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In recent years, there has been a surge in the study of applying biotechnologies to geotechnical engineering by
using microbial processes to change the physical and mechanical behaviour of soils and rocks. Methods based on this
approach have been named biogeotechnologies. An overview of the research and development activities in this area
in the past years is presented in this paper. The microbial effects that can be utilised in geotechnical engineering
involve biocement, microbial desaturation, biofilm and so on. The applications of biogeotechnologies involve soil
strengthening, seepage control, mitigation of soil liquefaction, soil erosion control, remediation of contaminated
ground and so on. Problems and challenges related to methods for field implementation, monitoring and
investigation techniques and environmental impacts are also discussed in this paper.

Notation

Dso mean size of soil particles
k permeability coefficient
S, degree of saturation

Introduction

Geotechnical engineering deals with the engineering behaviour of
soils and rocks. There are a large number of microorganisms in soil
and rock masses. In soils near ground surfaces, there are 10°-10'?
microorganisms in each kilogram of soil, and the microbial
population decreases typically to the range 10°-10'! at the 2-30 m
depth range in geotechnical systems (DeJong et al., 2013; Mitchell
and Santamarina, 2005). Microorganisms play an important role in
the formation and evolution of soils and rocks under some
conditions. The activities of microorganisms can influence the
compositions, mineral types, fabric, strength, stiffness and
permeability of soils (Dashko and Shidlovskaya, 2016; Mitchell
and Santamarina, 2005). These activities can influence engineering
practices both positively and negatively. It was reported that some
engineering accidents including ground heaves and slope failures
could be related to the activities of microorganisms (Mitchell and
Santamarina, 2005). However, microorganisms and their activities
are far more sophisticated than the physical, mechanical and
chemical principles that form the fundamentals of geotechnical
knowledge. Influencing factors such as temperature, pH, redox
condition and nutrient availability affect microbial activities in a
complicated way, which gives rise to difficulties in understanding
these activities and their influences on the geotechnical properties
of soils and rocks. The role of microorganisms in the geotechnical
field has been overlooked for decades.

In recent years, there has been an increasing interest in the study of

bio—geotechnical interdisciplinary topics. The studies in this field
can enrich the theories and methodologies of geotechnical
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engineering. More importantly, some activities of microorganisms
can be hamnessed to solve problems in geotechnical engineering.
This technology is named biogeotechnology. In this paper, studies
with respect to biogeotechnologies are introduced, classified and
analysed. Many microbial processes can change the engineering
properties of soils and rocks and can potentially be adopted in
geotechnical engineering. Most of the research papers in this field
have focused on the biocementation method that relies on the
microbial ureolysis process. This is because of the advantages of
this method over the others. These include relatively fast reaction
rates and the amount of improvements in the mechanical properties
of soil which could meet the demands of many engineering
problems. Several other microbial methods, such as microbial
desaturation and biofilm formation, can also be used to tackle
geotechnical problems. However, these methods did not receive
much attention compared with the biocementation method. As for
the potential geotechnical applications, biogeotechnologies can be
used for soil strengthening, seepage control, mitigation of soil
liquefaction, soil erosion control, remediation of contaminated
ground and so on. These microbial methods and their potential
applications are reviewed and evaluated in this paper. In addition,
problems and challenges related to the field implementation
methods, monitoring and investigation techniques and
environmental impacts are also discussed in the paper.

Microbial effects

Biocement

Some microbial processes can lead to the production of crystallised
or non-crystallised inorganic compounds. These processes are named
microbial mineralisation. When these microbial processes occur in
soil, the produced inorganic compounds can fill soil pores or bind
soil particles and therefore introduce true cohesion to the soil. This
microbial effect on soil is similar to the effect of Portland cement.

Downl oaded from http://ftp. nowpublishers.conljgere/article-pdf/6/2/ 144/ 2550513/ gere_18_00035. pdf by guest on 30 May 2026


mailto:cjchu@ntu.edu.sg
http://creativecommons.org/licenses/by/4.0/

Geotechnical Research
Volume 6 Issue GR2

Research advances and challenges in

biogeotechnologies
He, Chu, Gao and Liu

Therefore, the method of using the microbial process of cementing
soil is named biocementation. Biocementation can be achieved
through several microbial processes, including ureolysis (Al Qabany
and Soga, 2013; Chu et al., 2012; Delong et al., 2010; van Paassen
et al., 2010a), denitrification (Fan, 2013; van Paassen et al., 2010b),
sulfate-reducing processes (Warthmann, 2000) and iron-reducing
processes (Chu and Ivanov, 2014; Weaver ef al., 2011). The effective
products that exert the biocementation effect in these processes are
usually insoluble inorganic matter, including calcium carbonate and
ferric hydroxide. If the produced inorganic matter is in crystallised
form, very strong cementation effects can be produced that enhance
the shear strength of soil. The biocementation process that produces
calcite, the stable form of calcium carbonate, is called microbially
induced carbonate precipitation (MICP). Calcium carbonate can be
effectively produced through a microbial hydrolysis process.
Ureolysis-based biocementation has been adopted in most of the
related studies.

