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Abstract: This study aims to investigate researchers’ interest in the topic of integrated life cycle
design in the context of geotechnical works (ground improvement and piling solutions). In the first
part, the authors conducted a literature review to assess the popularity of sustainable development
themes in research related to the aforementioned topics using the VOSviewer software. Several
main categories were then identified, such as environmental aspects, noise, vibrations, economic
aspects, process efficiency, and the most frequently addressed issues were highlighted for each
category. The conclusions drawn from the review were used to conduct a decision-making trial
and evaluation laboratory (DEMATEL) analysis to investigate the inter-relationships between the
identified factors and their impact on the implementation of integrated design principles in the
relevant technologies. Analysis carried out using the VOSviewer program revealed that publications
on ground improvement and piling solutions mainly focus on two thematic areas: design and the
broadly understood materials used in these methods. A more in-depth review confirms the scarcity of
publications addressing the technology selection process from a multi-aspect perspective, particularly
in terms of sustainable development criteria and the assessment/characterization of individual
technologies. This highlights a significant research gap. This study notes the promising potential
of new, green materials in sustainable geoengineering and the need for comprehensive tools to
assess their sustainability. It also acknowledges the potential cost savings offered by sustainable
technologies, while discussing the challenges in their adoption due to resistance to new technologies,
the lack of consistent emissions data, and the absence of uniform standards. These factors contribute
to difficulties in comparing and implementing sustainable solutions effectively.

Keywords: ground improvement; piling; integrated life cycle design; sustainability; decision-
making; DEMATEL

1. Introduction

Integrated design in geotechnical engineering is a key element of civil and geotech-
nical engineering aimed at providing a comprehensive approach to projects related to
soils and foundations. In today’s world, where the demand for new buildings and infras-
tructure is rapidly increasing, proper management and design in the geotechnical area
are extremely important. The drive to utilize previously deemed unsuitable areas for
construction purposes has led to the development of foundational technologies and ground
improvement solutions (GI) [1]. Unfortunately, in many countries, geotechnical concepts
with significantly different meanings still exist, which affects the feasibility of applying
various technologies.

A pile, according to ISO 6707-1:2017 [2], is defined as a “slender structural member,
substantially underground, intended to transmit forces into load-bearing strata below the
surface of the ground”. The classification of piles is shown in Figure 1.
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Figure 1. Pile classification. Own elaboration based on [3].

However, according to prEN 1997-3:202x [4], the ground improvement is defined
as “modification of the ground or its hydraulic conductivity in order to bring the effects
of actions within ultimate and serviceability requirements. Ground improvement can be
achieved by reducing or increasing hydraulic conductivity, binding, or densifying the
ground, filling voids, or creating inclusions in the ground” [5]. Several classifications of
subsoil improvement methods can be found in scientific studies. A frequently used one
is that from [6], which divides methods according to the materials used for reinforcement
purposes (Figure 2a). A new classification for the design of ground improvement methods
can be found in the draft standard [4] (Figure 2b).
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The range of options is so extensive that in many cases, it is possible to employ more
than one solution. Figure 3 illustrates an approximate area where, while maintaining
the same load range and without compromising functional design criteria, both ground
improvement and piling solutions can be used interchangeably [7].
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The diversity of solutions is evidenced by publications that include comparisons and
suggestions of alternative methods for specific projects. Examples of such comparisons are
presented in Table 1.

Table 1. Alternatives presented in publications. Own elaboration.

Project Analyzed/Proposed
Solutions Source Description of Methods

Building construction
project with problematic

ground conditions

• Piled Raft Foundations;
• Jet grouting—Figure 4a. [8] Jet Grouting: A method involving the disruption of

in situ soil using a high-speed fluid jet from a
slender nozzle on a monitor. In this process, the
disrupted soil mixes with an injected fluid, usually a
cement slurry, forming a blend that eventually
hardens. Depending on the injection method and the
number of fluids used, jet grouting is categorized
into three main systems: mono-fluid, bi-fluid, and
tri-fluid [9,10].
VR: A method involving the penetration of a
vibroflot to the designated depth, aided by water
jetting from the nose cone. Once the target depth is
reached, the water jetting is reduced, and the
vibroflot is gradually withdrawn, ensuring adequate
compaction at each depth. This process forms a
compacted ground zone around the insertion point,
with the optional addition of site-sourced sand to fill
any resulting depression. The extraction rate is
adjusted according to site conditions to achieve the
desired densification for the project [11].
DSM: This method involves inserting a mixing tool,
into the soil. Cement slurry flows from nozzles on
the tool, thoroughly mixing with the soil to create a
homogenous blend. The slurry composition is
tailored to achieve the desired soil properties.
Additionally, a dry version of this method is feasible
(without water) [12].

High-rise building

• Vibro compaction
(VR)—Figure 4b;

• Piles CFA.
[13]

Large residential and
commercial complex

• Deep soil mixing
(DSM)—Figure 4c;

• Piles CFA.
[13]

Residential multi-family
building with an

underground garage

• Piles CFA;
• Columns CFA. [14]

Iron ore storage facility

• Vibro stone columns in
combination with
pre-cast driven piles;

• Vibro stone columns, soil
stabilization,
prefabricated driven
piles;

• Vibro stone columns,
bored piles, barrier
bored piles.

[15]
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The selection among such a wide range of available methods can pose a challenge
which requires consideration of various factors, as emphasized by Gomes Correia et al.
in [17]. Onyelowe et al., in the paper [18], present an analysis of seven solutions for
slope stabilization. Criteria considered included cost, constructability, reliability, and
environmental impact.

To date, design has focused on functional and structural issues, with minimal capital
expenditure. Nowadays, integrated life cycle design (ILCD), which considers the principles
of sustainability, is becoming increasingly important [19].

