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Abstract

Soil treatment works are widely used in infrastructures building. The research has the purpose to provide the
construction industry for a tool that support the relative stakeholders at various levels, from the concept and
feasibility study, through the design and tender stages down to the execution of those specialistic interventions,
complying to the EU Green Deal address.

A methodology of quantitative assessment of the environmental impact of ground treatments is proposed
organized in 3 phases and based on a protocol (Envision) of sustainability assessment of infrastructure
combined with DNSH criteria provided by the EU under the Green Deal program.

The 3 phased method consists of: an initial Envision/DNSH assessment, choosing the evaluation parameters
appropriate to the case of soil treatment; a deepening phase through LCA (Life Cycle Assessment) analysis,
the results of which in terms of the environmental impact of the treatment serve to refine the Envision/DNSH
assessment during the third phase.

The method has been tested on a pilot case, an underground excavation in sand in an area near Milan, where
the stability of the walls and their impermeability was guaranteed by the treatment. Five different technologies
were studied (permeation grouting, mono- and bi-fluid jet grouting, brine and liquid nitrogen artificial ground
freezing).

The results made it possible both to analyze the individual treatment technologies from the point of view of
sustainability and to compare the technologies to each other. The freezing technology was generally the least
impacting, while jet grouting treatments were strongly affected by the use of cement in the executive process,
the production of which, as evidenced by LCA analysis, is also very impactful. The tested methodology, with
its quantitative assessment of soil treatments, allows: infrastructure managers to make an informed choice of
the most appropriate strategies to be applied in the context of the design or management of the project under
consideration; designers to evaluate, propose and dimensioning interventions evaluated with a view to both
economic and environmental sustainability; the performers of treatments to optimize their resources towards
the sustainability, documenting the value "green" materials, machinery and procedures for procurement and
clients.

The method showed that, as part of the LCA analysis to obtain more consistent results, the initial phase of data
inventory on the impact of materials, machinery and energy supplies related to the product concerned, request
to be fed by specific data, compared to the generic available in the currently used databases; the EPD
(Environmental Product Declaration) documentation, EU-regulated but still sparse, provides for each product
(material, machinery, equipment) a label containing the specific environmental impacts.

The geotechnical laboratory can play a role of primary importance to validate the performance of materials,
products and processes both in the refinement in the sense of sustainability and in the testing of innovations
always in the same perspective. The GFLab geotechnical laboratory, spin-off of Bicocca University and
sponsor of this executive PhD, has recently developed and patented a laboratory equipment, ITS - Injection
Tube System, to perform in laboratory a full scale injection by soil permeation via TAM, through a single
valve, within a soil with standardized granulometry. This instrument, which reproduces the entire executive
process of a type of soil treatment, can be therefore particularly useful to provide support in the perspective of
technological innovation towards an improvement of the environmental sustainability of the permeation
grouting.

Future research developments could be the development of the EPD for soil treatment interventions, the
development of the methodology also for other geotechnical processing (piles, micropiles, diaphragm walls),
the extension of the sustainability assessment up to the stage beyond the treatment completion, according to
the LCA point of view.

6
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1 Introduction

1.1 The context and the objective

Geological science and geotechnical practice are continuously growing of importance, particularly for the
crescent necessity of facing processes that wide world are occurring. The urbanization on Earth, together with
population growth is in rapid acceleration, involving constant demand for new infrastructure and housing as
well as the expansion and refurbishment of existing assets. This is leading to a growing recourse to plan
solution that exploit underground spaces for allowing the flows of people, goods, water, energy, waste, also
connecting urban areas.

The building methods of these infrastructures gradually progress in terms of technological solution and
efficiency. However, there the growing attention to the environmental and social conditions of humanity
requires to enlarge this development in terms of sustainability and mitigation of environmental damage.

The available instruments for conducting comprehensive assessments of the sustainability of these approaches,
that include social, environmental, and economic dimensions, are now somehow restricted. The rising of the
nature of a subterranean 'engineering ecosystem', tailored to address specific requirements, reveals this sort of
lack.

The growing environmental sensibility brought its instance to the political level, and for example in the EU,
this allowed the institutions to endorse, within the Green Deal 2050 policy, a Green Procurement System, as
outlined in COM [2008]. This kind of systems encourage the sector to expose operational decisions
(technological, productive, organizational) that have the objective to mitigate environmental effects of a given
intervention and to corroborate the presence of a corporate strategy focused on sustainability.

In this context, the objective of the research presented by this thesis is methodological with the aim of establish
an easy approach for assessing the sustainability and environmental (as well as social) consequences of ground
improvement and geotechnical projects. This will be implemented in accordance with: the European Union's
Green Deal, internationally recognized sustainability rating systems, quantitative analytical techniques.

The Executive PhD stage has been conducted, under the sponsorship of GroutFreezLabs.r.1.! by two authors
having 30-year experience in civil engineering: the author this thesis, professional expert in design and
supervision on-site in soil treatment technique that followed the Geological Sciences PhD curriculum, and
Stefano Susani, professional expert in design and management of infrastructures that followed the
Environmental Science PhD curriculum.

The role of the construction industry in the EU

The European Union's industrial plan, released in May 2021, has designated the construction ecosystem as one
of the 14 key ecosystems within Europe. As a result, the European Commission is closely monitoring this
sector. The aforementioned industry sustains a workforce of 25 million individuals and encompasses a total of
5.3 million enterprises, with small and medium-sized enterprises (SMEs) constituting 99.9% of this figure. In
addition, it is noteworthy that the European building goods industry accounts for over 10% of the added value
within the European Union. This sector encompasses a significant number of firms, around 430,000, which
collectively generate an annual turnover of 800 billion euros and contribute a gross added value of 240 billion
euros. Over the last three years, several building materials, including those made from aluminum, copper, steel,
and wood, have seen substantial swings in supply and demand, leading to price volatility. These fluctuations

! Aka GFLab, a Bicocca University spin-off company granted by Univiersity4Innovation in 2018.

7



PhD Thesis:
Advances in the sustainability assessment of geotechnical ground improvement processes

may be attributed to robust demand, global extraction dynamics, and elevated transportation expenses. In
addition, it is worth noting that some building items, like steel, glass, and aluminum, are characterized by a
high energy consumption throughout their production process. This renders them particularly vulnerable to the
impacts of the ongoing energy crisis [EPRS, 2022].

Infrastructures and buildings are often considered a relevant part of sustainable development because of their
crucial role in society, the economy and the environment:

. The construction industry is responsible for about 10% of the global Gross Domestic Product
(GDP) and employs 100 million people (Benoit et al. 2010).

. It consumes a large number of resources: 33% of the global energy consumption, 40% of the raw
material consumption, contributing to 40% of the global solid waste generation (Choi 2019).

. Concrete production industry is responsible for about 7% of the global emissions, the iron and
steel industries come right after (Zamagni et al. 2013).

. Material extraction and manufacturing account for about 90% of the total environ-mental impact

of a residential building, while resource extraction and manufacturing contribute about 60% of the
construction costs (Benoit et al. 2010).

The building sector annually consumes a staggering 1.6 billion tons of materials. The manufacturing process
of these materials results in the release of 250 million tonnes of carbon dioxide equivalent (CO2eq). In the
context of constructing a structure, the construction phase alone accounts for around 50% of the cumulative
emissions during its lifespan. In the context of a thesis on infrastructure, it is anticipated that there will be a
need to reference data pertaining to a specific building case. It is evident that the realm of infrastructures has
exhibited a delay, particularly in terms of sustainability, in comparison to the field of construction.
Consequently, the available environmental data within the sector primarily pertains to the latter. In order to
provide a comprehensive overview, it is important to note that building and demolition waste holds a prominent
position as the primary waste stream within the European Union, accounting for more than one-third of the
total trash generated. In contrast, there is considerable variation in reuse and recycling rates across the
European Union. Despite the Waste Framework Directive, 2008/98/EC, setting a recovery target of 70% by
weight for this waste stream by 2020, the predominant methods of recovery continue to be storage operations
in specialized or non-specialized landfills, as well as the utilization of low technological quality approaches
such as the reuse of recycled aggregates in road foundations and conglomerates.

In order to ensure the sustainability of the construction sector, a framework of this nature necessitates a
fundamental intervention within the value chain. This intervention is crucial in response to the more demanding
and ambitious targets set by the European Commission and member nations. Life cycle thinking, along with
its associated techniques such as life cycle assessment, has significant importance within this setting. These
tools enable the quantitative assessment of the sustainability performance of the items and processes under
analysis.

Looking for the System

Sustainable development saw its formal definition in the Brundtland report of 1987 and focuses our attention
on balancing the needs of present and future generations (Paulsen 2001). The growth in our awareness of
sustainability is also a consequence of the increasingly evident climate change, the scarcity of resources, free
territory, and energy.

The effects that the uncontrolled exploitation of the planet generates have an impact on the entire ecosystem
and, as such, cannot be schematized with traditional linear analyses. A reaction, aimed at minimizing a
particular impact, leads to the involuntary maximization of another, or focusing on a particular phase of use
does not allow us to see the feedback on the others. This is why, when considering the effects of the production
or construction of an artifact, it is necessary to put ourselves in a position to have the entire picture of its entire
life cycle in front of us. The phases of the life cycle of a product or technological process can be reduced to (a)

8
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how the materials that constitute it are obtained, (b) how the parts are made, (c) how it is built, (d ) how you
use and manage it, (¢) how you keep it in good condition, (f) how you destroy/demolish it and (g) how you get
rid of what's left of it, a cradle-to-grave view, as they say (Simonen 2014). To prevent "burden shifting" (i.e.,
the movement of impacts along the same value chain or from one chain to another), it is necessary to consider
all these moments of the life cycle. As we have said, concentrating the actions on one could unintentionally,
increase the impact of one of the others (Hauschild, et al., 2017).

CRADLE-TO-GRAVE

Material i Manufacturing + {:  Construction Use End of life

i extraction i Production ! /I\ |

; : e |

5 A ; \ 1 il
__________________________________________ ” \ 1 |

refurbish

re-use

e EEEsEsEsssssssssssssssssssssssssssssss—-——.

recycle

Fig. 1-1, The cradle to grave cycle (Simonen, 2014).

The field of life cycle assessment (LCA) addresses the necessity of quantifying the whole environmental
impact of products and activities. The technique and applicability of Life Cycle Assessment (LCA) have
undergone substantial evolution since its first development in the 1960s. In the context of construction and
infrastructure, the utilization of Life Cycle Assessment (LCA) can provide valuable insights for engineers,
designers, and producers. LCA enables these stakeholders to enhance their decision-making processes, assess
the environmental impact of materials, construction components, and processes, and foster the identification
of strategies and methodologies aimed at mitigating these effects.

When we talk about the life cycle, the reference metaphors are always, and deliberately, biological and
systemic: the life cycle takes into account the biological evolution of an organism or an ecosystem from when
it was born (in our case, the extraction of the original materials) to when it dies (obsolescence, demolition,
reuse, etc. of an infrastructure). A second metaphor arrives through the interposition of the social sciences
(created by Lord Beveridge, the inventor of the concept of the Welfare State). It is that of the cradle to grave
(from the cradle to the grave. It is another way of talking about life cycle, and allows a whole series of variants:
(1) from cradle to cradle (From Cradle to Cradle, as the title of the famous book by William McDonough and
Michael Braungart states), to refer to the adoption of circularity criteria in waste management, (2 ) from the
cradle to the gate (from cradle to gate or from cradle to site), to refer to processes that go from the materials of
origin to the 'gate' of the site of use, (3) from gate to gate or from gate to the grave, for indicate phase of the
life cycle that goes from one intermediate to another or from one intermediate to the final one (from gate to
gate or from gate to grave).

While LCA has predominantly been employed in the infrastructure sector to establish overarching policies and
projects, it can serve as a potent facilitator for sustainable procurement practices when accompanied by precise
data on materials and technological processes. By selecting appropriate objectives such as cradle-to-gate or
cradle-to-site, and utilizing specific data derived from Environmental Product Declarations, LCA enables the
comparison of various material usage scenarios and the assessment of the advantages associated with adopting
innovative or more sustainable construction methods.
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An existing gap: the need for sustainability metrics to push ahead a green supply chain in the

construction industry

Sustainability is a multi-dimensional concept that promotes a balanced pathway of human activities so that the
natural environment is not degraded, the natural resources are not depleted beyond acceptable limits, health
and happiness of the present and future generations are promoted and maintained, and the lives of other species
are preserved [Basu, 2013]. There is an additional temporal dimension to sustainability because what seems
sustainable today may not be considered sustainable after few years, and this plays a relevant role in the
construction industry: indeed, principles and practices related to sustainable development have to be constantly
evaluated and updated. At the same time, sustainability instances and issues are very often not well defined
and involve complex interactions and feedback loops between the society and environment [Basu, 2013]. This
contrasts with the traditional way on which engineering is based on: well-established heuristics and linear
pathways towards the required solutions established by communities of specialists. A ‘sustainable’ approach
may not be acceptable at first from an industrial or economic point of view, particularly because it is more
often supported by qualitative ethical and moral statements and lacks quantitative assessments [Basu et al.,
2015; Basu et al., 2013].

The figure below identifies the ideal entry point of a sustainability assessment, that must happen as early as
possible in the planning and strategy-making phase of a project in order to be truly effective.

Is the general planning or
the design strategy set for
underground construction

Identify the critical construction Frame strategy with
processes (cost, quantity, sustainability analysis and
schedule) and frame them with develop consequently the design

sustaimability analysis

Influence through sustamability Design sustamable processes
analysis the cwrent procurement and sustainable practices for
practices within the boundaries the construction phase and
ofthe strategy already set imclude them into requirement
and procurement practices

MILESTONE
Deliver final or front end design |

-

‘ Stage A — Plan/project design | Stage B — Construction implementation

Fig. 1-2, The ideal entry points of sustainability in a construction process.

1.2 The case for geotechnics and ground improvement techniques

In order, for geotechnical engineering, to contribute to sustainable development, the core practice must be
made environment friendly and resource efficient, but mainly, geotechnics has to be able to tell, how much it
does contribute. The need for a holistic complete sustainability assessment framework has been already
stressed for geotechnical projects to ascertain the relative merits of different options available for a project
[Basu, 2013]. According to Dam and Taylor [2011], any sustainability assessment framework should have a
life cycle view of the geotechnical processes and products and should:

i.  ensure societal sustainability by promoting resource budgeting and restricting the shift of the
environmental burden of a particular phase to areas downstream of that phase,
11. ensure financial health of the stakeholders, and
iii.  enforce sound engineering design and maintenance.
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The field of ground improvement techniques, characterized by its wide range of methods and the increasing
diversity of requirements and technology, is an excellent opportunity for the application of a design approach
rooted on sustainability principles. One aspect pertains to the necessity of prioritizing the efficacy of processes
and technologies, while the other aspect encompasses a diverse array of materials, occasionally characterized
by high levels of novelty. The stakeholders involved in geotechnics, including designers, constructors, and
consumers, frequently encounter the necessity for ground improvement in the presence of various contextual
restrictions. These constraints encompass logistical, mechanical, scheduling, and cost-related factors.
Regrettably, the allure of some choices may overshadow the consideration of environmental efficiency, hence
neglecting sustainability as a viable alternative.

This thesis aims to investigate a pilot case whereby several ground improvement techniques will be employed
to achieve waterproofing and stabilization of an open-air excavation situated below the water table in the
vicinity of Milan.

With this approach it is possible to put in evidence the variety of operational solutions that typically are taken
in consideration for solving issues connected with building a construction involving the ground. The evaluation
of the possible options of soil treatment works will be carried out in the light of not only economical (as mostly
happens nowadays), but also social and particularly environmental sustainability criteria

1.3 Goal of this research: a Three Phased Method for sustainability assessment of

geotechnical works
Taking into consideration:

a) the present pressure that owners and investors are putting on the infrastructure construction sector to
demonstrate tangible efforts toward sustainability, and

b) the complexity required to transparently and qualitatively comply to the EU Green Deal requirements
(to get access to funding),

c¢) the requirement for acknowledged third-party holistic criteria that are capable of framing a project
from the holistic high-level view all the way down to the individual construction process, and, lastly,

d) the requirement to quantitatively demonstrate each sustainability choice/achievement,

with this research, we suggest a three-step evaluation technique that can support decision-makers in forming
sustainable choices, particularly at the building process and practice level, which is where the construction
supply chain is generated. This method can help shape sustainable choices at the construction process and
practice level. Being, as professionals, specialized in geotechnical engineering, the research team decided to
focus on ground improvement techniques. There is full conformity with the taxonomy established by the EU
and the related DNSH requirements in the proposed approach, which can help owners and investors enhance
their efforts toward green finance.

After the introduction, chapters 2, 3, 4 will delve into the examination of sustainability standards and the
regulatory arrangements established by the European Union. Chapters 5 and 6 will primarily address the
establishment of a systematic linkage between the Envision protocol, chosen as assessment framework to
ground the proposed method and the DNSH criteria established by the EU. Additionally, the development of a
customized set of indicators, together with their corresponding metrics, will be explored for the purpose of
evaluating the sustainability of geotechnical construction processes. The utilization of this framework tool will
facilitate decision makers in formulating the design and construction decisions for each operational process.
This tool employs a methodology that enables a prompt demonstration of compliance with the six
environmental objectives established by the European Union, as well as the extent of ambition in relation to
project sustainability. Chapter 6 describes the proposed three-steps method, grounded on a set of the
Envision/DNSH criteria identified as significant for analyzing ground improvement practice, organized as it
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follows: a first step of qualitative analysis of the studied process sustainability; a second step of quantitative
analysis of the impacts produced by the process according to the LCA method; a third step in which first step
assessment is revisited and quantitively refined in the light of the LCA results. Chapter 7 illustrates the studied
soil treatment techniques, presenting their characteristic in view of the further analysis. Chapters §, 9, and 10
reviews the use of the proposed methodology applied to the study of a pilot case, an open-air excavation to be
carried out thanks to the supporting and watertightness effect provided by five distinct soil treatment
interventions. Incorporated within Chapters 11 and 12 are dedicated to the inclusion of the viewpoints related
to the life cycle costing and the social impact assessment. Chapter 13 is centered on the discussion of the
proposed methodology, based on a LCA use; perspectives and possible limitation to be faced in further research
activities are presented. Chapter 14, moving from the results of the analysis made for the pilot case, will discuss
the aspects that the three-steps method allows to highlight as crucial under the sustainability point of view and
their practical effects on the design, investigation and construction stages of a ground improvement
intervention. Moreover, the central role that, with this new approach, will be assumed by a geotechnical
laboratory is focused, illustrating 2 innovative devices in charge of GFLab. Chapter 15 illustrates the
conclusions of the thesis. Acknowledgments in Chapter 16 and Bibliography in Chapter 17 complete the
document. Final appendixes, being activities with a marked environmental cut and coming from the thesis
work of the research coauthor, are included, by deepen the three phases of the proposed method calculations
(Envision protocol application, LCA analysis) (number 1,2,3), the examination of the Environmental Product
Declaration (number 4) and Green Procurement (number 5). Annexes 6 and 7 include figures and tables
indexes.
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2 The EU regulatory framework as a point of reference

To mitigate climate-driven risks and their impact on assets and financial institutions, global efforts from various
stakeholders to foster sustainable development have resulted in the 2015 Paris Climate Agreement, a legally
binding global climate agreement which emphasizes the urge to channel financial flows towards climate-
resilient development and the United Nations 2030 Agenda for Sustainable Development, which sets seventeen
Sustainable Development Goals (SDGs) tied to environmental, social and governance (ESG) assumptions and
requirements (Meneghini 2022). In complete accordance with a ‘follow the money’ rule, this agreement
actively included into the sustainability debate investors, clients, constructors, designers and forced them to
develop explicit sustainability targets to get access to public green funding.

In December 2019, the European Commission introduced the European Green Deal, an extensive legislative
and regulatory initiative designed to address climate change and various environmental concerns. The EU
Green Deal outlines a novel growth strategy with the objective of transitioning the European Union into a
resource-efficient and competitive economy by 2050, characterized by the absence of net greenhouse gas
emissions. Additionally, the plan aims to achieve a reduction of 50/55% in emissions by 2030, positioning
Europe as the pioneering climate-neutral continent. The achievement of this objective necessitates a substantial
investment turnaround in the order of hundreds of billions of dollars into the foreseeable future. Consequently,
it is imperative to establish a robust legislative and regulatory framework that supports sustainable funding.

In pursuit of this objective, the European Union Commission established the High-Level Expert Group on
Sustainable Finance (HLEG) in 2016. The primary task assigned to this group was to formulate a roadmap for
sustainable finance inside the EU. The overarching aim of this roadmap was to harness the allocative function
of financial markets in order to establish the most sustainable financial system globally. The final report of the
High-Level Expert Group (HLEG) was published in 2018, whereby eight important suggestions were outlined.
The foremost proposal pertained to the creation of a unified sustainability taxonomy framework for Europe.
The aforementioned widely used "green" categorization system offers transparency and serves as a reference
for market players in determining whether investments and financial goods align with the European Union's
sustainability goals. This system aims to provide consistency across various standards and products, hence
promoting economic development. The applicability of the EU Green Taxonomy extends to several asset
categories and forms of capital allocation, necessitating alignment with the environmental public policy
objectives of Europe. The Regulation (EU) 2020/852, titled "on the establishment of a framework to facilitate
investment and amending Regulation (EU) 2019/2088", was enacted by the European Parliament and the
Council in June 2020. It came into effect in July 2020.

The Regulation serves as the legal foundation for the European Union's Green Taxonomy framework. Its
objective is to define the criteria that determine whether an economic activity meets the standards of
environmental sustainability. This is done to assess the level of environmental sustainability associated with
an investment. The EU Taxonomy serves as a legislative instrument aimed at encouraging investors to actively
engage in the transition towards sustainable finance. Its primary objective is to provide a clear framework for
defining the criteria that the European Union (EU) deems as environmentally sustainable, therefore guiding
investors in making well-informed decisions on their investments. The primary justification for this approach
is the necessity of providing the financial sector with explicit instructions about the categorization of
environmentally sustainable activities. This is crucial in order to direct capital towards the economic and social
transformation required for the establishment of a climate-resilient and ecologically neutral economy. This
development is expected to facilitate the growth of cross-border sustainable investments inside the European
Union (Meneghini, 2022). the contours of what is environmentally sustainable, article 9 of the Taxonomy
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Regulation lays out a list of six environmental objectives that represent the basis of the Technical Screening
Criteria (TSC):

1. Climate change mitigation, i.e. the process of holding the increase in the global average
temperature to well below 2 °C and pursuing efforts to limit it to 1.5 °C above pre-industrial levels.
2. Climate change adaptation, i.e. the process of adjustment to actual or expected climate change and

its impacts.

Sustainable use and protection of water and marine resources;
Transition to a circular economy.

Pollution prevention and control.

Protection and restoration of biodiversity and ecosystems.

NN kW

Considering the above, under article 3 an economic activity shall qualify as environmentally sustainable where
it meets - cumulatively - the four following conditions:

It contributes substantially to at least one environmental objective.

It does no significant harm (DNSH) any other environmental objective.

It complies with minimum social safeguards defined on a local national basis.

It complies with applicable technical screening criteria defined on a local national basis.

Sl S s

The EU taxonomy framework provides the construction industry with a general criterion for assessing
sustainability, that is a precondition to get access to funding and financial leverage. The DNSH criteria that
assesses the compliance to the six environmental objectives is quickly becoming THE sustainability criterion
in the construction industry at all levels and for any technology.

Condition 1: Substantial contribution to an environmental objective.

With regard to the first condition, the Taxonomy Regulation extensively lists key principles (but no detailed
activities) shedding light on what “substantially contributing” to an environmental objective means. The
contribution threshold is repeatedly defined as “substantial” to clarify that limited improvements to the current
state of environmental performance are not sufficient, especially in view of the colossal investment efforts
required to advance the transition of the EU economy towards sustainability. Similarly, activities that can have
marginal, albeit positive, incremental improvements on the environment are not deemed Taxonomy-aligned.

Substantial contribution can be achieved under three scenarios:

1. when an economic activity has either a low environmental impact or can replace existing higher-
impact activities;
when an activity has the potential to reduce adverse climate impact from other existing activities;
3. when an activity can make a positive environmental contribution.

In addition, regarding the climate change mitigation objective only, the Taxonomy Regulation recognizes so-
called “transitional activities”. These are activities for which no technologically and economically feasible
low-carbon alternatives are yet available. They are eligible to make a substantial contribution if they support
the transition to a climate-neutral economy consistent with a pathway to limit the temperature increase to 1.5°
C above pre-industrial levels, provided that their greenhouse gas emission levels correspond to best

2 The technical screening criteria are a set of rules and metrics used to evaluate whether an economic activity can be
considered environmentally sustainable under the EU Taxonomy.
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performance in the sector or industry, they do not hamper the development of “greener” alternatives and they
do not lead to a lock-in of carbon intensive assets.

An economic activity can substantially contribute to climate change adaptation by providing adaptation
solutions that alternatively reduce the risk of adverse climate impact on the activity itself or on people, nature
and assets.

Substantial contribution to the transition to a circular economy may be achieved by using natural resources in
production more efficiently, through an increase in durability, reusability and recyclability of products, as well
as through waste generation reductions.

Any given substantial contribution to one of the environmental objectives may also be generally achieved by
means of so-called “enabling activities”, which directly enables other economic activities to make a substantial
contribution to one of the objectives (e.g. renewable energy manufacturing), provided that such activities do
not lead to a lock-in of assets that undermine long-term environmental goals and have a substantial positive
environmental impact on the basis of life-cycle considerations.

Condition 2: Do no significant harm principle.

The second cumulative criteria that an economic activity must meet is the “do no significant harm” (DNSH)
principle, the rationale of which is for an activity falling within one of the substantial contribution categories
not to qualify as environmentally sustainable if it causes more harm than benefits to an environmental.

The Taxonomy Regulation expressly lists how an economic activity may significantly harm each
environmental objective, taking into account a holistic approach to the life cycle assessment (i.e. production,
use and end of life) of products and services provided by each activity.

Namely, an activity shall be considered to significantly harm climate change mitigation if it leads to significant
greenhouse gases emissions and to significantly harm climate change adaptation if it increases adverse climate
impact on people, nature, or assets.

Significant harm to sustainable use and protection of water and marine resources is caused when an activity is
detrimental to the good environmental status of bodies of waters, whereas inefficiencies in the use of material
or natural resources and increases in waste generation lead to significant harm to the circular economy
objective.

Finally, activities leading to an increase in pollutants emissions and causing detrimental effects to the resilience
and conservation status of natural habitats and species may cause harm to the pollution prevention and control
objective and to the protection and restoration of biodiversity and ecosystem objective, respectively.

TSC for DNSH to climate change mitigation and climate change adaptation were adopted in the Climate
Delegate Act, together with generic DNSH guidance for the other four environmental objectives.

Condition 3: Minimum social safeguards.

The third aggregate condition for meeting the environmental sustainability requirement is for an economic
activity to be compliant with minimum social safeguards as defined in article 18 of the Taxonomy Regulation.
In a nutshell, these are procedures implemented by companies to ensure alignment with a set of social and
governance standards related to human and labour rights.

Condition 4: Compliance with technical screening criteria.

Finally, the fourth cumulative condition is compliance with TSC (Technical Screening Criteria). Since the EU
Taxonomy does not defined types of activities but rather set a conceptual framework, the Commission has so
far tried to define in the Climate Delegated Act the actual “green” list of activities that can make a substantial
contribution to the two climate-related environmental objectives, i.e. mitigation and adaptation. As a result,
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the Delegated Act contains a detailed and list of some 85 eligible activities divided according to their macro-
sectors, including forestry, transport, energy, information and communication technology, waste and water, and
manufacturing.

In light of the above, practically speaking any Taxonomy-user will need to cumulatively assess whether the
economic activity conducted is covered by the Taxonomy and its Delegated Acts and for which environmental
objective(s), whether the activity meets the substantial contribution qualitative and/or quantitative thresholds
embedded in the performance requirements set out in the TSC and finally conduct due diligence to ensure
compliance with the DNSH criteria and with minimum social safeguards.

Once these steps are completed, it is possible to calculate Taxonomy-alignment and display evidence of the
results by means of disclosure indicators, which we shall discuss infra.

The following scheme synthetizes the whole procedure of assessing the sustainability of an economic activity.

The EU taxonomy includes a standard set of Three factors are considered when assessing
definitions for sustainable activities centered the alignment of a company to the EU
around six environmental objectives Taxonomy
CLIMATE
CHANGE

MITIGATION
Substantial Contribution

ENVIRONMENTAL
OBJECTIVES

DO NOT SIGNIFICANT HARM

(DNSH)

Minimum Safeguard

Fig. 2-1, The EU Regulation Objectives (and the Do No Significant Harm criteria)
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3 The international sustainability protocols dedicated to infrastructures
The use of sustainability assessment tools in the context of the built environment began in the 1990s and 2000s,
with dedicated building tools such as BREEAM (UK), LEED (USA), and Green Star (Australia and New
Zealand), now definitely established and equally recognized for the substantial contribution they have given
to the green building revolution. At the beginning of the 2000s, as the benefits for buildings became evident,
the lack of similar tools for the world of infrastructures began to be highlighted. In the UK, the civil
infrastructure industry, led by the Institution of Civil Engineers, launched the CEEQUAL infrastructure
assessment tool in 2003. Since CEEQUAL, specialist industry initiatives have enabled the creation of
Greenroads and Envision in the United States and the Infrastructure Sustainability Tool in Australia. These
four classification systems are increasingly used in the infrastructure sector, and numerous examples (and case
studies) of certified projects are now available.

Infrastructure sustainability assessment tools work like their construction counterparts and evaluate and certify
the performance of infrastructure projects and systems against various sustainability criteria (including
resource use, ecology, stakeholder engagement, community impacts, climate change and resilience, land use,
urban design, etc.). These tools are generally promoted by infrastructure owners and institutional clients (such
as transport agencies and territorial authorities) and applied to infrastructure asset projects by teams of
specialists.

The strengths and weaknesses of assessment tools of this kind can be summarized as follows (Griffiths et al.
2018).

Strength points.

. They define a multidimensional, criteria-based approach that provides a common metric and
language for all stakeholders in the infrastructure supply chain.

. They create an algorithmic mechanism for establishing a standard assessment based on third-party
verifiable evidence.

. Encourage infrastructure owners, developers and project teams to strive for higher levels of
sustainability performance.

. They are a concrete tool to lead/induce the adoption of sustainable practices in regulatory and

planning mechanisms and in the definition of minimum standards; furthermore, they make
sustainability codifiable, measurable and manageable.

. They allow clear communication of the objectives, efforts and results implemented for
sustainability.
. They define a flexible framework that allows the valorization of innovation in design and

construction solutions.
Areas for improvement.