The reaction of ureolysis-based biocementation consists of two
steps. In the first step, urea is hydrolysed into carbonate and
ammonium ions, mediated by ureolytic bacteria

ureolytic bacteria
-

. NH,~CO-NH, + 2H,0 2NH, " + CO;*”

In the second step, with the presence of aqueous calcium in the
system, calcium carbonate can be precipitated

Il. Ca*™ + CO,* — CaCOs |

In the soil treatment procedure, bacteria and cementation solution
(containing urea and calcium salt) are applied to the soil separately
or together. At the microscale, bacteria tend to adhere to the
surfaces of soils. The adherence of bacteria to soils is related to
several factors, including the morphology, the surface texture and
the mineralogy of soil particles; the hydrophobicity of cell surfaces;
and the components and properties of pore water (Harkes et al.,
2010). The microenvironment also plays an important role in the
formation of the cementation effect (DeJong et al., 2010; Dhami
et al., 2013; Rong et al., 2013). Urea can be hydrolysed by
ureolytic bacteria, and the metabolic products, carbonate and
ammonium, are generated around the bacterial cells. The cell
surfaces of bacteria usually have negative charges, which attract
cations such as calcium. Therefore, calcium carbonate precipitate
tends to form and grow around bacterial cells. The growth of the
precipitate will gradually fill soil pores and bridge soil particles. A
scanning electron microscopy (SEM) image showing calcite crystals
growing in sand pores is presented in Figure 1. At the macroscale,
the precipitation and crystallisation of calcium carbonate lead to
changes in soil properties in two aspects: increases in the shear
stiffness which are the so-called
biocementation effects, and a decrease in the soil permeability,
which is the so-called bioclogging effect. These two effects are
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Figure 1. SEM image of biocemented sand

illustrated in Figure 2. In engineering practice, biocement treatment
techniques, procedures and parameters can be tailored to produce
more biocementation effect or bioclogging effect depending on the
requirement. In related studies, the most widely used bacterial
species is Sporosarcina pasteurii, thanks to its high ureolytic
activity, tolerance to high alkalinity and salinity and spore-forming
nature, which enable the bacteria to resist negative environments.
Other species of ureolytic bacteria can be selected, such as
Sporosarcina aquimarina and Bacillus megaterium, because of their
adaptability to some special environments (Jiang et al., 2016).
Using indigenous (native) ureolytic bacteria in soil for
biocementation is an alternative way to externally introducing

bacteria into soils (Gomez et al., 2017; Zhao, 2014). Recent studies

Biocementation

Strengthened soil

Original soil Bioclm s

Clogged soil

Figure 2. Schematic diagram of biocementation and bioclogging
effects

Downl oaded from http://ftp. nowpublishers.conljgere/article-pdf/6/2/ 144/ 2550513/ gere_18_00035. pdf by guest on 30 May 2026

145



Geotechnical Research
Volume 6 Issue GR2

Research advances and challenges in
biogeotechnologies
He, Chu, Gao and Liu

also showed that purified urease enzyme could also catalyse the
ureolytic process and could induce biocementation and bioclogging
effects in soils which were similar to those using live bacterial cells
(Hamdan and Kavazanjian, 2016; Neupane et al., 2015a, 2015b).
The mechanisms of using urease for the treatment and their pros
and cons compared with live cells require further investigations.
The soil improvement techniques based on these two effects will be
introduced in the section headed ‘Geotechnical applications’.

Microbial desaturation

Saturated sandy ground is usually susceptible to earthquake
liquefaction. Desaturation of soils — that is, reduction of the
saturation degree by adding or generating gas bubbles in soils —
can be a solution to reducing liquefaction susceptibility. This
potential approach to solving the liquefaction problem has been
gaining some research efforts (He ez al., 2013; Rebata-Landa and
Santamarina, 2012). In addition, desaturation of soils can be
adopted as a technical measure to prevent the migration of
contaminants in soil ground (He, 2013).