Integrated life cycle design involves combining the various stages of design, such as
the design of materials, structural elements, and the entire building. During this process,
not only technical requirements but also economic efficiency, environmental impact, and
social aspects must be taken into account. The introduction of all these elements makes
the design of buildings a more complex and interdisciplinary process. The basis of this
approach is the division of the life cycle of a building into modules and the subsequent
evaluation of the design solutions on three successive levels. This makes the design
process three-dimensional, allowing for better consideration of the various factors and their
interactions (Figure 5).

The life cycle of a construction project includes stages such as the product stage, the
construction process stage, the use stage, and the end-of-life stage. In the context of foun-
dation piles and ground improvement techniques, the product stage and the construction
process stage are predominant. The use stage is typically non-existent or involves minimal
processes, and during the end-of-life stage, most underground structures usually remain
as an integral part of the ground. However, there are options for reuse, particularly in



Sustainability 2024, 16, 659 6 of 24

projects on demolition sites with existing underground infrastructure, where reuse can lead
to significant savings in terms of costs, construction time, and materials [20]. These include
replacing existing foundations with new ones (piles are re-drilled and re-concreted), reusing
existing foundations to bear some of the new load, or fully utilizing existing foundations
in new structures, especially when the load of the new building closely aligns with the
original [21].
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In summary, the following groups can be singled out as sources of environmentally
harmful emissions for ground improvement and pilings investments:

• Materials—all processes related to the production of materials needed in the construc-
tion process;

• Transport—the transport of, e.g., materials to the construction site (freight), equipment
(mobilization), and workers (transportation);

• Energy—related to the energy used on a construction site, e.g., fuel for construction
equipment, operation of construction facilities, etc.;

• Waste.

Decision-making according to the principles of integrated design involves complex
interactions between environmental, economic, and social aspects [22,23]. The need to take
them into account is emphasized by researchers [24–26] but also in the legal framework
of EU policy, among which are the European Green Deal (a set of policy initiatives from
the European Commission with the overarching goal of achieving climate neutrality in
Europe by 2050) [27] and the Fit for 55 package (specific legislation aimed at reducing
greenhouse gas emissions by at least 55% by 2030) [28]. The regulations being introduced
also affect the construction sector. They include the updating of existing regulations and
the introduction of new guidelines related to the energy efficiency of buildings, the use of
renewable raw materials, and GHGs emissions. As a result, participants in the building
process are required not only to adapt their activities to environmental requirements but
also to comply with new guidelines and re-strategies that shape technical standards. In turn,
this affects the entire dynamics of the construction industry, forcing innovative approaches,
new technologies, and more sustainable working methods. As a result, the sector can
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not only voluntarily undertake integrated development measures; they are becoming a
necessity.

In line with the idea of sustainable development, an initiative for green public procure-
ment [29] has emerged, i.e., where public entities integrate environmental criteria and/or
requirements into their procurement procedures. Such measures may contribute not only
to environmental protection but also to financial savings for contracting authorities, espe-
cially by taking into account the costs of products or services over their entire life cycle.
According to data for Poland [30] in 2021, the share of green public procurement in the
total number of public contracts was 1.5%, and its total value accounted for 4.1% of the
total value of public contracts awarded, which is still low.

The decision-making process can be divided into two stages: the first stage involves
the selection of technologies that can be applied based on specific ground/technical condi-
tions (e.g., soil type, soil parameters, depth, groundwater level), i.e., design criteria; the
subsequent step, and ultimately the choice of the final solution from the narrowed pool,
can be dependent on sustainable criteria. Within this group, the following aspects can be
distinguished [31]:

• Economic aspects (cost-effective, performance);
• Environmental aspects;
• Social aspects and requirements depending on the project location (noise, vibrations,

material availability, and trained personnel).

Although noise and vibration are often included in environmental categories, this
publication examines them separately to pay particular attention to their impact on the
comfort of residents or workers in the vicinity of the project. In addition to the introduction
of more environmentally friendly techniques, the reduction of noise and vibration during
construction work can help to reduce nuisance for residents and workers in the vicinity of
the site and improve working conditions on site.

Such a process can help in selecting the most sustainable solution [17]. For example, a
model was developed to assess the sustainability index of technically feasible reinforcement
alternatives for CFA piles [32].

The aim of this study is to investigate researchers’ interest in the topic of integrated
life cycle design in the context of ground improvement and piling methods. By analyzing
existing research, this study aims to comprehend the current state of knowledge, key areas
of investigation, and future trends in this field.

The paper consists of the following parts. A description of the research methodology
is presented in Section 2. Section 3.1 includes the results of a literature review assessing the
popularity of integrated design issues in research related to ground reinforcement methods
and piling techniques, utilizing the VOSviewer software. Section 3.2 presents an analysis of
the most frequently discussed issues in geotechnical engineering technologies, categorized
into areas such as environmental aspects, noise, vibrations, economic factors, and process
efficiency. Meanwhile, Section 3.3 contains a decision-making trial and evaluation labora-
tory (DEMATEL) analysis, evaluating the interrelations among identified factors and their
impact on the implementation of integrated design principles in these technologies, while
also identifying key determinants crucial for achieving sustainable development goals in
the studied area. A summary and discussion are presented in Section 4.

2. Materials and Methods

In the first part of the study, the VOSviewer software (version 1.6.19) [33] was used
to identify areas of research interest related to ground improvement and piling solutions.
This tool allows for the analysis of a large number of scientific publications to identify
patterns and trends in research. The software allows for the visualization and analysis of
data such as scientific articles, authors, affiliations, keywords, and citations [34]. In this
study, a concerted keyword analysis was performed based on the Web of Science Core
Collection (WoSCC) database. The WoSCC distinguishes itself in the realm of academic
databases by offering an expansive spectrum of data, making it a preferred choice among
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many [35]. The format of the WoSCC’s data is notably compatible with bibliometric tools,
facilitating direct analysis. Compatibility and breadth of data were key factors in selecting
WoSCC as the primary data source for this study, following a thorough comparative review
of outputs from several databases. The search was limited by the following parameters:

• Topic: “ground improvement” OR “soil improvement” OR “DSM” OR “jet grouting”
OR “piling” OR “piles”;

• Year published: 2013–2023;
• Web of Science Categories: Engineering, Civil.

