluate the shear strength of the soil [69].
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The undrained shear strength from the CPTU test was determined from formula 3. On
the basis of other research [70], a coefficient of Nkt = 15.5 for the zone of cemented soils and
Nkt in range of 7 to 10, in the zone without cementation was adopted for the calculations.

cu =
qn

Nkt
(3)

where:

qn—net cone resistance,
Nkt—empirical coefficient, dependent on soil characteristics.

Using a Mostap sampler, samples with intact structure were taken for testing in a
triaxial compression apparatus. In addition, samples with natural moisture content were
taken from area A and B, and were used to determine physical properties and make
reconstructed samples.

In the second stage, tests were carried out in a Proctor apparatus [71] to determine the
optimum moisture content (wopt), i.e., the moisture content at which a given soil can be
most compacted. Based on the results obtained, a series of model samples were prepared.
The tests in the Proctor apparatus constituted the reference test for making model samples.

The third stage of the research involved the preparation of model samples, i.e., natural
soil samples (P-II) and samples inoculated with bacteria Sporosarcina pasteurii (P-III). For
this purpose, the cultivation of the Sporosarcina pasteurii bacteria was performed on liquid
nutrient broth with shaking. The culture was enriched with calcium cations (Ca2+) in the
form of CaCl2·2H2O [72]. The solution with bacteria was added in small amounts, spraying
the soil, and then thoroughly mixed. As a result, a material with a moisture content similar
to the optimal one was obtained [27,30], from which samples in the shape of a cylinder
with a height of 80 mm and a diameter of 38 mm were formed. The formation of model
samples without bacteria was carried out in a similar way (by adding water instead of
a suspension of bacteria), i.e., they were compacted mechanically at a humidity close to
optimal with a compacting device.

The final stage of the research aimed at verifying the changes in shear strength caused
by carbonate cementation. The tests were carried out in a triaxial compression apparatus
(TXT) [73,74] in three test series: on natural samples from area A (P-I), in which the
occurrence of natural carbonate cementation was found [30,75], and on model samples
formed via a special compaction of soils (LSC) (area B: P-II and P-III). The model samples
consisted of natural soil from area B (P-II) and of the same soil inoculated with Sporosarcina
pasteurii (P-III). A schematic of the test procedure in the TXT apparatus is shown in Figure 4.
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4. Test Results

The obtained CPTU results (Figure 5) were used to evaluate the undrained shear
strength cu [69] and identify the cementation zone of the tested soils from area A [65–68].
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Figure 5. Examples of in situ tests on the researched area A.

The obtained CPTU test results (Figure 5) were plotted on Robertson’s [65] classifi-
cation system (Figure 6). The studied sediments are located in the group of silty soils.
A variation in the degree of preconsolidation was observed in the studied soils (area A)
(Figure 6).
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In the upper layer of the profile, up to a depth of about 3.70 m below ground level,
the soils are located in the zone of preconsolidated soils (cementation zone), while soils
from a depth of less than 3.70 m occupy a zone below the line of normal consolidation
(non-cementation zone). Therefore, it can be concluded that the localization of normally
consolidated soils at the boundary between the zone of normal consolidation and precon-
solidation may be due to factors other than overloading.

In addition, the identification of the cementation zone was carried out by determining
the preconsolidation coefficient OCR (Figure 7). Each of the methods used [66–68] indicates
the effect of pre-consolidation (OCR > 1) to a depth of about 3.7 m.
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The analysis of the obtained results (Figure 5) makes it possible to determine the
presence of the effect of preconsolidation in the top part of the soil from the tested area
A (Figure 7). In order to check whether the studied soils are preconsolidated or quasi
preconsolidated in the strict sense, the verification proposed by Wierzbicki [66] of the ratio
of OCRFs/OCRQt values was carried out. The tested soils gave values below 2, which,
according to [66] may indicate a significant impact of a quasi preconsolidation processes,
not connected to classic overloaded subsoil. It should be emphasized that this fact is
confirmed by geological knowledge about the studied areas [75,76].

The presence of the preconsolidation effect in the upper part of the profile in the
analysed case can be explained by the impact of the change in groundwater level and the
formation of carbonate cementation.

The undrained shear strength from the CPTU test was determined using formula 4
(Figure 8). The calculated average value of shear strength cu in the cementation zone is
300 kPa, while outside the zone it is 148 kPa. The cementation zone, due to the course
of this process, is very heterogeneous. The part of the substrate outside the cementation
zone is more homogeneous, the average cu value is 150 kPa. The heterogeneity of the
cementation zone is also confirmed by the large variation in cone resistance with increasing
depth in this part of the profile (Figure 5).
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In addition to in situ testing, laboratory tests were performed to determine the physical
properties of the tested soils (from area A and B) and the shear strength of the soils. The
granulometric composition of soils from both areas is similar, they are saclSi (clayey/sandy
silt) (according to [77]). In the tested soil samples, the leading fraction is the silty fraction,
with the content of 69–76% on average. In terms of consistency, these are soils between stiff
and plastic consistency. On the other hand, soils from area A are characterized by a calcium
carbonate content, higher by 4.9–8.9% (on average by approx. 5%).