Many types of gases can be produced by microbial processes,
including oxygen (O,), hydrogen (H,), carbon dioxide (CO,) and
nitrogen (N,). Nitrogen gas can be produced from the microbial
denitrification process in natural conditions. Nitrogen gas has
stable chemical properties, and its solubility in water is very low
(0-017 g/l at 25°C and atmospheric pressure). Therefore, if the
natural microbial denitrification process in soil is adopted to
produce nitrogen gas and reduce the saturation degree of soil, the
desaturation state of soil can be maintained for a relatively long
time (He, 2013; Rebata-Landa and Santamarina, 2012). In
addition, in subsoil under anaerobic or anoxic conditions,
denitrification is the dominant process, as it has a higher negative
Gibbs free energy change compared with other anaerobic
processes (DeJong et al., 2010). Microbial denitrification and its
characteristics are briefly introduced here. When denitrifying
bacteria and substrate (including nitrate, electron donors and
mineral nutrients) are present in soil pores, nitrate undergoes
stepwise reduction reactions and the final product is nitrogen gas

. NO; — NO, — NO — N,0— N,

Several organic matters can be used as electron donors in the
microbial denitrification process, such as ethanol, acetate and
glucose. The overall reaction equation with ethanol as the electron
donor is

5C,H;OH + 12KNO; — 6N, 1 + 10KHCO;,
V. + 9H,0 + 2KOH

It should be pointed out that whether nitrate can be completely
reduced to nitrogen gas is dependent on several factors:
concentrations of nitrate and nitrite (Blaszczyk et al., 1985; Glass
and Silverstein, 1998; van Paassen et al., 2010b), pH values
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(Saleh-Lakha et al., 2009; Simek et al., 2002), medium
compositions (Blaszczyk, 1993) and temperature (Stanford et al.,
1975). Precaution should be made regarding the nitrate, nitrite and
some electron donors in the reaction process. When nitrate
concentration is relatively high (120 mM or higher), nitrite will be
accumulated in the reaction system and the high concentration of
nitrite will impede further reduction reactions (van Paassen et al.,
2010b). Nitrite and some electron donors are toxic or hazardous
and should be strictly controlled to avoid environmental
contamination. As for the bacterial species, most related studies
adopted the enrichment culture technique to cultivate denitrifying
bacteria or stimulate in situ denitrifying activities so that aseptic
operations in the pure culture could be avoided (He et al., 2013;
O’Donnell et al., 2017a, 2017b; van Paassen et al., 2010b).

Biofilm

Many microorganisms can polymeric
substances (EPSs). These slime-type polymers can attach to the
surface of solid materials and form so-called biofilm. When biofilm
is formed on the surfaces of soil particles, the permeability of soil
can be significantly reduced. Biofilm and its clogging effect on
porous media are ubiquitous in natural and artificial environments,
and relevant research studies are popular in environmental sciences
(Baveye et al., 1998; Thullner, 2010). The water content of biofilm
is about 99%. Biofilm-induced permeability reduction of soil
mainly results from the pore-filling process, and another reason is
the increase in the viscosity of pore fluid (Baveye ez al., 1998). In
some cases, the presence of biofilm is considered as an adverse
factor, such as the clogging effects on the filter systems in water
treatment processes (Bouwer, 2002; DelJong ef al., 2013). However,
in other cases, biofilm can potentially be used as an engineering
measure to prevent or remediate water leakage in earth dams, dikes
and reservoirs. The formation and degradation of EPSs are affected
by many factors, as summarised by Baveye ef al. (1998). These
factors include type of porous materials, water content, temperature,
redox condition, presence and type of nutrients, supply of nitrogen
and physiology of microorganisms. In laboratory
experiments, many results have revealed that the permeability of
porous media can be reduced by two to four orders of magnitude
with the formation of biofilm (Ivanov and Chu, 2008; Proto et al.,
2016; Thullner, 2010). It should be noticed that EPSs in soil can be
degraded by other types of microorganisms, leading to the failure
of leakage-control treatments (Farah ef al., 2016; Ivanov and Chu,
2008). In related studies, biofilm-producing bacteria can be
obtained by cultivating native bacteria in soils (Farah et al., 2016)
or using slime-forming species such as Leuconostoc mesenteroides,

excrete  extracellular

source

Enterobacter aerogenes and Pseudomonas fluorescens (Abbasi et
al., 2018; Proto et al., 2016).