For the given restrictions, 4897 articles were obtained. The datasets for this study
were compiled by extracting information in plain text format, including elements like
titles, authors, abstracts, and source from the articles. The study performs a keyword
co-occurrence analysis to identify common words or phrases across academic articles in
geotechnical engineering. It aims to reveal key research themes by creating a network
based on term frequency. Utilization of VOSviewer facilitates the generation of graphical
representations, elucidating the primary thematic concentrations within the field.

Then, using the same parameters, the number of publications focusing on specific
non-design criteria was analyzed, adding a restriction (in the topic group) relevant to the
aspect studied:

• Environment—“LCA” OR “life cycle assessment” OR “carbon footprint” OR “envi-
ronmental impact”, “sustainability”;

• Noise—“noise”;
• Vibration—“vibration”;
• Time-efficient—“time analysis” OR “construction time” OR “effective” OR “time

efficient”;
• Cost-effective—“LCC” OR “life cycle cost” OR “cost analysis” OR “cost” OR “cost-

effective”.

The selection of keywords was based on a previous preliminary literature review of
the areas under study.

The obtained research results were subjected to analysis in terms of issues related to the
topic of integrated design. The conclusions of the analysis were used to extract 16 factors,
which were used to develop the DEMATEL [36] analysis. The aim of this analysis was to
investigate the interrelationships between the identified factors and their impact on the
implementation of the principles of integrated design in the area related to geoengineering
technologies. This method is widely applied in the analysis of economic processes, as
well as environmental aspects [37–39]. DEMATEL analysis enables the determination of
causal relationships among the components of the system under consideration and the
resulting roles of individual elements within the system. To achieve this, it is necessary to
determine the direct influence of each element on the others within the considered system.
The network of all interconnections and interactions among the elements is referred to as
the structure of direct influence. Based on this, the structure of indirect influence (exerted
through other elements of the system) is determined, followed by the structure of total
influence, encompassing both direct and indirect influences of the elements.

To evaluate the relationships among the factors, a direct influence matrix Z (Equation
(1)) was formulated to determine the presence of influence and its direction. The assessment
employed the following impact scale: 0—no influence; 1—weak influence; 2—influence,
3—strong influence. The authors determined the strength of the impact by drawing on the
literature review and their own knowledge and observations.
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Z =
[
zij

]
n×n, (1)

where:

i, j = 1, 2, . . ., n;
n × n—matrix dimension.

Subsequently, the normalization of grade values and the establishment of the direct
influence matrix X (Equations (2) and (3)) were undertaken, followed by the computation
of the total influence matrix T (according to Equation (4)).

X =
Z
s

, (2)

s = max
(

max
1≤i≤n

∑n
j=1 zij, max

1≤i≤n
∑n

i=1 zij

)
, (3)

T = X(I − X)−1 , (4)

where:

s—scaling factor.

Based on the aforementioned matrices, the computation of vectors R and C (Equation
(6)) was performed, involving the summation of rows and columns from the total-influence
matrix tij.

R = [ri]n×1 =
[
∑n

j=1 tij

]
n×1

, (5)

C =
[
cj
]

1×n =
[
∑n

i=1 tij

]T

1×n
. (6)

The vectors mentioned above represent the components of “prominence” (R + C) and
“relation” (C − R), sequentially showcasing the magnitude of influences exerted by the
factor and the impact the factor imparts on the system [36].

3. Results
3.1. Main Research Areas on Ground Improvement and Piling Solutions: Keywords
Co-Occurrence Analysis

Figure 6 presents the results of an analysis conducted using VOSviewer. The analysis
revealed four main thematic clusters representing distinct areas of research. The first cluster,
depicted in green, focuses on the application of materials in ground improvement and
piling solutions, evident by the presence of terms such as “concrete”, “cement”, and “fly
ash”. The red and blue clusters primarily explore the design and behavior of structures in
the context of interactions with the ground, covering topics such as “numerical simulation”,
“local buckling”, “reliability”, “tests”, and “design”.

A significant conclusion drawn from the analysis is the absence of explicit keywords
indicating the presence of sustainable development themes, indicating a research gap in this
area. However, the presence of the term “performance” (yellow cluster) suggests a focus
on project optimization, leading to reduced investment costs and environmental impact.
Additionally, considering the widespread use of fly ash (green cluster) as a substitute
for cement to reduce emissions, it can be inferred that there is an interest in addressing
environmental impact reduction.
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3.2. Sustainable Development Criteria
3.2.1. Environmental

The environmental aspect is gaining increasing importance, especially in the context of
ground improvement works, which are an integral part of construction and infrastructure.
In particular, the issue of greenhouse gas emissions contributing to global warming has be-
come one of the priority aspects to consider. Statistics clearly indicate that the construction
sector is responsible for approximately 40% of total greenhouse gas emissions [40]. There-
fore, it is crucial not to overlook this issue in the context of such construction works [41].

Studies concentrate on cement substitutes, as well as the utilization of waste and
recycled materials or reinforcement modifications [42]. Among the new or “greener”
materials, the following groups can be distinguished:

• Portland cement substitutes: calcium sulfoaluminate (CSA) cement [43,44], bioce-
ment [45,46], fly ash (FA) [47], ground granulated blast furnace slag (GGBS) [48], and
bottom ash [49];

• Waste materials: xanthan gum [50], natural rubber latex [51], waste marble dust [52],
paper fibre from the cement bag [53], glass manufacturing waste (GMW) [54], recycled
construction sludge [55], bagasse ash, and stone dust [56];

• Recycled aggregate: brick, recycled concrete aggregate, sandstone, granite, limestone,
and marble [57,58].

