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Abstract: Global warming due to greenhouse gas emissions has led to record-breaking heat waves,
torrential rains and droughts on a global scale in recent years. For this reason, people around the
world are more keenly aware of the need to reduce greenhouse gas emissions. The construction
industry is one of these sources of greenhouse gas emissions. A lot of ground improvement techniques
have been developed and applied to improve the physical and mechanical properties of soil in order
to achieve stability improvement, ground settlement control, reinforcement, liquefaction prevention,
etc. These techniques use a lot of natural materials such as sand and crushed stone and industrial
products such as cement. In order to reduce their environmental impact and to economize these
techniques, many kinds of industrial waste and by-products have been beneficially used in many
types of ground improvement techniques. In response to the growing awareness of carbon neutrality
in recent years, it is necessary to further promote initiatives such as the beneficial use of the industrial
materials that have been used so far and the development of new materials and construction methods
to reduce carbon dioxide emissions. It is expected that various biomass materials will be applied in
ground improvement techniques to enhance “negative emission technology”. In this paper, recent
developments and applications of certain sorts of environmentally friendly ground improvement
techniques, soil densification techniques and soil stabilization techniques are briefly introduced. It
is to be expected that these will be further developed and applied to contribute to the reduction in
carbon dioxide emissions.

Keywords: ground improvement techniques; carbon dioxide; case history

1. Introduction

The Earth’s average surface temperature has shown unusually rapid increases over
the past century, primarily due to the greenhouse gases released as people burn fossil
fuels. Greenhouse gases, including not only carbon dioxide (CO2) but also methane (CH4),
dinitrogen monoxide (N2O) and chlorofluorocarbon (CCl3F) gases, accounted for about
50,000 million tons of CO2 globally in 2018, and 1240 million tons in Japan [1]. This global
warming has led to record-breaking heat waves, torrential rains and droughts on a global
scale in recent years. For this reason, people around the world are more keenly aware of
the need to reduce greenhouse gas emissions.

The construction industry is one of these sources of greenhouse gas emissions, and
accounts for about 43% of Japan’s carbon dioxide (CO2) emissions. Since cement, one of the
most frequently used materials in construction, is a relatively inexpensive, mass-produced,
safe and durable material, it has been used in building and infrastructure for more than
100 years. It is made of limestone, which contains a large amount of carbon dioxide. In
the cement manufacturing process, a large amount of carbon dioxide is emitted during the
firing of the limestone. More than 30% of Japan’s carbon dioxide is emitted in the entire
course of construction works during the production of cement and concrete in Japan.

A lot of ground improvement techniques have been developed and applied to improve
the physical and mechanical properties of soil to achieve stability improvement, ground
settlement control, reinforcement, liquefaction prevention, etc. These techniques use a lot of
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natural materials such as sand and crushed stone and industrial products such as cement.
In order to reduce the environmental impact and to economize the techniques, many kinds
of industrial waste and by-products have been beneficially used in many types of ground
improvement techniques since the 1980s. At that time, they were not recognized as having
contributed to CO2 reduction. In response to the growing awareness of carbon neutrality
in recent years, it is necessary to further promote initiatives such as the beneficial use of the
industrial waste and by-products that have been in use so far and the development of new
materials and construction methods to reduce CO2 emission.

In this paper, recent developments in and applications of environmentally friendly
ground improvement techniques are briefly introduced.