Geotechnical applications

Soil strengthening

In the studies of biogeotechnologies, soil strengthening using the
biocementation method receives most of the research efforts.
Biocement is particularly suitable for the treatment of sandy soil,
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due to the high permeability of sand and easy transportation of
bacteria and solutes in sand. Unconfined compression tests were
adopted by many researchers to evaluate the strengths of
biocemented sands. Some results of the unconfined compression
tests on sands are summarised and presented in Figure 3.
Although there are scatters in the data, the overall trend is that the
higher the calcite content, the higher the shear strength. When the
calcite content ranges from 5 to 25%, the unconfined compression
strength is roughly in the range of several hundred kilopascals to
several megapascals. This range of strength for biocemented
sands can satisfy most geotechnical applications. The scatter in
the data possibly resulted from different types of sands, different
treatment methods and different spatial distribution patterns of
calcite in soil pores. With the same amount of cementing agents,
soil treated by biocement has similar or slightly higher strength
compared with soil treated by Portland cement (Li, 2015). Other
types of geotechnical tests have also been used to assess the
mechanical behaviour and liquefaction responses of biocemented
sand, including direct shear tests, quasi-static and cyclic triaxial
tests and shaking table tests. In direct shear and triaxial tests,
biocemented sands showed an increase in both internal friction
angles and cohesions, indicating the clear improvement in shear
strength (Chou et al., 2011; Cui et al., 2017). In triaxial drained
conditions, biocemented sands manifested higher stiffness and
dilatancy compared with untreated sand (DeJong et al., 2006; Lin
et al, 2016; Montoya and DelJong, 2015; O’Donnell and
Kavazanjian, 2015). In the process of shearing, cementation
effects gradually degrade. However, due to the effect of pore
filling and the change in the particle shape, the residual strength
of biocemented sand is still higher than that of untreated sand,
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Figure 3. Relationship between unconfined compression (UC)
strength and calcium carbonate content for sand (Al Qabany and
Soga, 2013; Li, 2015; Stabnikov et al., 2013; van Paassen et al.,
2009; Whiffin et al., 2007)

even when the cementation effect is completely destroyed
(DelJong et al., 2010). It was reported that the strength of
biocemented sands is also influenced by factors including the
density states of original soils, particle sizes and confining
pressures (Chou et al., 2011; Cui et al., 2017; Feng and Montoya,
2016; Zamani and Montoya, 2018). The mechanical behaviour
and liquefaction responses of biocemented soil under dynamic
load are also of great interest (Cheng et al., 2013; Han et al.,
2016; Montaya et al., 2013; Sasaki and Kuwano, 2016). In cyclic
triaxial tests, biocemented sand also has much higher strength
than untreated sand and the liquefaction susceptibility is basically
eliminated (Feng and Montoya, 2017; Han et al., 2016; Sasaki
and Kuwano, 2016). In shaking table tests, biocemented sand
manifests favourable responses compared with untreated sand by
showing lower excess pore pressure and smaller soil deformation.
It was reported by Montaya et al. (2013) that when the calcite
content was relatively high, soil ground could amplify the
acceleration in an earthquake event (Montaya et al., 2013).
However, in another study, it was reported that whether
acceleration increased or decreased in biocemented soil ground is
dependent on the magnitude and frequency of the acceleration
(Cheng et al., 2013).

The treatment methods of using biocement are different from
conventional soil improvement methods. For the treatment of sand
using biocement, the usual way is to have bacteria and
cementation solutions permeate sand. The reaction takes place,
and calcium carbonate forms along the flow path. Therefore,
the treatment outcome is affected by many factors, including
the amount and activity of bacteria, the composition of the
cementation solution or pore fluid, flow rate and direction and
the characteristics of porous media. The spatial distribution of
calcium carbonate and the related mechanical behaviour of soil
are strongly influenced by the distribution of bacteria and their
activities (Harkes et al., 2010; Martinez et al., 2013). In the study
of Harkes et al. (2010), water with various salinities was used to
adjust the distribution of bacteria in soils in order to obtain
relatively uniformly distributed calcite throughout the soil, as the
mobility of bacteria in soil is strongly affected by the salinity of
pore water. With the same amount of calcium carbonate produced,
cementation solutions with lower concentrations lead to more
uniformly distributed calcite and thus have better treatment effects
in terms of strength improvement (Al Qabany and Soga, 2013;
Al Qabany et al., 2012). Reducing the molar ratio of urea to
calcium leads to less production of ammonia, which is a by-
product of the ureolysis process (Martinez et al., 2013). Flow
rates, directions and patterns can be regulated to optimise the
treatment effects. The uniformity of calcite precipitation can be
enhanced by discontinuous flow with the cementation solution
retained in soil for some time or by changing flow directions in
the treatment process (Martinez et al., 2013). Keeping soil in the
unsaturated state during the treatment process also facilitates a
better treatment effect in terms of strength improvement, because
calcium carbonate tends to form at the particle contacts (Cheng
et al., 2012; Simatupang and Okamura, 2017). Treatment effects
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and quality are also influenced by many other factors, including
availability, temperature, flushing, oil
contamination and freeze—thaw cycling (Cheng et al., 2017; Chu
et al., 2014; Jiang et al., 2016). Attempts have been made on the
development of different biocement application techniques so as