The use of life cycle assessment (LCA) is recommended to accurately assess the
environmental impact. Within such studies, a comparative analysis of the environmental
impact and cost effectiveness of different alkali-activated binder (AAB) concrete mixes has
been carried out using industrial waste materials [59]. Increasing the amount of bottom
ash in the concrete mix relative to the amount of cement leads to a reduction in eCO2
emissions [60]. A comparison of different recycled aggregates showed that the carbon
footprint was highest for crushed brick and lowest for sandstone [57]. The addition of 0.5%
by dry mass of polypropylene fibers to the cutter soil mix (CSM) wall results in a reduction
in emissions compared to the CSM wall without fibers (reduction embodied carbon from
929 kgCO2e/m3 to 755 kgCO2e/m3) [61].
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Chang, in study [62], presents greenhouse gas (GHG) emissions for different projects.
However, the lack of presentation of the results per functional unit (different investments),
and the absence of an indication of the specific technologies used, makes it impossible to
clearly identify the least-emitting technology. Nevertheless, the data indicate the contri-
bution of individual emission sources for piles and ground improvement methods. For
the various investments where foundation piles were used, the largest share of the carbon
footprint is accounted for by GHG emissions related to the materials used. In contrast, for
ground improvement methods, the main source of GHG emissions was the energy used.
Similarly, a carbon footprint analysis conducted for piles showed that approximately 90%
of emissions are related to the materials used [63]. Based on LCA analysis conducted by
Lee and Basu, it was found that driven piles have a lower environmental impact compared
to drilled shafts [64].

A computational model was developed to assess the carbon footprint of precast
concrete piles during the construction phase. The GHG emissions from construction
machinery accounted for 73% of the total CO2e emissions during the construction of
precast concrete piles [65]. A comparison between ground improvement techniques and
CFA piles for two projects indicated that GI solutions (VR and DSM) lead to a significant
reduction in CO2e emissions (−16% for DSM) compared to the standard piling design [7].

To summarize the research on environmental aspects, the following can be concluded:

• There are limited comparative studies; the literature to date mainly focuses on the
analysis of individual materials used in the ground improvement process;

• Insufficient/partial LCA analysis;
• The literature currently focuses primarily on the carbon footprint; most analyses

concentrate on greenhouse gas emissions as the main indicator of environmental
impact; however, a more holistic approach that also takes into account other aspects,
such as water consumption, which is missing.

3.2.2. Noise

Noise generated during construction activities affects the natural environment, nearby
residents, users of other facilities, and workers involved in the construction project. Accord-
ing to the survey, about 41% of complaints from people living near construction sites relate
to noise and vibration caused by the operation of diesel hammers, and 17% of complaints
relate to the operation of jackhammers of drilling devices [66]. Noise assessment is pre-
scribed by law, e.g., the EU directive on the assessment and management of environmental
noise [67].

Some ground improvement solutions, particularly those based on driving piles into
the ground, generate significant noise emissions. Reference [66] presents average noise
levels for the following pile methods:

• Pile driving with diesel hammers—100–120 dB;
• Vibration loading of piles by vibration loaders and vibrohammering of piles with

vibrohammers—80–100 dB.

Many of the publications on construction noise focused on the development of meth-
ods to reduce the level of this factor. Examples of mitigation measures include the use of
damping materials or special pile designs such as double-shell pipe, which can reduce
noise by an average of 20 dB [68], or the use of alternative installation technologies such
as PHC (pretensioned spun high-strength concrete) screw piles [69] or the NB system [70].
PHC piles are inserted into the ground using the pile driving method, which involves
penetrating the soil by rotating and compressing the pile to minimize noise and vibration.
The NB system is a method of installing steel piles and cofferdams in an internal excavation
using vibrating equipment. The NB system increases the speed of pile installation because
the vibratory movement temporarily reduces the frictional resistance between the pile
surface and the surrounding soil. This is the method used in Japan.

Predictive models are particularly useful in forecasting noise levels as they allow
for the consideration of multiple influencing parameters, such as the equipment used,
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pile geometry, possible noise-reducing measures (e.g., avoiding multiple operations at the
same time), and variations in sound wave propagation depending on the medium [71].
Numerical models are being developed to predict noise and ground vibration in buildings
caused by pile driving [72].

A significant portion of the research focuses on the noise generated during underwater
construction, which is supported by numerous reports addressing this issue, e.g., [73–75].
Jiang et al. [68] have developed a model to predict the effect of pile driving noise on the
underwater environment. In contrast, noise mitigation measures in this context have been
described in [76,77]. This work does not focus on methods used in subsea investments, so
this aspect was not analyzed in more detail.

While many publications claim that a particular technology has low noise levels,
these figures are rarely supported by concrete on-site analyses. Despite the rather long
studies in reference [78], Kang et al. show that certain technologies that are described as
low-noise-emitting can produce noise levels that exceed the legal limits. It therefore seems
important to carry out such tests for the available technologies so that decision-makers
have the opportunity to take this criterion into account when choosing a particular solution.
Such analyses have been carried out for the PHC piles mentioned above [69]. The results
showed sound levels of 65.9 and 61.1 dB at 10 and 30 m from the source, respectively, and
a vibration level of 55.9 dB measured at 10 m distance. These values were all lower than
other low-noise and low-vibration pile construction methods.

In conclusion, noise during construction works is an important factor affecting the
environment, the comfort of residents and workers, and the quality of the investments
carried out. Studies show that many construction techniques, especially those based on
driving piles into the ground, generate significant noise emissions. Existing regulations
and predictive models help to assess and minimize the noise impact.

3.2.3. Vibration

Construction equipment and operations generate ground vibrations that can affect
nearby structures. The effects of vibration can manifest as the disruption of operating
conditions for sensitive equipment and processes, damage to nearby structures, and incon-
venience to residents [79,80].