. They are based on the simplification of a complex situation using a single rating "score" with a
potential loss of visibility of the underlying drivers; focusing only on the final rating may not allow
us to capture the entire scope of sustainable infrastructure actions, in particular social and
economic issues.

. They could focus efforts on minimizing “unsustainability” rather than pushing the infrastructure
construction supply chain to create something sustainable.

. For the same reason, an approach of this nature may not favor a strategy of integrating efforts, but
assign 'his' limited area of action to each expert.

. It is certainly difficult to cover the entire range of infrastructure projects, which may differ in scale,

character and location, with a single assessment tool.
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. They could generate a tendency to "chase points" through mandatory requirements and evaluation
thresholds, ending up guiding the designer or client rather than encouraging their initiative.
. They may tend to be used as a 'seal' of sustainability of a project (at its conclusion) rather than

encouraging the analysis of alternatives.

The challenge of these systems is to reach a compromise between adequately and comprehensively addressing
the principles of sustainability and providing a scheme that is understandable and accessible to clients and
professionals. In their study, Griffiths et al. (2018) conclude that assessment tools of this nature and type are
crucial in disseminating sustainability knowledge and practices among the subjects who use them in projects,
in the communities with which they interact, and within the organizations for which they work. The impacts
of infrastructure sustainability assessment tools are not limited to projects undergoing assessment and
certification (i.e. their formal use) but extend to the entire infrastructure sector through their informal use at
individual, organizational, and of sector.

The Envision Protocol

Holistic sustainability protocols for infrastructure are slowly catching on in the global infrastructure
construction industry, while they have become a methodological asset in the building industry (LEED, Green
Building Council, etc.). There are different reasons for this situation: the infrastructure construction industry
has been so far conservative and, as infrastructure belongs more often to public owners, safety, cost control
and operational performance are still the drivers when it comes to choose and size construction processes
(especially through public procurement). Some Western Countries (UK, Germany, Australia, US) started to
develop dedicated frameworks after 2010 [see Holt (2011) and Holt et al. (2009)] and one among them, the
voluntary Envision protocol developed in US by the Institute for Sustainable Infrastructures in collaboration
with Harvard University [Institute for Sustainable Infrastructure, 2018], is taking over in Italy as a sector
reference, with examples in various leading infrastructure systems: railway, electric grid, renewables, power
generation, roads and highways, urban subways, etc..

Envision is a framework that provides the guidance needed to initiate the systemic change in the planning,
design and delivery of sustainable and resilient infrastructure, as requested by the EU Green Deal. Envision is
a decision-making guide, not a set of prescriptive measures and provides industry-wide sustainability metrics
for all types and sizes of infrastructure to help users assess and measure the extent to which their project
contributes to conditions of sustainability across the full range of social, economic, and environmental
indicators. Furthermore, the Envision framework recognizes that these sustainability factors are variable across
a project’s life cycle. As such, Envision helps users optimize project resilience for both short-term and long-
term impacts.

The framework provides a flexible system of criteria and performance objectives to aid decision makers and
help project teams identify sustainable approaches during planning, design, and construction that will carry
forward throughout the project’s operations and maintenance and end-of-life phases. Using Envision as a
guidance tool, owners, communities, designers, contractors, and other stakeholders are able to collaborate to
make more informed decisions about the sustainability of infrastructure.

Community infrastructure development is subject to the resource constraints of multiple departments and
agencies, each with different schedules, agendas, mandates, budget cycles, and funding sources. Ratings
systems and tools intended for buildings are not designed for this context and cannot adequately assess the
extensive external benefits and impacts infrastructure has on a community. Envision assesses not only
individual project performance, but how well the infrastructure project contributes to the efficiency and long-
term sustainability of the communities it serves.

Envision is a framework that includes 64 sustainability and resilience indicators, called ‘credits’, organized
around five categories: Quality of Life, Leadership, Resource Allocation, Natural World, and Climate and
Resilience. These indicators collectively address areas of human wellbeing, mobility, community development,
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collaboration, planning, economy, materials, energy, water, siting, conservation, ecology, emissions, and
resilience.

The Envision framework is comprised of 64 sustainability indicators, called credits, that cover the full
dimensions of infrastructure sustainability. Each credit in the Envision system includes an intent statement and
metric, levels of achievement, a description, ways to improve performance, evaluation criteria and
documentation guidance, and related Envision credits. The credits are organized into five categories and 14
subcategories by subject matter.

Quality of Life: Wellbeing, Mobility, Community.
Leadership: Collaboration, Planning, Economy.
Resource Allocation: Materials, Energy, Water.
Natural World: Siting, Conservation, Ecology.
Climate and Resilience: Emissions, Resilience.

oo o

Every infrastructure project impacts all five Envision categories, often with complex trade-offs. For example,
in an effort to avoid critical habitats, projects may have to consume more resources. Conversely, projects that
reduce resource consumption may find they are also achieving the benefit of reducing harmful emissions. By
grouping the credits into broader categories of impact, Envision helps users to navigate the complex trade-offs
or synergies across the credits.

The Envision levels of achievement define the level and quality of project performance in each credit as
follows:

. Improved: Performance that is above conventional. Slightly exceeds regulatory requirements.

. Enhanced: Sustainable performance that is on the right track. There are indications that superior
performance is within reach.

. Superior: Sustainable performance at a very high level.

. Conserving: Performance that has achieved essentially zero negative impact.

. Restorative: Performance that restores natural or social systems. Such performance receives the

highest award possible and is celebrated as such. The Restorative level is not applicable to all
performance objectives.

Not all credits have five levels of achievement. The levels are determined by the nature of the credit and the
ability to make meaningful distinctions between levels. The level of achievement table clearly indicates the
evaluation criteria that must be addressed for each level.
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Quality Leadership Resource
fﬁ Of Life Allocation
14 Credits 12 Credits 14 Credits
WELLBEING COLLABORATION MATERIALS
Q1.1 Improve Communisy Quality of Life L1011 Provide Effective Leadership & Commitmen 1.4 Support Sustainable Procurement Practices
QL1.2 Enhance Public Health & Safety & 1D1.2 Foster Collaboration & Teamwork RALZ Use Recycled Materials
QL1.3 Improve Comstruction Safety (H) D13 Provide for Stakeholder Imvolvement RA13 Reduce Dperational Waste
QL1 Mirirnize Noise & Vibration D14 Pursue Byproduct Symengies RA1A Reduce Construdtion Waste (O]
QL1.5 Minimie Light Pollution RALS Balance Earthwork On Site
QL6 Mirimize Construction Impacts @ PLANNING
L02.1 Establish a Sustainability Management Plan EMNERGY
MOBILITY L1D2.2 Man for Sustainable Communities (F)  RAZJ Reduce Operational Energy Consumption
@L2.1 Improve Community Mability & Access 1D2.3 Plan for Long-Term Monitoring L Maintenante RA2.2 Redue Construction Energy Consumption  (N)
QL2.2 Encourage Sustainabile Transportation D24 Plan for End-of-Life ¢ RA2A Use Renewable Energy
QL2.3 Improve Arcess & Wayfinding RA2.4 Commission & Monitor Energy Systems
ECONOMY
COMMUNITY D31 Stimulate Ecancmic Prosperity & Development WATER
QL3.1 Advance Equity & Social Justice @ 103.2 Develop Local Skilks & Capabilities RAZA Preserve Water Besounces &
QL3.2 Preserve Hstoric & Cultural Resources D33 Conduct a Life-Cyde Beanomic Bvaluaion (W) RA3.2 Reduce Operational Water Consumption
QL3.3 Enhance Views & Local Character RA2.3 Beduce Construction Water Consumplion  (R)
QL3.4 Enhance Public Space & Amenities 1000 Innovate or Bxosed Credd Requirements RAZA MonitorWater Syshems
QLO.0 Innovate or Exceed Credit Requirements RAD.O Innovale or Exceed Credil Requirements
Fig. 3-1, First set of Envision credits
Natural Climate and
@ World @ Resilience
14 Credits 10 Credits
—
SITING EMISSIONS
WW1.1 Preserse Sites of High Ecological Value CR1.1 Redute Net Embodied Carbon &
WW1.2 Provide Wetland & Surface Water Buffers CR1.2 Reduce Greenhouse Gas Emissions 4_?_ Rewritten
NW1.3 Preserve Prime Farmland CR1.3 Redue Air Pollutant Emissions ® New
NW1.4 Preserve Undeveloped Land
RESILIEMCE
COMNSERVATION CR2.1 Avoid Unsuitable Development & —
NW2.1 Reclaim Brownfishds (W) CR2.2 AssessClimate Change Vulnerablity
WW2.2 Manage Slormwater £ CR2.3 Evaluate Rk b Resilience )
WW2.3 Reduce Pesticide & Fernilizer impacts CRrA Establish Ressbence Goals and Srategies  (H)
MWZ.4 Profect Surface & Groumdwater Quality CR2.5 Maximie Resilience &
CR2.6 Improwe Inlrastruscture Integration
ECOLOGY
NW3.1 Enhance Functional Habitats € cR0.0 Innivate o Exceed Credit Reguiremens

NW3.2 Enhance Wetand &Surface Water Functions
NW3.3 Maintain Foodplain Functions

NW3.4 Conirol mvasive Species

NW3.5 Protect 5o Health

NWO.O Innovate o Exceed Credil Requirements

Fig. 3-2, Second set of Envision credits
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Each of the 64 credits has multiple levels of achievement representing the spectrum of possible performance
goals from slightly improving beyond conventional practice, to conserving and restoring communities and
environments. By assessing achievement in each of the 64 credits, project teams establish how well the project
addresses the full range of sustainability indicators and are challenged to pursue higher performance.

The advantage of using a frame view based on indicators is that it formulates clear and shared statements of
what is achievable in terms of sustainability: a system based on absolute numerical values is unlikely to prove
satisfactory. Differently as such, indicator systems can provide a crucial guide for decision-makers in a variety
of ways, not least because they enable physical and social scientific aspects to be broken down to facilitate
sustainable decision-making throughout the development process (Jefferson et al. 2007).
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4 The state of the art for LCA and LCCA analyses in geotechnics

4.1 Life Cycle Thinking and Infrastructure

The life cycle concept is particularly effective for managing infrastructure assets, where assets such as roads,
bridges, water, energy, and communication networks, which have a very long useful life, carry potentially
significant and extensive environmental impacts. Approaching the management of an infrastructure asset from
the point of view of life cycle thinking and sustainability means aiming to identify and prioritize the
environmental impacts, as well as those of cost and management commitment during the entire life cycle,
including construction, maintenance, and operation.

The life cycle concept uses a systemic approach to assess environmental impacts, for example, through
quantitative analysis of material and energy use, emissions, and waste production. Thanks to a vision of this
nature, decision-makers in the asset management process are led to focus above all on the following points:

. Implement sustainable practices throughout all life cycle phases, including designing for
sustainability, using sustainable materials and construction methodologies, and maintaining and
operating practices that minimize environmental impact.

. Continuously improve operational management through extensive monitoring and reassessment,
including periodic life cycle assessments and implementing best practices and emerging
technologies.

. Consider the needs and expectations of stakeholders, including communities, regulators, and users,
in all decision-making processes.

. Collaborate with partners and stakeholders to promote sustainability and innovation in

infrastructure asset management.

As can be seen, the economic aspects (and technical, for example, durability, resilience, etc.), the
environmental and social aspects (the impacts on local communities, the induced economic benefits, etc.) all
contribute to the logic of the cycle of life and allow a 360° enrichment of the performance evaluation of an
asset of this type.

The specificity of the infrastructures makes the application of these principles very complex but, above all, it
requires a profound knowledge of the characteristics, history, and potential of the specific asset and, as we
have seen, each infrastructure network represents a 'prototype' in itself, and therefore, from the point of view
of life cycle assessment, an always different and very close 'inventory'.

The infrastructure life cycle

Taking up a suggestive vision of the economists of the Collective for Fundamental Economics (Barbera et. al
2018), the large infrastructures that serve daily life are not just tools for strengthening other economic activities,
nor are they just molecular and isolated assets; large infrastructures define the spatial and temporal coordinates
of our experience. They give substance to citizenship, understood as the possibility of living a free and
dignified life, and are a decisive part of the fundamental economy, which is the infrastructure of daily life.

The infrastructures of Fundamental Economics arise from a political, entrepreneurial, and ethical effort that
began at the end of the 19th century and continued until the early 1970s. It is an effort that begins at the
municipal level and then passes into the hands of the states, at least until they can afford it. From a certain
point on, it becomes transparent and is taken for granted. Infrastructures are fundamental. civil life as we
conceive it is not possible without them.

Much of Europe's infrastructure was built before 1960 and is now close to the end of its theoretical helpful
life, which at the time was estimated at 30 or 50 years. In some cases, the quality of the service they provide
could be more optimal, and the state of conservation is critical. Although, as highlighted by Farahani et al.
(2019), the 'culture' of maintenance remains relatively weak for works that were thought of as 'substantially

22



PhD Thesis:
Advances in the sustainability assessment of geotechnical ground improvement processes

eternal’, the regeneration of existing infrastructures requires a joint effort and enormous attention from the
political, economic, and technical world. Strategic management of regenerative activities becomes essential,
moving from extraordinary to ordinary maintenance based on in-depth assessments and evaluations, which
must consider the needs of the operation and the need to maintain the level of service that communities require
(Fregonara 2020). Thus, once again, life cycle thinking and assessment become essential.

Until not long ago, the economy of the construction world adopted a linear philosophy: the logical sequence
of a linear economy can be summarized in the sequence of verbs: take-make-use-dispose, applied starting from

raw materials.
(524
Ry h

Fig. 4-1, The linear economy of the Construction Sector (Bonviu, 2014).

It is an approach that aims to make the most of material resources with a short-term horizon, and which has
now shown all its limits when the planet's pollution levels have begun to no longer be able to be ignored. The
awareness of climate change did the rest (Bonviu 2014). Starting from this recognition, the concept of circular
economy was born which we can define as 'self-generating economic development'. This principle assumes
that:

. the development of an advanced country can take place even without giving rise to the
uncontrolled exploitation of the natural and social resources of its territory and of the planet on
which we live.

. The way in which decision makers must represent an infrastructure through the system that makes
it possible is the logic of the life cycle, and it is the methodology that, for some years now, the
European Union has been proposing us to use to change the supply chain and the resilience (also
social) of the world of infrastructural construction, just as the regeneration program is being
implemented.

The combination of circular economy and life cycle thinking is the basis of the criteria that inspire the European

Green Deal (Dalhammar 2015).
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Each infrastructure has its own unique process and life cycle: an exciting way to represent it is to think of it
according to the principle of the six 'r's represented in the figure, (a) rethink the material or product and its
functions (re-think), (b) reduce the depletion of energy and natural resources (re-duce), (c) replace with
alternative materials/products those that have harmful effects on the environment (re-place), (d ) recycle the
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|
Emissions to air, land, water

Fig. 4-2, The Life Cycle Thinking approach (Dalhammar, 2015).
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material/product and reduce waste (re-cycle), (e) reuse existing assets (re-use), (f) repair and regenerate
obsolescent assets (re-pair) [Nazir, 2017].

o o o o £ O

Fig. 4-3, The 6-R approach (Nazir, 2017).

6 RE Philosophy

It goes without saying that life cycle thinking and circularity perfectly embody the tripartite division of the
concept of sustainability and allow us to comprehensively analyze all its parts: the environmental aspect,
addressed with the life cycle assessment, the social aspect, addressed with the Social Life Cycle Assessment
(S-LCA), and the economic one, addressed with Life Cycle Costing (LCC). The key to creating sustainable
infrastructure is to keep all three aspects in balance, and, for this purpose, sustainability protocols, such as
Envision, become extremely useful, offering a methodological guide to the conception and construction of an
infrastructure initiative that is sustainable.

Fig. 4-4, Life Cycle Thinking, Circularity and Sustainability (Azapagic).

In short, the final objective of life cycle thinking is to improve the environmental and socioeconomic
performance of the infrastructure during its entire life cycle. In particular, it seeks to help companies, clients,
and professionals to be more aware of how their actions affect the environment, offering them a systemic point
of view and inviting them to identify the best alternatives to reduce environmental and social consequences in
the best possible economy.

The social theme in life cycle assessments is always relevant for infrastructures. They are by definition
proximal, therefore rooted, territorial: they are an economy in the territory, not just an economy of the territory.
This is not a possible accessory rooting but an intrinsic one: infrastructural systems and human settlements are
inseparable (these are not goods and services that can be created 'far away").

4.2  Life Cycle Assessment applied to Infrastructure

We have seen how life cycle assessment is a methodological approach to analyzing systems from an
environmental point of view, which examines their (environmental) implications along the entire value and
production chain. It is not the only possible one; for example, environmental impact assessment and cost-
benefit analysis are alternative approaches (Finnveden and et al. 2005).
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Analyzing an environmental system means framing technological (production) systems, social systems
(people), and natural systems (the environment) and examining their interactions. The social component indeed
'governs' the technical one, which obtains products and services from the production system, exploits natural
resources, and emits pollutants and waste into the environment. These emissions determine, in turn, changes
in the ecosystem. This is why the impact analysis framework is an essential element of LCA: it is closely linked
to regulatory bodies' social and political vision, focusing on technological systems within this framework.

An LCA is closely connected to the discipline of industrial ecology, which, inspired by the similarity between
technological systems and natural ecosystems, focuses on optimizing resource flows (materials, energy,
products, services) to reduce environmental consequences. In order to achieve this, industrial ecology
emphasizes the need for a systemic vision in the technological and environmental decision-making process,
which is why LCA is a fundamental tool for this discipline.

LCA allows to identify the environmental consequences of product systems and production systems, for
example, by identifying the product with the most negligible impact and best environmental performance and
indicating ways to improve its environmental performance. It is a methodology that allows both the analysis
of the single system and the comparison of alternative systems. An LCA can detect the possible transfer of
environmental loads between life cycle phases, environmental impact categories, and geographical and
political areas straightforwardly and transparently.

In fact, the environmental consequences are not necessarily (or only) associated with the product itself, but a
life cycle analysis allows identifying those induced by the overall system that generated it [ISO 14040, 2006].
Furthermore, unlike the environmental impact assessment, the LCA is not based on in situ measurements of
environmental loads but rather on modeling potential environmental burdens deriving from the flows of
materials, energy, waste, and emissions to and from the production system. In this way, the results of an LCA
may not represent actual site burdens but potential regional or planetary impacts! A part of the life cycle may
be well managed from an environmental point of view in one locality, a region, or a country. However, an input
(or output) component may not be and contribute negatively in another region or country (the so-called 'burden
shift').

Life cycle assessment framework
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Fig. 4-5, Life Cycle Assessment framework (Guinée at al., 2011).
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The ISO 14040 (2006) and ISO 14044 standards outline the general methodological basis for an LCA analysis.
This emphasis on data standardization and certification is essential because it is the only way to allow
comparisons of production processes across different production chains and transnational assessments of flows
and materials.

1. Alife cycle analysis includes four phases:
Initially, the purpose and scope of the LCA, system boundaries, and functional unit are established.

3. Next, the relevant inputs and outputs of the product system are cataloged and quantified in the life
cycle inventory.

4. In the third step, the environmental relevance of the production factors and products is evaluated
through the evaluation of the system's impact consisting of the entire life cycle.

5. Finally, the life cycle inventory and impact assessment results are determined in relation to the purpose
of the study.

The ISO guidelines for LCA do not describe the LCA technique in detail: "there is no one way to perform
LCA", and this means that there are, in fact, many application possibilities and a multitude of approaches in
the world of life cycle assessment (Guinée et al. 2011).

4.3 Life Cycle Cost Analysis (LCCA)

Life Cycle Cost Analysis (LCCA) is a method to assess the monetary costs throughout a subject’s life cycle.
LCCA is used to reduce the monetary costs early and during the design process. It can be used on a system
level in early stages when the whole construction is studied (for example on a road section, or when comparing
different alternatives in detail such as a construction part). LCCA is not as standardized as LCA and what is
included can differ between different countries and different project. The following analysis procedure is used
in Sweden in all large road and railway project built by the Swedish Transport Administration. LCCA is then
used to minimize costs during design, procurement, construction and use. Risks and uncertainties can be
included in the analysis.

LCCA should describe the investment costs and future costs such as operations, maintenance and potential
external costs. The life cycle cost (LCC) is the net sum of all costs for the product during investment (planning,
design, construction etc.), operation, maintenance (including replacement) and external costs (stop costs etc.)
and is calculated by:

LCC = Ciny + Cop + Cymain + Cexr

where CINV is the costs in the investment stage, COP is the costs during operation, CMAIN is the costs during
maintenance and CEXT is external costs. End-of-life costs are included if the studied subject has an end-of-
life stage. Investment cash inflow and outflow should be discounted forward and the future cash inflow and
outflow should be discounted to the cost status at the chosen baseline year. Doing this is defined as calculating
its present value (PV). Net Present Value (NPV) is the sum of all PVs and can be calculated by:

N
R
NPV(i,N) = Zﬁ
t=1

where t is the time of the cash flow, i is the discount rate and Rt is the net cash flow (cash inflow — cash
outflow) at time t. Other ways to calculate NPV are possible.
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4.4  The three levels of application of Life Cycle Assessment in Infrastructure

The Network Level

Infrastructure systems are conceived (1) through three strategic decision-making levels (network, project, and
process) and (2) in terms of service methods (for energy: production, transport, distribution, and use; for
transport: road, rail, air or sea; for water: distribution, collection, treatment, storage; etc.). Furthermore, they
are made up of a series of components, structures, artifacts, equipment, energy sources, and primary materials
of origin, which are further divided into the elementary (but no less complex) processes that produce them. A
mobility system, for example, is characterized by modes of transport (such as wheeled vehicles, constrained
vehicles, etc.), structural systems (such as roads, trains, bridges, and tunnels), components and parts of works
(such as road surfaces and railway sleepers) and materials (such as asphalt, steel and concrete).

All these elements have a life cycle that extends from the extraction of the raw materials to the end of their
useful life, a term that can even be very far in time (50-100 years, but some Roman aqueducts still work today).
The first problem in the existing literature regarding LCA is the difficulty of delineating typical horizons of
space and time. Referring to a classification that derives from asset management (ISO 55000, for example), it
is advantageous to identify these macro phases: conception and creation of the infrastructure, use, and
maintenance of the infrastructure, demolition and/or regeneration of the infrastructure.

It is normally assumed that the production of materials (including the extraction and processing of raw
materials) and the construction activity (including the transport of materials to the construction site, the use of
construction machinery, and the handling of excavated materials and soil) are all part of the infrastructure
construction process.

Similarly, the use of the infrastructure can be further divided into operation and maintenance. There is an ideal
boundary between ordinary maintenance activities, which keep operations active, and extraordinary
maintenance activities, which are a consequence of catastrophic events or interventions necessary to safeguard
the usual life of the infrastructure. These activities are part of the ongoing management of the infrastructure.

We talk about regeneration when the infrastructure is re-built to relaunch its helpful life for another cycle, with
real re-investment work.

The LCA focuses on the measurable environmental consequences of the materials and technologies used,
highlighting the importance of reducing the environmental implications of the relevant production and
management systems. Since the LCA makes environmental impacts more evident, it becomes an essential tool
for establishing social indicators and creating incentives for reforming significant parts of production and,
more generally, the social system. Indeed, LCA can provide information that can be used to calibrate policy
and planning choices, for example, in the transport sector.

Planning an infrastructure system is a complicated process divided into several phases. The planning process
varies from country to country. However, there are generally four primary decision levels: 1) the choice of
service mode at the national level, 2) the choice of location and type of construction (e.g., bridge or tunnel) of
the specific project, 3) the choice of the specific construction project and 4) the choice and influence on the
supply chain involved through the procurement specifications (Miliutenko 2016).

The LCA can be carried out in any of these planning phases, and it relates to the purpose for which it is carried
out: for example, if it becomes a tool to guide procurement, it must satisfy standards of transparency and
consistency in order to provide a fair comparison of available options (Butt et al. 2015). Historically, the
application of LCA has focused on the early stages of the decision-making process, aiming to provide systemic
elements in the selection of impact scenarios. However, the application of LCA in this phase is limited by the
indeterminacy of the data available at the preliminary design and feasibility level (Kluts et al. 2012) (Butt et
al. 2020). Data would be available at later project stages. However, at that point, the potential to influence life
cycle consequences is reduced (Butt et al. 2015), and LCA becomes a post-mortem exercise. However, when
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pushed to the more detailed and process levels, LCA can help procurement and construction decision-makers
influence the supply chain sustainably.

The ideal situation would be one in which, through an LCA in the preliminary (or feasibility) phase, the general
choices could be oriented (for example, identifying hot spots and top offenders), and with subsequent further
LCA analyses (for example of the process) in the executive design phases and the procurement phase, it was
possible to refine the choices of materials and detailed technologies. This recursion can be seen as a
complication, but it brings certain benefits in terms of sustainability because it makes the most of the potential
of life cycle thinking.

The Project Level

Even if it is rare to find an LCA analysis that openly refers to one of the three phases that we have identified
(Butt et al. 2015), it is a fact, and it is a great limitation, that most of the analyzes found in the literature
specialist and in the project, documents are essentially conducted 'a posteriori', i.e., once the project has been
completed in a very detailed form (sometimes they accompany the 'final' Italian-style project). This is a
methodological forcing that arises from the need to narrow the margin of variability of the inventory.
Sometimes, the analysis becomes a kind of fulfillment following the executive planning, for example, when it
is used as a support for a certification (Miliutenko 2016) (Bizjak et al. 2017), or they are purely theoretical (for
example, (Stripple et al. 2016)).

Indeed, this modality is often recognized as a fundamental limitation of using life cycle analysis on entire
infrastructures. Furthermore, again, due to the difficulty (and complexity) of modeling the entire helpful life
with adequate detail, it is not easy to find an infrastructure LCA that fully incorporates actual maintenance
scenarios, which can limit its representativeness [Santero et al., 2010; Inyim et al., 2016; Jiang et al., 2019].

These are reasons why a second level of application of LCA is that of the project, in which the ambition of
framing different overall scenarios is abandoned to focus on the development of the specific life cycle and
incorporate the most relevant scenarios of the construction, management, and maintenance.

Considering that the temporal extension of the analysis is essential and that the management criteria beyond
five/ten years are difficult to predict (even if only for a question of technological evolution), the maintenance
issue takes on a particularly critical role. Infrastructure maintenance has three distinct components: (1) the
analysis period, which determines how many years future maintenance is accounted for; (2) the maintenance
frequency, which determines the frequency with which maintenance is performed during the considered period;
and (3) the effects of climate change, which are expected to influence the durability of infrastructure and,
therefore, the frequency of maintenance. It is clear that only approximations are possible since the
infrastructure, as we have said, 'lives' for a long time (very often longer than the technologies and decision
makers who made it possible), and it is not easy to identify its 'end of life' (Saxe and Kasraian 2020); on the
other hand, its use and functionality constantly change during its life due to wear, obsolescence, the mutation
of the social and economic context in which it operates and therefore, to name one factor, the loads. Climate
change, as we well understand, complicates things further.

However, the more LCA is pushed to the project level (even at the cost of simplifications and typologization),
the more inventories and datasets of information will be developed, gradually making the analyses more
reliable generating a virtuous circle. A strategy that can be useful is to identify, within the useful life, those
phases that are considered most relevant from an impact point of view (for materials, for technologies, for
conditions of use, ...) and, programmatically, focus the analysis on them, aiming to improve sustainability
performance without claiming to frame it completely. In this way, it will be possible to standardize how, for
example, the construction phases, extraordinary maintenance, and, perhaps, reconstruction at the end of life
are addressed. The impact on the construction value chain would be immediate and positive (Butt, Toller, and
Birgisson 2015).
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At the project level, the methods of conducting the LCA can become, if standardized and made transparent, an
instrumental framework for the conduct of procurement policies. As many (Hojer et al. 2008) proposed, the
definition of coherent and standardized scenarios by type of infrastructure could be integrated with the
performance requirements of the technical infrastructure. These technological needs should be defined based
on general preliminary investigations (which enrich the analysis inventory in detail) and, therefore, could also
become the basis for future analyses in the same infrastructural area.

The Construction Process Level

The infrastructure generates a unique and complex context. It is not repeatable (for geotechnics, landscape,
function), it has a very long useful life (sometimes more than 100 years) and goes beyond the generational
gaze, it involves long construction times (a construction duration of five to ten years is not surprising, and note
that such a duration is significantly larger than any country's current technological 'cycles' or regulatory cycles).
These are just some of the reasons why the complexity of LCA analysis over the entire useful life of
infrastructure is often a task that makes it challenging to define a coherent and credible data inventory. Once
the problem has been framed 'from the satellite', the analysis effort must immediately concentrate on the data's
realism and relevance in the critical phases (of most significant impact).

The life cycle assessment tool can be very useful, in fact, even when it is focused on a specific construction or
maintenance phase, where by 'phase’ we can mean either a technological phase (a particular geotechnical work,
a critical construction process, etc.) is a construction (or maintenance) phase (concrete casting, shotcrete
coating, restoration of an asphalt pavement), and where the functional unit of the analysis is a 'typical' unit that
represents the process [Pettinaroli, Susani et al., 2023; Susani et al., 2023].

Life cycle stages in an LCA according to the European Committee for standardization

Benefits and
loads beyond the

Product Construction processes Use End of life system boundary
A1: Raw material supply A4: Transport B1: Use C1: De-construction D: Reuse-
A2: Transport A5: Contruction- B2: Maintenance demolition Recovery-
A3: Manufacturing installation process B3: Repair C2: Transport Recycling-
B4: Replacement C3: Waste processing potential
B5: Refurbishment C4: Disposal

B6: Operational energy use
B7: Operational water use

Tab. 4-1, Life cycle stages in an LCA according to the European Committee for standardization.

Of course, more importantly, when narrowing the duration and limitations of the LCA model, there is the
opportunity to focus on materials and use/search for inventory information that precisely fits the “reality” of
the analyzed process.

As we will see in the application cases of this document, the process approach (we could define it as 'life cycle
construction process assessment') allows us to (a) isolate the materials/technologies of "maximum/greatest
impact" or "maximum/greatest influence" and (b) focus on the life stages during which the most significant
part of the overall impact of the infrastructure is expressed, reducing the complexity of the analysis and the
influence of non-specific data.
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Fig. 4-6, An example of process oriented LCA approach (Shillaber et al. 2015)
An LCA analysis oriented to the construction process is helpful for several purposes:

1. It allows to compare different technological alternatives and choose the least impactful one (or the one
with the most significant environmental performance for a specific type of impact).

2. It allows to compare different material choice options to “measure” their respective sustainability
performance using data from, for example, their EPD certificates or directly from manufacturers.

This is an advantageous approach not only during the design phase, where the sustainability objective or
performance of the infrastructure is developed, but also during the procurement phase, where this type of
analysis can provide valuable quantitative information to support the sustainability performance of a material
or technology within a specific construction process and a specific project.