oxygen rainwater

to improve treatment quality (Cheng and Shahin, 2016; Chu et al.,
2015; Mahawish et al., 2016). Biocement has been tested for the
treatment of clay or silt soils (Ivanov et al., 2015; Li, 2015; Li
et al., 2016; Soon et al., 2014). The voids in clay and silt soils
are too small to allow the transport of bacteria inside. Thus, the
bulk treatment of clay and silt soils is difficult. Some studies
suggest that this difficulty can be overcome by fully mixing soil
and bacteria together (Delong et al., 2013; Li, 2015). However,
soil mixing requires special equipment that is relatively expensive
to be used at large scale. Other options for the treatment of clay or
silt may involve the use of the enzyme urease or the stimulation
of indigenous bacteria (Gomez et al., 2017, Hamdan and
Kavazanjian, 2016; Jiang et al., 2016; Neupane et al., 2013,
2015a; Zhao et al., 2014). On the other hand, there are also data
showing that the biocementation effect achieved through mixing
soil with bacterial enzyme is significantly lower than that through
injection (Almajed et al., 2018).

Biocement is suitable for the improvement of sandy soil ground
with relatively high permeability. The treatment process causes
much less disturbance to the ground, compared with conventional
cement-based ground improvement Therefore,
biocementation methods can be used for the treatment of grounds

methods.

beneath existing buildings and structures and grounds with buried
structures and pipelines. One of the field experiments on the
stabilisation of the boreholes in gravel ground was reported by
van Paassen (2011). The treatment volume was 1000 m>, and the
treatment depth was from 3 to 20 m. Bacteria and cementation
solutions were injected into the wells on one side of the ground
and extracted from the wells on the other side. The ground
monitoring and investigation showed that the treatment was
successful.

Seepage control in soils and rocks

Biogeotechnologies can be used for seepage control in soils and
rocks. The microbial processes mentioned in the section headed
‘Microbial effects’ including biocement, microbial desaturation
and biofilm can all serve as measures to reduce the permeability
and control water seepage. For the biocementation method, the
permeability of biocemented sand in relation to the calcite content
summarised from previous studies is presented in Figure 4
(Al Qabany and Soga, 2013; Chu et al., 2013; Li, 2015; Whiffin
et al., 2007). The concentrations of treatment solution (urea) used
in these studies were in the range 0-5—1-5 M. The mean sizes Dsq
of the sand were in the range 0-165-0-420 mm. It can be seen that
the permeability shows a sharp decrease when the calcite content
increases from 0 to around 2%. Beyond this range, the variation
in permeability in relation to calcite content was moderate.
Permeability could be reduced to a minimum value of around 1 x
10 ®m/s at 15% calcite content, or about two order-of-magnitude
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Figure 4. Relationship between the permeability and the calcium
carbonate content of uniform MICP-treated sand in previous
studies (the urea concentrations in the treatment solutions range
from 0-5 to 1-5 M; the mean sizes Dsq of the sand range from
0:165 to 0-420 mm) (Al Qabany and Soga, 2013; Chu et al.,
2013; Li, 2015; Whiffin et al., 2007)

reduction compared with untreated sand. Biofilm consisting
primarily of EPS can significantly reduce the permeability of
porous materials and can be used for seepage control in soils.
Experimental data indicate that the permeability of sand reduces
from 107 to 10 °m/s with the formation of biofilm inside the
sand pores (Ivanov and Chu, 2008). In a field experiment, the
leakage volume in an earth dike reduced by around one order of
magnitude through the biofilm method (Blauw et al., 2009). The
permeability of soil can be reduced by reducing the saturation
degree through induction of gas bubbles in soil pores. It is shown
by Chu et al. (2009a) that by reducing the saturation degree of
sand from 100 to 82% permeability can be reduced by a factor
of 3. The biocement-based grouting method can be applied to
control water seepage or contaminant migration through rock
fractures (Cuthbert et al., 2013; Lambert et al., 2010; Phillips
et al., 2013). An experimental study showed that by repairing
rock cracks by using biocement, permeability could be reduced by
two to four orders of magnitude; after the repair, the strength of
the rock was even higher than the intact rock without any cracks
inside (Phillips et al., 2013).