Many researchers are carrying out work to develop predictive models or to determine
safe distances of the work being carried out from neighboring structures so that those
structures are not affected. Study [81] by Vytiniotis, Casey, and Sykora describes the
observation, measurement, and analysis of lateral ground displacement during the driving
of “displacement” piles in soft clays in East Baton Rouge, Louisiana. The piles were driven
in close proximity to a newly constructed concrete retaining wall. As a result of the analyses,
it was shown that pile driving, even at distances greater than 50 times their diameter, should
not be overlooked.

Liang et al., in study [82], confirmed the consistency of the vibration monitoring with
the results of earlier simulations. Their research also revealed that significant vibrations
affecting a nearby bridge occur within a distance of up to 50 m from the construction site.
The recommended minimum distance for conducting works depending on the structure is
provided in [83]:

• Buildings in sound construction—4 m;
• Buildings in poor condition—7 m;
• Buildings in very poor condition—15 m;
• Visibly damaged buildings—30 m.

Musir and Ghani, in [84], carried out a study on the effect of vibrations on a building,
considering the reference level inside the building, the distance, and the size of the pile.
The results indicate that vibrations have a greater effect on the lower floors of the building,
and that closer proximity to the construction site and smaller pile size result in higher
vibrations. The relationship between vibrations and distance was also investigated in the
study [85].
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Vibration monitoring was conducted for various technologies, including driving sheet
piles, Franki piles, and prefabricated piles. The results showed that in 95% of the cases,
the vibration levels were within the limits prescribed by the [86]. Similarly, in [87], studies
carried out by Vavrina and Windeln on precast reinforced concrete piles indicated that
vibrations did not exceed permissible standards. There are measures that can help to reduce
vibrations, such as reducing the drop height (to reduce the impact velocity), minimizing
the area of contact between the pile and the ground, and using pre-drilling techniques.

Summarizing the vibration aspect, the conclusions are similar to those concerning
noise. Emerging new technologies require additional studies and research so that decision-
makers can also take this aspect into account when making their choice.

3.2.4. Economic

Several strategies to reduce costs and improve the efficiency of projects have been
presented in the literature. Among the reviewed publications, many focus on project
modification using asymmetric reinforcement [42], the use of waste materials [60], or
the optimization of pile designs in terms of reinforcement, quantity, spacing, and/or
diameter [88–92].

The literature reviewed also include several studies that consider time–cost analysis,
such as risk analyses including time, cost, and quality throughout the project life cycle [93]
as well as a model incorporating time, cost, and quality aspects [94]. Mata, Silva, and Pinho,
in [95], proposed a risk-management methodology based on the probability of specific
events occurring, and their economic consequences were proposed, which are applicable to
drilled shafts.

Comparative analyses can also be found among the studies. For example, a comparison
between post-tensioned piles (PTPs) and reinforced concrete piles (RCP) showed that PTPs
were more economical in terms of resources, costs, and construction time [96]. The cost
of the piled foundation was compared with the piled raft foundation, resulting in a cost
reduction of 49.61% compared to the conventional design [97]. Another study focused
on the life cycle cost analysis (LCC) of landslide stabilization piles [98]. Among the cited
analyses, there is a predominant focus on piling techniques, with a few dealing with
ground improvement solutions, such as [99]. The aforementioned study evaluates various
options for the implementation of soil reinforcement during the remediation of a site for
the construction of a petrochemical plant on highly compressible ground. Among the
methodologies considered were the excavation of the clay layer and replacing it with sand
fill, deep soil mixing, jet grouting, prefabricated vertical drains (PVDs) with preload fill,
and sand drains with preload fill.

When analyzing the economic aspects in the field of geoengineering, there are several
important shortcomings. First, we need more comprehensive optimization analyses that
take into account different ground reinforcement techniques. Second, life-cycle analyses
are becoming increasingly popular, but there is still a need for in-depth research on their
application to the project. New technologies represent another area which is lacking
in the research, especially in terms of their impact on project costs and efficiency. Cost
comparisons between different regions and the analysis of the long-term costs of innovation
are some other important areas for further research.

3.2.5. Summary

Table 2 summarizes the research and analysis carried out for the different ground
improvement methods depending on the criterion examined.
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Table 2. Summary of the research carried out for ground improvement methods and piling by
different analysis criteria. Own elaboration.

Criterion Number of
Publications Pile Ground Improvement

Environment

Materials

81

Carbon footprint for CFA
piles [7], prestressed pipe pile

[63], precast concrete piles
[65], different pile investment
(no indication of technology)
[62], LCA for driven piles and

drilled shafts [64]

Carbon footprint for VR [7],
DSM [7], CSM wall [61],
different investment (no

indication of technology) [62],
granular pile [57]

Transport

Carbon footprint for CFA
piles [7] prestressed pipe pile

[63], precast concrete piles
[65], different pile

investments (no indication of
technology) [62]

Carbon footprint for VR [7],
DSM [7], different

investments (no indication of
technology) [62]

Energy

Carbon footprint for CFA
piles [7], prestressed pipe pile

[63], precast concrete piles
[65], LCA for driven piles and

drilled shafts [64]

Carbon footprint for VR [7],
DSM [7], different

investments (no indication of
technology) [62]

Waste Carbon footprint for CFA
piles [7]

Carbon footprint for VR [7],
DSM [7]

Noise 54

Pile driving with diesel
hammers—100–120 dB [66];
vibration loading of piles by

vibration loaders and
vibrohammering of piles with

vibrohammers—80–100 dB
[66]; earth auger ≈80 dB [78]

–

Vibration 233

The most-frequent vibration
frequencies for driving sheet
piles—25–30 Hz [86]; Franki
pile driver—25–30 Hz [86];

prefabricated pile
driver—more diverse [86]

The most-frequent vibration
frequencies for pulse
substrate compaction

technology—5–25 Hz [86]

Time-efficient/Cost-effective 581/355
Reinforced concrete piles [96],

post-tensioned piles [96],
piled raft foundation [97]

Excavation and replacement
[99], DSM [99], jet grouting
[99], vibrocompaction [99],
deep dynamic compaction

[99]

3.3. DEMATEL Analysis

Table 3 presents the criteria utilized in the DEMATEL analysis along with brief expla-
nations.