4.5 LCA and geotechnics

LCA and LCCA are sustainability assessment tools. They assess the environmental impact and the monetary
cost of a product. There are also other tools that assess sustainability. What they have in common is to assess
sustainability. Sustainability includes the economic, the environmental and the social part of a product or
service. Sustainable development was defined by Brundtland et al. [1987] as a societal development that
“meets the needs of the present without compromising the ability of future generations to meet their own
needs”. There are a vast variety of sustainability assessment methods available. In the following, two methods
are introduced that have been used in geotechnical engineering.

GeoSPeAR is the cited method developed by Holt et al. [2010]. It is presented as the already discussed colour-
coded rose diagram that assesses the studied subject based on four main criteria: environmental, economic,
societal and natural resources. Each criterion has many subcriteria and the most sustainable choices are the
ones with the result closest to the centre of the diagram.

Embodied energy (EE) and gas emissions can be assessed, the process of which is a part of an LCA. Embodied
energy is the sum of all the energy required during the life cycle of a product. Gas emissions can for example
be the airborne emissions CO2, CH4, N20, SOX and NOX. Inui et al. [2011] has assessed these gas emissions
for four design alternatives for an embankment retaining wall system and compared the results. The most
common emission to assess is CO2. Shillaber et al. [2016] developed a streamlined energy and emissions
assessment model (SEEAM) used for quantifying embodied energy and CO2 emissions for ground
improvement.

The quantitative multiple-criteria based assessment frameworks like Envision are mostly life cycle-based tools.
Looking at the infrastructure industry, life cycle costing (LCC) and life cycle assessment (LCA) have been
used to assess the sustainability of pavements [Pratico et al. 2011, Zhang et al. 2008, 2011]. Pittenger [2011]
developed a life-cycle based performance metric known as Green Airport Pavement Index (GAPI) for
comparing the sustainability of alternative airport pavement treatments. Lee et al. [2010a] combined LCA and
LCC to quantitatively assess the advantage of using recycled materials in pavements. Lee et al. [2010b]
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introduced a LCA based rating system known as Building Environmentally and Economically Sustainable
Transportation - Infrastructure - Highways (BE2ST-in-Highways).

Geotechnical engineers may not be that familiar with making environmental impact assessments in their daily
work [Samuelsson et al., 2021], still there is a wide literature about it including general soil stabilization [da
Rocha et al. 2016], foundation support [Egan et al. 2010; Jefferson et al. 2010; Shillaber et al. 2017; Spaulding
et al. 2008], land remediation or environmental containment [Harbottle et al. 2007; Spaulding et al. 2008], and
flood protection [Shillaber et al. 2016]. As we said, the size of the investment cost is by far the most important
factor when deciding if a construction project is being realized or not. But decisions made in a geotechnical
engineering project affect the environmental impact and monetary cost during the structure’s entire life cycle.
Life Cycle Assessment (LCA) and Life Cycle Cost Analysis (LCCA) are established methods for assessing
such environmental impacts and monetary cost from construction works. The results can be used to make
decisions to reduce the environmental impact and monetary cost in geotechnical engineering projects.
However, limited research has been published in applying LCA and LCCA to geotechnical engineering. For
example, Jefferis [2008] found that there was a lack of specific guidelines on how to implement sustainability
in geotechnical engineering.

A life cycle assessment starts with a definition of the aim and scope of the study. Its main effort resides in the
development of an inventory (LCI), in which all the significant environmental burdens from the life-time of
the product or process will be quantified and compiled. This is followed by an impact assessment (LCIA)
calculating and presenting the result in a predefined way that supports comparison or further analysis. The
concept and working phases of LCA are described in the ISO14040 [ISO14040, 2006].

The application of LCA in civil engineering started initially as a tool for assessing solid waste management
options. Because it has been thought for product development and supply chain impacts disclosure, it tends to
be difficult to use in the case of civil engineering and particularly when it comes to large infrastructures. The
amount of data required and the unpreparedness of the construction industry make a full LCA assessment for
an infrastructure a postmortemized practice, while the tool should be a support to the decision-making
process...

The concrete industry is probably the more advanced in adopting the tool, particularly because of its undeniable
impact: besides giving the knowledge of products’ environmental performance, LCA results are also able to
support marketing or environmental labelling. For instance, the ISO14025 Type III Environmental Product
Declaration (EPD), which enables the informed comparison between products that fulfil the same function, re-
quires quantified environmental information based on in-dependently verified LCA results [Huang et al, 2008].
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5 Sustainability indicators and green drivers in geotechnics: tailoring a
combined method

5.1 Combining sustainability indicators with the EU technical screening criteria

The EU regulation requires an explicit analysis to establish whether an economic activity could be considered
to significantly harm, through the framework of the DNSH criteria and taking into account the life cycle of the
products and services provided by it, including evidence from existing life-cycle assessments. When assessing
an economic activity against the six targets set out above, both the environmental impact of the activity itself
and the environmental impact of the products and services provided by it throughout its life cycle have to be
taken into account, in particular by considering the production, use and end of life of those products and
services.

The aim of the regulator is more about forcing investors, owners, designers, and constructors to set up a
sustainability strategy for their projects instead of just a general purpose or a scattered series of
environmentally friendly actions. At the same time, we think that a pure compliance verification against the
six targets will not support the decision makers to evolve the nature of their projects. This is why we suggest,
as a first step, the adoption of a general sustainability rating protocol based on well recognized indicators,
defining a thought and complete sustainable approach to the project, that could properly combine performance
and economic needs with social and environmental perspectives.

The Envision protocol [ISI, 2018] is well structured, solid and allows a simple preliminary approach that is
very useful in the framing phase. This can be done by selecting the applicable indicators and identifying the
appropriate leverages that play the critical role in sizing the sustainability rating of the project. This phase is
crucial because it allows a fine tuning of the general strategy of the project and focuses the attention of the
stakeholders on the environmental and social hotspots, apart from the technical performance or the cost in
itself. Without this first framing, the focus on a sustainability strategy of the project will be weak and difficult
to share among the stakeholders.

The application of Envision is useful also in the light of the EU Taxonomy. Following the path traced by ICMQ
[ICMQ, 2022] it is possible to identify a connection between the Envision indicators and the six targets listed
in the article 3 of the cited EU Regulation. This is a simple way to check the project against the DNSH criteria,
giving the chance to use the Envision analysis as a reference metric also for EU compliance. With a
fundamental integration: while the DNSH assessment deals only with the environment, the Envision protocol
also takes into account the economic and social aspects, thus satisfying the three ESG factors. Most of the
Envision credits have a direct impact on the objectives indicated in the 2020/852 Regulation, and within the
protocol there are additional credits that contribute indirectly but effectively to the achievement of the
objectives themselves.

Following our professional experience and being aware of the construction industry needs, we connected the
‘views’ of the EU regulation (that will set the stage for the next years) with a sustainability metric as the one
that Envision declines through its protocol.

5.2 The guidelines from the Italian Ministry for Sustainable Infrastructure

Infrastructures constitute the backbone for the economic and social development of a territory, influencing its
productivity, facilitating trade with other areas and markets, improving economic and social inclusion and
ensuring its environmental and climatic sustainability. In this context, the ability of the public sector to select
and evaluate the works to be financed in a systemic key is crucial to guarantee the decision-making and
implementation process a reference framework that is able to combine in a synergistic way the economic,
social and environmental dimensions and the aspects of technical-construction nature.
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In this context, MIMS has decided to publish detailed methodological documents ("Operational Guidelines for
Investments in Public Works") in order to provide the analytical reference framework for the preparation of
project proposals relating to interventions in the areas of competence of the Ministry.

The Operating Guidelines, set out in separate documents for each sector of competence of the Ministry, are
adopted by Decree of the Minister of Sustainable Infrastructures and Mobility and published on the institutional
website and - as mentioned - will serve as a practical manual for both proposing and implementing subjects.
during the preparation of feasibility projects, as for the STM called to support the competent DGs of the MIMS
in evaluating the works for the purposes of their eligibility for public funding.

With D.M. of 7/12/2021, n. 496, the Ministry adopted the published first technical document dedicated to the
railway sector; this document, on the other hand, is dedicated to the road sector and accurately describes the
evaluation methodology to be applied to potential works financed by MIMS, through the main dimensions that
characterize the sustainability of a project - economic, environmental, social and governance - as well as that
the aspects of a transport nature strictly connected to the reference sector.

The Operating Guidelines, in recalling the general principles of ex-ante evaluation of investments in public
works established in chapter 3 of the Guidelines (Ministerial Decree of 2017 n.300), further details the
methodology of practical application.

As regards the analysis of investments in terms of environmental sustainability, this document takes as
reference the Regulation (EU) 2020/852 (so-called "Taxonomy Regulation") and the Final Report of the
Technical Group of Experts in charge of defining the Taxonomy to determine the substantial contribution to
the environmental objectives relating to climate change in terms of mitigation and adaptation, published in
March 2020 and the basis of the Delegated Regulation on climate objectives which was adopted by the EC in
June 2021 (in force starting from 2022 as required by Regulation). At the same time, the Vademecum is directly
inspired by the aforementioned regulation on the European Recovery and Resilience Device (RRF), as well as
by the European Commission Communication 1054/2021, which details the methodology for applying the "Do
not significant harm" principle (DNSH) within the RRF.

Finally, the Operating Guidelines identify a series of relevant criteria and dimensions for defining the
contribution in terms of social sustainability and governance of the work, in line with European and
international standards.

It will be necessary to clarify each time in which cases the interventions must be considered individually or
within a broader investment program. The theme is of clear importance both for the fact that a single large
project (for example a railway line) can be divided into a series of distinct interventions (the various sections
or functional phases), as well as for the recurrence of large thematic containers in the investment programs,
which make analysis difficult when individual interventions are small or inseparable by their very nature.

Therefore, these Operational Guidelines have the dual objective of standardizing the ex-ante evaluation
methodology, in order to improve the comparability of projects, also including the non-intervention scenario,
and of making the decision-making processes on evaluation transparent. of public works, also with reference
to the preparation of the Plurennial Planning Document (DPP) provided for in article no. 201, paragraph n. 1
of the Legislative Decree n. 50/2016 ("Public Contracts Code") and subsequent amendments and additions.

5.3 DNSH and Recovery and Resilience Plan

The importance given to this principle is fully confirmed in the Communication from the Commission
dedicated to "Technical guidelines on the application of the principle" do not cause significant damage
"pursuant to the Regulation on the mechanism for recovery and resilience."

This is the Regulation establishing the recovery and resilience facility (RRF, Recovery and Resilience Facility)
which establishes that no measure included in a recovery and resilience plan (RRP, Recovery and Resilience

(8]
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Plan) must cause damage to environmental objectives pursuant to Article 17 of the Taxonomy Regulation, i.e.
2020/852. Pursuant to the RRF regulation, in fact, the evaluation of RRPs must ensure that each individual
measure (i.e. each reform and each investment) included in the plan complies with the principle "do not cause
significant harm" (DNSH, "do no significant harm "). The RRF Regulation also establishes that the
Commission provides technical guidance on how to apply the DNSH principle in the context of the RFF. Hence
the communication from the Commission.

With it, in summary, the Commission establishes that Member States must provide a DNSH assessment for
each individual measure of the respective RRP and that therefore it is not possible to positively assess the RRP
if one or more measures do not comply with the DNSH principle. Therefore, the DNSH assessment should not
be carried out at the level of the plan or the individual components of the plan, but at the measure level. And
this applies both to the measures that are considered to contribute to the green transition and to all other
measures included in the RRPs.

The close correlation between the RRF Regulation and the DNSH principle is established in the explicit
reference to what is contained in Article 17 of Regulation 2020/852 where it defines the "significant damage"
for the six environmental objectives. For the purposes of the RRF Regulation, DNSH is to be interpreted within
the meaning of Article 17 of the Taxonomy Regulation. This article defines what constitutes ‘significant harm’
for the six environmental objectives covered by the Taxonomy Regulation:

1. An activity is considered to do significant harm to climate change mitigation if it leads to
significant greenhouse gas (GHG) emissions;
2. An activity is considered to do significant harm to climate change adaptation if it leads to an

increased adverse impact of the current climate and the expected future climate, on the activity
itself or on people, nature or assets6;

3. An activity is considered to do significant harm to the sustainable use and protection of water
and marine resources if it is detrimental to the good status or the good ecological potential of
bodies of water, including surface water and groundwater, or to the good environmental status of
marine waters;

4. An activity is considered to do significant harm to the circular economy, including waste
prevention and recycling, if it leads to significant inefficiencies in the use of materials or in the
direct or indirect use of natural resources, or if it significantly increases the generation, incineration
or disposal of waste, or if the long-term disposal of waste may cause significant and long-term
environmental harm;

5. An activity is considered to do significant harm to pollution prevention and control if it leads to
a significant increase in emissions of pollutants into air, water or land,
6. An activity is considered to do significant harm to the protection and restoration of biodiversity

and ecosystems if it is significantly detrimental to the good condition and resilience of ecosystems,
or detrimental to the conservation status of habitats and species, including those of Union interest.

From 1 January 2022, the Commission Delegated Regulation EU 2021/2139 entered into force, which
supplements the EU Regulation 2020/852 of the European Parliament and of the Council, establishing the
technical criteria that determine the conditions for which an economic activity contributes in substantially to
climate change mitigation or climate change adaptation and if it does not do significant harm to any other
environmental objective.

5.4 EU Regulation 2020/852 Objectives

For the purposes of this Regulation, the following shall be environmental objectives:

1. Climate change mitigation.
2. Climate change adaptation.
3. Sustainable use and protection of water and marine resources.
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4. Transition to a circular economy.
5. Pollution prevention and control.
6. Protection and restoration of biodiversity and ecosystems.

Obijective 1: Substantial contribution to climate change mitigation

The regulation tells that an economic activity shall qualify as contributing substantially to climate change
mitigation where that activity contributes substantially to the stabilization of greenhouse gas concentrations in
the atmosphere at a level which prevents dangerous anthropogenic interference with the climate system
consistent with the long-term temperature goal of the Paris Agreement through the avoidance or reduction of
greenhouse gas emissions or the increase of greenhouse gas removals, including through process innovations
or product innovations, by:

a. generating, transmitting, storing, distributing or using renewable energy in line with Directive
(EU) 2018/2001, including through using innovative technology with a potential for
significant future savings or through necessary reinforcement or extension of the grid;

b. improving energy efficiency, except for power generation activities as referred to in Article
19(3);

c. increasing clean or climate-neutral mobility;
switching to the use of sustainably sourced renewable materials;

e. increasing the use of environmentally safe carbon capture and utilization (CCU) and carbon
capture and storage (CCS) technologies that deliver a net reduction in greenhouse gas
emissions;

f. strengthening land carbon sinks, including through avoiding deforestation and forest
degradation, restoration of forests, sustainable management and restoration of croplands,
grasslands and wetlands, afforestation, and regenerative agriculture;

g. establishing energy infrastructure required for enabling the decarbonization of energy
systems;

h. producing clean and efficient fuels from renewable or carbon-neutral sources.

Objective 2: Substantial contribution to climate change adaptation

An economic activity shall qualify as contributing substantially to climate change adaptation where that
activity:

a. includes adaptation solutions that either substantially reduce the risk of the adverse impact of
the current climate and the expected future climate on that economic activity or substantially
reduce that adverse impact, without increasing the risk of an adverse impact on people, nature
or assets; or

b. provides adaptation solutions that, in addition to satisfying the conditions set out in Article 16,
contribute substantially to preventing or reducing the risk of the adverse impact of the current
climate and the expected future climate on people, nature or assets, without increasing the risk
of an adverse impact on other people, nature or assets.

Objective 3: Substantial contribution to the sustainable use and protection of water and marine
resources

An economic activity shall qualify as contributing substantially to the sustainable use and protection of water

and marine resources where that activity either contributes substantially to achieving the good status of bodies

of water, including bodies of surface water and groundwater or to preventing the deterioration of bodies of

water that already have good status, or contributes substantially to achieving the good environmental status of

marine waters or to preventing the deterioration of marine waters that are already in good environmental status,

by:

W
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protecting the environment from the adverse effects of urban and industrial waste water
discharges, including from contaminants of emerging concern such as pharmaceuticals and
microplastics, for example by ensuring the adequate collection, treatment and discharge of
urban and industrial waste waters;

protecting human health from the adverse impact of any contamination of water intended for
human consumption by ensuring that it is free from any micro-organisms, parasites and
substances that constitute a potential danger to human health as well as increasing people’s
access to clean drinking water;

improving water management and efficiency, including by protecting and enhancing the status
of aquatic ecosystems, by promoting the sustainable use of water through the long-term
protection of available water resources, inter alia, through measures such as water reuse, by
ensuring the progressive reduction of pollutant emissions into surface water and groundwater,
by contributing to mitigating the effects of floods and droughts, or through any other activity
that protects or improves the qualitative and quantitative status of water bodies;

ensuring the sustainable use of marine ecosystem services or contributing to the good
environmental status of marine waters, including by protecting, preserving or restoring the
marine environment and by preventing or reducing inputs in the marine environment.

Objective 4: Substantial contribution to the transition to a circular economy

An economic activity shall qualify as contributing substantially to the transition to a circular economy,
including waste prevention, re-use and recycling, where that activity:

uses natural resources, including sustainably sourced bio-based and other raw materials, in
production more efficiently, including by:

i. reducing the use of primary raw materials or increasing the use of by-products and

secondary raw materials; or

ii. resource and energy efficiency measures;
increases the durability, reparability, upgradability or reusability of products, in particular in
designing and manufacturing activities;
increases the recyclability of products, including the recyclability of individual materials
contained in those products, inter alia, by substitution or reduced use of products and materials
that are not recyclable, in particular in designing and manufacturing activities;
substantially reduces the content of hazardous substances and substitutes substances of very
high concern in materials and products throughout their life cycle, in line with the objectives
set out in Union law, including by replacing such substances with safer alternatives and
ensuring traceability;
prolongs the use of products, including through reuse, design for longevity, repurposing,
disassembly, remanufacturing, upgrades and repair, and sharing products;
increases the use of secondary raw materials and their quality, including by high-quality
recycling of waste;
prevents or reduces waste generation, including the generation of waste from the extraction of
minerals and waste from the construction and demolition of buildings;
increases preparing for the re-use and recycling of waste;
increases the development of the waste management infrastructure needed for prevention, for
preparing for re-use and for recycling, while ensuring that the recovered materials are recycled
as high-quality secondary raw material input in production, thereby avoiding downcycling;
minimizes the incineration of waste and avoids the disposal of waste, including landfilling, in
accordance with the principles of the waste hierarchy;
avoids and reduces litter.
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Obijective 5: Substantial contribution to pollution prevention and control
An economic activity shall qualify as contributing substantially to pollution prevention and control where that
activity contributes substantially to environmental protection from pollution by:

a. preventing or, where that is not practicable, reducing pollutant emissions into air, water or
land, other than greenhouse gasses;

b. improving levels of air, water or soil quality in the areas in which the economic activity takes
place whilst minimizing any adverse impact on, human health and the environment or the risk
thereof;

c. preventing or minimizing any adverse impact on human health and the environment of the
production, use or disposal of chemicals;

d. cleaning up litter and other pollution.

Obijective 6: Substantial contribution to the protection and restoration of biodiversity and ecosystems
An economic activity shall qualify as contributing substantially to the protection and restoration of biodiversity
and ecosystems where that activity contributes substantially to protecting, conserving, or restoring biodiversity
or to achieving the good condition of ecosystems, or to protecting ecosystems that are already in good
condition, through:

a. nature and biodiversity conservation, including achieving favorable conservation status of
natural and semi-natural habitats and species, or preventing their deterioration where they
already have favorable conservation status, and protecting and restoring terrestrial, marine and
other aquatic ecosystems in order to improve their condition and enhance their capacity to
provide ecosystem services;

b. sustainable land use and management, including adequate protection of soil biodiversity, land
degradation neutrality and the remediation of contaminated sites;

c. sustainable agricultural practices, including those that contribute to enhancing biodiversity or
to halting or preventing the degradation of soils and other ecosystems, deforestation and
habitat loss;

d. sustainable forest management, including practices and uses of forests and forest land that
contribute to enhancing biodiversity or to halting or preventing degradation of ecosystems,
deforestation and habitat loss.

Enabling activities

An economic activity shall qualify as contributing substantially to one or more of the environmental objectives
set out in Article 9 by directly enabling other activities to make a substantial contribution to one or more of
those objectives, provided that such economic activity:

a. does not lead to a lock-in of assets that undermine long-term environmental goals, considering
the economic lifetime of those assets; and
b. has a substantial positive environmental impact, on the basis of life-cycle considerations.

5.5 Significant harm to environmental objectives

For the purposes of point (b) of Article 3, taking into account the life cycle of the products and services
provided by an economic activity, including evidence from existing life-cycle assessments, that economic
activity shall be considered to significantly harm:

a. Climate change mitigation, where that activity leads to significant greenhouse gas emissions.

b. Climate change adaptation, where that activity leads to an increased adverse impact of the
current climate and the expected future climate, on the activity itself or on people, nature or
assets.
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c. Sustainable use and protection of water and marine resources, where that activity is
detrimental:

i. to the good status or the good ecological potential of bodies of water, including surface
water and groundwater; or

ii. to the good environmental status of marine waters.

d. Circular economy, including waste prevention and recycling, where:

i. that activity leads to significant inefficiencies in the use of materials or in the direct
or indirect use of natural resources such as non-renewable energy sources, raw
materials, water and land at one or more stages of the life cycle of products, including
in terms of durability, reparability, upgradability, reusability or recyclability of
products;

ii. that activity leads to a significant increase in the generation, incineration or disposal
of waste, with the exception of the incineration of non-recyclable hazardous waste; or

iii. the long-term disposal of waste may cause significant and long-term harm to the
environment.

e. Pollution prevention and control, where that activity leads to a significant increase in the
emissions of pollutants into air, water or land, as compared with the situation before the
activity started; or

f. the protection and restoration of biodiversity and ecosystems, where that activity is:

i. significantly detrimental to the good condition and resilience of ecosystems; or

ii. detrimental to the conservation status of habitats and species, including those of Union
interest.

When assessing an economic activity against the criteria set out above, both the environmental impact of the
activity itself and the environmental impact of the products and services provided by that activity throughout
their life cycle shall be taken into account, in particular by considering the production, use and end of life of
those products and services.

5.6 The Envision protocol in the light of measuring DNSH objectives

In this context, due to the lack of certain parameters within the guidelines, the difficulty of measuring the
sustainability of infrastructures has emerged. An important help for stakeholders (professionals, companies,
administrations, citizens) comes from the Envision protocol of ISI (Institute for Sustainable Infrastructure),
promoted in Italy by ICMQ - Institute of certification and quality mark for construction products and services.

The Envision protocol is therefore the ideal tool for measuring the status of the six objectives DNSH and obtain
a sustainability certification compliant with EU requirements.

With a fundamental integration: while the DNSH assessment deals only with the environment, the Envision
protocol also takes into account the economic and social aspects, thus satisfying the three ESG factors.
Envision credits allow you to assess the sustainability of infrastructures by measuring the effects they produce
on every aspect of human life and the surrounding environment. In a period in which environmental
certification assumes an increasingly strong role in the world of building and construction, ICMQ promotes a
rating system that stimulates and enhances design and construction best practices also in the infrastructure
sector.

Most of the Envision credits have a direct impact on the objectives indicated in the 2020/852 Regulation, but
not only: within the protocol there are additional credits that contribute indirectly but effectively to the
achievement of the objectives themselves.

The sustainability certification obtained through the compliance of the project with the requirements set by the
credits of the Envision protocol therefore represents an important contribution to creating works that comply
with what is indicated by the Do No Significant Harm principle.

38



PhD Thesis:
Advances in the sustainability assessment of geotechnical ground improvement processes

5.7 A dedicated assessment for ground improvement projects that fosters EU DNSH criteria

through Envision
One of the aims of our research is to create a state-of-the-art sustainability and resiliency assessment for ground
improvement techniques, as said in the introductory part of this report. Following our professional experience
and being aware of the construction industry needs, we decided to connect the ‘views’ of the EU regulation
(that will set the stage for the next years) with a sustainability metric as the one that Envision declines through
its protocol.

This way we will have built a tool that has a regulatory blessing (it can be used to state the compliance to the
DNSH criteria) and the holistic approach of a 360° degree international protocol (that has the weakness of not
being cogent).

We will make use of the guidelines produced by the Italian Institute for Sustainable Infrastructure and ICMQ
(that represents the Envision organization in Italy) (ICMQ, 2022).

5.8 Correspondence between DNSH and ENVISION

As a first step we scanned the whole set of Envision credits (64 overall, divided in 5 categories, as said) in
order to identify the correspondences between the Envision approach and the UE requirements.

This way, the adapted assessment that we will obtain, could be a useful tool for the industry in order to evaluate
the sustainability of different ground improvement solutions, in particular, and the whole geotechnical project
in itself, in general.

In the first category, quality of life, we improved the cited approach of ICMQ and then reduces the number of
applicable credits to our specific cases.

The lines with the applicable Envision credits in each category have been crossed with each of the 6 EU
objectives, and with each of the subcase cited in the Regulation (and listed above). This way, once the score is
assigned to a credit there will be a full trackability of its value under the DNSH evaluation.

Maximum Climate Change Climate Change
Points mitigation adaptation
Available 0BJ1 0BJ2

QL1.1 Improve C ity Quality of Life 26
QL1.2 Enhance Public Health & Safety 20 - - - - b,c,d
QL1.3 Improve Construction Safety 14 - - - - cd
“ ]QL14 Minimize Noise & Vibration 12 -

QL1.5 Minimize Light Pollution 12
ﬂgﬁ QL1.6 Minimize Construction Impacts 8
QL2.1 Improve Community Mobility 14

Mobility  |QL2.2 Encourage Sustainable Transportation 16 c
Quality of Life QL2.3 Improve Access & Wayfinding 14
QL3.1 Advance Equity & Social Justice 18
. |QL3.2 Preserve Historic & Cultural Resources 18
QL3.3 Enhance Views & Local Character 14
QL3.4 Enhance Public Space & Amenities 14

Tab. 5-1, Selected indicators for Quality of Life.

The 13 credits for quality of life, have, following the ICMQ approach, few connections with the EU
sustainability objectives. It is more about the OBJ 5 around pollution prevention. Driving down the credits to
ground improvement context we considered applicable also those credits where the construction methods could
impact on the quality of life of the stakeholders, particularly the credits from QL1.3 to QL1.5. All the others
could be better taken into account when assessing a more general project that a specific geotechnical one.
These are the credits applicable in the framework for ground improvement techniques:

e (QLI1.2 Enhance Public Health & Safety, related to DNSH OBJ5 subpoints b, c, d.
o Any Envision project must meet all safety and health regulations as required by law. This
credit recognizes the opportunities many projects have to exceed minimum regulatory
requirements, or to improve health and/or safety within a project or community in other ways.
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OL13

OL1.4

OLLS5

The credit assesses the degree to which infrastructure projects contribute to increased safety
and health benefits on the project site, surrounding sites, and the broader community. Envision
does not in any way replace, supersede, or create exceptions for existing local, state/provincial,
or national health and safety regulations.

Project teams and owners should consider how improving the safety and health benefits of the
project, its surroundings, and the broader community, and communicating these benefits to
stakeholders, can help combat negative perceptions that lead to conflicts and project delays
(e.g., “NIMBY”). Enhancing and emphasizing positive health and safety benefits can help
change public perception about the value of infrastructure.

Improve Construction Safety, related to DNSH OBJS, subpoints c, d.

This credit addresses the critical goal of improving health and safety practices during
construction. Having and promoting a common focus on health and safety throughout the
construction industry has benefits that extend beyond the individual project.

Improved construction safety can also have benefits beyond the protection of health and
human life. Companies that have a record in job site safety attract better employees, have
higher retention rates, and are more competitive in the marketplace. The rigor of applying,
training, and adhering to health and safety procedures can also increase productivity by
standardizing job site activities.

Enhanced health and safety practices are encouraged beyond industry norms. However, a
novel approach may introduce risks that were not present prior to instituting the new program
or technology. Project teams should conduct hazard analyses and develop construction safety
plans to address risks associated with using new materials, technologies, and/or
methodologies.

Days Away, Restrictions, or Transfers (DART) rates are a mathematical calculation of the
number of recordable incidents per 100 full-time employees that resulted in lost or restricted
days or job transfer due to work-related injuries or illnesses. From this data, many leading
construction companies find that the return on investment for implementing better health and
safety standards is higher than the cost and lost time associated with job site incidents.
Minimize Noise & Vibration.

This credit addresses noise and vibrations during project operations. Credit QL1.6 Minimize
Construction Impacts addresses construction-related noise and vibrations. “Noise” is defined
as an unwanted or disturbing sound. It becomes unwanted when it interferes with normal
activities or diminishes quality of life.

Noise is a common complaint against a wide variety of infrastructure projects. Noise can have
significant negative health effects, including hearing impairment, hypertension, and sleep
disturbance. It can also reduce performance in cognitive tasks. Residential property values
may be improved as a result of reduced ambient noise levels. Noise pollution can also interfere
with animal communication, predator-prey relations, and mating habits, particularly among
birds.

Addressing operational noise is an important step for incorporating infrastructure into
communities and the environment. This is particularly true during stakeholder engagement to
demonstrate that community concerns are being heard. Setting noise reduction targets can
often provide an impetus to consider creative and innovative alternative solutions.

Minimize Light Pollution.

This credit follows the guidelines of the Model Lighting Ordinance issued by the International
Dark-Sky Association and the Illuminating Engineering Society (IES) of North America. The
Model Lighting Ordinance outdoor lighting template utilizes the IES TM-15-11 “BUG”
(Backlight, Uplight, and Glare) classification of outdoor lighting fixtures and is designed to
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e QOLI6

help municipalities develop outdoor lighting standards that reduce glare, light trespass, and
skyglow.

High levels of ambient light are undesirable for humans from both an aesthetic and health
perspective. Light pollution has the potential to disrupt circadian rthythms and human sleep
patterns, which may have numerous health implications. Light spillage also disturbs nocturnal
animals and interferes with sensitive environments, including open space, wilderness parks
and preserves, areas near astronomical observatories, and other light-sensitive habitats.
Finally, the cumulative exterior light directed upward into the sky because of inappropriate
lighting represents a massive waste of energy.

Well-designed lighting can maintain adequate light levels on the ground while reducing light
pollution by using lighting more efficiently. Many cities and communities may be using more
light than is necessary and could benefit from a lighting-needs audit and assessment. By
directing light only to where it is needed, project lighting can be more efficient and save costs.
Minimize Construction Impacts.