Bioclogging effects have many potential applications, including
seepage control in earth dams and dikes, prevention of leakage in
reservoirs and seepage control during excavations (Chu et al.,
2013; Cuthbert et al., 2013; James et al., 2000; Lambert et al.,
2010; Phillips et al., 2013; Seki et al., 1998). In the construction
or remediation of reservoirs and water channels, microbial
treatment materials can be applied directly to the surface soil for
the formation of an impermeable biocement layer (Chu er al.,
2012, 2013). For the remediation of earth dams and dikes,
treatments can be applied to the leakage locations; the formation
of a biocement curtain is also suitable to cut off the flow path in
dams and dikes (Chu et al., 2014). For the repair of cracks in

Downl oaded from http://ftp. nowpublishers.conljgere/article-pdf/6/2/ 144/ 2550513/ gere_18_00035. pdf by guest on 30 May 2026



Geotechnical Research
Volume 6 Issue GR2

Research advances and challenges in

biogeotechnologies
He, Chu, Gao and Liu

rocks and concretes, the grouting method is more suitable,
because of the fluid nature of biocement materials and the related
large treatment extent. Field experiments on bioclogging
techniques have been reported (Blauw et al., 2009; Cuthbert
et al., 2013; van Meurs et al., 2006). In one of the experiments in
Austria, nutrients were injected into the leakage location in a river
dike to stimulate the growth of biofilm in situ (Blauw et al.,
2009). The leakage rate was reduced by around one order of
magnitude after two passes of nutrient injections. In another
experiment, biocement was applied to fractured rocks to solve the
seepage problem in the rock (Cuthbert et al., 2013). The results
showed that the permeability was reduced within the treatment
range.

Mitigation of soil liquefaction through microbial
desaturation

Studies have revealed that the liquefaction resistance of saturated
sand can be enhanced by reducing its saturation degree, or
desaturation (He, 2013; Okamura and Soga, 2006; Tsukamoto
et al., 2002; Yang et al., 2004). Liquefaction countermeasures
based on this soil behaviour have been developed. The advantage
of these liquefaction countermeasures can potentially be more
cost-effective and easier to be implemented compared with
conventional soil improvement methods and the ureolysis-based
biocementation method. Laboratory investigations showed that,
by reducing the saturation degree by merely several percentages,
the undrained shear strength of originally saturated loose sand can
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be greatly enhanced under both quasi-static and cyclic loading
conditions (He and Chu, 2014; He et al., 2014; Okamura and
Soga, 2006; Tsukamoto ef al., 2002; Yang et al., 2004). In triaxial
consolidated undrained tests on the loose sand samples,
decreasing the saturation degree leads to a change in the
stress—strain behaviour from a strain-softening manner to a strain-
hardening manner, indicating the improvement of liquefaction
resistance (He and Chu, 2014; He et al., 2014). It was also shown
in shaking table tests that desaturated sand has much higher
liquefaction resistance than saturated sand (He er al., 2013).
Results of the shaking table tests on two sand samples, one
saturated sample and one desaturated sample with 90% saturation
degree, are comparatively presented in Figure 5. In the
desaturated sample, the excess pore water generation, the volume
change of soil and the subsidence of structure on the soil are all
greatly reduced compared with those in the saturated sample.

In order to reduce the degree of saturation of sand and improve its
liquefaction resistance, several techniques have been proposed
and tested, including the air injection method (Okamura et al.,
2011), the water electrolysis method (Yegian er al., 2007), the
chemical method (Eseller-Bayat et al., 2013) and the microbial
method (He, 2013). The advantages of using the denitrification-
based microbial method are the following: gas bubbles are
generated inside soil pores so that they can be more uniformly
distributed; the microbial process is relatively slow, so it can be

easily controlled; and the nitrogen gas produced in the
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denitrification process is physically and chemically stable so that
the gas bubbles can stay in soil grounds for a relatively long time.

Soil erosion control

Soils and earth structures are susceptible to erosion by winds or
hydraulic forces. Biocement can be used to control the soil
erosion or suppress dust pollution (Bang et al., 2011; Hamdan
and Kavazanjian, 2016; Jiang et al., 2014; Maryam, 2014). Earth
dikes can be easily destroyed by overtopping erosion during
flood. If earth dikes are coated by a layer of biocement crust that
is resistance to overtopping, erosion can be enhanced. A model
test is shown in Figure 6 (Maryam, 2014). The earth dike
received biocement treatment on the surface six times. The
distribution of calcite from the surface down is shown in Figure
6(b). Calcite mainly existed in the 3 cm deep range. The treated
dike model underwent overtopping erosion in a hydraulic flume
for 30 d, and it remained stable. Dust from construction sites can
cause serious air pollution. Thanks to the fluid nature of the
treatment materials used, biocement and biofilm can be easily
applied onto soil surfaces to control surface erosion (DelJong et
al., 2013; Ham et al., 2018). Piping erosion is a form of seepage-
induced erosion where smaller particles in soil are taken away
through larger soil pores and the remaining soil collapses. It was
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Figure 6. Biocemented dike model under water erosion: (a) model
test; (b) calcium carbonate content along the depth
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shown that the susceptibility to piping erosion of soils could be
greatly reduced by biocement treatment (Jiang and Soga, 2017,
Jiang et al., 2014, 2017).