The cause-and-effect diagram shown is in Figure 7, and the influence relationship map
is shown in Figure 8. The relationships between the factors, as well as the magnitude of
the relationship, can be found in the direct influence matrix (Appendix A). The values of
“Prominence” (R + C) and the “Relation” (C − R) are shown in Table 4.
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Table 3. The criteria utilized in the DEMATEL analysis. Own elaboration.

Id. Name Description

1
A large number of potential

technologies available for
utilization

The contemporary geotechnical sector encompasses an extensive spectrum of
technologies, from a variety of foundation piles to an array of ground improvement
methods. The significant proportion of these technologies offer the capability of
interchangeable application, thereby affording considerable versatility in addressing a
broad range of geotechnical engineering challenges [7].

2
New technologies based on

the use of eco-friendly
materials

New technologies in geotechnical engineering are increasingly incorporating eco-friendly
materials [100]. Studies in this field are focusing on developing alternatives to traditional
cement, exploring the use of waste and recycled materials or reinforcement modifications.

3
Lack of comprehensive tools

for assessing the sustainability
of solutions

There is a notable lack of comprehensive and effective tools for assessing the
sustainability aspects of geotechnical solutions, which hinders a holistic assessment.

4 Focus mainly on materials
used in technologies

The analyses predominantly center around the materials employed in geotechnical
methods, with considerations for aspects like transportation and energy consumption
infrequently integrated into the assessments.

5 Legislative changes

New legal regulations (e.g., the European Green Deal and the Fit for 55 package) require
participants in the construction process to align their activities with environmental
requirements and adhere to emerging guidelines and strategies shaping technical
standards.

6 Reluctance to adopt new and
lesser-known technologies

The construction industry continues to exhibit a notably low acceptance rate for the
adoption of new technologies [101].

7
Potential cost savings through

the implementation of
sustainable technologies

Potential cost savings can be achieved, for instance, by enhancing operational efficiency
and integrating recycled materials.

8 Lack of unified databases on
emissions

Creating a comprehensive database pertaining to emissions stands as a pivotal necessity
in the realm of construction project optimization, facilitating precise computations [63].
This solution proves essential for informed decision-making and ensuring accuracy in the
assessment.

9 Strong position of well-known
technologies

Well-established technologies currently hold a dominant position in the industry, largely
due to their proven track record, familiarity, and widespread acceptance.

10 Lack of standards/guidelines
for new technologies

Some technologies lack established normative guidelines, and in some cases, they are still
in the process of being developed (e.g., prEN 1997-3:202x).

11
Insufficiently detailed

analyses considering multiple
aspects

A recurring pattern in research is the frequent concentration on singular aspects, such as
the carbon footprint or specific life cycle phases, while comprehensive analyses covering
all sustainable development criteria are seldom conducted.

12 Difficulties in comparing
technologies with each other

The complete characterization of none of the investigated technologies in terms of the
analyzed integrated design criteria has been undertaken, introducing challenges in
conducting a comprehensive comparative assessment between them.

13
Concern for the health and
well-being of workers and

individuals near investments

Widespread complaints about inconveniences related to geotechnical work [66]
underscore the significance of technologies that are free from disruptive noise and
vibrations.

14 Reduction of negative impact
on the natural environment

The role of the environmental aspect is gaining increasing importance. Particularly, the
issue of greenhouse gas emissions contributing to global warming has become a priority
area of concern. Existing statistics unequivocally indicate that the construction sector is
responsible for approximately 40% of total greenhouse gas emissions.

15 Reduction of resource and
energy consumption

Emphasis is placed on reducing resource and energy consumption in geotechnical
methods, aiming for more efficient and sustainable practices. Available reports indicate
that the construction industry consumes more resources than any other industrial sector,
underscoring its responsibility in this regard [102].

16 Socioeconomic trends

In the face of widespread concern about climate change and the need to reduce emissions,
there is increasing pressure on construction companies to mitigate their environmental
impact. Simultaneously, solutions that are financially advantageous are being sought
[103].
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The DEMATEL method provides a way to understand the cause-and-effect relation-
ships among factors in a complex system. From Table 4, we can discern the most influential
factors based on the “C + R” (Prominence) and “C − R” (Relation) values:

• New technologies based on the use of eco-friendly materials (2): This factor has the
highest “C + R” value, indicating its significant prominence. This suggests that inte-
grating eco-friendly materials into new technologies is a key driver for sustainability
in ground improvement methods.

• Lack of standards/guidelines for new technologies (10): This also has a high “C + R”
value, implying that it is a prominent issue that affects many other factors. The “C −
R” value being close to zero indicates that it is a central issue that influences others as
much as it is influenced by them.

• Strong position of well-known technologies (9): Although this has a negative “C − R”
value, indicating that it is more of an effect than a cause. Its high “C + R” value signifies
that it is an important factor to consider. The industry’s preference for established
technologies can hinder the adoption of newer, more sustainable options.

• Reluctance to adopt new and lesser-known technologies (6): With a “C − R” value
of zero, this factor stands exactly at the threshold between cause and effect, showing
that it is a critical pivot point in the system. This indicates that the geoengineering
sector’s hesitancy to adopt new technologies is as much a result of other factors as it is
a contributing factor to the system.



Sustainability 2024, 16, 659 17 of 24

• Insufficiently detailed analyses considering multiple aspects (11): Despite a low
“C + R” value, the “C − R” value is highly negative, suggesting that this is predomi-
nantly an effect of other factors, but it is a significant one that shows the need for more
comprehensive sustainability analyses.