2. The Classification and Historical Development of Ground Improvement Techniques

When any type of infrastructure is constructed and soft soil is encountered, over an
area, high levels of ground settlement and problems of stability failure and liquefaction
are anticipated. Many types of ground improvement techniques have been developed and
applied to many infrastructures as a countermeasure to these problems. Figure 1 shows the
historical evolution of major ground improvement methods and the historical transactions
in the field of geotechnical subjects in Japan [2]. Historically, a major geotechnical subject
was the “stability problem” in the 1940s and the 1950s. It is not an exaggeration to say that
the stability problem was the only issue that could be dealt with at that time due to insuffi-
cient development in geotechnical engineering and construction machinery. Replacement
methods were frequently applied for stability problems, where the soft clayey soil stratum
was entirely or partially excavated and replaced by sandy material prior to construction of
the superstructure. After the development of consolidation theories in the 1940s, “ground
settlement” became one of the main geotechnical subjects of discussion, together with
the stability problem in the 1950s. In order to accelerate the consolidation process and to
reduce the residual settlement, several improvement methods, which may be categorized
into “consolidation”, were developed in the 1950s and the 1960s. Among them, the sand
drain method was first applied at Nagasaki Port in 1952, which was followed by several
applications in the 1950s to the 1960s. In order for ground settlement and deformation
control to be applied, several densification methods were developed in the 1950s and the
1960s. In 1956, the first type of sand compaction pile (SCP) machine with a hammering
device was developed in Japan for the densification of sandy ground (Figure 2). After
various developments in machinery, the SCP method with a vibro-hammer was developed
in 1959. Following its successful application to marine clay deposits, the SCP method has
been applied not only to sandy ground but also to clay ground in many marine as well
as on-land construction projects [3]. After the Niigata Earthquake in 1964, the dynamic
behavior and liquefaction of sandy soil became one of the key issues in the field of geotech-
nical engineering. A lot of research efforts have been carried out on the dynamic properties
of soil and countermeasures for liquefaction since then. In the period of rapid economic
growth in the 1970s, the introduction of soil admixture stabilization was desirable for a
rapid strength gain and high stiffness. In the 1970s, the deep mixing method (DMM), one
of the in situ soil admixture techniques, was developed and put into practice (Figure 3).
Due to the rapid strength increase of the soil, the DMM has been frequently applied to
improve many kinds of foundation in marine and on-land construction [4]. In the 1970s
and the 1980s, soil and groundwater contamination became one of the most pressing social
problems. Since then, the management of waste landfill and contaminated sites has been a
serious concern for those working in the discipline of geotechnical and geo-environmental
engineering. This required the development of new ground improvement techniques
to construct impermeable barriers for disposal sites and the enhanced beneficial use of
dredged soft soil, subsoil and industrial waste, and also of any by-products. Many soil
admixture stabilization techniques, such as the liquefied soil method, the light-weight soil
method [5] and the pneumatic flow mixing method (ref. [6]) were developed and put into
practice in the 1990s and the 2000s.
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Many kinds of industrial waste materials and by-products have been beneficially used
in many types of improved ground methods since the 1990s. In response to the growing
awareness of carbon neutrality in recent years, it is necessary to further promote initiatives,
and these include the use of materials with a low carbon footprint, the underground em-
bedding of materials emitting carbon dioxide, the reduction in the amount of construction
material used and the consequent reduction in the amount of construction energy used.
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3. Recent Developments in and Application of Environmentally Friendly Ground
Improvement Techniques
3.1. Soil Densification Techniques

(1) Use of industry waste

The sand compaction pile method (SCP) is one of the densification techniques, in
which many compacted sand piles are constructed in the ground to improve stability, for
reducing ground settlement, and for preventing liquefaction [3]. Sand has been used in
this method, but since the 1990s, many types of granular materials, including construction
by-products such as slag [7], granular coal fly ash [8] and granular stabilized soil [9], have
been beneficially used in this method. By promoting the beneficial use of these materials,
these methods can provide a reduction in natural materials that can produce CO2 emission.

(2) Discharge of biochar into the ground together with granular material

Recently, a new type of SCP method has been developed to achieve carbon dioxide
reduction, in which biomass is discharged into the ground together with sand [10,11].
The sand is expected to increase the strength of the compacted pile, and the biomass is
expected to store CO2 in the ground. Since the amount of carbon dioxide stored in the
ground is overwhelmingly larger than the CO2 emitted in ground improvement work,
this new technology can be described as being a “negative emission technology”. A field
test revealed the high applicability of the biomass material, bamboo chips, in which the
strength and shape were confirmed to be equivalent to those of conventional sand piles
(Figures 4 and 5 [11]). In the SCP method, a total of 5 kg CO2 per m3 of improved ground
is emitted in construction when natural sand is used. In this new SCP method, however,
carbon dioxide can be stored in the ground and the amount of CO2 emission can be
decreased to −20 kg CO2 due to a larger amount of stored CO2 than the amount that was
emitted during construction.
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3.2. Soil Admixture Stabilization Techniques

Many soil admixture stabilization techniques have been developed and applied in
many infrastructures since the 1970s due to their many benefits, such as rapid strength
gain, wide applicability to many types of soil material, etc. In these techniques, cement is
one of the materials most frequently used as a binder. However, about 800 kg of CO2 is
emitted during the manufacturing 1 ton of cement, and the energy consumption related
to cement material and cement production is about 4% of the total CO2 consumption in
Japan. In cases where 200 kg cement per m3 soil is used for stabilization, 160 kg of CO2 is
emitted. As the soil volumes to be stabilized are large in general, with the result that CO2
emission should also be large, it is desirable to use new types of binder that can reduce
CO2 emission.

(1) Use of materials with a low carbon footprint

One of the new binders is high-furnace-slag cement [12,13], which replaces the ordi-
nary Portland cement (OPC) content to 30% with CaO and to 10% with SiO2 to compensate
for the hydration reaction induced by the OPC. This new cement can reduce CO2 emission
by 30% compared to OPC and 50% compared to furnace-slag cement type B. This cement
has been applied to the shallow mixing method and the deep mixing method, in which
the amount of CO2 emission can be reduced by about 51%, about 78 kg/m3 to 40 kg/m3,
respectively.

The other new material is calcia, one of the by-products of the steel slag convertor.
The calcia material is composed of calcia as the mother material, has a controlled chem-
ical composition and is graduated. The calcia material can achieve a strength gain to
about 200 kN/m2 through the dewatering effect and the calcium hydration effect. It has
been applied to stabilize dredged soft soil for backfilling, shallow stabilization and land
reclamation [14,15].