Remediation of contaminated ground

Another potential application area of biogeotechnologies is the
remediation of contaminated ground. As mentioned earlier in the
paper, microbial processes can produce bioclogging effects, which
can be adopted to control the migration of contaminants into the
ground (Babu and Mastan, 2008; Mani and Chitranjan, 2014;
Tang et al., 2018). Furthermore, biocement has been studied for
the stabilisation of heavy metals in contaminated soil grounds.
Through the treatment of biocement, carbonate salts of heavy
metals can be precipitated and stabilised. In laboratory studies,
metals that can be fully or partly stabilised by biocement involve
nickel, copper, lead, cobalt, zinc and cadmium (Li et al., 2013a,
2013b; Lu et al., 2012; Qian et al., 2011; Wang et al., 2007). The
treatment efficiencies ranged from 50 to 99% in these studies.
Factors affecting the treatment effects involve concentrations of
metals, pH value and temperature (Xu et al, 2012, 2013).
Relatively high concentrations of metals can inhibit the activity of
bacteria and thus slow down the reaction process, but the reaction
process can still proceed at a slow but acceptable rate. In weak
acidic environments (5 < pH < 7), the activity of bacteria is low
but usable; when pH < 5, the activity is too low and contaminated
soils can be neutralised prior to biocement treatment. The activity
of bacteria increases with temperature, and the activity is
acceptable at a temperature as low as 15°C. In a field experiment,
urea and molasses were injected into a soil ground polluted by
strontium-90 in order to stabilise the heavy metal (Fujita et al.,
2010). The injection of molasses was done to stimulate the activity
of native bacteria. The treatment solution was circulated through
injection and extraction wells. Bacterial activity and heavy metal
precipitation were detected in the ground. In another field
experiment, biocement solution was sprayed onto the surface of a
contaminated ground to stabilise the heavy metal in the top 20 cm
of soil (Xu et al., 2013). It was found that exchangeable-form
heavy metals were reduced by 61%. In addition to bioclogging
and biostabilisation, bacteria and other microorganisms such as
fungi and algae have versatile applications in geoenvironmental
engineering including biodegradation of contaminants and
biodesorption of attached materials in soils (Babu and Mastan,
2008; Mani and Chitranjan, 2014; Tang et al., 2018).

Other applications

Biogeotechnologies also have many other potential applications,
as proposed in previous studies. These potential applications
involve carbon dioxide sequestration in shallow soil (Manning,
2008) and deep ground (Delong et al., 2013), enhancement of
soil oil exploitation rate (DeJong et al., 2013) and so on. In
addition, some waste and recycled materials can be used as raw
materials for biocement. For example, the calcium source and
nutrients for the cultivation of bacteria can be obtained from
industrial, agricultural and domestic waste materials (Choi et al.,
2016; Chu et al., 2009b, 2014; DeJong et al., 2013).

Downl oaded from http://ftp. nowpublishers.conljgere/article-pdf/6/2/ 144/ 2550513/ gere_18_00035. pdf by guest on 30 May 2026



Geotechnical Research
Volume 6 Issue GR2

Research advances and challenges in
biogeotechnologies
He, Chu, Gao and Liu

Problems and challenges

Field implementation methods

Biocement and other materials used in the biogeotechnologies are
usually in a liquid form that contains bacterial suspensions and
treatment solutions. This feature can bring many advantages. For
shallow or surface treatment of soil, biocement materials can
simply be sprayed or poured on the surface of soil. For deep or
bulk soil treatment, treatment materials can be injected into the
wells on one side of the treated ground and extracted from the
wells on the other side, so that microbial reactions take place in
the soil ground (van Paassen, 2011). This means that field
implementation does not cause major ground disturbance and
the construction cost can be reduced. Furthermore, the
biotechnologies can be used for the treatment of soil grounds
under existing buildings and structures. On the other hand, the
fluid nature of treatment materials may also cause difficulties.
The treatment effect throughout the ground is often non-uniform.
The uniformity of the treatment effect is governed by many
factors which are not easy to control during the treatment process,
as mentioned in the section headed ‘Soil strengthening’.
Biocement treatment is also difficult to use for fine-grained soil,
as discussed before. In natural ground conditions, soil particles
with different sizes are often mixed. Unless the permeability of
the soil is greater than 10> m/s, percolation or injection methods
may not be effective and soil mixing may have to be used
(Delong et al., 2013; Li, 2015). Other options involve using
purified enzymes a size smaller than that of live bacteria or
cultivating and using native bacteria (Gomez et al., 2017;
Hamdan and Kavazanjian, 2016; Jiang et al., 2016; Neupane
et al., 2013, 2015a; Zhao et al., 2014).