• Difficulties in comparing technologies with each other (12): This has the most negative
“C − R” value, making it the strongest effect factor. It underscores the challenge in
evaluating different technologies against each other, which is a significant barrier to
the adoption of sustainable methods.
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Table 4. “Prominence” (R + C) and the “Relation” (C − R). Own elaboration.

Factor C R C + R C − R Role

1 1.38 0.00 1.38 1.38 Cause

2 1.51 0.94 2.45 0.57 Cause

3 0.59 0.57 1.16 0.03 Cause

4 0.96 0.17 1.13 0.78 Cause

5 0.83 0.00 0.83 0.83 Cause

6 0.83 0.84 1.67 0.00 Effect

7 0.19 0.57 0.76 −0.37 Effect

8 0.84 0.72 1.56 0.12 Cause

9 0.63 1.01 1.64 −0.38 Effect

10 0.85 0.83 1.67 0.02 Cause

11 0.15 1.04 1.19 −0.89 Effect

12 0.00 1.28 1.28 −1.28 Effect

13 0.00 0.71 0.71 −0.71 Effect

14 0.65 0.54 1.19 0.11 Cause

15 0.56 0.62 1.18 −0.05 Effect

16 0.39 0.56 0.95 −0.16 Effect
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These factors are crucial in understanding the dynamics of sustainable practices in
ground improvement and piling methods. Addressing these issues could facilitate the
implementation of integrated life cycle design principles in the sector.

From the data, the factors that appear to be the least significant are as follows:

• Potential cost savings through the implementation of sustainable technologies (7):
This factor has one of the lower “C + R” values, suggesting that while cost savings
are recognized, they might not be the primary motivator or the most pressing concern
within the system.

• Insufficiently detailed analyses considering multiple aspects (11): Despite its impor-
tance for sustainability, this factor has a lower “C + R” value in the analysis, indicating
that it is not perceived as a leading influence in the current landscape of the industry.

• Socioeconomic trends (16): With a “C + R” value on the lower end of the spectrum,
socioeconomic trends are seen as having less immediate influence on the decision-
making processes within the sector, according to the DEMATEL analysis.

It is important to note that while these factors may have lower “C + R” values, they
are still critical pieces of the puzzle. Their lower relative importance does not negate their
absolute importance in achieving sustainability goals; rather, it suggests that they may not
be the current focal points of action or the most influential factors in the system according
to this particular analysis.

Among the remaining factors, the following is also worth highlighting:

• Lack of unified databases on emissions (8): With a “C + R” value indicating its promi-
nence, this factor reflects the need for a centralized repository of information on emis-
sions related to ground improvement technologies. The relatively low “C − R” value
suggests that it is slightly more of a cause than an effect within the system. The absence
of such a database is likely impeding the ability of stakeholders to make informed de-
cisions regarding the environmental impact of different technologies. By establishing
unified databases, practitioners could more easily comply with regulations, compare
the sustainability of various methods, and identify areas for improvement.

• A large number of potential technologies available for utilization (1): This factor has a
moderate “C + R” value and a “C − R” value suggesting that it is predominantly a
cause within the system. It indicates that while there is a wealth of potential technolo-
gies that can be utilized, this abundance itself may be causing confusion or paralysis
in decision-making. This could be due to the challenges of adequately comparing
and assessing the wide array of options, potentially leading to decision fatigue or a
preference for sticking with familiar technologies.

• Lack of comprehensive tools for assessing the sustainability of solutions (3): This
factor has a relatively low “C + R” value, but its “C − R” value is almost neutral,
hinting that it is both influenced by and influencing other factors almost equally. It
points to a gap in the methodological framework used to evaluate the sustainability
of ground improvement solutions. Without comprehensive tools, the assessment of
such solutions may not fully capture their lifecycle impacts, leading to suboptimal
decision-making that does not favor the most sustainable options.

• Legislative changes (5): It is a strong cause in the system (“C − R” value is high).
Legislative changes are typically external drivers that can force significant shifts in in-
dustry practices. For example, the “Fit for 55” package in the EU aims to align policies
with the goal of reducing net greenhouse gas emissions by at least 55% by 2030. Such
legislative changes can catalyze the adoption of sustainable technologies by creating a
regulatory environment that necessitates or incentivizes their implementation. The
analysis implies that keeping abreast of, and complying with, legislative changes is a
major driver for the industry to move towards sustainable practices.

Together, these factors highlight the complexities and interdependencies within the
system that affect the implementation of sustainable ground improvement methods. There
is an interplay between the availability of options, the tools for assessing them, the need
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for centralized information, and the external push from legislation that shapes the sector’s
approach to sustainability. Addressing these factors holistically is key to advancing the
adoption of integrated life cycle design principles in ground improvement and piling
methods.

4. Summary and Discussion

The analysis, conducted using VOSviewer software, revealed that publications on
ground improvement and piling solutions primarily focus on two thematic areas: design
and materials used in these methods. This finding was further supported by a more
detailed literature review. The popularity of sustainable development-related topics is
relatively low. If addressed, research mainly revolves around the exploration and analysis of
potential materials that align with the principles of sustainable development, as confirmed
by Puppala and Pedarla in [100]. Research focuses on analyzing the impact of the materials
used on soil parameters or their properties, but not all analyses consider the environmental
impact of a given material.

The DEMATEL analysis, focusing on the implementation of sustainable principles in
geoengineering technologies, isolates several key findings. First, the wide range of available
technologies can make it difficult to choose the most suitable solutions, which makes the
implementation process challenging. New technologies based on green materials show
promising potential for sustainable geoengineering, which should be an incentive for their
implementation. However, the lack of comprehensive tools to assess the sustainability of
solutions may reduce the efficiency of the implementation process.