The second stage of the study made it possible to develop a procedure for compact-
ing the soil in a laboratory soil compactor (LSC). For this purpose, 10 repetitions of the
standard Proctor [71] test of the material without the addition of bacteria were performed,
determining the range of compaction achieved (Figure 9). On this basis, the average value
of the maximum volumetric density of the tested soil was determined to be 1.765 g/cm3

(ρdmax) at an optimum moisture content of 14.5% (wopt). A series of tests were then carried
out in a laboratory compaction device using different values of compaction energy.
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Figure 9. Soil compaction curves in standard Proctor test and laboratory soil compactor.

As can be seen in Figure 9, gaining the same density as in the Proctor apparatus required
an increase in compaction energy by almost 20% (up to 0.7 MJ/m3). This can be explained by
the effect of scale; the volume of the cylinder in the Proctor apparatus is 1000 cm3. In contrast,
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the LSC obtains samples ready for testing in the triaxial compression apparatus in a volume of
74 cm3. At the same time however, increasing the compaction energy results in the maximum
density being obtained at approximately 2.5% lower soil moisture.

Following these results, the next stage of testing was carried out by compacting both
natural and bacteria-inoculated soil at a near optimal moisture content using a compaction
energy of 0.7MJ/m3.

The results of TXT strength tests are presented in p’–ε diagrams, in the form of stress
paths (Figure 10). The course of these paths allows for the assessment of changes in the
value of the deviator stress in relation to the sample deformation ε, and as a result, the
determination of the strength characteristics of the soil. The obtained results show a
significant impact of the natural cementation, caused by natural processes occurring in
nature (sample P-I), as well the cementation caused by bacterial activity (sample P-III) on
the shear strength of the tested soil. In the case of the cemented sample (P-I), the initial path
(to ε = 5%) is similar to the stress path of a reconstructed sample inoculated with bacteria
(P-III), i.e., they were destroyed at similar deformation values. This is particularly evident
in the first stage of the study, when the destruction of the P-I and P-III samples occurred
at about 5% deformation. At the same time, it should be noted that the destruction of the
biostabilized sample (P-III) occurred at significantly higher deviator stresses, about 120 kPa
higher than a naturally cemented sample (P-I). At a further increase in the deviator stress,
generated in the subsequent steps of the TXT test, a greater strength of cemented samples
(P-I and P-III) than the natural reconstructed sample (P-II) was observed. It is worth noting
that the destruction of a reconstructed sample (P-II) devoid of cementation is not brittle
and occurs with significant deformations.
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Figure 10. The comparison of shear strength results for analysed soils.

5. Discussion

The results of the current research prompted us to consider a practical problem: to
what extent does cementation with calcium carbonate, in particular caused by bacteria
Sporosarcina pasteurii, improve the bearing capacity of the subsoil?

In order to verify the impact of cementation on the bearing capacity of the subsoil, an
analysis of the direct foundation, i.e., on the subsoil made of the analysed soils was carried
out. The GEO5 program—Shallow Foundations (License No. 6792/4) was used for the
analysis. The analysis was carried out for undrained conditions (according to ref. [78], for
the calculation approach 2). The foundation footing was designed for three soil profiles
(i.e., natural soil saclSi; saclSi + natural cementation and saclSi + Sporosarcina pasteurii), for
which the undrained shear strength cu was assumed from tests in the triaxial compression
apparatus (Figure 11). The geometry of the footing was adopted as a 1.0 m x 1.0 m square,
set at a depth of 1.2 m.
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Figure 11. The analysed direct foundation together with the shear strength values of the analysed soils.

The analysis shows that cementation causes a noticeable increase in the bearing ca-
pacity of the subsoil (Figure 12). For example, with a load of 200 kN, the percentage of
utilization of the bearing capacity of a subsoil built of saclSi is 34.5%, for naturally ce-
mented soil 29.3%, and for biostabilized soil 18.8%. However, only cementation carried
out intentionally, i.e., by adding Sporosarcina pasteurii, increases the bearing capacity by
50% (Figure 12). Such treatments (i.e., the use of biocementation) can therefore signif-
icantly reduce the costs of construction investment, while limiting CO2 emissions into
the environment.
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6. Conclusions

The conducted research indicates the possibility of using carbonate biocementation as
an alternative method of strengthening the load-bearing subsoil.

Soil biocementation has a significant impact on improving the strength of the subsoil,
increasing its bearing capacity by up to 50%.

Based on publicly available knowledge, it can be assumed that strengthening the
subsoil by using biocementation, i.e., using bacteria and their cementing capabilities, would
definitely reduce the amount of CO2 emitted to the atmosphere. In addition, microbiologi-
cally produced calcium carbonate is harmless to the environment, compared to hydraulic
mixtures used in construction.
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The use of biomineralization as a method of subsoil reinforcement also creates the
possibility of reducing the amount of certain waste (such as bio-waste, cement kiln silt and
dairy waste) by using it as a secondary raw material, source of urea, calcium and nutrients
for bacteria. Such a possibility significantly reduces the costs of the method and makes this
method of soil stabilization more attractive.
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