(2) Mixing of biochar in the ground together with chemical binder

Recently, a new ground improvement method has been developed in which molten
slag and biochar, as well as cement, are mixed with soil in situ [16–18]. The molten slag
is produced by incinerating ash melted at a high temperature and cooled down, which
is expected to improve the soil properties of clayey soil and can then reduce the required
amount of cement for stabilization. The Japanese Industrial Standards (JIS) specified the
quality and environmental safety requirements of the molten slag in 2006 to promote its
utilization in civil engineering work and to prevent adverse impacts on the environment.
Biochar is a material carbonized by the incomplete combustion of biomass raw materials,
and functions to aid in the storage of carbon dioxide in the ground. By increasing the
amount of biochar mixed, it is expected that carbon negativity will be achieved, in which
the sum of CO2 emission reductions and fixed amounts exceeds the emissions, which can
bring about a sort of decarbonized ground improvement method. In construction, molten
slag, biochar and cement are spread on the ground and mixed and compacted to build
a stiff, shallow layer (Figure 6 [17]). The amounts of molten slag and biochar are 550 to
1750 kg/m3 and 10 to 30 kg/m3, which can reduce the amount of cement that needs to be
used to about 60% of the cement used in the existing methods, as shown in Figure 7.

(3) Beneficial use of spoil

Another method is to reduce and beneficially use spoil, which can reduce the required
amount of binder and reduce the construction energy used. A large amount of cement slurry
is usually injected into the ground using soil admixture stabilization techniques. Cement
slurry with a low water-to-cement ratio is preferable for strength increase. However, this
leads to less fluidity of the slurry, which requires high-capacity pumping machinery to
inject it into the ground. Several techniques have been developed to maintain high fluidity
of the cement slurry with a low water-to-cement ratio, in which chemical additives are
mixed with the slurry [19].
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Another method is the injection of an air bubble together with the cement slurry. The
air bubble functions as a sort of ball bearing to increase the fluidity of the cement slurry The
amount of cement slurry required can be reduced to achieve design strength, which can
help to reduce the amount of cement, and the amount of energy used for cement production
and transportation [20].

In the case of DMM, particularly the jet grouting method (Figure 8), a large amount of
spoil, a mixture of in situ soil and cement slurry, flows out to the ground surface during
construction. It is usually transported to a disposal site for dumping, which requires a
lot of energy. In order to reduce the volume of spoil to be dumped, a new DMM is being
developed in which the spoil is dissolved, separated and classified, and the soil particles in
the fluid are used as mixing material, after adjusting its particle size distribution [21].Appl. Sci. 2023, 13, x FOR PEER REVIEW 7 of 9 
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(4) Reduction in stabilized soil volume

Grid-type DM-improved ground is often applied for liquefaction mitigation [22]. In a
single stroke of the deep mixing procedure, circular-shaped columns are constructed and
they are overlapped together to create walls in a grid shape to improved the piece of the
label, as shown in Figure 9. In the case of the jet grouting technique, the circular-shaped
column is constructed by injecting high-pressure binder slurry, and its column diameter is
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controlled by the air pressure and rotation speed of the mixing shaft; a low rotation speed
creates a large-diameter column in the jet grouting method, and usually, they are kept
constant to create a circular column shape. It is desirable to construct a rectangular-shaped
column rather than a circular-shaped column for economic reasons. In the new jet grouting
methods, the rotation speed of the shaft is controlled and changed to create an improved
rectangular shape on the ground, as shown in Figure 10 [23–26].
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(5) Reduction in CO2 emission during execution

Another effort has been made to reduce CO2 emission by reducing the energy used
in ground improvement works. The deep mixing method, for example, requires a large
amount of energy to bring about the movement of mixing tools and the rotation of each
mixing tool, and for producing cement slurry and pumping it into the ground. In order
to reduce the construction energy expended, a new DM vessel was developed, as shown
in Figure 11, which distributes the energy of an electric generator by installing a multiple-
diesel engine; this transfers the generated energy through the downward movement of
mixing tools, and beneficially uses exhaust heat in generating energy for air conditioning,
and generates energy via solar power and wind turbines [27,28].
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4. Concluding Remarks

In response to natural disasters such as earthquakes and landslides, many ground
improvement techniques have been developed and applied to improve the physical and
mechanical properties of soil to achieve stability improvement, ground settlement control,
reinforcement, liquefaction prevention, etc. These techniques use a lot of natural materials
and industrial products. In order to reduce the environmental impact and the costs of
these methods, many kinds of industrial waste and by-products have been beneficially
used in many types of improved ground methods. In response to the growing awareness
of carbon neutrality in recent years, it is necessary to further promote initiatives such
as the beneficial use of industrial waste and by-products, and the development of new
materials and construction methods, to reduce CO2 emission. It is also expected that
various biomass materials will be used in the application of improved ground techniques
to enhance “negative emission technology”.

As the environmentally friendly ground improvement technologies introduced above
are often a little more expensive than conventional technologies, it is necessary to reduce
the costs of these techniques. On the other hand, society must also accept and share some
of the costs for environmental protection.

In this paper, some of the recently developed ground improvement techniques are
introduced briefly. It is to be expected that these will be further developed and applied to
contribute to the reduction in carbon dioxide emissions.
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