In light of the increasing number of new technologies, it is important that the research
on noise and vibration impacts continues and expands. These activities will allow for a
better understanding of the scale of the challenge and the development of appropriate
strategies and regulations to minimize the negative impact of noise and vibration on
the environment, working comfort, and human health. Conducting comprehensive field
studies that take into account the noise charts of new developments will help decision-
makers in making choices. It is also worth noting that reducing noise and vibration impacts
can be a key element in the public acceptance of new developments.

However, resistance to the adoption of new and less-well-known technologies, as well
as the lack of consistent emissions databases, can challenge the effective implementation of
sustainable solutions. Also, the lack of uniform standards and guidelines for new technologies
and difficulties in comparing different options affect the selection and implementation process.

It is worth noting that there are few publications that focus on the process of tech-
nology selection through a multi-criteria approach, considering sustainable development
criteria as well as the assessment/characterization of individual technologies in relation to
these aspects. Additionally, it should be noted that none of the technologies have been fully
characterized in terms of the factors analyzed in the publication, such as the environment,
noise, vibrations, cost-effectiveness, and process efficiency, which precludes a comprehen-
sive comparison of these technologies against one another. There is a noticeable absence
of comparative studies focusing on various technologies for a single project, including a
specific indication of unit emissions. Supporting the selection process of ground improve-
ment and piling solutions in accordance with the principles of sustainable development
may involve the development of environmental, social, and economic criteria. To achieve
this, specific technologies need to be examined to estimate factors such as their material
consumption, labor requirements, energy consumption, and harmful emissions. Establish-
ing a database on greenhouse gas emissions is crucial for optimizing construction projects,
enabling accurate calculations [63]. The developed parameters can be implemented into
design software programs, thereby facilitating the analysis at an early stage of the design
process [104]. Moreover, such data and the developed decision-making model based on
them can be considered in making decisions regarding the selection of specific technologies
and public procurement procedures. This approach would promote innovative and envi-
ronmentally friendly projects, while also supporting transparency and competitive balance
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in the bidding process. Despite researchers primarily focusing on the environmental impact
of construction processes, particularly the carbon footprint, it is important to consider
other impact categories such as the water footprint, which will become increasingly sig-
nificant as GHG emissions are reduced. Although life cycle analyses are key to assessing
the environmental impact of a technology, detailed LCA analyses for different ground
improvement methods, which take into account many factors over the entire life cycle (e.g.,
energy, transport), are missing in the literature. Decision-making models have already been
developed for many building components and construction projects, such as [105]. In order
to achieve sustainable development goals and emission reductions within the context of
the entire investment, it is important to analyze the works related to ground improvement
and pile as well. The advantage of such tools is that they can consider all the criteria related
to sustainable development rather than just one aspect [106].

Taking these arguments into account, the authors see a research gap in the area of
ground improvement methods and piling in terms of the following:

• Evaluation/characterization of individual technologies in terms of sustainability crite-
ria (mainly, relatively new technologies);

• Development of tools that would support the technology selection process regarding
sustainability criteria.

In conclusion, the lack of comprehensive research and tools in the above areas pro-
vides an opportunity for future research work that will strengthen the capacity of the
geoengineering industry to implement more sustainable and efficient ground improvement
and pilings solutions.

Author Contributions: Conceptualization, A.M. and D.W.; methodology, A.M. and D.W.; validation,
A.M. and D.W. formal analysis, A.M. and D.W.; investigation, A.M. and D.W.; resources, A.M. and
D.W.; data curation, A.M. and D.W.; writing—original draft preparation, A.M. and D.W.; writing—
review and editing, A.M. and D.W.; visualization, A.M. and D.W. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Table A1. Direct influence matrix Z. Own elaboration.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 0 0 0 0 0 2 0 3 2 3 3 2 1 1 1 0
2 0 0 0 0 0 1 2 3 2 3 1 2 2 2 2 0
3 0 0 0 0 0 0 1 0 0 0 3 3 1 1 1 0
4 0 2 2 0 0 0 1 0 0 0 2 0 1 2 2 0
5 0 2 0 0 0 0 0 0 0 0 0 0 1 2 2 3
6 0 1 0 0 0 0 0 0 3 2 1 1 2 0 0 1
7 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1
8 0 0 3 2 0 0 0 0 1 0 3 3 0 0 0 0
9 0 0 1 0 0 3 0 1 0 2 0 0 0 0 0 0
10 0 0 1 0 0 2 0 2 3 0 1 1 1 0 0 0
11 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0
12 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
14 0 3 0 0 0 0 1 0 0 0 0 0 0 0 1 2
15 0 3 0 0 0 0 2 0 0 0 0 0 0 0 0 1
16 0 1 0 0 0 2 0 0 1 0 0 0 0 0 0 0
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3. Hoffmann, M.; Żarkiewicz, K.; Zieliński, A.; Skibicki, S.; Marchewka, Ł. Foundation Piles—A New Feature for Concrete 3d

Printers. Materials 2021, 14, 2545. [CrossRef] [PubMed]
4. PrEN 1997-3:202x; Eurocode 7: Geotechnical Design—Part 3: Geotechnical Structures. European Standard: Brussels, Belgium,

2021.
5. Mitchell, J.M.; Jardine, F.M. A Guide to Ground Treatment; CIRIA: London, UK, 2002; ISBN 0860175731.
6. Chu, J.; Varaksin, S.; Klotz, U.; Mengé, P. Construction Processes. In Proceedings of the 17th International Conference on Soil

Mechanics and Geotechnical Engineering (Volumes 1, 2, 3 and 4), Alexandria, Egypt, 5–9 October 2009; pp. 3006–3135.
7. Topolnicki, M. Ground Improvement Instead of Piling—Effective Design Solutions for Heavily Loaded Structures. In Proceedings

of the International Conference on Deep Foundations and Ground Improvement, Rome, Italy, 5–8 June 2018; pp. 1128–1137.
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