Infrastructure projects are long-term projects that may take years to complete construction.
During this time, it is important for the project to have minimal negative impacts on the
surrounding community. While completed infrastructure projects may go unseen by the public,
the construction phase is often a time when a new project is most visible. Project teams can
harness this as an opportunity to exemplify best practices. In doing so, they instill trust in the
community, and can make further strides toward project acceptance.

There are a range of ways a project team can consider a community’s needs during the
construction phase. Similar to the operational impacts on a community, project teams consider
the same impacts during construction because they may be elevated in this phase. Noise,
vibrations, and light pollution should be minimized during construction so as to reduce
disturbances to surrounding communities. Further, projects in construction should never
impede on a community’s safety or mobility.

Maximum Climate Change Climate Change
Points mitigation adaptation
Available 0BJ1 0BJ2

LD1.1 Provide Effective Leadership & Commitment 18

. |LD1.2 Foster Collaboration & Teamwork 18

[

LD1.3 Provide for Stakeholder Involvement 18

LD1.4 Pursue Byproduct Synergies 18 - - - a,c.efghjk

LD2.1 Establish a Sustainability Management Plan 18 - - - -

LD2.2 Plan for Sustainable Communities 16 - - - b, e
Planning

LD2.3 Plan for Long-Term Monitoring & Mai e 12 - - - be

Leadership LD2.4 Plan for End-of-Life 14

LD3.1 Stimulate Economic Prosperity & Development 20

Economy [LD3.2 Develop Local Skills & Capabiliies 16

LD3.3 Conduct a Life-Cycle Economic Evaluation 14

Tab. 5-2, Selected indicators for Leadership.

When it comes to the 11 credits of the category of Leadership, the connection between EU and Envision is
focused on the synergies for reuse of by-products, both to match the objectives of circular economy and of
pollution prevention. We decided to significantly reduce the credits applicable to the ground improvement
cases mainly because of their more ‘general’ applicability and we kept those related to life cycle and
sustainability management because they are an important part of the case studies that we will analyze. These
are the credits considered applicable to our case:

e LDI4
o

41

Pursue Byproduct Synergies, related to DNSH OBJ4, subpoints a, ¢, e, f, g, h, j, k.

Though byproducts are most commonly thought of as solid waste, they may include a wide
variety of excess resources. True byproduct synergy, or reuse, involves identification and cost-
effective use of unwanted waste or excess resources (e.g., materials, energy/heat, gas
emissions, effluent, water, services, capacity). Byproduct synergies can be accomplished in
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LD2.1

LD3.3

two ways: finding opportunities for a project’s excess resources to be beneficially reused off
site, or incorporating off-site excess resources into the project.

The term “byproduct synergy” may also be known as “industrial ecology,” through its
expression in “eco-industrial parks,” or by the broader concepts of “circular economy.”
Whatever the preferred terminology, the classification of excess resources or services as
“waste” is inherently inefficient. Everything has value. In a circular economy, all excess
resources or services are directed to local beneficial use. These interconnected systems are
more resilient by eliminating waste and reducing dependence on external sources. True
circular economies are rare, but every project can contribute toward growing circular
economies by investigating opportunities for beneficial reuse.

Establish a Sustainability Management Plan, related to DNSH OBJ4, subpoints b, e.

This credit addresses the importance of supporting the achievement of sustainability goals
through the structure of plans and policies. Given the long timelines, complex
interorganizational cooperation, and varied consultants and contractors, it is critical to have a
sustainability management plan to establish expectations and ensure that sustainability goals
and objectives are communicated and carried through project delivery. When time and budgets
are limited, sustainability criteria must have this level of institutional support in order to be
successful. By clearly establishing roles, responsibilities, and expectations, project owners and
project teams realize efficiencies in avoided conflicts, duplications, or miscommunication.
Having a clear prioritization of goals helps consultants and contractors correctly devote their
time and resources in order to deliver the best possible project for their client.

A sustainability management plan enables an organization to set goals, objectives, and
policies; instigate plans and programs; review performance against a plan; and take corrective
actions across the full dimensions of sustainability. The International Organization for
Standardization (ISO) 14004 standard for social and environmental management plans
provides guidance on developing a sustainability management plan.

Conduct a Life-Cycle Economic Evaluation, related to DNSH OBJ4, subpoints b, e.

This credit provides incentives for, and recognition of, the use of sound, industry-accepted
economic analysis to provide a better measurement of the value of a project and ultimately
encourage greater levels of sustainability. Taking a life-cycle economic approach to project
evaluation can enhance decision making by encouraging the effective management of
resources and assets that ultimately lead to more sustainable projects. Life-cycle economic
evaluations allow for a comprehensive assessment to better understand the trade-offs of
upfront capital costs and the longer-term anticipated operational savings that may accrue from
sustainable design. An intended outcome of infrastructure is often to generate benefits and/or
reduce negative impacts to the community, the environment, and broader society. Economic
analysis can be used to measure and value these benefits, which are typically assessed only
qualitatively.

Using rigorous economic analysis to more fully assess investments can help organizations best
use its funds among competing capital projects. By using a life-cycle approach, design
alternatives can be compared on a present value basis, which may ultimately prove the
business case for more sustainable projects.

Life-cycle cost analysis (LCCA) is one of several evaluation techniques commonly used to
compare and evaluate the financial feasibility of various design alternatives over an assumed
service life cycle. LCCA provides a more informed perspective of the total financial costs of
the project and allows a more direct comparison of competing projects. At a minimum it is
necessary to make sure the project is assessing capital, operations and management,
replacement cost, and any residual value over a consistent time period for all alternatives,
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while incorporating discounting techniques to factor in the time-value-of-money to compare
multiple different projects on a common basis.
While life-cycle cost analysis provides greater rigor and insight in the planning process, it
does not assess the social and environment benefits generated by the project. A comprehensive
sustainability cost benefit analysis measures the broader financial, social, and environmental
benefits of the project. This extended analysis further quantifies those impacts and then
monetizes them. A sustainability cost benefit analysis adds the monetary values of social and
environmental impacts to the life-cycle financial results (LCCA) to comprehensively measure
the sustainability impacts. It allows a direct assessment of the trade-offs for varying levels of
financial costs, environmental quality, social impacts, and resiliency, and allows decision
makers to identify those projects that are the most-beneficial and cost-effective.
Often, upfront capital costs are the key driver in planning decisions; however, this omits the
life-cycle costs of the project, risks and uncertainty, or the broader outcomes that impact the
environment and society. As a result, owners may overlook sustainability-related investments
with higher upfront capital costs, but which ultimately produce cost savings over the life-cycle
of the project from lower utility costs, operations and maintenance costs, or less replacement
costs.
There is significant guidance that can be found regarding the specific steps to follow in
conducting a life-cycle economic evaluation. There is no one prescribed approach that is
recommended for this credit; however, a general approach is as follows:

= Define the base case.

= List feasible alternatives including no-build—these can be design elements or entire

projects.

= Specify categories of costs and benefits.

= Quantify costs and benefits as incremental to the base case.

= Monetize costs and benefits.

= Identify and incorporate risks into the analysis.

= Discount future cash flows to calculate net present value.

We decided to keep also the LD2.1 and LD3.3 credits because of their relevance with respect to life cycle
assessment, that will become instrumental in the next phases of our research.

Maximum Climate Change Climate Change
Points mitigation adaptation
Available 0BJ1 0BJ 2

@ Planning

Leadership

LD1.1 Provide Effective Leadership & Commitment 18

- LD1.2 Foster C 1 & Teamwork 18
LD1.3 Provide for Stakeholder Involvement 18 - - - -
LD1.4 Pursue Byproduct Synergies 18 - - - acefghjk
LD2.1 Establish a Sustainability Management Plan 18 -
LD2.2 Plan for Sustainable Communities 16 - - - b, e
LD2.3 Plan for Long-Term Monitoring & Mai 12 - - - be
LD24 Plan for End-of-Life 14 -
LD3.1 Stimulate Economic Prosperity & Development 20

Economy  [LD3.2 Develop Local Skills & Capabilities 16

LD3.3 Conduct a Life-Cycle Economic Evaluation 14

Tab. 5-3, Selected indicators for Resource Allocation.

Obviously, being the EU policy focused on the ecological transition of the economy, the 13 credits of the
Resource Allocation category are among of the most deeply connected with the taxonomy objectives.
Following the same method used for the other categories, the applicable credits are those related to green
procurement practices, recycled material, waste management in the construction site. Similarly, it goes for
construction energy consumption and the use of renewable energy and, most important, the management of
water use and management onsite during construction. These are the applicable credits:
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RAIL.1 Support Sustainable Procurement Practices, related to DNSH OBJ4, OBJS, OBJ6, subpoint
d for all.

o

RAL2

RAI4
h, j, k.

RA2.2

This credit encourages choosing suppliers that incorporate sustainability into their policies and
daily practices and operations. Project teams should give preference to suppliers that have
taken into account the environmental, economic, and social impacts of their products and have
active programs in place for performance improvement.

Infrastructure projects are major consumers of materials, and owners should consider their
ability to influence higher sustainability performance upstream in the material manufacturing
chain. As owners and project teams request and require sustainability disclosures, this
information will become increasingly available and easier to obtain. Such changes have
already occurred in the material supply chains for buildings. While this credit is linked to
CR1.1 Reduce Net Embodied Carbon, it expands beyond the impacts of per unit material
production to include the environmental impacts of the entire manufacturing process.
Supplier integrity and ethical behavior are important considerations. Establishing policies for
the procurement of sustainably manufactured products and materials helps safeguard the
reputation and achievements of the project, and all organizations involved, from the possibility
of future disclosures that project materials were produced in unsafe or environmentally
damaging conditions.

Use Recycled Materials, related to DNSH OBJ4, subpoints c, e, j and OBJ1, subpoint d.
The purpose of this credit is to reduce the use of virgin natural resources and avoid sending
useful materials to landfills. Using recycled, reused, and renewable materials and products,
including existing structures and materials on site, reduces demand for virgin materials and
the embodied carbon emissions and environmental degradation attributed to their extraction
and processing. Using these materials also reduces waste and supports the market for recycled
and reused materials. Project teams should consider how salvaging or repurposing existing
materials or structures can significantly reduce demand for new construction materials as well
as project costs. The reuse of existing materials or elements may also have a significant
cultural or aesthetic value, such as street lamps, sidewalk pavers, bridges, and more.

Reduce Construction Waste, related to DNSH OBJ1, subpoint ¢ and OBJ4 subpoints f, g,

The goal of this credit is to reduce construction waste and divert waste streams from disposal
to recycling and reuse. Project teams can improve performance by considering the ability of
waste generated during construction to be recycled or beneficially reused, implementing waste
management plans to capture waste, and identifying possible recycling centers with
appropriate capabilities.

When considering the extra time or effort involved in collecting and diverting construction
waste, consideration should be given to cost savings in dumping fees. Additionally, some
recycled materials such as scrap metal have a positive value. Achieving high rates of
construction waste diversion is often about the institutional training and operating procedures
of the organizations and companies involved. Infrastructure owners should consider these
capabilities when choosing project teams.

Reduce Construction Energy Consumption, related to DNSH OBJ1, subpoint c.

This credit addresses the important need to reduce construction energy consumption. As
construction energy use is closely linked to emissions, many actions in this credit address
energy efficiency, energy reduction, renewable energy use, and reduced emissions. Therefore,
in addition to other Resource Allocation credits, RA2.2 Reduce Construction Energy
Consumption is also connected to CR1.1 Reduce Net Embodied Carbon, and CR1.2 Reduce
Greenhouse Gas Emissions.
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o

e RA2.3

e RA3.3

Significant cost savings can be achieved by reducing fuel consumption during construction.
Project teams should consider the secondary and tertiary benefits of reduced truck trips,
improved air quality, and support for renewable energy systems. While single actions like
replacing fluorescent lights with light emitting diodes (LEDs) is a positive first step, large
energy savings can be achieved when considering broader construction logistics and
coordination.

Use Renewable Energy, related to DNSH OBJ1, subpoint c.

While reducing energy use is the primary goal, a net-zero energy society will require
significant investment in renewable energy sources. When appropriate, renewable energy can
be generated on site to help reduce the need for fossil fuel sources. However, it is important
to note that large-scale off-site renewable energy sources, such as wind farms, large
hydroelectric facilities, or solar arrays, are often more efficient. It can be challenging to
demonstrate a direct connection to these sources and ensure that their energy generation is not
double-counted by other projects. Project teams should evaluate the feasibility of renewable
energy, including nontraditional energy sources, to effectively increase the portion of
operational energy that comes from renewable sources.

Reduce Construction Water Consumption, related to DNSH OBJ3, subpoints b. c.

This credit addresses the potential to reduce water consumption during construction. Overuse
of water not only depletes waterbodies and lowers groundwater levels, but the treatment of
water consumes large amounts of energy. In many cases, it is not necessary to use potable (i.e.,
drinkable) water for the intended task. Greywater (e.g., water that has been used for cleaning
or other purposes and has not come into contact with feces), recycled water, and stormwater
are alternatives to potable water use, especially in construction. Reducing water consumption
during construction can reduce the environmental impact of the project.

Maximum Climate Change Climate Change
Points mitigation adaptation
Available 0BJ1 0BJ 2

NW1.1 Preserve Sites of High Ecological Value 22 f - - - - ad

Siting

NW1.2 Provide Wetland & Surface Water Buffers 20 - - c - - a

NW1.3 Preserve Prime Farmland 16 f - - - - c

NW1.4 Preserve Undeveloped Land 24 f - - - - b,d

NW2.1 Reclaim Brownfields 22 - - - - a,cd b
NW2.2 Manage Stormwater 24 - a,b a - a -
Conservation

NW2.3 Reduce Pesticide & Fertilizer Impacts 12 f - a,c - a b,d

NW2.4 Protect Surface & Groundwater Quality 20 - - d - a a

Natural World NW3.1 Enhance Functional Habitats 18 - - - - - a,d

NW3.2 Enhance Wetland & Surface Water Functions 20 - - cd - - a

Ecology  [NW3.3 Maintain Floodplain Functions 14 f a,b [9 - - a

NW3.4 Control Invasive Species 12 - - - - - b,d

NW3.5 Protect Soil Health 8 f - - - a b.d

Tab. 5-4, Selected indicators for Natural World.

The category of Natural World, with its 13 credits, is very much related with the final scope of the project that
the ground treatment is a ‘special’ part of. Therefore, many credits have been considered non applicable: we
decided to keep those related with stormwater and to the protection of soil health because they are very relevant
to geotechnics. These are the credits:

e NW2.2 Manage Stormwater, related to DNSH OBJ2, subpoints a,b and OBJ3, subpoint a and
OBJS, subpoint a.

o

Stormwater is an increasing concern and source of risk for communities. Climate change is
making precipitation rates increasingly unpredictable, with more intense storms becoming
common. Historic design standards and regulations may not be sufficient to prepare
communities for the future. Infrastructure owners should consider how taking opportunities to
improve stormwater management systems reduces their risk exposure. There are significant
cost savings in addressing stormwater outside wastewater treatment facilities. Reducing the
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demand on wastewater treatment prolongs the ability of existing facilities to provide sufficient
capacity without need for expansion.

Improperly managed stormwater can have serious environmental impacts. Increased surface
runoff typically leads to increased stream and channel erosion, downstream flooding, water
temperatures (and thereby lowered dissolved oxygen in receiving waters), and concentration
of pollutants reaching surface waters. It can deposit sediment and pollutants into waterways
and warm historically cold-water streams. This can negatively impact aquatic life as native
species are replaced with more pollutant-tolerant warm-water species.

Natural systems for stormwater management, often referred to as “green infrastructure,”
provide multiple benefits. Bioswales and rain gardens can provide community beautification,
reduce heat islands, and present an opportunity to educate the public on the importance of
stormwater management. Project teams should consider how incorporating low-impact
development measures can reduce and mitigate potential negative impacts associated with
increased runoff.

o NW2.4 Protect Surface & Groundwater Quality, related to DNSH OBJ3, subpoint d and OBJ5,
subpoint a and OBJ6, subpoint a.

o

The goal of this credit is to preserve water resources by incorporating measures to prevent
pollutants from contaminating surface water and groundwater and monitor impacts during
construction and operations. Groundwater is a widely used source of drinking water.
Protecting wellheads and groundwater recharge areas reduces the chances of groundwater
contamination and protects natural water purification processes. In addition, aquatic
ecosystems depend on a particular set of water conditions. Changes to any of these factors can
adversely affect aquatic life and groundwater quality. Aquatic ecosystems are threatened by
changes in pH, decreases in water clarity, and increases in temperature, dissolved solids,
coliform bacteria, toxic substances, and nutrients (especially phosphorus and nitrogen).
Leaks, spills, and other sources of contamination have serious environmental, social, and
economic costs with prevention almost always being more economical than cleanup.
Contamination takes many forms but can kill flora and fauna, destroy habitats, and cause
illness or premature death in humans.

Concerns regarding equipment and facilities containing potentially polluting substances
include fuel and chemical storage, pipelines, piles of raw materials, and process areas. At the
construction stage, potential sources of groundwater and surface water contamination include
spills and leaks from tanks, pipes, and construction vehicles; leaching of pollutants from raw
or waste materials; and releases of pollutants from the demolition of previously completed
projects.

e NW3.5 Protect Soil Health related to DNSH OBJ1, subpoint f and OBJS, subpoint a and OBJ6,
subpoint b,d.

o

Climate, organisms, relief, parent material, and time (CORPT) are the factors of soil
formation. Given enough time, if all other factors are held constant, soils that have been
mechanically disturbed can naturally restore themselves. However, because soil formation is
slow, the natural process of soil recovery can take millennia. Various human activities can be
used to enhance the ability of mechanically disturbed soils to function as they did before being
disturbed. This process is referred to as “soil restoration.” The details of which activities
should be used are highly dependent on the original soil type, the factors that formed it, and
the functions that land managers wish to recover. In the context of this credit, soil restoration
refers to the quality and condition of the soil and does not refer to keeping soil on site (this is
addressed in RA1.5 Balance Earthwork on Site).

Construction activities can disturb soil health in many ways, the most common being
compaction. Disturbed soils cannot hold water, nutrients, or carbon as well as natural,
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undisturbed soils. Disturbed soil is less capable of absorbing floodwaters or sustaining
vegetation. Compaction caused by construction equipment can kill surrounding plants and
trees, and prevent future plant growth.

Maximum Climate Change Climate Change
Points mitigation adaptation
Available 0BJ1 0BJ 2

Climate and
Resilience

CR1.1 Reduce Net Embodied Carbon 20 d

Emissions |CR1.2 Reduce Greenhouse Gas Emissions 26 ef

CR1.3 Reduce Air Pollutant Emissions 18 - - - - a,b

CR2.1 Avoid Unsuitable Development 16 - a,b c
CR2.2 Assess Climate Change Vulnerability 20 - ab -

CR2.3 Evaluate Risk and Resilience 26 - a,b c - b

CR24 Establish Resilience Goals and Strategies 20

CR2.5 Maximize Resilience 26

CR2.6 Improve Infrastructure Integration 18

Tab. 5-5, Selected indicators for Climate and Resilience.

Finally, the last category, Climate and Resilience, with 9 credits, where the connection between EU and
Envision is very much related with greenhouse emissions.
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CRI1.1
and d.
o

CR1.2

Reduce Net Embodied Carbon related to DNSH OBJ1, subpoint b and OBJ4, subpoints ¢

This credit addresses the embodied carbon of materials used over the life of the project. This
combines concepts of sourcing local materials, using materials more efficiently, and using
lower-impact materials in order to reduce the combined environmental impacts of material
use. In the calculations, carbon is used as a proxy unit of measure to compare various impacts
across the entire supply chain of material consumption. One stage of this supply chain involves
raw material extraction/harvesting, refinement, and manufacturing into products. The second
involves transportation of the materials from the manufacturer to their final destination on site.
By designing projects to use less material, use material efficiently, or specifying materials with
lower embodied carbon, as well as reducing transportation distances, project teams can reduce
the overall impact of the project.

Material use is specifically addressed over the life of the project, including the necessary
replacement or renewal of materials. Often, materials with slightly higher initial embodied
carbon will have a lower net embodied carbon over the life of the project if they are more
durable and less likely to require repair or replacement.

Reduce Greenhouse Gas Emissions, related to DNSH OBJ1, subpoints e, f.

This credit addresses greenhouse gas emissions during operations and the project’s
contribution in reducing the impacts of climate change. The embodied carbon of materials is
specifically addressed in CR1.1 Reduce Net Embodied Carbon. Emission of greenhouse gases
during construction is addressed in RA2.2 Reduce Construction Energy Consumption.

The increased release of carbon dioxide (CO2) and other greenhouse gases (GHGs) has caused
a significant increase in the concentration of CO2 in the atmosphere, enhancing the
greenhouse effect. The subsequent increase in the average temperature of the earth’s surface
causes various cascading effects, including melting glaciers, arctic sea ice loss, sea level rise,
increased ocean temperatures, increased ocean acidity, changing vegetation patterns, increased
range of disease vectors, decreased snowmelt, changing precipitation patterns, increased
flooding, increased storm intensity, and increased storm frequency, to name a few. This can
have many unintended consequences such as flooding when historic periods of snowfall
change to rain, drought from increased evaporation and lack of snowmelt, loss of coral reefs
and aquatic biodiversity from ocean acidification, and food scarcity as increased temperatures
reduce crop production. Reducing the emission of GHGs now will help mitigate the effects of
climate change in the future.
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e C(RI3
o

e CR2S
o

We decided to
improvement.

Reduce Air Pollutant Emissions, related to DNSH OBJ5, subpoints a, b.

The criteria pollutants include carbon singlexide, nitrogen oxides, sulfur dioxide, suspended
particulate matter smaller than PM-10, ozone, lead, and volatile organic compounds. These
pollutants damage human health, property, and the environment. Those most at risk are
children, the elderly, and people with lung diseases such as asthma, chronic bronchitis, and
emphysema. Dust and odors also can cause a nuisance for nearby residents, reduce property
values, and aggravate the aforementioned lung conditions.

Maximize Resilience.

This credit addresses the implementation of strategies and systems to increase the resilience
of the project. While it can be assessed independently, it should be considered as a continuation
of the previous resilience credits. After identifying vulnerabilities and, it is time to implement
the strategies on the project. This credit is independent because successful and effective
implementation requires a range of actions beyond the resilience strategies themselves.

include CR2.5 as a general mention to the need for resilience also at the level of ground

As a synthesis of this process the structure of the sustainability assessment that we will be using for analyzing
our ground treatment cases is the following one.

Maximum Climate Change Climate Change
Points mitigation adaptation
Available 0BJ1 0BJ2
Quality of Life QL1.2 Enhance Public Health & Safety 20 b,c,d
QL1.3 Improve Construction Safety 14 cd
Wellbeing  |QL1.4 Minimize Noise & Vibration 12 -
QL1.5 Minimize Light Pollution 12
QL1.6 Minimize Construction Impacts 8 - -
Leadership | Collaboration |LD1.4 Pursue Byproduct Synergies 18 acefghjk acefgnhjk
Planning  |LD2.1 Establish a inability M Plan 18 - -
Economy  [LD3.3 Conduct a Life-Cycle Economic Evaluation 14 - - - -
RA1.1 Support Sustainable Procurement Practices 12 - - - d d d
Allocation Materials  |RA1.2 Use Recycled Materials 16 d ceg - -
RA1.4 Reduce Construction Waste 16 4 f,g.h, jk
@ Energy RA2.2 Reduce Construction Energy Consumption 12 c -
RA2.3 Use R Energy 24 a -
Water RA3.3 Reduce Construction Water Consumption 8 - - b, c -
Natural World NW2.2 Manage Stormwater 24 - a,b a - a -
Conservation —
NW24 Protect Surface & Groundwater Quality 20 - - d - a a
Ecology NW3.5 Protect Soil Health 8 f - - - a b.d
Climate and CR1.1 Reduce Net Embodied Carbon 20 d - - c,d - -
ili CR1.2 Reduce Greenhouse Gas Emissions 26 e, f - - - -
CR1.3 Reduce Air Pollutant Emissions 18 - - - - a,b
CR2.5 Maximize Resilience 26 -
CR2.6 Improve Infrastructure Integration 18

Tab. 5-6 - The framework for Ground Improvement Techniques as a construction process.

At a glance, it can be noted that all the DNSH objectives are touched through this dedicated assessment and
that, despite the very specific technology that we are considering, this tool can keep the focus of designers and
constructors on the more general goal of systemic sustainability. At the same time, the sustainability analysis
conducted with this tool, can be easily integrated in wider analyses (i.e. at the whole project scope level) both
with Envision and DNSH criteria.

A potential tool for qualitatively guiding the analysis of a construction process and frame sustainable
strategic choices. Just having an overview of the indicators tells a lot: they span from the working site (noise,
construction impacts on communities), to decision making tools (byproduct synergies, LCA, LCCA), to
resources exploitation (sustainable procurement, recycle, reuse, waste, energy kind and consumption, water
consumption), to the surrounding ecosystem (groundwater quality, soil health) to climate change (embodied
carbon, GHG emissions, air quality). Comparing this framing with a pure impact analysis, the difference lies
in the fact that the focus is put firstly on strategic choices and then on consequences. Moreover, the combination
of the Envision protocol and the EU taxonomy creates consistency in the approach: different stakeholders find
their point of view clarified and different designers or constructors, no matter where in EU can approach
sustainability in a very consistent way.
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6 A methodological approach to assess sustainability in geotechnical
construction techniques

6.1 General view of the methodology
The following figure represents a graphical synthesis of the proposed methodology.

PHASE 1 PHASE 2 PHASE 3 TARGET

Define the functional
unit for the process, set
the inventory, define
the impact framework

Select the critical
construction processes
(cost, quantity, quality,
schedule, technology)

*  Set a communication playground with
contractors: identify concise and to-the-
point sustainablility requirements.

*  Qualify and uquantify with the right level
of detail, through the LCA model, the
evaluation and comprehension of the data.

* Incorporate up-to-date and alternative data
sources and design solutions.
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featured by graphic illustration and data
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Fig. 6-1, The Three Phased Method.

The first phase of the method: a tool for qualitatively guiding the analysis of a construction process and
frame its sustainable strategic choices. Just having an overview of the indicators of the Envision/DNSH
framework presented in the previous chapter tells a lot: they span from improving the working site (noise,
construction impacts on communities) to decision-making tools (byproduct synergies, LCA, LCCA), to
resource exploitation (sustainable procurement, recycle, reuse, waste, energy kind and consumption, water
consumption), to the surrounding ecosystem (groundwater quality, soil health), to climate change (embodied
carbon, GHG emissions, air quality). When this this framing is compared with a pure impact analysis, the
difference lies in the focus being put first on strategic choices and then on consequences. Moreover, combining
the Envision protocol and the EU taxonomy creates consistency in the approach: different stakeholders find
their point of view clarified, and different designers or constructors, no matter where in the EU, can approach
sustainability consistently. The application of the Envision/DNSH framework represents the first phase as a
qualitative assessment of our method.

The need for an LCA cradle-to-gate/site analysis: the second phase of the method. The Envision/DNSH
assessment tool that we proposed in the previous pages is needed in the first step of our methodology, and, as
said, it creates the framework for the specific construction case. When defining the ratings for each indicator,
following the Envision protocol rules, the decision maker has to move from the strategy's qualitative world to
the tactics' quantitative world. For this to happen, a Life Cycle Assessment is needed, focused on the
construction process's cradle-to-gate/site life cycle span.

Depending on the process, it can be relevant to set the boundaries at the 'gate' or at the 'site'": even if the materials
and product used may have central relevance in terms of impact when it comes to construction processes, the
implementation in the site can create alternatives and make the difference. This is the case for ground
improvement techniques, and this is the reason why, very often, a simple Environmental Product Declaration
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in itself does not make sense in measuring sustainability (while advertising tells our sector the contrary),
because it stops at the 'gate' of the site work.

Life cycle stage Description Module
Raw material extraction and processing A1
Product stage Transport to the manufacturer A2
Manufacturing A3
Construction process stage Transport to the construction site A4
Construction A5
Use of the product B1
Maintenance B2
Repair B3
Use stage Replacement B4
Refurbishment B5
Operational energy use B6
Operational water use B7
Demolition/Deconstruction C1
. Demolition waste transport C2
End-of-life stage Waste processing C3
Waste disposal C4
Benefits and loads beyond the system boundary Reuse, Recovery, Recycling, Potential D

Tab. 6-1, System boundaries according to EN 15804 and EN 15978, cradle-to-gate and cradle-to-site shaded in grey.

A full life cycle analysis performed for the whole project requires a significant set of modeling and a
multidisciplinary set of design choices that make the full LCA a “difficult’ tool for holistic decisions for large
construction (infrastructure) processes. When an LCA analysis is focused on a cradle-to-gate phase that isolates
a specific construction process, it can help to fine-tune technologies, materials, and site work choices that are
still relevant to the overall sustainability performance of the whole project and can support the transformation
of a specific slot of the supply chain of a large construction project.

This is why a cradle-to-gate/site LCA analysis is the second phase of our methodology and is used to ground
the rating for the Envision indicators and help maintain consistency in the sustainability approach to the project.
Being connected through the framework to the EU taxonomy gives the quantitative feedback that the EU
Regulation seeks.

Revising the Envision/DNSH assessment in the light of the LCA Analysis: the third phase of the method.
Once the LCA analysis is completed a final revision of the assessment is made, and the valuation is finalized.
The output of the three-phased method allows communication with the stakeholders at three levels. At the
highest level, a single ‘score’ for the project can be the ideal project communication tool for non-specialized
stakeholders; at the intermediate level, the indicators score can explain the reasons behind sustainability
strategy and tactics in the project; at the extreme detail level, the LCA output can quantitatively (and
transparently) support procurement decisions in the construction phase.

In the following paragraphs, we perform the three-phased method for a pilot case study of a ground
improvement in an open-air excavation below groundwater, considering five different operational solutions,
each based on one of the identified technologies: permeation grouting, jet grouting, artificial ground freezing.

6.2 The case study: the analysis of three soil treatment ground improvement alternative

strategies through the lenses of sustainability
For geotechnical engineering to contribute to sustainable development, the core practice must be made
environmentally friendly and resource-efficient. However, geotechnics has to be able to tell how much it
contributes. With their diversity and innovative variability of needs and technologies, ground improvement
techniques are an ideal testing field for a sustainability-based design approach. On the one side, there is the
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need to focus on the efficiency of the processes and the technologies; on the other hand, there is a complex
variety of materials involved. Geotechnics stakeholders (designers, constructors, customers) are often faced
with ground improvement needs that are required to deal with many contextual constraints: logistical,
mechanical, schedule, and cost. Furthermore, those are so compelling that there is no time to consider
environmental efficiency (read sustainability) as a relevant criterion for a choice.