At present, in most of the studies, the cultivation of bacteria
requires high-purity chemical reagents and special laboratory
equipment for aseptic operations, which can be hardly applied to
large-scale practices. Therefore, efforts can be made in future
studies on the development of economical and technically reliable
methods for the cultivation of microorganisms. For example, by
using a special medium and controlling some environment factors
during the cultivation, ureolytic bacteria can be cultivated in a
chemostat and an open condition, which greatly reduce the cost
and improve the bacterial production rate (Cheng and Cord-
Ruwisch, 2013).

Monitoring and investigations

In any project using microbial methods for soil improvement,
field monitoring should be carried out to ensure treatment quality.
Geophysical methods are suitable for monitoring and
investigations. Shear or compressive wave velocities obtained
from geophysical investigations can be used to obtain shear and
bulk moduli, which are reflections of cementation effects and
degree of saturation of soils, respectively (Tsukamoto ez al., 2002;
van Paassen et al., 2010a). Electrical conductivity can also be
measured by geophysical methods. Electrical conductivity is a
good indication of the progresses of microbial ureolysis and

denitrification processes due to the changes in the ionic
concentrations during the reaction processes (van Paassen, 2011).
Tracer methods can be used to detect the water flow in the
microbial treatment processes and to evaluate the quality of
bioclogging effects (Lambert et al., 2010). In addition to these
new monitoring and investigation methods, conventional ground
investigation and sampling methods in geotechnical and
environmental engineering can also be adopted for the evaluation
of the microbial treatment effects.

Environmental impacts

One major environmental concern is the production of hazardous
and toxic matter, such as ammonia produced from the ureolytic
process. The amount of ammonia can be reduced by adjusting the
urea—calcium chloride ratio in the biocement solutions. The
amount of ammonia gas can be eliminated through the use of
low-pH solutions. Nevertheless, the potential environmental risks
of ammonia should be evaluated and monitored in field
implementation. If necessary, the ammonia produced should be
collected and treated on-site. An alternative to avoid the
production of ammonia is to use the denitrification-based
biocementation method (O’Donnell et al., 2017a, 2017b; van
Paassen et al., 2010b). However, the biocementation effect using
the denitrification process is not as efficient as the ureolysis-based
biocement at the moment. Furthermore, nitrite, an intermediate in
the microbial denitrification process, is also toxic and can
potentially cause pollution to soil grounds and underground water.

Another environmental concern is whether the microorganisms
are non-pathogenic and non-hazardous to humans and the
environment. This issue can be addressed by several solutions.
First, microorganisms used in microbial methods can be obtained
from microbial culture collection agents, such as the American
Type Culture Collection in the USA and Deutsche Sammlung von
Mikroorganismen und Zellkulturen in Germany. The safety levels
and safe operation procedures of the microorganisms from these
agents are clearly stated. Second, if the microorganisms are
obtained from external environments, the isolated strains can be
genetically identified, and, thus, the safety levels can be analysed.
Third, for the microbial treatment of soil ground, microbial
activity can be obtained by stimulating the growth of native
bacteria, which causes less disturbance to soil environments
compared with introducing bacteria externally (Gomez et al.,
2017; Zhao, 2014).

Summary and conclusions

As an emerging research field, biogeotechnologies have made
significant advances in the past decade. In this paper, some
biogeotechnologies related to the use of microbes and various
geotechnical applications are summarised. The microbial effects
that can be utilised in geotechnical engineering involve
biocement, microbial desaturation, biofilm and so on. The
applications of biogeotechnologies involve soil strengthening,
seepage control, mitigation of soil liquefaction, soil erosion

control, remediation of contaminated ground and so on.
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Difficulties and problems in relation to the field implementation
methods, monitoring and
environmental impacts are also discussed.

investigation  techniques and

Microbial processes are far more complicated than physical and
chemical processes in general. This gives many difficulties to the
study and the adoption of biogeotechnologies. The microbial
processes are affected by many factors, so the control and
regulation of the microbial processes are difficult. Many
experimental results found in laboratories are hard to explain. In
related studies, the ureolysis-based biocementation method
receives most of research attention, while the studies on other
microbial processes and applications are still in the very early
stages. Therefore, it can be said that there are still many problems
to overcome before large-scale applications of biogeotechnologies
can be considered. As an interdisciplinary topic, the research and
development work demands collaboration between researchers
from geotechnical engineering and biotechnologies.
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