The approach presented in the thesis, which focuses on cradle-to-gate or cradle-to-site schemes and keeps the
level of detail at the construction stage, allows the sustainability assessment to become extremely powerful in
strategy selection and technology fine-tuning phases and, above all, easy to perform. This study aims to open
the way to use life cycle thinking in geotechnics as an everyday tool that can make ‘the’ difference for decision-
makers and designers.

To this aim, we designed an artificial case study where an open-air excavation below the water table level (we
assumed a typical alluvial soil condition in the area of Milan) needs to be stabilized, before executing any
concrete cast. Three soil improvement technologies are used: permeation grouting, jet grouting, and artificial
ground freezing. The single- and the double-fluid jet grouting techniques have been separately explored, as
well as two different freezing methods are compared, using brine or, in alternative, nitrogen as coolant. In total
five cases were studied. The implementation of the three-phased method is aimed to show different ranks of
impact and different fine-tuning and improvement options [Pettinaroli, Susani et al., 2023].

Applying the Envision/DNSH framework to ground improvement construction processes

The Envision/DNSH framework developed in the previous chapter can be simplified to the case of geotechnical
construction processes by avoiding those indicators that involve more general aspects of the infrastructure
design (plans, strategic documents, etc.) and keeping the focus on the construction process in itself.

The following table represents this reduces framework and will be used in the analyses.

Envisi t Envisi dit Maximum Biodoversity and
Ryision catRgony mislon.crec Points Climate Change [RellEICReETT ircular e Y Pollution ecosystem
Available | mitigation OBJ 1 JELENE (elfe]= N ans BJ 4 WIETERTGYel- NN protecti
e - LD1.4 Pursue Byproduct g g
Leadership: Collaboration S a,cef g hijk|lacefghjk
LD3.3 Conduct a Life-Cycle
[Economic Evaluat
d d d
d - - ceg
c - - f,g,hj k
c
a
{ ce allocati /ate : b, c

Natural world: NW2.4 Protect Surface & 20 ” . .

Conservation Groundwater Quali

Natural world: Ecology NW3.5 Protect Soil Health 8 f - - - a b, d

Climate and resilience:  |CR1.1 Reduce Net Embodied 20 d B B o

Emissions Carbon 2

Climate and resilience: |CR1.2 Reduce Greenhouse

A i 26 e f

Emissions Gas Emissions

Climate and resilience: |CR1.3 Reduce Air Pollutant 18 R R R _ &k

Emissions Emissions i

Maximun achievable rating 232

Tab. 6-2, Reduced frame Envision vs. DNSH for ground improvement techniques.
Essentially, few indicators have been avoided:

e QL1.2 Enhance Public Health & Safety
e QL1.3 Improve Construction Safety
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QL1.5 Minimize Light Pollution

LD2.1 Establish a Sustainability Management Plan
NW2.2 Manage Stormwater

CR2.5 Maximize Resilience

The case study

Geometry and geology

As an ideal design case study for the application of the Three Phased Method for ground improvement
treatments, an excavation site located in the municipality of Rozzano (MI) was considered. The choice of the
location is based on the knowledge of the site deriving from previous interventions designed by the authors,
which provided the geological and hydrogeological information necessary for the classification of the area and
the modeling of a plausible scenario.

The excavation site is assumed to have the following characteristics:

square shape with sides of 10 meters each;

depth of 5 meters, with the following stratigraphy:
* 5 m of gravel and sandy layer

» water table level at -1m

* from -5m clayey formation;

negligible groundwater speed.

These assumptions guarantee important advantages;

the simple excavation geometry makes calculations easier;

the granulometric composition of the soil to be excavated and the negligible underground water
flow do not preclude the use of any of the soil treatment methods examined, described in the next
chapter;

the watertightness nature of the clayey layer at the level of the excavation bottom avoids any piping
problem, which could cause flooding of the site.

t0m
| Gravel and Sand T
-1m table level
""" Gravel and Sand
sm_|
Clay
-15m |

Fig. 6-2, The open-air excavation for the case study [Pettinaroli, Susani et al., 2023].

As said, thanks to the geometry of the excavation case, in order to make our analyses comparable the treatment
have been designed in such a way that the different techniques use a similar modular pattern of ‘columns’ and
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drilling depths; this allows the sustainability analysis to focus on what is relevant under the environmental
impact point of view.

Geotechnical verifications

In the following a preliminary evaluation concerning the stability of the case study is considered. A simplified
approach based on limit equilibrium analyses and Rankine theory has been adopted. The safety level LS related
to the overturning moment, horizontal sliding and bearing capacity are presented both in short time (ST) than
long time (LT) condition assuming for the clay undrained and drained parameters respectively.

A
L Dry SAND
AV \V4 \V4
Soil property Sand
=atel I 20
i ' [kPa] 0
ysat [kN/m3] 21
ydry [kN/m’] 18
Soil property Clay
. k
Overconsolidated CLAY 5™ 130
c' [kPa] 30
¥ [kN/m’] 11
ysat [kN/m°] 21

Fig. 6-3, Layou and geotechnical properties of the case study.

As working hypotheses for these verifications, it has been considered that the treated area with the 3 methods
(PG: permeation Grouting; JG: Jet Grouting; AGF: artificial ground freezing) could be considered as a rigid
gravity wall. In addition, since this retaining structure (i.e. the gravity wall) is considered as temporary solution
necessary to realize a permanent structure, the level of safety reported refers to assuming and equal to 1 all the
partial coefficient referred e.g. in the Eurocode EN7. This assumption is enough for the focus of this work and
should be considered just to support the LCA application to a physically based case study.

Treated soil properties have been assumed on the basis of professional experience data. The latters are derived
from laboratory test performed on cored as well as reconstructed samples, for similar works and soil conditions.

In the following figures the level of safety is evaluated with respect to: i) overturing moment, ii) horizontal
sliding and iii) bearing capacity. For each case the meaning of the symbols recalled in the tables are referred
in the drawing on the left. The limit loads are evaluated first and after the acting loads. Finally, the level of
safety is evaluated as the ratio between the limit loads and the acting loads. The Rankine theory have been
adopted to estimate the earth pressure on the rigid gravity wall while the Terzaghi formula has been adopted
to estimate the limit bearing capacity.

In all the cases the level of safety results greater than 1. Therefore, we can considered that the case study is
physically well posed according to the simplified assumptions considered.
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Fig. 6-4, Overturning verification of the adopted case study.

o, [kPa]

u [kPa]

Type of treatment |PG JG AGF
H [m] 4.0 4.0 4.0
B [m] 2.55 2.55 2.55
v [kN/m’] 21.0 22.0 20.7
Limit loads
Ww [KN/m] 214.2 224.4] 2114
Ws [kN/m] 45.9 45.9 45.9
b, [m] 1.28 1.28 1.28
Miim[kN/m*m] 331.6 344.6 328.1
Acting loads
SA1' [m] 17.4 17.4 17.4
SA2' [m] 19.1 19.1 19.1
SU [kN/m] 80.0 80.0 80.0
SS [kN/m] 51.0 51.0 51.0
ba; [M] 2.0 2.0 2.0
ba, [M] 1.3 1.3 1.3
by [M] 1.3 1.3 1.3
bs [m] 1.7 1.7 1.7
M,o[KN/m*m] 253.7 253.7| 253.7
Safety Level SL 1.31 1.36 1.29
Horizontal sliding
Type of treatment |PG JG AGF
H [m] 4.00 4.00 4.00
B [m] 2.55 2.55 2.55
y [kN/m’] 21.0 22.0 20.7
Limit loads
Ww [KN/m] 214.2 224.4 211.4
Ws [kN/m] 45.9 45.9 45.9
SS [kN/m] 51.0 51.0 51.0
Tiim ST [kN/m] 229.5 229.5 229.5
Tiim LT [kN/m] 135.7 138.6 134.9
Acting loads
SA1' [m] 17.4 17.4 17.4
SA2' [m] 19.1 19.1 19.1
SU [kN/m] 80.0 80.0 80.0
Toc [KN/m] 116.5 116.5| 116.5
Safety Level SL (ST) 1.97 1.97 1.97
Safety Level SL(LT) 1.16 1.19 1.16

Fig. 6-5, Horizontal sliding verification of the adopted case study (ST Short Term,; LT long Term).
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Bearing capacity

Type of treatment PG JG AGF

H [m] 4.00 4.00 4.00
B [m] 2.55 2.55 2.55
v [kN/m’] 21.0 22.0 20.7
Limit loads

Ny [-] 109.4 109.4 109.4
Nc [-] 75.4 75.4 75.4
Oiim ST [kPa] 668.4 668.4 668.4
Qiim LT [kPa] 2495.1 2549.3| 2479.7
Acting loads

Ww [KN/m] 214.2 224.4 211.4
Ws [kN/m] 45.9 45.9 45.9
M [kN/m*m] 253.7 253.7 253.7
V [kN/m] 234.6 244.8 231.8
e [m] 1.081291| 1.036237| 1.09413
B* [m] 0.387418| 0.477526| 0.36173
J.c [kPa] 605.5467| 512.6422| 640.936
Safety Level SL (ST) 1.10 1.30 1.04
Safety Level SL(LT) 4.12 4.97 3.87

Fig. 6-6, Bearing capacity verification of the adopted case study (ST Short Term; LT long Term).
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7 Soil treatment techniques.

7.1 Soil treatment technologies usable for the pilot case

The construction of infrastructures involves basically interferences with the ground. Foundation, excavation,
stabilization, landscape and slides stabilization and protection, ground impermeabilization, ground
decontamination are examples of issues to be faced during infrastructure execution that can be successfully
solved using ground improvement technologies. These interventions may have a temporary role, providing an
useful effect just during the construction stage (i.e. to guarantee the ground stability or watertightness during
the excavation of a shaft or a tunnel), as well as a long-term function, strictly necessary for the lifetime of the
infrastructure (to underpin a structure or to create an impervious curtain under a dam). In the latter cases the
effect of the treatment is expected to persist for a long time (at least the infrastructure lifetime), while in the
first cases the effect may cease shortly after the construction work is completed. Thus, these kinds of
intervention may provide different impacts along the various stages of a LCA, rarely or practically never
ending at the stop of the site stage.

In this research, we focused our attention on a group of soil treatment characterized by the use of the small
diameter drilling technology to perform the treatment execution. More in detail, we considered the following
3 technologies: permeation grouting (PG), jet grouting (JG) and artificial ground freezing (AGF). These
techniques require, as first operational activity made on site in the ground, the execution of drillings with
diameter between 90 and 130 mm, that basically may be carried out with the same kind of drilling machine.

Following activities may then widely differ from a technology to the other, in terms of equipment, materials,
procedure, management of the treatment work as well of the activities to be carried out later, during the
infrastructure construction. Thus, producing also different impacts on the work development and building
operativity and maintenance. Moreover, different methods of the same type of technology produce significant,
different impacts.

As a fact, in our study, we distinguish:

- two different systems of JG treatment:

¢ mono-fluid system (JG-1) using cement-based grout as operational fluid

e double-fluid system (JG-2), using also compressed air as operational fluid
- two different systems of AGF treatment:

e closed system (AGF-B) using brine as coolant

e open system (AGF-LN), using liquid nitrogen as coolant

The following chart shows a conceptual scheme that points out the main common aspects and the principal
differences between the technologies and their main variants considered in our study.

Apart from the drilling stage, the chart puts in evidence other similar aspects common to the studied
technologies:

e PG and AGF require to install pipes in the ground, embedded with a cement grout

e JG and PG use cement grouts for the process

e From each drilling made in the soil, all the techniques (JG, PG, AGF) produce a columnar element;
JG and PG column typical diameters have an operational limit, while conceptually AGF column
dimension rises indefinitely as a function of the freezing time.
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JET GROUTING JET GROUTING PERMEATION FREEZING FREEZING

SINGLE FLUID DOUBLE FLUID GROUTING WITH BRINE WITH LN
| DRILLING @ 90+130 mm |
| TAM installation | | Freezing pipe installation |

PVC Metallic : = : . :
TAM TAM | HDPE inner pipe | | Stainlessinner pipe |
v
Jet erouting via uplifting mast Plastic sheath Plastic sheath
Brouting via upfiiting (W+C+B) (W+C+B)

| High pressure injection | | Low pressureinjection |

Grout (W+C) Grout = —
Grout (W+C) Air (W+C+B+Add/CH) | Brine | | Liquid Nitrogen |
$=0,6:12m || @=1,0:35m @=1:2m Togine =447 * Ty | | Tiy |

Fig. 7-1, The main characteristics of the ground improvement technologies considered for the pilot case analysis

Here it follows a quick description of the considered technologies, and, at the end of each chapter the process
is presented organized in the view of to the LCA steps implemented for a “cradle-to-site” analysis:

- the Life Cycle Inventory (LCI) of inputs and outputs, indicating materials, energy and products
necessary for the treatment process execution

- the Life Cycle Impacts Assessment (LCIA), that consists in calculating the environmental impact of
the analyzed treatment, presenting the result also distinguishing the main phases of the entire process,
in a way that supports comparison or further analysis.

7.2 Permeation grouting (PE)

This type of treatment has the aim to fill the voids of the soil with a fluid injected using a low pressure, in order
to allow its spread, into a certain ground volume, producing a negligible displacement between the soil grains.
The fluid injected in the voids, according to its rheological behavior, hardens to a solid or to a gel, thus
producing an effect on the geotechnical and hydraulic property of the injected soil.

In case of cement-based mixture (solid result), the treatment increases usually the mechanical properties
(cohesion, stiffness) as well as the hydraulic properties (reduction of the permeability) of the treated soil.

The effect of the treatment on the soil is mainly defined permanent. This appears to be sure in case of solid
hardening mixture injection; the long-term stability of the ground treated only with gel injection has to be
verified.

A permeation grouting treatment can be performed with a provisional target or a long-term target.
Focusing on the infrastructures world, the use of the technology allows:

a) Provisional target
- to reinforce and/or watertight the ground in order to execute
o excavation of large openings, shifts, tunnels, also in proximity of structures
o digging in safety conditions under the groundwater level avoiding piping;
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b) Long term target

- to improve the foundation ground of structures, such as buildings, walls, bridges, tanks,
embankments, both before their execution or for their maintenance, restoring or reparation;

- to modify the flow net of the ground water in critical zones, for instance to create an impervious
curtain under a dam or an impervious bulk of an earth dam, to protect and reinforce the riversides
and their banks;

- to mitigate instability condition of the landscape, such as slopes stability, liquefaction risk
reduction

As aresult, the modified properties of the ground treated by permeation grouting allow to execute a wide range
of operation involving the ground with several scopes and functionality.

The soil permeation grouting is carried out by mean of sleeved pipes (also well known as “tubes a manchettes”
or TAM). Into the ground volume to be treated these pipes are installed into boreholes having low diameter
(usually @90+120 mm), executed by a drilling unit, following proper procedures depending on the ground
conditions and the geometry of the drilling (direction, length). To ease the execution, it may be necessary to
drill with the aid of a low quantity of fluid (water, cement grout or polymeric based fluid). For guaranteeing
the borehole side stability, particularly if the soil fine grain percentage is very low, a metallic casing is used
during the drilling, being removed after the TAM installation.

The TAM is embedded in the ground surrounded by a plastic cement-based grout, that fixes the pipe in the soil
and completely fills the annular space with a continuous, relatively soft material. The pipe is equipped with
plastic valves (manchettes), having a defined interrexes along the tube (normally between 0,25 and 0,50 m,
usually 0,33 m), in correspondence of 3+4 ~@2mm holes made in the pipe wall at the same level.

The injection is carried out by inserting inside the TAM a double-packer (having a length similar to the sleeves
interaxis) connected to an injection pump via a proper pipeline. Usually, the packer is firstly placed at the level
of the deeper manchette of the TAM; the o-rings placed at the packer extremities are expanded in order to
isolate the injection chamber from the rest of the pipe. Then it is possible to start the injection, by pumping the
grout via the packer.

Fig. 7-2, A scheme of a permeation grouting site (Keller).
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A B

Fig. 7-3, Permeation grouting practice - Left: TAM in correspondence of a manchette, surrounded by the cement-based sheath, into
the treated soil (Rodio) — Right: TAM grouting phase on site (Milan Metro Line 4 site — 2019).

The grout is injected at low pressure controlling the flow rate of the pump. The management of the process is
based on the evaluation of these operational parameters as a function of the soil condition (granulometric
composition, relative density, voids index) as well as of the working context (presence of structures or sensible
obstacles, level of the sleeve, etc.). The injection is the carried out for each sleeve of a TAM, in all the TAMs
installed in the ground.

Usually, the grout volume to be injected through a sleeve is pre-fixed (“controlled volume” method), as well
as the fluid flow rate and the grouting pressure limitations. The exceeding of the latter is normally a sign of
the achievement of the saturation degree of the soil for the grout mix injected; in this case the injection is
stopped, regardless of the volume target. Here comes the interesting part of the TAM technology: it is possible
to proceed with following stages by injecting progressively more permeating grout mixture, using the same
procedure with proper referring parameters of limitation pressure and flow rate, as well as of fluid quantity.
The operating parameters (flow rate, pressure, injected grout volume) are nowadays controlled with an
automatic unit equipped with a software that allow to record the data and for the onsite operators to manage
the process, aided by a partial automation.

Several injection stage can be carried out, as previously pointed out. According to the target of the treatment,
different kind of grouts as well as number of stages can be designed. The technology allows to evaluate the
progress of the treatment, by an expert analysis of the operative parameters. The possibility to implement a
multi-stage process, thanks to the repetitive use of the TAMs, allow to tailor the permeation grouting to any
zone of the ground, making the technology very versatile.

This technology can be successfully used for treating coarse soils in which silty and clayey fraction is less than
20%. The penetrability of the grout mixture in the ground is definitely limited by both the grout type and the
soil porosity. Cement based grouts are composed by a suspension of cement particles in water. A third
component, the bentonite, is added to stabilize the mixture. Finally, an additional chemical admixture is also
added to reduce the viscosity of the ternary mix. The cement particles dimension and the effective fluidifying
action of the admixture affect the final “penetrability capacity” of the grout. Under the rheological point of
view, the described cement grout, during the injection, behaves as a Bingham plastic fluid, described by a
plastic viscosity and a yield point. The setting time of the grout is of several hours, thus not interfering with
the treatment execution duration.

Chemical products (silica-based grouts) are used in further stages to refine the cement grout injection,
providing effective results in terms of permeability reduction of the treated soil. These products, to a first
approximation, are similar to a perfect fluid, following the newtonian rheological model (like the water). The
setting time of these products is rather quick, varying in average from 30 to 120 minutes, due to the chemical
reaction of the components (mixed right before the injection) and it is affected by the temperature of the latters
and of the atmosphere. This involves a carefully setup of the components dosage in the starting phases of a
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treatment work, including further adaption procedures in case of significant environment temperature
fluctuations. In the last decades became available on the market dry products to be mixed with water that allow
for a simplification of the grout preparation.

More fluid grouts (for example nanosilica) are rarely used, extending granulometric composition range of the
treatable soil to silts, in the face of a strong increase of the grout cost.

In this study, the analyzed permeation grouting treatment is assumed to be efficiently carried out using only a
cement-based grout, without necessity of integrative stages of silica grout injection, as described in Chapter 9.

Considering the permeation grouting (PG) process under an LCA thinking perspective, it is possible to
distinguish the following phases:

Life Cycle Inventory (LCI)

This phase focuses on the inputs and outputs for the PG process.
The inputs are:

- raw materials: water, that will be used for the site operations
- fuel and electricity, necessary for the transports to the site and the process execution
- production of machinery, necessary for the process: drilling unit, grout turbo-mixer, bentonite
agitator, grout agitator, injection unit plant;
- material production: PVC Tube A Manchettes; Cement, Bentonite, Additive for the grout mixture
The output is:

- waste: spoil of the drilling

The inventory level can be compiled, on the basis of the Simapro Ecoinvent library, that provides data referred
to general market, except for the case in which an EPD, i.e. an environmental product declaration is available.

The impact of the transports to the site is variable according to distance to be cover to reach the site.

Life Cycle Impacts Assessment (LCIA)

This phase consists in calculating the environmental impact of the analyzed permeation grouting treatment,
presenting the result also distinguishing the main phases of the entire process as it follows:

- soil drilling, using the drilling unit, and installation of the TAMs by performing the sheath using
the mixing and injection plant

- cement grout mix preparation on site, using the mixing plant

- soil permeation grouting using the injection plant

- transport of machinery, products and waste.

7.3 Jet grouting (JG)

This type of treatment is based on the concept of mixing with high pressure the in-situ soil with a cement-
based mixture, producing a partial soil substitution in order to create in the ground a sort of poor concrete
elements having improved mechanical and hydraulic characteristics with respect to the natural ground
conditions. The process produces a spoil material, also composed by soil and cement grout, to be collected and
disposed.

The effect of the treatment on the soil is permanent.
A jet grouting treatment can be performed with a provisional target or a long-term target.

Focusing on the infrastructures world, the use of the technology allows:
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a) Provisional target
- to reinforce and/or watertight the ground in order to execute
o excavation of large openings, shifts, tunnels, also in proximity of structures
o digging in safety conditions under the groundwater level avoiding piping;
b) Long term target

- to improve the foundation ground of structures, such as buildings, walls, bridges, tanks,
embankments, both before their execution or for their maintenance, restoring or reparation;

- to modify the flow net of the ground water in critical zones, for instance to create an impervious
curtain under a dam or an impervious bulk of an earth dam, to protect and reinforce the riversides
and their banks;

- to mitigate instability condition of the landscape, such as slopes stability, liquefaction risk
reduction

As a result, the modified properties of the ground treated by jet grouting allow to execute a wide range of
operation involving the ground with several scopes and functionality.

The technology consists of the injection, at very high pressure (30+70 MPa) and through special nozzles, of a
stabilizing mixture. The nozzles (one or more) are installed in the bit of the special must of the drilling unit.
After the drilling in the ground down to the required level, the must, rotating, is lifted up, according to a defined
temporization of both the movements. The grout ray, injected by the nozzles, breaks up the soil, and this effect,
combined with the rotation of the must, produces the mixing in situ of the cement grout and the soil.

The result is to form a sort of conglomerate soil elements (the so-called jet grouting column) that, once the
setting time of the mixture has elapsed, owns improved mechanical and hydraulic characteristics compared to
the initial conditions. The partial substitution of the ground in situ with the cement grout involves that a spoil
material (also composed by grout and soil) shall be released in surface rising up through the drilling hole,
during the injection process. Due to the mass balance principle, in case of absence of spoil, an uplift of the
surface would occur; this phenomenon has to be carefully avoided, easing, during the jet grouting execution,
a correct spoil releasing.

The amount of spoil varies from 80-100% of the treated ground (in cohesive soils) to 30- 50% in case of coarse
soils, where drainage effects take place.

This technology allows to obtain a high level of mechanical soil improvement and a defined geometrical shape,
which dimension depends both on the energy applied for the treatment and on the soil properties. The
improvement of the mechanical properties of the jet grouted soil is definitely higher than the result achievable
by performing the conventional injections. To this scope, a grout, composed by water and cement with a W/C=1
ratio is currently used.

This technology can be successfully used for treating a rather wide range of soil composition, also well graded.
It tends to lose its efficiency in case of very permeable gravelly layers, where the grout tends to “run” far from
the injection point. On the other hand, the more cohesive is the soil, the less is the breaking up effect of the jet
treatment.

Being the technology effect strictly related to the energy provided during the injection, several methods have
been developed in order to increase the column dimension and even to obtain different geometry of the jet
grouted soil elements.

For the latter aspect, different management of the mast rotation allows for obtaining, for instance, elliptical
columns (applying a variable rotational speed to the mast), or so-called mono-directional treatment, in which
no rotation is applied to the mast, and the bit is equipped with 2 nozzles counterposed with an angle lower than
180° in order to obtain a “V-shaped” oriented element. These applications will not be examined in this study,
even though they can be assessed similarly to the columnar element execution process.
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Following the energetic conception of the jet grouting treatment, the column diameter increases with the energy
provided by the treatment but it decreases with the increment of the compaction degree and the relative density
of the soil. While it seems to be still difficult, at the state of the art, to correlate an univocal, measurable soil
parameter to the obtainable jet grouting column diameter, the latter varies rather regularly with the treatment
energy, that is directly proportional to the injection flow rate of the grout and, more smoothly, to the injection
pressure.

To increase the diameter of the jet columns, it’s been set up a differing technology that uses the compressed
air as secondary fluid, that provides an additional energy contribute the process and improves the efficiency of
the treatment. It exists also a version that uses water as third operational fluid, less diffused than the previous
two.

For this study, the single fluid and double fluid system has been considered.

Single fluid system (JG-SF)

The jet technology made with the sole cement grout allows to obtain columns having diameter variable
between 0,60 m and 1,20 m. In case of clayey soils, the diameter can even be 0,50 m, but in this soil types it
is suggested to use the double fluid technology. The grout quantity injected in the ground is a combination of
the grout flow rate pumped by the high-pressure pump and the uplift velocity of the mast with the nozzles, that
is carried out by steps usually of 4 cm. An entire rotation of the mast has to be carried out in the time between
two consecutive upshift steps. Mechanical properties are widely variable in function of the soil composition:
for sandy layers UCT provides strengths that usually start from UCS=5 MPa up to values that increase with
the complementary soil composition (from silt to gravel), between 15 to 30 MPa; for silts the range varies from
2 MPa up to around 8-10 MPa, while for clays (with c,<50kPa) the values start from 1 MPa. The elastic
modulus E is on average related to the UCS by the relation E~500*UCS. Permeability coefficient tends to
achieve values between 0,5-1*¥107 m/s, tested with Lefranc test; in any case the general homogeneity of the
treatment governs the hydraulic behaviour.

Considering the jet grouting single fluid (JG-SF) process under an LCA thinking perspective, it is possible to
distinguish the following phases:

Life Cycle Inventory (LCI)

This phase focuses on the inputs and outputs for the JG-SF process.
The inputs are:

- raw materials: water, that will be used for the site operations
- fuel and electricity, necessary for the transports to the site and the process execution
- production of machinery, necessary for the process: drilling unit, grout turbo-mixer, high pressure
pumping unit plant;
- material production: Cement
The output is:

- waste: spoil
The inventory level can be compiled, on the basis of the Simapro Ecoinvent library, that provides data referred
to general market, except for the case in which an EPD, i.e. an environmental product declaration is available.
The impact of the transports to the site is variable according to distance to be cover to reach the site.

Life Cycle Impacts Assessment (LCIA)

This phase consists in calculating the environmental impact of the analyzed permeation grouting treatment,
presenting the result also distinguishing the main phases of the entire process as it follows:

- soil drilling, using the drilling unit,
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cement grout mix preparation on site, using the mixing plant
jet grouting using the high-pressure pumping plant
transport of machinery, products and waste.

Fig. 7-4, A sitework equipment scheme for single and double fluid Jet Grouting technique (Keller). The air compressor is used only
in the double fluid system

Double fluid system (JG-DF)

The jet technology uses the air as secondary fluid to increase the energy of soil breaking up. The air is provided
by an air compressor, with a pressure around 0,8~1,2 MP, a flow rate of 8-10 mc/min. The air flows along the
drilling must into a duct coaxial to the grout one, and is injected in the ground through a dedicated annular
section that surrounds the circular grout nozzle. The process is then similar to the JG-SF system, except for the
fact that the uplift speed and the grout flow rate are higher than I the previous case. As a result, the diameter
achievable with the double fluid technology may vary from 1 m (in clayey soils) up to 3,5 m in medium density
sandy-gravelly soils. Mechanic and hydraulic parameters are similar the values obtainable with the single fluid
technique; sometimes the strength results slightly lower because of the air inclusion in the treated soil, while
hydraulically this reduction is almost never observed, being the air bubbles isolated each to other. The double
fluid system is very frequently used for the execution of bottom plugs for excavation under the water ground
level, while it is normally avoided for fore-poling canopy treatment in tunneling, where single fluid is
preferred. In other conditions the choice of the system depends on the local conditions or constraints, on the
design concept as well as on the site organization.

Life Cycle Inventory (LCI)

This phase focuses on the inputs and outputs for the JG-SF process.
The inputs are:

- raw materials: water, that will be used for the site operations

- fuel and electricity, necessary for the transports to the site and the process execution

- production of machinery, necessary for the process: drilling unit, grout turbo-mixer, high pressure
pumping unit plant with air compressor;

- material production: Cement

The output is:

- waste: spoil
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The inventory level can be compiled, on the basis of the Simapro Ecoinvent library, that provides data referred
to general market, except for the case in which an EPD, i.e. an environmental product declaration is available.

The impact of the transports to the site is variable according to distance to be cover to reach the site.

Life Cycle Impacts Assessment (LCIA)

This phase consists in calculating the environmental impact of the analyzed permeation grouting treatment,
presenting the result also distinguishing the main phases of the entire process as it follows:

- soil drilling, using the drilling unit,

- cement grout mix preparation on site, using the mixing plant

- jet grouting using the high-pressure pumping plant with air compressor
- transport of machinery, products and waste.

Fig. 7-5, A vertical jet grouted wall (on the right) made with the double fluid system, performed from the crown of a river diversion
embankment to protect a hydro power plant construction

7.4 Artificial ground freezing (AGF)

This type of treatment produces the freezing of the water included in the pores of the soil, producing a treated
volume composed by cooled natural soil and ice. The frozen body is hydraulically perfectly watertight and has
improved mechanical property than the natural soil in situ, due to the mechanical properties of the ice and to
bonding effect that the latter creates between soil grains.

The artificial ground freezing (AGF) is normally performed with provisional purposes, but there are cases in
mining industry in which it is adopted as a long-term solution for digging in safety condition under high water
table head.

Focusing on the infrastructures world this technology where is used strictly with provisional function to
impermeabilizing soils and rocks; in some cases, this effect is coupled with the improvement of the mechanical
properties of the ground:

- excavation of tunnels and shaft, also in proximity of structures or infrastructures for:
o excavation of special stretches where it is not convenient or even not possible use
automatic boring machines: cross-passages of between tunnels, niches,
o break-in and break-out zones TBM tunnels or RBM shafts
o underpassing special rivers, basins, water supply pipes with high risk of water high heads
presence
- temporary foundations reinforcement in high water table level context
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o excavation sides stability
o ground foundation improvement
o structures underpinning;
- various special remedial intervention in difficult conditions with groundwater presence

The Artificial Ground Freezing technique requires the installation, in the ground to be frozen, of special
metallic freezing probes in which a fluid coolant circulates. The probes release by convection the cryogenic
energy to the surrounding soil, that gradually get cold until the pore water freezes at 0°C. The freezing process
continues, creating a column of frozen soil around the probe. The process theoretically may endlessly progress.
In practice to form a frozen soil body, several probes are disposed according to a design geometry. Thus, at a
certain moment the frozen soil columns merge each other, and after a transient the frozen body tends to expand
orthogonally to the probe’s alignment. This first stage, called freezing stage, allows for the creation of the
frozen body. Then the latter must be efficient for the entire duration of the work for which the treatment is
necessary: for example, a tunnel excavation. So, it starts the second phase, called maintenance stage, during
which the freezing process continues by maintaining the hydraulic and, if necessary, the mechanical
functionality of the frozen soil. When the necessity of the functionality ceases, the process in stopped and the
soil heats up to the natural conditions.

The ground freezing thus is a thermal process. The treatment is based on providing energy for the extraction
of calories from the ground.

On one side there is the coolant, at a temperature strongly below 0°C, that circulates in the probes fed by a
freezing plant to which are connected via a circuit.

On the other side there is the ground, composed by soil and water (that must be present at least with saturation
degree of 70%) at measurable temperature.

The hydraulic target of an AGF treatment is achieved when a designed volume of soil is frozen, i.e. when the
water temperature is below 0°C in the whole volume, haven changing phase to ice.

The mechanical target of the an AGF treatment is achieved when it is achieved a satisfying combination
between the thickness of the frozen soil wall and the its temperature in order to obtain the required mechanical
strength. In the practice the temperature at the sides of the efficient frozen wall is assumed generally equal to
-10°C, Soil specimens are frozen in laboratory and undergone to mechanical tests to determine the mechanical
behavior of the material. The frozen soil thickness is provided by a statical calculation.

Finally, a thermal analysis has to be carried out in order to evaluate the energy consumption for both the
freezing stage and the maintenance stage, eventually including analysis for additional stages that may have to
considered for the main work proper execution.

The frozen soil body is created by a set of freezing pipes placed in the ground. The geometrical disposition is
function of the treatment purpose. The impervious frozen ground body is delimited by other impervious layers
or walls, allowing to create a volume no more affected, during the maintenance stage, by water inlets.

Each freezing lance is inserted in a borehole drilled in the same way as for a TAMs installation for the
permeation grouting, including its embedment using a ternary cement-based grout for sealing the annular space
between the hole and the probe, reducing thus the voids and water presence in the mass to freeze.

The probe is composed by two coaxial pipes: the external is plugged at the end in the ground, and equipped
with a special head for the connections to a feeding circuit; the special head is connected to the inner pipe
where, allowing the circuit to feed it the coolant; the latter flows to the other open end of the inner pipe and
then returns along the annular space up to the head, where another connection allows for the outlet of the fluid
to a release circuit.
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The fluid streaming carries out the freezing process exchanging calories with the ground.

The AGF process is controlled by monitoring the evolution of the temperature in the ground in real time. For
this purpose, additional pipes are installed beside the soil volume to be frozen, equipped with thermometric
sensors connected by wire to an automatic unit, that records practically in real time the data and sends them to
a dedicated platform. The latter is usually accessible via internet by the process managers, that can control and
evaluate the thermal condition ongoing in the soil, and subsequently operate on the freezing plant in order to
drive correctly the treatment as well to optimize the energy consumption.

Many aspects influence an AGF work. From the freezing system side, nowadays the practice offers two
different technologies: the closed-circuit system, that uses a brine as cooling fluid, with a minimum
temperature of -35°C, and the open circuit system, based on the circulation of the Liquid Nitrogen at -196°C
that evaporates during the process being released in the atmosphere. In this study, both the systems are
considered and assessed. Their description is included in two following paragraphs. From the ground side,
water has a primary importance. Its thermal properties are well known. Nevertheless, there are conditions that
affect the standard behavior of the water:

- the salinity degree lowers the temperature of the freezing point, increasing the process energy
consumption

- the presence in the soil pores of other types of fluid, even just diluted in water, also lowers the
target temperature

- a groundwater movement disturbs the freezing process, reducing its efficiency and finally
increasing the energy consumption and the freezing times. With velocity higher than 16+20 m/day
the AGF treatment practically doesn’t take place.

Dry soil thermal properties (heat conductivity and heat capacity) depend on the grain mineralogical nature.
Finally ground thermal properties are function also of the grain composition and distribution, the water content
and the saturation degree. Laboratory tests may provide these parameters.

For the improvement of the thermal ground properties, it is often performed a permeation grouting preliminary
treatment with a water/cement grout; this allows for a reduction of the permeability of the soil (particularly
useful in case of groundwater movement), and for a reduction of the water quantity to freeze by substituting it
with a material having a more favorable thermal behavior, such as a set cement-based grout is.

Closed system AGF (with brine) - (AGF-BR)

This system uses, as coolant, a calcium chloride liquid brine having a freezing point at around -50°C. From
the freezing plant the brine, having a temperature of -35°C, is pumped in the distribution circuit pipeline
insulated with a proper material (armaflex), and it is delivered, via the special head described above, to each
probe.

The inner pipes of the probes are made in HDPE, with a diameter that guarantees the same areal section as the
annular space, in order to preserve a regular flow of the liquid brine in the probe. The brine gets back from the
probe with a higher temperature: -27°+-29°C during the energy-intensive freezing stage; around -31°+-33°C
during the maintenance stage. The brine flows back to the freezing plant where it is chilled down to -35°C by
an ammonia circuit, that operates with the aid of a cooling tower.

The freezing plant operates continuously during all the AGF process, fed by electric energy: high absorption
during the freezing stage, reduced absorption during the maintenance stage.

The initial freezing stage requires several weeks (usually from 5 to 7, but even more, depending from the
geometry as well as on the ground nature) for the creation of freezing body.

Hot spots of the system:
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- when it operates, the system is rather simple to be managed: for each stage the operational
parameters (substantially the brine flow rate and temperature) are fixed, and possible variation,
according to the temperature measured in the soil and provided by the monitoring system, can be
applied,;

- the brine freezing plant can be installed without significant risks in confined environment, for
example into a tunnel or a deep shaft;

Down spots of the system:

- the freezing times are from 4 to 7 times longer in comparison with the open circuit method with
liquid nitrogen (described below);

- the slower freezing stage allows for a regular and full expansion of the ice in the soil, easing so
possible heaves in surface, that may affect structures or infrastructures close to the frozen soil
volume;

- in case of probes rupture that involves the brine loss in the ground, the process is locally definitely
slowed down by the decrease of the freezing temperature of the zone where the brine leakage
occurred; for this reason, the freezing pipes are often inserted into a sacrificial one-way steel pipe,
that however requires larger drilling diameter;

- in case of difficulty in the formation of the frozen body or in the maintenance of it, the slowness
of the AGF-BR process makes it hard to take proper countermeasures; for this reason, in some
cases an arrangement for a quick, local intervention with the AGF-LN system (described below)

is foreseen.
Temperature [Freezing Plant Cooling Tower
Monitoring
System
/ EVAPORATION

rﬂ
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Brine Feed i j
- 35*C Ammonia Cooling Water
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Fig. 7-6, Artificial ground freezing with brine technique: Indirect system circuit scheme (with brine). (Mira Catto et al. 2016)
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‘,

Fig. 7-7, Artificial ground freezing with closed system technique (AGF-BR): maintenance stage with brine during the excavation of a
railway tunnel for the underpassing of the Isarco River (Brenner Basis Tunnel site — 2021)

Opens system AGF (with liquid nitrogen) (AGF-LN)

The system uses as coolant the Liquid Nitrogen, stored into tanks at a pressure of 2+3 bar at -196°C of
temperature. The LN is introduced into the distribution circuit (made by insulated, stainless pipes) and then
delivered to each probe, via the insulated, stainless, special head. The LN flows through the inner metallic
pipe, that has a small diameter (20-22 mm). During the streaming the LN rapidly exceeds the evaporation
temperature, and changes of state; in this stage the energy consumption is very high, and being to a very low
temperature, this produces a cryogenic thermal shock that freezes quickly the ground surrounding the probe.
The gaseous nitrogen flows then along the annular section back to the probe head, and from there to the
discharge circuit, which final stretch is a chimney that release the gas to the free air.

Liquid Nitrogen
Storage Tank

Temperature
Monitoring
System

Freezing Pipe

Thermometer

Fig. 7-8, Artificial ground freezing with nitrogen technique: direct system circuit scheme. (Mira Catto et al. 2016)

The change of state of the nitrogen takes place initially in first part of the probe, near the head, and then
“moves” gradually to the end of the inner pipe.
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The open circuit process requires a constant refill, by tank trucks, of the storage tanks that normally have to be
installed at the site. In case of small freezing circuit, it is possible to connect the latter directly to the tank truck,
without installing insulated silos.

The initial freezing stage, using the LN, is quick, requiring usually 7+10 days, depending on the ground volume
to be frozen. The temperature monitoring is in this case even more crucial, than with the AGF-BR method,
because the freezing process is definitely more rapid, and the LN cost may rise dramatically in case of bad
management of the process. The maintenance stage is carried out intermittently, by feeding the circuit with LN
for 10-15 hours, with a quick drop of the temperature in the soil, followed by a stopping period of 2+3 days
during which no LN feeding is ongoing, while the main works can take place. During the stopping period the
cryogenic energy migrates from the zone closer to the probes to the peripherical, guaranteeing the maintenance
of the necessary thickness of the frozen soil body.

Hot spots of the system:

- the freezing process is very rapid;
- the thermal cryogenic shock eases a reduced expansion of the ice in the ground, reducing the
heaves entities in surface and of the nearby structures;
- the quick process allows for immediate countermeasure in case of local difficulties in freezing or
keeping frozen the soil;
- possible loss of nitrogen from the probes in the soil doesn’t affect the freezing process.
Down spots of the system:

- being the LN colourless, odorless, tasteless, and heavier than the air, in case of leakages from the
plant in confined areas (tunnel, shaft), there is a high safety risk people life; thus, during the LN
circulation, the people access to the areas anyhow involved in the process must be off-limits and
dedicated safety procedures must be set up for managing the start and the end of this stage;

- LN delivery on site involves a well-studied and -managed logistic organization, particularly in
area with densely traffic.

Fig. 7-9, Artificial ground freezing with open system technique: freezing stage for the excavation of a railway tunnel for the
underpassing of the Isarco River. On the left: LN delivery to the site — On the right gaseous nitrogen released by the chimney at the
end of the cycle (Brenner Basis Tunnel site — 2021)
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8 The first phase of the method: Assessing sustainability qualitatively

8.1 Qualitative application of the framework and sustainability rating of the techniques.

As a first step, we apply the framework combining Envision and DNSH to this ideal case, as developed in the
previous chapter.

Being our case a design experiment, those indicators that depend on the community and landscape context of
a ‘true’ case will be set to the minimum score allowed by Envision; those that can be deepened through the
LCA cradle-to-site analysis of the process will be appointed depending on the nature/limitations of the
technologies and depending on the expected results from the LCA analysis and the related sensitivity runs.
After the numerical analysis, the values assigned to the Envision indicators will be refined in phase three.

The following table gives a detailed overview of the selected credits for the Envision framework adapted to
ground improvement techniques.

INDICATOR (CREDIT SECTION METRIC MAX SCORE
The extent that operational noise and vibration is assessed 12
and mitigated, and target levels achieved.

Extent of issues addressed through construction 8
management plans.
The extent to which the project team works with external

LD1.4 Pursue LEADERSHIP: _

= fi i r

Byproduct Synergies  COLLABORATION E:::zist;c ind beneficial use of waste, excess resources, or 18

LD3.3 Conduct a Life- LEADERSHIP: The comprehensiveness of the economic analyses used to

Cycle Economic ECONOMY 7 determine the net impacts of the project, and their use in 14

Evaluation i : ing alternatives to inform decision making.

RA1.1 € : I The extent of sustainable procurement programs, and the
percentage of materials sourced from manufacturers and/or 12
suppliers that implement sustainable practices.

Percentage of project materials that are reused or recycled. 16
Plants, soil, rock, and water are not included in this credit.
Percentage of total waste diverted from disposal. 16
The number of strategies implemented on the project during
construction that reduce energy consumption and 12
emissions.
Extent to which renewable energy sources are incorporated. 24
The number of strategies implemented during construction 8
= : that reduce potable water consumption.

NW2.4 Protect Surface _ Designs, plans, and programs instituted to prevent and

and Groundwater (N:gTNUS?;V\:_I? g!b-ln monitor surface water and groundwater contamination 20

Quality during construction and operations.

NW3.5 Protect Soil NATURAL WORLD: Degree to which the disruption of soil health has been 8

Health ECOLOGY minimized and restored.

CR1.1 Reduce Net Sl AND Percentage of reduction in net embodied carbon of

Embodied Carbon RESILIENCE: terial 20

EMISSIONS i
CR1.2 Reduce CLIMATE AND Percentage of reduction in operational greenhouse gas
Greenhouse Gas RESILIENCE: i B 9 9 26
Emissions EMISSIONS :
. CLIMATE AND
g:: = Re;umc.:s?;;s RESILIENCE: Reduction of air pollutants compared to baseline. 18
EMISSIONS
MAXIMUM AVAILABLE SCORE 232

Tab. 8-1, The Envision/DNSH framework evaluation for the case study, maximum available scores

The qualitative scoring (first phase of the three-phased method) is assigned based on the characteristics of the
project, the five threshold requirements stated in the Envision protocol, and a preliminary hypothesis about the
potential impact performance of the examined soil treatment. In Appendix 1 for each of the five techniques is
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presented the ‘qualitatively’ assessment made with this tool, following the procedure dedicated to the Envision
SP certified by the Institute for Sustainable Infrastructure®. For each of the latter, a table and a radar diagram
are shown, summarizing the ratings.

In the table, for each indicator, the column ‘Criteria’ explains the target set for the technique based on ‘state of
the art’ knowledge and the case study design characteristics. Each indicator is analyzed in detail in the third
phase, and the criteria of choice are assessed and evaluated based on the modeling outcome.

What is essential to notice, going through the criteria set by the protocol, is the fact that the achievement is
related to several specific and concrete strategies/implementations that need to be taken into consideration
during the development of the design (and as commitments for the following construction phase). Thanks to
the fact that the protocol has a holistic view of the project, applying this approach to a construction process
enhances the sustainability potential of the specific technique.

The Envision award criteria allocates a minimum achievable score of 20% and categorize scores between 20-
29% as verified, 30-39% as Silver, 40-49% as Gold, and 50% and above as Platinum,

e Qualitative assessment for the permeation grouting technique

The radar diagram shows how the best ratings tend to be focused on resource allocation, climate, and
resilience

g [V AXIM UM SCORE =mge= (U ALITATIVE ASS. SCORE

QL1.4 Minimize Noise and

Vibration
CR13 Reduce Ar Poliutant 30 QL1.6 Minimize Construction
Emissions 25 mpacts
CR12 C 5 :
Rl Reciec resbouse o LD1.4 Pursue By product Synergies
Emissions

CR11 Reduce Net Embodied
Carbon

L0353 Conduct a Life-Cycle
Economic Evaluation

RA1.1 Support Sustanable

W2 5, i
MNW3.5 Protect Soil Health Procurement Practices

MNW2.4 Protect Surface and

A7 e hf
Groundwater Quality RAL.2 UseRecycled Maerials

RA3.3 Reduce Construction Water
Consumption
RAZ.3 Use Renewable Energy

RAL 4 Reduce Construction Waste
RA2 2 Reduce Construction
Energy Consumption

Fig. 8-1, Permeation grouting technique. Diagram of score contribution vs. each Envision indicator (Maximum achievable and
qualitative score).

Compared to a maximum reachable of 232 points, this ground improvement process scored 107 points
(which means an overall value of 47%). When confirmed by the analyses, this could be considered a good
scoring (rewardable with a ‘gold’ rating following Envision rating scale).

3 One of the authors of this research (Stefano Susani) is a certified Envision SP professional. For more details about this
credentialling process, please see: https://sustainableinfrastructure.org/credentialing/envision-sustainability-professional-
env-sp/
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e Qualitative assessment for the single fluid jet grouting technique

The radar diagram illustrates that the highest ratings are predominantly centered around resource allocation,
climate and resilience.

g V] AXIM UM SCORE ==ge= QUALITATIVE ASS. SCORE

OL1.4Minim ize Noise and

Vibration
CR1.3 Reduce Air Pollutant 30 QL1.6 Minimize Construction
Emissions Impacts
25
CR1.2 Red G h G
¢ Lllicnfissr;i: aLse e 20 LD1.4 Pursue Byproduct Synergies

CR1.1 Reduce Net Embodied
Carbon

LD3.3 Conduct a Life-Cycle
Economic Evaluation

RA1.1 Support Sustainable

NWS3.5 Protect Soil Health Pt

NW?2.4 Protect Surface and

vl ial
Groundviater Quality RA1.2 Use Recycled Materials

RACI Rees Constr_uction Waer RA1.4 Reduce Construction Waste
Consum ption
RA2.Z Reduce Construction Energy

RA2.3 Use Renewable Energy =
Consum ption

Fig. 8-2, Single fluid Jet Grouting technique - Diagram of score contribution vs. each Envision indicator.

Compared to a maximum reachable of 232 points, this ground improvement process scored 90 points
(which means an overall value of 39%). When confirmed by the analyses, this could be considered a good
scoring (rewardable with a ‘silver’ rating following Envision rating scale).
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e Qualitative assessment for the double fluid jet grouting technique

The radar graphic highlights the concentration of top ratings in the domains of resource allocation, and
climate and resilience.

e N AXIMUM SCORE =@ QU ALITATIVE ASS. SCORE

QL1.4 Minimize Noise amd Vibration

30
CR13 Reduce Air Pollutant Emissions QL1.6 Minimiz Construction Impacts
25
CR132 Reduce Gresnhouse Gas Emiszions 20 LD1.4 Pursue Byproduct Synergies

CR1.1 Reduce Net Embodied Carbon LD3.3 Conduct 3 Life-Cyde Economic Evaluation

R&1.1 Support Sustainable Procurement

NW3.5 Protect Sail Health 5
Practices

NWZ.4 Protect Surface and Groundw ster

I5 d riaks
Quality RAL.2 Use Recyced Matenals

R&3.3 Reduce Construction Water :DTELI".";“I"J!' RAL.4 Reduce Construction Waste

RAZ 2 Reduce Construction Energy

R&Z.3 Use Renewable Energy Consemption
Const

Fig. 8-3, Double fluid Jet Grouting technique - Diagram of score contribution vs. each Envision indicator.
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e Qualitative assessment for the brine ground freezing technique

In this scenario, the strategy for bettering the earth entirely shifts, and we begin working on freezing the
ground instead. A summary of the ratings can be seen below in the table as well as in the radar diagram.
The radar diagram, in particular, demonstrates how the highest ratings are often concentrated in the areas
of resource allocation as well as climate and resilience.

Compared to a maximum reachable of 232 points, this ground improvement process scored 71 points
(which means an overall value of 31%). When confirmed by the analyses, this could be considered a good
scoring (rewardable with a ‘silver’ rating following Envision rating scale).

g [/ AXIM UM SCORE sges QU ALITATIVE ASSESSMENT SCORE

QL1.4 Minimize Noise and Vibration

25

CR11 Reduce Net Embodied Carban QL1.6 Minimize Construction Impacts
20

W3.5 Protect Soil Health 3 LD1.4 Pursue By product Synergies
NW2.4 Protect Surface and LD3.5 Conduct a Life-Cycle Economic
Groundwater Qualiy Evaluation
.
RA3.3 Reduce Construction Water RAL.1 Support Sustainable Procurement
Consumption Practices
RA2.3 Use Renewable Energy RAL.2 UseRecycled Materials

RA2 2 ReduceConstruction Energy

2 : RAL.4 Reduce Congtruction Waste
Consumption

Fig. 8-4, Brine Ground Freezing technique - Diagram of score contribution vs. each Envision indicator.
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e Qualitative assessment for the nitrogen ground freezing technique

For nitrogen-based freezing, the radar graphic demonstrates how resource allocation and climate and
resilience receive the highest scores.

g V] AXIM UM SCORE mges QU ALITATIVE ASSESSMENT SCORE

QL1.4 Minimize Noise and

Vibration
CR1.3 Reduce Air Pollutant 30 QL1.6 Minimize Construction
Emissions 35 Impacts
CR1.2 Reduce Greenhouse Gas LD1.4 Pursue Byproduct
Emissions 20 Synergies
CR1.1 Reduce Met Embodied LD 3.3 Conduct a Life-Cycle
Carbon Economic Evaluation
T RA1.1 Support Sustal_nable
Procurement Practices
NW2 .4 Protect Surface and
RAL1.2 Use R led Material
Groundwater Quality Seeae aterals
RA3.3 Reduce Construction RA1.4 Reduce Construction
Waler Lotk umplion RA2.2 Reduce Conmgn

RAZ.3 Use Renewable Energy Eriey EoRE

Fig. 8-5, Ground Freezing with Nitrogen technique. Diagram of score contribution vs. each Envision indicator.

Compared to a maximum reachable of 232 points, this ground improvement process scored 114 points
(which means an overall value of 49%). When confirmed by the analyses, this could be considered a good
scoring (rewardable with a ‘gold’ rating following Envision rating scale).
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8.2 Performance comparison at the end of the first phase

The subsequent table provides an overview of the scoring attributed to each approach in relation to each
sustainability criteria. The cumulative findings are utilized to determine the overall score inside both the
Envision and DNSH frameworks.

In order to assess the ultimate sustainability performance within the Envision/DNSH framework, it is necessary
to compare the scores with the maximum attainable and determine the percentage of success.

Maximum Minimum
ENVISION ENVISION Score Permeation Score Single fluid Jet Score Double fluid Score Brine Ground s Nit n Ground F in
Points Points grouting Grouting Jet Grouting Freezing core Nitrogen Grou reezing

Available Available
QLI4 12 1 1 8% 1 8% 1 8% 3 25% 3 25%
QL16 8 1 1 13% 1 13% 1 13% 2 25% 2 25%
D14 18 3 6 33% 6 33% 3 17% 6 33% 6 33%
D33 14 5 7 50% 7 50% 7 50% 7 50% 7 50%
RALL 12 3 12 100% 12 100% 12 100% 12 100% 12 100%
RAL2 16 4 9 56% 9 56% 6 38% 6 38% 6 38%
RAL4 16 4 7 44% 4 25% 4 25% 10 63% 10 63%
RA2.2 12 1 8 67% 4 33% 1 8% 8 67% 8 67%
RA23 24 5 15 63% 15 63% 15 63% 15 63% 15 63%
RA33 8 1 3 38% 1 13% 1 13% 5 63% 5 63%
NW24 20 2 2 10% 2 10% 2 10% 2 10% 2 10%
NW3.5 8 3 3 38% 3 38% 3 38% 3 38% 3 38%
CRL1 20 5 15 75% 10 50% 5 25% 15 75% 15 75%
CR12 26 3 13 50% 13 50% 8 31% 18 69% 18 69%
CRL3 18 2 2 11% 2 11% 2 11% 2 11% 2 11%
Envisi 232 43 104 45% 90 39% 71 31% 114 49% 114 49%

nvision

DNSH 348 68 166 48% 144 41% 114 33% 176 51% 167 48%

Tab. 8-2, First Phase Output: The sustainability performance of the five-ground improvement technique under the Envision and the
DNSH scoring.

Points are awarded exclusively when the standard criteria are surpassed. Based on the Envision award criteria,
which allocate a minimum achievable score of 20% and categorize scores between 20-29% as verified, 30-
39% as Silver, 40-49% as Gold, and 50% and above as Platinum, the performance of the techniques examined
indicates that they surpass the verified threshold. Notably, brine ground freezing demonstrates a performance
that approaches the Platinum level.

These results are plotted in a radar format (see the next figure) in order to emphasize the ‘distribution’ of the
scores with respects to the indicators.
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@ \AXIMUM SCORE @@= PERMEATION GROUTING QUALITATIVE SCORE
@@= MONO FLUID JET GROUTING QUALITATIVE SCORE DOUBLE FLUID JET GROUTING QUALITATIVE SCORE
em=@=== BRINE GROUND FREEZING QUALITATIVE SCORE @@= NITROGEN GROUND FREEZING QUALITATIVE SCORE

QL1.4 Minimize Noise and Vibration

CR1.3 Reduce Air Pollutant Emissions 30 QL1.6 Minimize Construction Impacts
25
CR1.2 Reduce Greenhouse Gas Emissions 20 LD1.4 Pursue Byproduct Synergies

CR1.1 Reduce Net Embodied Carbon LD3.3 Conduct a Life-Cycle Economic Evaluation

NW3.5 Protect Soil Health RAL1.1 Support Sustainable Procurement Practices

NW2.4 Protect Surface and Groundwater Quality RA1.2 Use Recycled Materials

RA3.3 Reduce Construction Water Consumption RA1.4 Reduce Construction Waste

RA2.3 Use Renewable Energy RA2.2 Reduce Construction Energy Consumption

Fig. 8-6, First Phase Output: The sustainability performance of the five ground improvement techniques under the Envision and the
DNSH scoring. A comparison through the radar diagram view.

The same results are plotted in a multiple bar format (see the next figure) in order to emphasize the relative
performance of the techniques with respects to the indicators.
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Fig. 8-7, First Phase Output: The sustainability performance of the five ground improvement techniques under the Envision scoring.
A comparison for each case and indicator through a bar diagram view.
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The diagram demonstrates that, when taking into account the characteristics of the indicators of the
Envision/DNSH framework that have been adapted to ground improvement techniques, the area in which to
search for more opportunities of good sustainability performances is that which is related to Climate and
Resilience (CR1.x, focused on emissions), Resource Allocation (RA1.x, focused on materials and RA2.x
focused on energy), and Leadership (LD1.X, focused on collaboration between production sectors). These are
the aspects of the process that will receive special focus during the second phase of the approach, which is the
life cycle evaluation.
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9 The second phase of the sustainability assessment: quantitative
evaluation through LCA analyses

9.1 The second phase

This chapter will do a life cycle impact study to evaluate the five ground improvement strategies. The analysis
will provide quantitative data, namely the output generated by the numerical models. This data will be utilized
to enhance the qualitative assessment that was provided in the preceding chapter.

9.2 Impact frameworks and the choice for the analyses
Methods of a Life Cycle Impact Assessment (LCIA) are used in a Life Cycle Assessment (LCA) to quantify
and assess the effects of a given action on the surrounding environment. The life cycle assessment (LCA)
begins with the collection of raw data on emissions, waste, and material production. These data must then be
converted into a numerical result that is available for interpretation.

Because of the complexity and interconnection of the environment, determining the range of ways in which
the environment is impacted and the magnitude of those affects is not a straightforward endeavor. This problem
is addressed by the LCIA approaches, which categorize and classify the many kinds of affects that activities
have on different parts of the environment, such as the amount of water used, how climate changes, or how
poisonous the environment is. The many emissions that result in the same impact are consolidated into a single
unit, which then gets mapped onto a single category of impact. As a result, the end result of an LCA will be
given in terms of these many classifications.

Depending on the primary purpose of the investigation, several techniques are utilized to quantify various
types of effect categories. The adoption of a particular LCIA technique may be a requirement of the standards,
as could the requirement to report on particular impact categories.

Because of its relevance in the construction field, the Environmental Footprint (EF) method was adopted. The
Joint Research Centre (JRC), which serves as the research and knowledge service for the European
Commission, oversaw the Environmental Footprint program. The project was formally kicked off in 2013, and
it has since been split into two phases: the Pilot phase, which lasted from 2013 to 2018, and the Transition
phase, which will continue through 2019. The framework presented in the following pages is dated 2021%.

9.3 The European Environmental Footprint framework

One of the fundamental principles of life cycle thinking is that it offers an exhaustive point of view in
identifying impacts and related mitigation opportunities in the phases of choosing materials and approaching
the strategy of infrastructure management.

Each of the processes or technological strategies that make up the life cycle, whether a material or a
construction technology, incorporates the evaluation of energy and resource consumption and the related
emission of polluting substances. The extraction and manufacturing processes involved in the production of
building materials are responsible for approximately 90% of the environmental pollutants produced during the
life cycle of these components. The use of fossil fuels results in emissions of nitrogen oxides (NOx) and carbon
dioxide (CO2), which contribute to the adverse environmental effects that occur during transportation and
construction. Waste management, especially in construction, often involves the removal of plaster and wood
waste, both of which are significant sources of organic acid in landfills. When wood, plastic, and paper are

4 https://environment.ec.europa.eu/news/environmental-footprint-methods-2021-12-16_en
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burned, pollutants such as ammonia (NH3), heavy metal ions, and volatile organic compounds (VOCs) are
produced. Each of these pollutants can potentially adversely affect human health and the environment.

Every construction material and technological device incorporates a part of it to be the arrival point of a
technological chain that reaches the finished component from the extraction of primary resources.
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Fig. 9-1, Key Environmental Impacts during the Life Cycle of Building Materials [Huang, 2020]

The European Union has acted as a driving force in the process of implementing the life cycle concept in
European product policies over the last two decades [Zampori et al., 2019]. In particular, Communication
COM/2003/302 on Integrated Product Policy has created the primary conditions for the continuous
improvement of the environmental performance of all goods during the relevant production, use, and disposal
phases. The life cycle approach has become an important lever to guide European policies and investments
toward the environmental sustainability objectives the European Union has committed to pursuing (e.g.
COM/2019/640 on the European Green Deal).

Making decisions that have an impact on production processes with a very distant life horizon requires a
systemic approach to avoid the feedback that arises from a restriction or conditioning on a part of the system
(for example, production), does not result in an amplification of unwanted effects on another party, this is the
meaning of the concept of ecological footprint [Damiani, 2022]. In this sense, LCA is the ideal tool precisely
because its purpose is to allow an exhaustive investigation of the possible environmental effects that may
derive from a specific decision-making procedure. In fact, it combines:

. A life cycle focus: this means that all the stages of a product or service are taken into account,
from the extraction of raw materials through processing and production, distribution and use, and
the end of life.

. A type of analysis considering a series of distinct environmental effects, effectively a multi-criteria
analysis.

. A quantitative methodology: the indicators used are numerical and derived from mathematical

models that describe cause-and-effect links and result from various stress factors. (e.g., emissions
and use of natural resources).

. A comparative methodology: the life cycle assessment (LCA) method is primarily intended to
enable the selection of the optimal course of action between two or more potential outcomes, given
the quantitative character of the approach.
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. The horizon of the global scale: the analysis can be adapted to systems ranging from the local to
the global scale, thus capturing the particularities of these systems concerning the variability of
their environments.
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Fig. 9-2, The Environmental Footprint Framework (Usman, 2022).

The LCA methodology is standardized by regulatory references (ISO 14040 and ISO 14044), which describe
the principles, application, phases of an LCA study, requirements, critical review, and reporting. Other ISO
standards in the 14040 series complement the general guidelines, such as ISO 14046 for water footprint, and
other environmental management standards are linked to ISO 14040-44, such as ISO 14006 (eco-design), ISO
14025 (environmental labeling), ISO 14064 (carbon footprint of organizations), ISO 14067 (carbon footprint
of products), ISO 14072 (organizational LCA). In this way, the methodology and approach are uniform and
transparent.
1 - Goal and scope definition 2- Life Cycle Inventory Analysis 3 - Life Cycle Impact Assessment
Reasons and intended applications
Functional unit

°

°

®  System boundary
®  Impact categories
°
°
°

Collection of primary and secondary data on Calculation of potential impact associated to the
elementary and non-elementary flows exchanged defined impact categories from inventory data.
through the ecosphere and the technosphere:

Allocations ® input of energy, raw materials, and other
Data requirements physical inputs
Assumptions and limitations ® output of products, co-products, waste,
emissions.
Data calculation relating to unit processes,
functional unit, and allocations.

Optional grouping, normalisation, and weighting.

4 — Interpretation

Interpretation of LCIA results, hotspot analysis to find relevant processes and flows, sensitivity analysis of modelling choices, recommendations. The
interpretation may involve iteratively reviewing the choices made in the previous stages of the LCA.

Tab. 9-1, Standardized steps of LCA according to ISO 14040-44
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The Joint Research Center of the European Commission has significantly contributed to the standardization of
LCA by establishing the European International Life Cycle Data System (ILCD). In order to improve the
scientific robustness, coherence, reproducibility, and comparability of LCA studies, the objective of the ILCD
was to provide in-depth guidelines for the application of LCA to the European context, both from the
procedural and scientific.

9.4 The software used for modelling and the implementation of the Environmental

Footprint framework
The application to the case study of the five ground improvement techniques is analyzed with a LCA model,
as the second step of the proposed three-phased method.

The LCA analyses are performed in this thesis with the software Simapro (rel. 9.5.0.0, 2023) [Pré Consultants,
2018].

The impact framework adopted in the analyses is the Environmental Footprint (EF) method 3.0, originated by
an initiative of the European Commission. The method, supported by SimaPro database, includes a number of
adaptations, which make the EF method 3.0 implemented compatible with the data libraries provided in
SimaPro.

The implementation of the method in Simapro is based on EF method with the following modifications:

. it does not include any substances, which would be new to SimaPro, e.g. regionalized land use
flows;
. additional substances have been included as they are extensively used by the background databases

and their synonyms are part of the original EF method [Pré Consultants, 2018].
Characterization.

The characterization phase of the analysis models the categories in terms of indicators, and, if possible,
provides a basis for the aggregation of the inventory input and output within the category.

Characterization is mainly a quantitative step based on scientific analysis of the relevant environmental
processes. The characterization assigns the relative contribution of each input and output to the selected impact
categories. The potential contribution of each input and output to the environmental impacts is estimated and
for some of the environmental impact categories there is consensus about equivalency factors to be used in the
estimation of the total impact (e.g. global warming potentials, ozone depletion potentials etc.) whereas
equivalence factors for other environmental impacts are not available at consensus level (e.g. biotic resources,
land use etc.), depending on the adopted framework. 18 impact categories have been considered.

Normalization.

The global normalization set for a reference year 2010 is part of the EF method. These normalization values
are updated for the EF 3.0 method in November 2019 and implemented in Simapro.

Many methods allow the impact category indicator results to be compared by a reference (or normal) value.
This means that the impact category (in its own unit of measurement) is divided by the reference (with the
same unit of measurement). A commonly used reference is the average yearly environmental load in a country
or continent, divided by the number of inhabitants. This can be useful to communicate the results to non LCA
experts. For our study, we considered the European Community region.

After normalization the impact category indicators are represented by a common unit, which makes it easier
to compare them. Normalization can be applied on both characterization and damage assessment results.
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Weighting.

The weighting is based on the LCA method assumed: in this case the above-mentioned Environmental
Footprint.

The EF 3.0 method only has a single weighting set, which includes toxicity and allow weighting across impact
categories. This means the impact (or damage) category indicator results are multiplied by weighting factors
and are added to create a total or single score.

How the results will be presented.

The results of the LCA are included in Appendix 2°. For each case study, they are presented in terms of
characterization, normalization, weighting, and finally single point views. Where needed, there is an additional
and specific analysis performed for the relevant subprocesses.

The following paragraphs include, for each of the 5 studied cases, a schematic description of the design
intervention. Then it is reported a discussion of the LCA results, showing the process scheme adopted and
highlighting the most impacting aspects, according to the weighted view of the results analysis for each impact,
and the single point view referred to the main phases identified for each considered soil treatment technology.

As a conclusive paragraph, there five case studies are compared.

9.5 LCA analysis for ground improvement treatment using the permeation grouting
technique

The schematic design of the permeation grouting intervention

The PG treatment is performed via 82 PVC sleeved pipes installed in the ground. The injection action ray and
the distances between the pipes are such that the theoretical cylindrical volume of soil by a TAM has radius of
0,75m. A distance of 1,20 m is fixed between the pipes, placed along 2 rows. The treated soil wall has a
thickness of 2,55 m, for a total volume of 472m°.

The treatment is performed in order to penetrate the clayey layer for about one meter, in order to create a proper
connection between the vertical treated wall and the impervious bottom, guaranteeing the watertightness the
excavation. The thickness of ‘improved’ soil acts as a gravity and waterproofing wall that allows the further
excavation to be conducted safely.

The study has taken into account a single daily shift of 8 hours for the works. The drilling operation was
conducted over a period of four days, utilizing a single diesel drilling rig. The assessment additionally took
into account the positioning of the rig for each hole. The execution of sheaths, facilitated by the employment
of a modern mixer, has been estimated to take one day.

During the grouting step, it was intended for two electrical injectors to be utilized, with each injector having
an average flow rate of 0.3 cubic meters per hour. The treatment involved injecting grout volume equivalent
to 28% of the theoretical soil to be treated in two stages. The sequence of these stages is not crucial for the
evaluation. The treatment required a total of 31.5 shifts (days) to be completed. The grout was prepared using
an electrical turbomixer, then transferred to an electrical mixer agitator, and finally pumped into the injector.

5 The LCA analysis is taken from the PhD thesis of the co-authors of this research (Stefano Susani), who is a certified
Envision SP professional. See also note 2
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Fig. 9-3, Permeation grouting treatment: geometrical data.
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The present study examines a standard ternary grout mixture, characterized by the following weight ratios:
cement to water (C/W) ratio of 0.4, binder to cement (B/C) ratio of 0.1, and an additive comprising 1% of the
total weight of cement.

Permeation grouting LCA analysis
The findings of the life cycle assessment (LCA) analysis for the permeation grouting case study are presented
and discussed in Appendix 1.

The following chart shows the process scheme of the PG treatment modeled in the LCA.
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Fig. 9-4, Process scheme for LCA Analysis of the permeation grouting technique.
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The following main conclusions can be drawn regarding the permeation grouting technique (see also the
comments included in Annex 2):

1. The grout mix preparation is the more impactful working phase of the process; its impacting
contribution, compared to the total, is equal to 83.3%,

2. A deepening in the assessment of this operational phase shows that the cement provides strongly the
major impact, if compared to water, additives, bentonite and grout mixing activity, i.e. the other actors
of the analyzed phase

3. the other relevant contribution is given by the drilling phase with 13.6%, where are summed the effects
of the drilling operation and the plastic TAM provision and installation in the ground, the latter activity
carried out by using the same cement-based mixture grouted in the soil.

4. the most impacted categories are climate change and, at a minor level, resource depletion;

Keeping this analysis as the baseline, the two points above can drive the sensitivity analysis that follows.

Permeation grouting LCA sensitivity analysis

The indication provided by the qualitative assessment with Envision (i.e. the main leverages to focus on) and
by the outcomes of the LCA analysis just presented can be assumed as requirements or suggestion for possible
sustainability upgrades as it follows:

e Energy focus: Improve consumption (a) reducing power production from diesel engines, (b) using
electricity coming from providers that use a mix of production that includes renewable sources.

e Transportation focus: Improving the rating of diesel transportation fueled trucks.

e Material focus: for cement, reduce the content in clinker (through pozzolana or fly ash additions).

To the aim of including these upgrades with respect to the original LCA baseline just described in detail,
another sensitivity run of the LCA model has been performed with these upgrades:

e Energy: use of an energy mix 70% fossil and 30% renewable (for instance hydro coming from run off
river generation), through the Ecoinvent string.

e Cement: use of Pozzolana-based cement instead of Portland-based cement, through the Ecoinvent
string.

e Steel: use of iron coming from scrap, through the Ecoinvent string.

e Transportation: use of trucks Euro6 instead of Euro5, through the Ecoinvent string.

The analysis is only indicative, because of the ‘generic’ nature of the data coming from the Ecoinvent database,
and more could be done using customized EPDs or material oriented LCAs provided by suppliers, still this
sensitivity calculation can give a measure of how much the sustainability performance of the technique could
vary in the light of the suggestions coming from the Envision indicators and the LCA baseline analysis.

This is a crucial aspect of the research on the ground improvement treatment sustainability: on one hand the
data nowadays available are still very generic, and as we will see in the prosecution, this may affect some
results from the set of analysis proposed. Here comes the already highlighted importance of the EPD, as pointed
out in the final chapters by commenting the results. Appendix 2 provides a deepening about this focus.

The following table includes a comparison between the baseline and sensitivity analysis outcomes. The final
column on the right provides a summary of the percentage gains and losses relative to the baseline. The detailed
commentary on the table will be provided in the third phase of the technique. However, it is evident that there
was a significant reduction (-16.38%) in the quantity of CO2eq, as well as in all other key performance
indicators (KPIs) pertaining to energy and materials usage.

o2e]
()]



PhD Thesis:
Advances in the sustainability assessment of geotechnical ground improvement processes

Weighted single score  Total Sensitivity ~ Total Baseline Unit S/B
C;‘::;;ﬂ:tli/on Quantity Unit Climate change 44,80% 36927,3063 44162,18116  kgCO2eq -16,38%
Cement 42751 kg Ozone depletion 0,00% 0,00251736 0,002792854 kg CFCl1 eq -9.86%
Energy-Electricity 2995 kWh Ionising radiation 0,00% 1824,891663 2115313875  kBqU-235¢q -13,73%
Energy-Diesel 3200 kWh Photochemical ozone formation 4,77% 86,75967776 100,1871036 kg NMVOC eq -13,40%
Steel 0 kg Particulate matter 5,03% 0,000714601 0,000796777  disease inc. -10,31%
T.AM. 320 kg Human toxicity, non-cancer 0,00% 0,000229547 0,000273693 CTUh -16,13%
Sludge waste 6.36 m3 Human toxicity, cancer 0,00% 7,50983E-06 8,23528E-06 CTUh -8,81%
Water 105900 kg Acidification 5,46% 104,6875206 122,6914512  mol H+eq -14,67%
Eutrophication, freshwater 7,09% 8,701845279 9,421410615 kgPeq -7,64%
Eutrophication, marine 0,00% 32,5224058 37,41534811 kgNeq -13,08%
Eutrophication, terrestrial 0,00% 338,0142282 393,5065501 mol N eq -14,10%
Ecotoxicity, freshwater 4,76% 226507,5325 273202,0088 CTUe -17,09%
Land use 0,00% 261138,5881 323969,1919 Pt -19,39%
Water use 0,00% 10677,62947 11477,57963 m3 depriv. -6,97%
Resource use, fossils 13,99% 233873,1103 264587,2741 MJ -11,61%
Resource use, minerals and metals  0,00% 0,018859693 0,020534279 kg Sbeq -8,16%

Tab. 9-2, Case Study Permeation grouting, sensitivity analysis vs. baseline, total impact indicators, characterization.

9.6 LCA analysis for ground improvement treatment using the single fluid jet grouting
technique

The schematic design of the single fluid jet grouting

The JG-SF requires the execution of a total of 202 jet grouting columns, arranged in three rows, surrounding
the excavation site. Considering the site soil nature, a diameter of 1.0m has been designed for the columns,
with an inter-distance between the centers of 0.75m. The spacing between the rows is 0.9 meters. The purpose
of this geometric pattern is to create a jet grouted soil "wall" that is approximately 2.5 meters thick, covering
a treated soil volume of 540 m”.

0Om=—

1m— WATER TABLE LEVEL
GRAVEL
AND SAND

5m— lﬁ

P oy
0
‘Jf \.H\'\._
i . CLAY

oleledeleTeeledele i

0

)of

Jo0e0e0eYe0eTe0eGe o004
)of

Je{
SC8

)

"l'ﬂ?n!ﬁ'ﬁ'ﬁ‘ﬁ'ﬁ'ﬁ'ﬁ'ﬁ'ﬁ*ﬁiﬁ

ncnoninoﬁcﬁoﬁinoncnnnintz"?

SRR

S

allllllililililill

)
Ko
&)

(%
=
&

€

Fig. 9-5, Jet Grouting single fluid technique: geometrical data of the treatment.
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The study has taken into account a single daily shift of 8 hours for the works. It is assumed that the average
drilling production rate is 30 meters per hour. This rate includes the positioning of the drilling unit on each
column axis. As a result, the cumulative duration of the drilling phase for the columns amounted to 34 hours.

During the jet grouting phase, the selection of operational parameters such as pressure, cement quantity, and
uplift velocity was determined based on the natural soil composition and density. A standard mixture for the
jet grouting treatment, characterized by a ratio 1 between cement and water (C/W=1). To achieve the desired
results, a pressure of 40 MPa was applied, accompanied with the injection of about 323 tons of 32.5 Portland
cement via 2 nozzle @3 mm. The uplift velocity during this process was maintained at 20.6 m/h. The
completion of all the columns necessitated around 40 hours. In addition to this, consideration was given to the
operation of an electric mixer for the preparation of the grout mixture, a high-pressure pump for the injection
process, and the drilling unit the latter with a diesel engine.

A spoil output rate of 50% was assumed for the amount of soil that was treated.

Jet grouting single fluid LCA analysis
The findings of the life cycle assessment (LCA) analysis for the permeation grouting case study are presented
and discussed in Appendix 2.

The energy and material flow diagram for this type of treatment is presented in the picture seen below. The
scheme delineates the parameters of the system under consideration in the model.
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Fig. 9-6, Process scheme for LCA Analysis of the single fluid Jet Grouting technique.

The following conclusion can be drawn about the jet grouting single fluid technology (see also Annex 2 and
the included comments):

1. the grout mixture preparation is, also for JG-SF, the most impactful phase; the role of the product
“cement” comes out again as the prominent, by the single point representation of the grout-mix
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preparation phase agents. The impacting contribution of the cement-based grout mixing, compared to
the total, is 0f 92,0%;

2. the other relevant contribution is given by the high-pressure injection, with 4,50%. This depends on
the energetic consumption of the pumping plant, operating during the whole jet grouting process;

3. the most impacted categories are the climate change, and to a lesser extent the resource depletion.

Keeping this analysis as the baseline, the two points above can drive the sensitivity analysis that follows.

Jet grouting single fluid LCA sensitivity analysis
The recommendations derived from the qualitative evaluation conducted with Envision (i.e., the primary areas
of emphasis) are as follows:

. Energy: Enhance efficiency in energy usage by (a) minimizing reliance on diesel engines for power
generation and (b) utilizing electricity sourced from suppliers employing a diverse mix of
renewable energy production methods.

. Transportation: Enhancing the performance of trucks powered by diesel fuel.

One potential approach to reducing the content of clinker in cement is by including alternative binders such as
pozzolana or fly ash.

In order to incorporate the aforementioned sustainability enhancements in relation to the comprehensive
description of the original Life Cycle Assessment (LCA) baseline, an additional iteration of the LCA model
has been conducted, including these improvements.

. The proposed energy solution involves utilizing a combination of fossil fuels and renewable
sources, with a distribution of 70% and 30% respectively. An example of a renewable source that
may be incorporated is hydroelectric power generated from run-off river systems. This energy mix
will be implemented using the Ecoinvent string.

. It is recommended to utilize Pozzolana-based cement as an alternative to Portland-based cement,
as shown by the Ecoinvent string

. Steel: use iron coming from scrap, through the Ecoinvent.

. Transportation: use trucks Euro6 instead of Euro5, through the Ecoinvent string.

The analysis provided, as already pointed out, is merely suggestive due to the inherent generality of the data
sourced from the Ecoinvent database. However, further improvements can be made by utilizing customized
Environmental Product Declarations (EPDs) or conducting material-oriented Life Cycle Assessments (LCAs)
provided by suppliers. Nevertheless, the sensitivity calculation presented offers an indication of the potential
enhancements that can be achieved in the sustainability performance of the technique, taking into account the
recommendations derived from the Envision indicators.

The subsequent table presents a comparative analysis between the baseline and sensitivity runs. The utilization
of a more sustainable composition for concrete, coupled with a combination of fossil and renewable energy
sources, results in a noteworthy decrease of around 18.15% in carbon dioxide equivalent emissions (CO2eq).

Material/

Consumption Quantity Unit Weighted single score  Total Sensitivity ~ Total Baseline Unit S/B
Cement 323000 kg Climate change 0,00% 243865,88401 297937,36176 kg CO2 eq -18,15%
Energy-Electricity 16497 kWh Ozone depletion 0,00% 0,01146 0,01348 kg CFC11 eq -15,02%
Energy-Diesel 2516 kWh Tonising radiation 4,52% 10917,13489 13043,89158 kBq U-235 eq -16,30%
Steel 0 kg Photochemical ozone formation 4,34% 474,33955 578,32742 kg NMVOC eq -17,98%
T.AM. 0 kg Particulate matter 0,00% 0,00356 0,00419 disease inc. -15,05%
Sludge waste 214 m3 Human toxicity, non-cancer 0,00% 0,00153 0,00187 CTUh -17.81%
Water 323000 kg Human toxicity, cancer 5,50% 0,00003 0,00004 CTUh -15,03%
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Acidification 5,44% 609,58859 745,56100 mol H+ eq -18,24%
Eutrophication, freshwater 0,00% 38,60662 43,87501 kgPeq -12,01%
Eutrophication, marine 0,00% 177,78931 215,75604 kgNeq -17,60%
Eutrophication, terrestrial 5,05% 1919,40385 2349,61079 mol N eq -18,31%
Ecotoxicity, freshwater 0,00% 1388365,93687  1734046,34667 CTUe -19,93%
Land use 0,00% 1809977,69765  2269326,77323 Pt -20,24%
Water use 11,96% 33285,37621 38826,54247 m3 depriv. -14,27%
Resource use, fossils 0,00% 1154790,30521  1379881,30282 MJ -16,31%
Resource use, minerals and metals  0,00% 0,05613 0,06825 kg Sbeq -17,76%

Tab. 9-3, Case Study Jet Grouting Single fluid, sensitivity analysis vs. baseline, total impact indicators, characterization.

9.7 LCA analysis input for ground improvement treatment using double fluid jet grouting

The schematic design of the double fluid jet grouting

The JG-DF system requires the execution of 84 jet grouting columns with a diameter of 2.50 meters, arranged
in two rows on either side of the excavation area. The spacing between the columns is 1.20 meters, while the
space between the rows is designed as 1.25 meters. The column pattern is engineered to generate a jet grouted
soil wall with enhanced properties, measuring around 2.5 meters in thickness. The total volume of soil treated
using this method amounts to 540 m°.
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Fig. 9-7, Jet grouting with double fluid technique: geometrical data.

The study has taken into account a single daily shift of 8 hours for the works. It is assumed that the average
drilling production rate is 30 meters per hour. This rate includes the positioning of the drilling unit on each
column axis. As a result, the cumulative duration of the drilling phase for the columns amounted to 14 hours.

During the jet grouting phase, the selection of operational parameters such as pressure, cement quantity, and
uplift velocity was determined based on the natural soil composition and density. To achieve the desired results,
a grout pressure of 50 MPa was applied for the injection of about 425 tons of 32.5 Portland cement, via 1
nozzle ¥5,5 mm. The air was pumped with pressure of 8 bar and a flow rate of 8 m3/h. The uplift velocity
during this process was maintained at 13.1m/h. The completion of all the columns necessitated around 26
hours. In addition to this, consideration was given to the operation of an electric mixer for the preparation of
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the grout mixture, a high-pressure pump for the injection process, an air compressor, and, of course, the drilling
unit.

A spoil output rate of 50% was assumed for the amount of soil that was treated.

Jet grouting double fluid LCA analysis
The findings of the life cycle assessment (LCA) analysis for the double fluid jet grouting case study are
presented and discussed in Appendix 2.

The energy and flow diagram of this technology is conceptually equal to the JG-SF, just including, in this case,
the air compressor.

As previously described, this variant of the JG technology exploits the contribution of the compressed air to
ease and increase the mixing-up effect of the high-pressure injection of the same cement grout. As a result,
wider columns are performed providing practically the same mechanical improvement of the soil, and finally
reducing the number of drillings for obtaining the same jet grouted soil volume; as a result, a global reduction
of the JG-DB work is obtained.

The following main conclusions can be drawn regarding the JG-DF technique (see also the comments included
in Annex 2):

The details of numerical results give more sight into the detail:

1. the most relevant impact percentage comes from the grout preparation phase, now increased to 94,7%,
few points more than the single fluid case;

2. the other working phase are negligible, and particularly the drilling effect drops clearly down;

3. thus, the JG-DF technology on one hand improves its global operative efficiency, but on the other it
shifts the impact burden from the drilling phase to cement-based grout injected;

4. The most impacted category is largely confirmed to be the climate change, followed by the resource
depletion

Jet Grouting Double fluid sensitivity analysis
The requirements/suggestions coming from the qualitative assessment with Envision (i.e. the main leverages
to focus on) are:

e Energy: Improve consumption (a) reducing power production from diesel engines, (b) using electricity
coming from providers that use a mix of production that includes renewable sources.

e Transportation: Improving the rating of diesel transportation fueled trucks.

e Cement: reduce the content in clinker (through pozzolana or fly ash additions).

To the aim of including these sustainability upgrades with respect to the original LCA baseline just described
in detail, another sensitivity run of the LCA model has been performed with these modifications:

e Energy: use an energy mix 70% fossil and 30% renewable (for instance hydro coming from run off
river generation), through the Ecoinvent string.

e Cement: use Pozzolana-based cement instead of Portland-based cement, through the Ecoinvent string.

e Steel: use iron coming from scrap, through the Ecoinvent string.

o Transportation: use trucks Euro6 instead of EuroS5, through the Ecoinvent string

The analysis provided, as pointed out mor above, is merely suggestive due to the inherent generality of the
data sourced from the Ecoinvent database. Further enhancements can be made by utilizing customized
Environmental Product Declarations (EPDs) or material-specific Life Cycle Assessments (LCAs) offered by
suppliers. Nevertheless, the sensitivity calculation presented can offer an estimation of the potential
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improvement in the sustainability performance of the technique, taking into account the recommendations
derived from the Envision indicators.

The next table gives the raw characterization data for the sensitivity runs. In the double fluid technique, the
sensitivity allows for a reduction in CO2eq of about 17% with respect to the baseline case, a gain slightly lower
than the results provided by the JG-SF sensitivity analysis.

Ccly\:z;:;ii/on Quantity Unit Climate change 51,78% 317711,94034  384881,11064 kg CO2 eq -17,45%
Cement 425000 kg Ozone depletion 0,00% 0,01432 0,01649 kg CFCl11 eq -13,18%
Energy-Electricity 10998 kWh Ionising radiation 0,00% 14234,40491 16427,32747 kBq U-235 eq -13,35%
Energy-Diesel 1050 kWh Photochemical ozone formation 4,33% 587,47960 727,82150 kg NMVOC eq -19,28%
Steel 0 kg Particulate matter 4,13% 0,00438 0,00525 disease inc. -16,66%
T.AM. 0 kg Human toxicity, non-cancer 0,00% 0,00202 0,00243 CTUh -17,18%
Sludge waste 283 m3 Human toxicity, cancer 0,00% 0,00004 0,00004 CTUh -17,39%
Water 425000 kg Acidification 5,43% 776,69851 940,28271 mol H+ eq -17,40%

Eutrophication, freshwater 5,57% 51,01587 56,42727 kgPeq -9,59%

Eutrophication, marine 0,00% 221,46489 272,64744 kgNeq -18,77%
Eutrophication, terrestrial 0,00% 2388,48662 2968,13777 mol N eq -19,53%
Ecotoxicity, freshwater 5,13% 1821227,77274  2211604,42657 CTUe -17,65%
Land use 0,00% 2401473,86489 286731542743 Pt -16,25%
Water use 0,00% 44459,07287 47202,39701 m3 depriv. -5,81%

Resource use, fossils 11,85% 1477694,64211  1712391,06776 MJ -13,71%
Resource use, minerals and metals  0,00% 0,07216 0,08396 kg Sbeq -14,06%

Tab. 9-4, Jet grouting with double fluid technique: sensitivity analysis vs. baseline, total impact indicators, characterization.

9.8 LCA analysis for ground improvement treatment using ground freezing with brine

Input data

The following two ground improvement case studies refer to a technology definitely different than the grout-
based treatments described in the previous chapters: the artificial ground freezing (AGF) technique.

HIBE S
SRPTOOTII0IE)
K >
S e

S 7
\/

)
B (ol
o> 1] (SHS
e (0000, (SED
She CUOUT
) (S5>
g,:g bg:g‘
<X N

00 0e o000 0001

5> S 7

i

Fig. 9-8, Artificial ground freezing technique (AGF-BR and AGF-LN): geometrical data.
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With this technique, the purpose is to provide a temporary mechanical and waterproofing improvement to the
ground by freezing the water contained in the soil, below the water table level, just for the time needed to
excavate the rest of the structure.

Artificial Ground Freezing (AGF) can be performing by resorting to the direct, called also open, method (with
liquid nitrogen as a coolant - LN), or to the indirect, also called closed, method (cooling using the brine - BR).
For both systems, thermometric detection points in the ground (i.e. thermometers placed surrounding the
volume to be frozen) allow for the monitoring of the formation of the frozen structure up to achieving the
required dimensions at the effective temperature. Mechanical properties of the frozen soil improve with low
temperatures. The AGF treatment is implemented by placing 82 metallic freezing pipes in the ground, disposed
on two rows per side, with an interaxis of 1,20 m between the pipes and 1,25 between the rows. The resulting
‘frozen wall’ has a thickness of 2.8m, which guarantees a total treated volume equal to 560m3.

We examine now the freezing produced with the closed method (AGF-BR): the targets of the treatment are to
create a frozen soil wall having thickness of 2,4 m with a temperature of — 4°C at the border, operating with
the brine at -35°C. This first stage stops when the target is reached. In the considered condition, the freezing
is completed in 30 days. The second phase of the AGF-BR consists of the maintenance stage, during which the
shaft excavation and the concrete plate and walls are cast. The freezing plant operates now by circulating brine
at -28°C in order to keep the border of the efficient frozen soil wall at least at -4°C. A maintenance time of 30
days has been considered, taking into account the various activities of excavation and reinforced concrete cast
of the pilot case examined pit. The equipment and overall system used for implementing ground freezing with
brine appear to be significantly more complex if compared to earlier instances. However, as will be
demonstrated shortly, the overall sustainability performance appears to be rather interesting.

Ground freezing with brine LCA analysis
The findings of the life cycle assessment (LCA) analysis for the closed system ground freezing case study are
presented and discussed in Appendix 2.

The following diagram illustrates how the AGF with brine technology works in terms of its process flows.
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Fig. 9-9, Artificial ground freezing with brine technique: Process scheme for LCA Analysis.
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The following main conclusions can be drawn about the AGF-BR technique (see also the comments in the
Annex 2):

1. differently from “grouting” treatments seen in the previous cases, the impact of the process is shared
between two main phases, that score together 97,3%;

2. the most impactful phase is the freezing one, that includes the functioning of the freezing plant, where
the brine is chilled by the heater exchanger and the water-cooling tower; the activity keeps on during
the initial freezing stage (creating the soli frozen wall), as well as during the excavation stage of the
shaft, when the freezing plant, with lower energy absorption, keeps constant the frozen wall thickness.
This phase scores 65,1%;

3. the other relevant impact source of the AGF-BR process is the “drilling” phase, that includes both the
drilling of the holes for the metallic freezing probes as well as the provision of the latter and of the
pipelines of the brine distribution circuit on site. This scores 32,2%

4. the other working phase are negligible;

5. The most impacted category is the climate change followed not far from the resource depletion.

Brine freezing sensitivity analysis
The requirements/suggestions coming from the qualitative assessment with Envision (i.e. the main leverages
to focus on) are:

e Energy: Improve consumption (a) reducing power production from diesel engines, (b) using electricity
coming from providers that use a mix of production that includes renewable sources.

e Transportation: Improving the rating of diesel transportation fueled trucks.

e Cement: reduce the content in clinker (through pozzolana or fly ash additions).

To the aim of including these sustainability upgrades with respect to the original LCA baseline just described
in detail, another sensitivity run of the LCA model has been performed with these modifications:

e Energy: use an energy mix 70% fossil and 30% renewable (for instance hydro coming from run off
river generation), through the Ecoinvent string.

e Cement: use Pozzolana-based cement instead of Portland-based cement, through the Ecoinvent string.

e Steel: use iron coming from scrap, through the Ecoinvent string.

e Transportation: use trucks Euro6 instead of Euro5, through the Ecoinvent string.

As for the previous cases, the analysis is only indicative, because of the ‘generic’ nature of the data coming
from the Ecoinvent database, and more could be done using customized EPDs or material oriented LCAs
provided by suppliers, still this sensitivity calculation can give a measure of how much the sustainability
performance of the technique could be improved in the light of the suggestions coming from the Envision
indicators.

Finally, the comparison between the baseline of the LCA analysis and the sensitivity put in evidence the
relevant improvement achieved applying the sustainability countermeasures explained above: about 26%
reduction impact for CO2eq.

Material/

Consumption Quantity Unit Weighted single score  Total Sensitivity ~ Total Baseline Unit S/B
Cement 2111 kg Climate change 28,35% 33378,19348 45377,18315 kg CO2 eq -26,44%
Energy-Electricity 78278,6 kWh Ozone depletion 0,00% 0,00507 0,00685 kg CFC11 eq -25,97%
Energy-Diesel 3240 kWh Tonising radiation 0,00% 4048,45519 5918,79628 kBq U-235eq -31,60%
Steel 5830 kg Photochemical ozone formation 0,00% 92,56538 122,45663 kg NMVOC eq -24,41%
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T.AM. 0 kg Particulate matter 4,60% 0,00094 0,00133 disease inc. -29,61%
Bentonite 192 kg Human toxicity, non-cancer 0,00% 0,00077 0,00206 CTUh -62,60%
Brine waste 4915 kg Human toxicity, cancer 0,00% 0,00003 0,00007 CTUh -56,26%
Sludge waste 0 m3 Acidification 5,88% 161,31599 221,86829 mol H+ eq -27,29%
Water 4094 0 Eutrophication, freshwater 5,17% 9,08107 12,98632 kgPeq -30,07%
Eutrophication, marine 0,00% 31,09725 41,12721 kgNeq -24,39%
Eutrophication, terrestrial 0,00% 333,16396 44328549 mol N eq -24,84%
Ecotoxicity, freshwater 6,06% 412217,08182 567979,19438 CTUe -27,42%
Land use 0,00% 785600,01874 1073906,93792 Pt -26,85%
Water use 5,27% 21746,53226 31698,33098 m3 depriv. -31,40%
Resource use, fossils 20,25% 484622,77241 667564,16608 MJ -27,40%
Resource use, minerals and metals  9,56% 0,24683 0,31618 kg Sbeq -21,93%

Tab. 9-5, Artificial ground freezing with brine technique: sensitivity analysis vs. baseline, total impact indicators, characterization.

9.9 LCA analysis for ground improvement treatment using ground freezing with nitrogen

Input data
The last case study pertains to the utilization of artificial ground freezing (AGF) through the implementation
of the 'direct technique'.

The present methodology employs Liquid Nitrogen (LN) as a coolant. Liquid nitrogen (LN) is transported to
the site by tank trucks and is introduced into the circuit at a temperature of approximately -196°C. The system
consists of insulated steel tubing and a manifold that facilitates the transfer of coolant to the freezing probes.

Regarding our case study, during the initial freezing stage, there is a significant flow of liquid nitrogen (LN)
for a duration of around 8 days, for the frozen soil wall creation. The theoretical frozen efficient volume
consumes 1,600 liters of LN per cubic meter. Then the system is switched to the maintenance stage for a
duration of 30 days, coinciding with the excavation and execution of the construction. During this particular
phase, nitrogen is introduced into the open circuit every two nights, owing to the notable efficiency of the LN
AGF process.

It is important to note that, as a general rule, working on the freezing site during the circulation of liquid
nitrogen is prohibited due to safety concerns. Specifically, a potential rupture in the circuit might result in the
dispersion of nitrogen gas, which is denser than air and has the potential to rapidly deplete the oxygen content
in the immediate work area. The nitrogen consumption rate for the maintenance stage is estimated to be 50
liters per cubic meter per day.

The equipment set needed for the AGF-LN technique, showed in the following figure, is simpler than the plant
necessary for the AGF-BR technique. In facts, nitrogen is transported to the site by insulated, pressured tank
tracks from which it is directly delivered in the open circuit. The exhausted gas is then released in atmosphere
by the outlet chimney

Ground freezing with nitrogen LCA analysis
The findings of the life cycle assessment (LCA) analysis for the open system ground freezing case study are
presented and discussed in Appendix 2.

The provided diagram illustrates the AGF-LN process scheme of the Life Cycle Assessment (LCA) model,
showcasing the material and energy flows inside the building site and the defined limits, in addition to the
functional unit.
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Fig. 9-10, Artificial ground freezing with nitrogen technique: LCA Process scheme.

The equipment requirement of the AGF-LN is lower than the freezing technique with brine. In fact, the open
method coolant (LN) is provided on site in a condition that allows to pump directly to the circuit under the
effect of the pressured condition of delivery on site, reducing the accessory machinery and relative energetic
consumption. Moreover, the release of the gaseous nitrogen happens simply via a chimney exploiting the gas
expansion effect.

The following main conclusions can be drawn about the AGF-LN technique (see also the comments in the
Annex 2):

1.

the freezing phase drops dramatically to a low level, as from the above written reasons. It has to be
pointed out also how the material nitrogen seems to have two important properties:

a. the cryogenic energy emission, that is the powerful aspect of the process, takes places simply

as change of state; the

b. the liquid nitrogen production comes out to provide a low impact.
The major impact is given by the “drilling” phase, as for the AGF-BR, that includes both the drilling
of the holes for the metallic freezing probes as well as the provision of the latter and of the pipelines
of the brine distribution circuit on site. This scores 91,4%
More generally the impact produced by the AGF-LN is lower than the previously presented cases,
particularly jet grouting ones;
The other operational phases are practically very low, but the ”Sheath freezing probes” phase, i.e. the
embedment of the freezing probes in the ground, reaches the 5,1%, due to the use of the cement as
main component of the sheath grout. Cement reveals again its prominent impactful role.

Nitrogen freezing LCA sensitivity analysis

The recommendations derived from the qualitative evaluation conducted with Envision (i.e., the primary areas

of emphasis) are as follows:

Energy: Improve consumption (a) reducing power production from diesel engines, (b) using electricity
coming from providers that use a mix of production that includes renewable sources.

Transportation: Improving the rating of diesel transportation fueled trucks.

Cement: reduce the content in clinker (through pozzolana or fly ash additions).
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To the aim of including these sustainability upgrades with respect to the original LCA baseline just described
in detail, another sensitivity run of the LCA model has been performed with these modifications:

e Energy: use an energy mix 70% fossil and 30% renewable (for instance hydro coming from run off
river generation), through the Ecoinvent string.

e Cement: use Pozzolana-based cement instead of Portland-based cement, through the Ecoinvent string.

e Steel: use iron coming from scrap, through the Ecoinvent string.

o Transportation: use trucks Euro6 instead of Euro5, through the Ecoinvent string.

The analysis presented here should be considered as indicative due to the inherent limitations of using generic
data from the Ecoinvent database. Further improvements can be achieved by utilizing customized EPDs or
conducting material-oriented Life Cycle Assessments (LCAs) provided by suppliers. Despite these limitations,
the sensitivity calculation here performed provides a valuable insight into the potential enhancements in
sustainability performance that could be achieved by incorporating the recommendations suggested by the
Envision indicators.

The subsequent table presents the synthesis of the performance outcomes for both the baseline and sensitivity
analyses. In the case of the AG-LN the improvement provided by the applying the sustainability
countermeasures explained above is smoother than in the AGF-BR case and even than the jet grouting
technologies, being comparable to the permeation grouting case: about 16% reduction impact for CO2eq.

Cc])\::;er:;:i/on Quantity Unit Impact category Weighted single score  Total Sensitivity ~Total Baseline Unit S/B
Cement 2111 kg Climate change 18,91% 10061,02893 12081,53160 kg CO2 eq -16,72%
Energy-Electricity 61,6 kWh Ozone depletion 0,00% 0,00139 0,00165 kg CFCl11 eq -15,86%
Energy-Diesel 3240 kWh Tonising radiation 0,00% 1323,91889 2020,55653 kBq U-235 eq -34,48%
Steel 3001 kg Photochemical ozone formation 0,00% 42,47470 50,96231 kg NMVOC eq -16,65%
T.AM. 0 kg Particulate matter 6,24% 0,00057 0,00084 disease inc. -31,59%
Bentonite 192 kg Human toxicity, non-cancer 4,57% 0,00079 0,00229 CTUh -65,58%
Nitrogen 1778,1 kg Human toxicity, cancer 0,00% 0,00003 0,00008 CTUh -58,58%
Nitrogen waste 1778,1 kg Acidification 0,00% 46,15744 57,45410 mol H+ eq -19,66%
Brine waste 0 kg Eutrophication, freshwater 0,00% 3,14901 4,46386 kgPeq -29,46%
Sludge waste 0 m3 Eutrophication, marine 0,00% 13,52445 16,08678 kgNeq -15,93%
Water 4094 kg Eutrophication, terrestrial 0,00% 139,29496 167,50348 mol N eq -16,84%

Ecotoxicity, freshwater 0,00% 117535,74884 145972,33367 CTUe -19,48%
Land use 0,00% 284353,19957 322307,70154 Pt -11,78%
Water use 0,00% 4019,49973 5710,29778 m3 depriv. -29,61%
Resource use, fossils 12,95% 140064,39123 175307,43707 MJ -20,10%
Resource use, minerals and metals  30,36% 0,35424 0,42718 kg Sbeq -17,07%

Tab. 9-6, Artificial ground freezing with nitrogen technique: sensitivity analysis vs. baseline, total impact indicators,
characterization.

9.10 The results for the second phase of the method
The following graphs shows the LCA results distinguishing the five treatments processes.

The normalization step chart shows how JG technologies and AGF technologies differently act on the various
impact categories.
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Fig. 9-11, Case studies techniques comparison: impact, characterization view.

The normalization step put in evidence how the JG processes (where the effect of the material cement is
predominant) dominate the impact for the climate change. This is typical for the concrete industry. On the right
side of the diagram, the effect of the JG techniques on the depletion of fossils resources as well as the AGF
techniques, that use brine and liquid nitrogen as cooler fluid, on minerals resources depletion.
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Fig. 9-12, Case studies techniques comparison: impact, normalized view.

The following chart shows the results of the weighted step. The impactful role of the jet grouting (green bars
of JG-DF and red bars for JG-SF) on the climate change is highly evident. Permeation grouting and AGF-BR
brine follow with about an order of magnitude less.
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Fig. 9-13, Case studies techniques comparison: impact, weighted view.

For a better comprehension of this result, it is useful to observe the plot of the impacts for the JG-SF case,
distinguishing the 4 main sub-processes. The grout mix preparation is largely the most relevant, impacting
primarily on the climate change category.
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Fig. 9-14, Jet Grouting with single fluid technique: impact, single point/score view.

The LCA method allows for a representation of the impact burdens provided by the main material and
machinery involved in the grout-mixing subprocess: the following diagram shows the major role of the cement,
that reverberates on the entire jet grouting process.
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Fig. 9-15, Jet grouting with single fluid technique: grout mix preparation focus, impact, single score view.

The same type of chart for the grout-mix preparation of permeation grouting reveals the similar impacting
effect of the cement, with a definitely lower magnitude. This makes sense because of the different quantity of
cement used for the two different techniques.
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Fig. 9-16, Permeation Grouting technique: impacts, single point view.
It is however interesting to focus on the nature of the two processes.

The jet grouting requires energy in order to break-up the soil and mixing it the cement grout, providing for a
very consistent result: the strong improvement of the mechanical (and hydraulic) properties of the jet grouted
soil. As a matter of fact, the breaking-up fluid (i.e. the cement grout) is the one of the major actors of this
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process, together with the high-pressure level of the injection (Tornaghi et a. 2004), provided by the machinery:
the bigger is the quantity of grout mix injected, the higher is the energy acting to modify the soil conditions.
The LCA analysis returns a framework consistent with the described task.

The permeation grouting operates on the soil in very “smoothly” way, practically without modifying the ground
fabric. The low pressure of the injection allows for the grout to exactly permeate the voids between the grains.
If we apply to PG the same “energetic” concept used for designing the jet grouting treatment, it comes out that
this technique requires a very lower rate of energy, being mainly the injection pump the principal player of this
process. Again, the LCA analysis grasp this aspect.

For AGF with brine, the more impactful sub-process is the freezing activity, for about 2/3 of the total impact,
and the drilling stage that includes the metallic probes provision.
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Climate change Ozone depletion lonising radiation ® Photochemical ozone formation
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Land use Water use Resource use, fossils M Resource use, minerals and metals

Fig. 9-17, Artificial ground freezing with brine technique: impact, single score view.
For AGF with liquid nitrogen, the impact burden is shifted almost totally to the “drilling-and-probes” stage.

In effect, the AGF-BR operates by the flowing of the brine (the main actor of the treatment) into a circuit,
requiring a continuous functioning of the freezing plant for chilling the fluid that exchanges energy with the
soil. The AGF-LN operates as an open circuit, in which the nitrogen (here the main actor of the process) starts
to flow as a fluid, and, at the end, is released as a gas. The nitrogen is “pumped” thanks to the 2+3 bars pressure
present in the tank upstream of the circuit; we can affirm that the energy necessary for the production of the
nitrogen at the liquid state is released in the ground by freezing it, because of the very low temperature of the
change of state of the fluid. The industrial process of LN production is globally less impactive than the other
sources of energy used in the other 4 treatment techniques. LCA analysis provides also in this case a consistent
result.
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Fig. 9-18, Artificial ground freezing with nitrogen technique: impact, single point view.

If we compare the two “families” of treatment type, grouting and freezing, we can observe that under the
environmental aspect freezing is more sustainable; its weakness lies in being a sort of an “alive” process, useful
for temporary operations. On the contrary the grouting provides a permanent result, and particularly the jet
grouting results to be very effective under the mechanical point of view. Those conclusions are pertinent for
the “cradle-to-gate” analysis performed with the three phased method; an extension “beyond the gate” of the
assessment, may provide, case to case basis, different results, depending also from the wider context for which
the soil treatment has been performed.
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Fig. 9-19- Case studies techniques comparison. impact, single point/score view.

The following table allows for the comparison between the different techniques: the heat map highlights (in
red) the highest values for the quantitative KPIs of each impact category and confirms the above evaluations.
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Impact category Uni PERMEATION 1. G 1N SINGLE FLUID IET GROUIING FREEZING FREEZING
Climate change kg CO2 eq 44162,18116 45377,18269

Ozone depletion kg CFCl11 eq

ITonising radiation kBq U-235 eq
Photochemical ozone formation kg NMVOC eq 100,18710

Particulate matter

disease inc.

0,00133

Human toxicity, non-cancer CTUh 0,00155 0,00201

Human toxicity, cancer CTUh 0,00003 0,00004

Acidification mol H+ eq
Eutrophication, freshwater kgPeq 9,42141
Eutrophication, marine kgNeq 37,41535
Eutrophication, terrestrial mol N eq 393,50655
Ecotoxicity, freshwater CTUe
Land use Pt
Resource use, fossils MJ
Resource use, minerals and metals kg Sbeq

Climate change - Fossil kg CO2 eq 44070,27949
Climate change - Biogenic kg CO2 eq
Climate change - Land use and LU change kg CO2 eq 30,97718

Tab. 9-7, Case studies techniques comparison: impact, characterization values.

Finally, the previous discussion on the impact assessment analysis results shows how the proposed
methodology based on the LCA, results to be consistent, focusing correctly on the environmental assessment
coherently with the physic phenomena that govern the soil treatment process.
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10 The third phase of the assessment method: the framework scoring

refinement
With the quantitative data developed in the previous chapter, the third step of the proposed three-phased
method can be performed. The score evaluation of each sustainability indicator (within the framework
Envision/DNSH) is assessed and discussed. The aim this closing phase is to put these contributions together
and review the Envision framework results.

The refinement assessment is included in Annex 3°.

Following the previous discussions on the relationship between the Envision indicators and the DNSH criteria
requirements, it has been created a conceptual framework for ground improvement techniques that provides a
correspondence between the indicators and the requirements. Based on this approach, we associated the rating
score proposed by Envision to the DNSH requirements. This provides a ‘quantitative’ and ‘numerical’
evaluation of the DNSH requirements.

In the third phase of the proposed method, each credit of Envision are reviewed in the light of the LCA results,
considering the sensitivity analysis carried out.

The following aspects has to be took into account:

- the starting Envision/DNSH assessment, in the 1* phase of the methodology, has been carried out
by moving from general point of view, more related to the entire infrastructure assessment, as it
often takes place at that size of evaluation and even of necessity. The LCA analysis went definitely
deeper into the details of the ground improvement technology, with a more specialized expertise:
nevertheless, the inventory of the LCA remained generalist, due to the actual unavailability of the
proper detail level about the products that are part of the supply chain of the specific treatment,
that could be provided by the environmental product declarations, the EPDs, still weakly diffused.
Taking into account also the particular nature of the ground improvement technique, in which
materials and processes are often practically set after dedicated tests or trial filed, it comes out the
necessity of tailored EPD for each task. EPD issue will be better faced in further chapters;

- the refinement phase may provide also downgrade from the first phase assessment, due to the LCA
deepening; the above-described issues may be just one the reason of this result;

- inany case, for achieving a complete evaluation of a soil treatment work, the three-phased method
evaluation should be made in conjunction with a complete cost analysis: this because of the
peculiarity of technological nature of these processes, that may have relevant weight under both
costs as well as overall infrastructural conception aspects.

The next paragraphs contain, for each of the five techniques, a quick description of the credits which score has
been varied on the basis of the LCA-based second step, together with a table that summarizes and compares
the numerical results obtained after the refinement.

In order to provide a synthetic view, the Envision indicators have been grouped following the five main
categories. As mentioned above, the maximum scoring achievable for Envision is equal to 232, and the
corresponding maximum achievable with DNSH is 348.

® The assessment is taken from the PhD thesis of the co-authors of this research (Stefano Susani), who is a certified
Envision SP professional. See also note 2
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10.1 Permeation grouting assessment refinement
The results of the LCA baseline and sensitivity runs are summarized in the table in Appendix 1, together with
the major material and energy flows.

This is the assessment of the evaluations of phase one.

. CRI1.1 Reduce Net Embodied Carbon (estimated 75%).

o

The requirement here is that the project team demonstrates at least a 30% reduction in total
embodied carbon of materials over the life of the project compared to the baseline. In this
case, again, cement and aggregates are the leverages. One more possibility comes from the
TAM that could come from recycled plastics. Provided that these options are implemented,
the score can be confirmed, nevertheless the assessment performed considering cement with
less clinker, energy coming from renewable sources shows a benefit of no more than 16% in
CO2eq reduction. For this reason, the score is downgraded to 10 (50%). More could be done
with deeper/better information about the real case.

. CR1.2 Reduce Greenhouse Gas Emissions (estimated 69%).

o

To reach the score, the project team must demonstrate at least a 25% reduction in total CO2eq
over the operational life of the project compared to the baseline, and the project team has to
map and calculate the total annual greenhouse gas emissions of the final project design for
reporting purposes. The LCA calculation could provide this information because of the use of
green cements and aggregates. The impact of cement on climate change using ‘green’ cement
should be reduced significantly, still the quantification of this reduction is difficult to do. This
team is carrying on further analyses in order to catch the needed information from EPD
declaration of cement and concrete producers. This means that, to date, the project does not
allow for such a reduction and the score needs to be reduced. To the same conclusion comes
the assessment evaluation mentioned before, that points to 16% CO2eq reduction. Scaling
back one step means that this goes to 8 and the percentage to 31%.

As a conclusion of this assessment conducted after the LCA analysis, only two scores had to be revised (CR.1.2
and CR.1.2)) and the overall scoring goes to 94/232 (41%), that still ranges high (gold rating).

The following table summarizes and compares the results obtained after the refinement of the permeation
grouting assessment.

ENVISION
Indicators by
Category

Quality of Life
Leadership
Resource Allocation
Natural World

Climate and Resilience

Envision

DNSH
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Scored EU environmental targets
Permeation Grouting
Maximum Minimum Score Sustainable Biod ity
ENVISION | ENVISION . i i use i 1odoversi
Points Points Permeation ((I:llllmate ((I:llllmate of water Circular Pollution and
B B grouting ange ange and economy prevention ecosystem
Available Available mitigation | adaptation marine transition OBJ 5 rotection
OBJ 1 OBJ2 OBJ 4 P
resources OBJ 6
OBJ 3
20 2 2 10% 0 0 0 0 0 0
32 8 13 41% 0 0 0 6 6 0
88 18 54 61% 39 0 3 28 12 12
28 5 5 18% 3 0 2 0 5 5
64 10 20 31% 18 0 0 10 2 0
232 43 94 41% | 60 | 0 | 5 ‘ 44 ‘ 25 ‘ 17
348 68 151 43%

Tab. 10-1, Permeation grouting technique: Envision vs. DNSH revised ratings.
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On the basis of the maximum scoring achievable for Envision (232 points), and the corresponding achievable
with DNSH (348 points), the refined performance of the permeation grouting technique is 41% for Envision
and 43% for DNSH. This assessment rating, according to the Envision protocol, is considered as positive and
awarded with a “gold” rating.

10.2 Single fluid jet grouting assessment refinement
The following indicator evaluations are reported.

. CR1.2 Reduce Greenhouse Gas Emissions (estimated 50%).

o To reach the score, the project team must demonstrate at least a 25% reduction in total CO2eq
over the operational life of the project compared to the baseline, and the project team has to
map and calculate the total annual greenhouse gas emissions of the final project design for
reporting purposes. The LCA calculation could provide this information because of the use of
green cements and aggregates. The impact of cement on climate change using ‘green’ cement
should be reduced significantly, still the quantification of this reduction is difficult to do. This
team is carrying on further analyses in order to catch the needed information from EPD
declaration of cement and concrete producers. The sensitivity already presented for this case
and synthetized in the previous table gives a reduction of about 18% in CO2eq, starting from
the baseline. Scaling back one step means that this goes to 8 and the percentage to 31%.

The following table shows the matching between the Envision scoring and the DNSH criteria. It is interesting
to notice that OBJ 1 (related to materials and cement use) and OBJ 3 (related to recycling and waste reuse
potential) allow better ratings for this specific technology heavily based on cement and energy use.

Scored EU environmental targets
Permeation Grouting
Maximum | Minimum Score Sustainable . .
ENVISION Indicators ENVISION | ENVISION | Single Climate Climate use Cireular | o B'“d::;rS'fY
by Category Points Points fluid Jet Change Change of water and | economy i ¢
Available Available Grouting mitigation adaptation marine transition prcov];l]l ;nn ccr?)izztic;:
OBJ 1 OBJ2 resources OBJ 4 OB 6
OBJ 3
. . 20 2 2 10% 0 0 0 0 0 0
Quality of Life
3 32 8 13 | 41% 0 0 0 6 6 0
Leadership
. 88 18 45 | 51% 32 0 1 25 12 12
Resource Allocation
28 5 5 18% 3 0 2 0 5 5
Natural World
. » 64 10 20 | 31% 18 0 0 10 2 0
Climate and Resilience
Envisi 232 43 85 | 37% | 53 l 0 l 3 ‘ 41 ‘ 25 ‘ 17 ‘
nvision
348 68 139 | 40%
DNSH

Tab. 10-2, Single fluid jet grouting technique: Envision vs. DNSH revised ratings.

On the basis of the maximum scoring achievable for Envision (232 points), and the corresponding achievable
with DNSH (348 points), the refined performance of the permeation grouting technique is 37% for Envision
and 40% for DNSH. This assessment scoring, according to the Envision protocol, is considered as acceptable
and awarded with a “silver” rating.

10.3 Double fluid jet grouting assessment refinement

This technique is similar to the previous one but aims to reducing construction time and schedule by using a
more powerful injection devices and larger material quantities. These characteristics are directly reflected in
the LCA analysis performance and in the Envision ratings. In the following, we analyze each of the relevant
Envision indicators listed in phase one.
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The following indicator evaluations are reported.

. CRI1.1 Reduce Net Embodied Carbon (25%).

o The ambition about this target has been realistically set to 5% reduction. This makes sense
considering that the amount of CO2eq is far larger than the other cases (316 ton CO2eq,
compared to 246 tons CO2eq for the single fluid technique and 44 tons CO2eq for permeation
grouting). In this case, again, cement and aggregates are the leverages. To this aim the
sensitivity has been performed and because of the heavy involvement of cement with reduced
content of clinker and electricity coming from renewable sources, the reduction of CO2eq
with respect to the baseline is around 17%. The score can be increased to 8 (31%).

The following table shows the matching between the Envision scoring and the DNSH criteria. As for the
previous case, it is interesting to notice that OBJ 1 (related to materials and cement use) and OBJ 3 (related to
recycling and waste reuse potential) allow better ratings for this specific technology heavily based on cement
and energy use.

Scored EU environmental targets
Permeation Grouting
Maximum | Minimum Score Sustainable ) )
ENVISION Indicators ENVISION | ENVISION Double Climate Climate use Circular Polluti Bmdnv;rslty
by Category Points Points fluid Jet Change Change of water and | economy ollution an
Available Available Grouting mitigation adaptation marine transition prg/;:t;on ecoiys:Fm
OBJ 1 OBJ2 resources OBJ 4 PR 6
OBJ 3
20 2 2 10% 0 0 0 0 0 0
Quality of Life ’
i 32 8 10 | 31% 0 0 0 3 3 0
Leadership
. 88 18 39 | 44% 26 0 1 22 12 12
Resource Allocation
28 5 5 18% 3 0 2 0 5 5
Natural World
) » 64 10 20 | 31% 18 0 0 10 2 0
Climate and Resilience
L. 232 43 76 | 33% | 47 ‘ 0 ‘ 3 ‘ 35 ‘ 22 ‘ 17 ‘
Envision
348 68 124 | 36%
DNSH

Tab. 10-3, Double fluid jet grouting technique: Envision vs DNSH revised ratings.

On the basis of the maximum scoring achievable for Envision (232 points), and the corresponding achievable
with DNSH (348 points), the refined performance of the permeation grouting technique is 33% for Envision
and 36% for DNSH. This assessment scoring, according to the Envision protocol, is considered as acceptable
and awarded with a “silver” rating.

10.4 Brine ground freezing assessment refinement

The previous three techniques had the ‘grouting’ approach in common: ground improvement was reached
through the injection of a concrete matrix within the existing soil, in one case strengthening the existing and
in the other two just displacing the existing soil.

The next two treatments act in a very different way. Through a network of pipes, the existing soil (immersed
in the water table) is frozen, and its mechanical properties increased temporary, as long as freezing lasts. We
can distinguish between the first freezing phase (that requires more energy) and the second freezing phase (that
keeps the freezing state going). As a first technique, the use of brine as freezing liquid is presented.

As can be seen at a glance from the table below, material is mainly brine and steel and power play a major role
in this technique. The table also shows the outcomes and the comparison from the LCA analyses performed
(baseline and sensitivity).

The following indicator evaluations are reported.
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. CRI1.2 Reduce Greenhouse Gas Emissions (69%).

o To reach the score, the project team must demonstrate at least a 50% reduction in total CO2eq
over the operational life of the project compared to the baseline, and the project team has to
map and calculate the total annual greenhouse gas emissions of the final project design for
reporting purposes. As per the previous indicator, the level of CO2eq is reduced of about 26%
with respect to the baseline, for this reason the target cannot be reached. The score is
downgraded to 13, 50% of the maximum achievable.

Compared to the other techniques, the picture of ground freezing apparently looks similar, but the blend of the
different contributions is decidedly different: materials are less involved, while the impact is provided mainly
by energy consumption and nature.

The overall score achieved is better for both Envision and DNSH with respect to the grouting techniques.

Scored EU environmental targets
Permeation Grouting
Maximum | Minimum Score Sustainabl
ENVISION - ustainable i i
Indicators b ENVISION | ENVISION | Brine Climate Climate use Circular ) Biodoversity
ndicators by Points Points Ground Pollution and
Category 1 ! ! Change Change of water and economy prevention ecosystem
Available Available Freezing mitigation adaptation marine transition OBJ S rot;ctinn
OBJ 1 OBJ2 resources OBJ 4 P OBy 6
OBJ 3
) ) 20 2 5 | 25% 0 0 0 0 0 0
Quality of Life
5 32 8 13 | 41% 0 0 0 6 6 0
Leadership
. 88 18 56 | 64% 42 0 5 28 12 12
Resource Allocation
28 5 S 18% 3 0 2 0 5 5
Natural World
. » 64 10 30 | 47% 28 0 0 15 2 0
Climate and Resilience
Envisi 232 43 109 | 47% | 73 | 0 ‘ 7 ‘ 49 ‘ 25 ‘ 17 ‘
nvision
348 68 171 | 49%
DNSH

Tab. 10-4, Ground freezing with brine technique: Envision vs. DNSH revised ratings.

On the basis of the maximum scoring achievable for Envision (232 points), and the corresponding achievable
with DNSH (348 points), the refined performance of the permeation grouting technique is 47% for Envision
and 49% for DNSH. This assessment rating, according to the Envision protocol, is considered as positive and
awarded with a “gold” rating.

10.5 Nitrogen freezing ground assessment refinement

The nitrogen based freezing treatment is very similar to the brine type, with the exception for the fluid used
that is liquid nitrogen (delivered already liquefied at the site). We can distinguish between the first freezing
phase (that requires more energy) and the second freezing phase (that keeps the freezing state going). As a first
technique, the use of brine as freezing liquid is presented.

As can be seen at a glance from the table below, material is mainly nitrogen and steel and power plays a minor
role in this technique, with respect to the previous one. The table gives an overview of the differences between
the baseline and the sensitivity LCA analyses performed. The main energy and material flows are given.

The following indicator evaluations are reported.

. RA2.2 Reduce Construction Energy Consumption (100%).
o To reach the target of requiring/implementing at least 4 energy reduction strategies, these are
the design choices that can be made: chose steel coming from a green supply chain, use truck
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EUROG or more, use machinery for mixing powered by electricity. These strategies have been
implemented in the sensitivity analyses. The score is confirmed.

. CRI1.1 Reduce Net Embodied Carbon (75%).

o

The requirement here is that the project team demonstrates at least a 30% reduction in total
embodied carbon of materials over the life of the project compared to the baseline. In this
case, again, cement and aggregates are the leverages. Still, due to the nature of the technique,
the main focus is energy and energy use. The sensitivity performed allows for no more that
16% CO2eq reduction with respect to the baseline (including the use of iron coming from
scrap). Therefore, the score has to be downgraded to 10 (50%).

. CR1.2 Reduce Greenhouse Gas Emissions (69%).

o

To reach the score, the project team must demonstrate at least a 50% reduction in total CO2eq
over the operational life of the project compared to the baseline, and the project team has to
map and calculate the total annual greenhouse gas emissions of the final project design for
reporting purposes. The LCA assessment provides an improvement of about 16% in kg CO2eq
with respect to the baseline. This means that, to date, the project does not allow for such a
reduction and the score needs to be reduced. Scaling back one step means that this goes to 8
and the percentage to 31%.

Compared to the other techniques, the picture of ground freezing apparently looks similar, but the blend of the
different contributions is decidedly different: materials are less involved, while the impact is provided mainly
by energy consumption and kind.

The overall score achieved is better for both Envision and DNSH with respect to the grouting techniques.

ENVISION
Indicators by
Category

Quality of Life

Leadership

Resource Allocation

Natural World

Climate and Resilience

Envision

DNSH

Scored EU environmental targets
Permeation Grouting
Maximum Minimum | o Nitrogen Sustainable Biod 3
ENVISION | ENVISION Ground Climate Climate use Circular . fodoversity
Points Points 1 Change Change of water econom: Pollution and
: : Freezing - 1ang| 2 and omy prevention ecosystem
Available Available mitigation adaptation marine transition OBJ 5 rotection
OBJ 1 OBJ2 OBJ 4 P
resources OBJ 6
OBJ 3
20 2 5 25% 0 0 0 0 0 0
32 8 13 41% 0 0 0 6 6 0
88 18 58 66% 37 0 3 28 12 12
28 5 5 18% 3 0 2 0 5 5
64 10 20 31% 18 0 0 10 2 0
232 43 101 44% | 58 | 0 | 5 ‘ 44 ‘ 25 ‘ 17 ‘
348 68 149 43%

Tab. 10-5, Ground freezing with nitrogen technique: Envision vs DNSH revised ratings.

On the basis of the maximum scoring achievable for Envision (232 points), and the corresponding achievable
with DNSH (348 points), the refined performance of the permeation grouting technique is 44% for Envision
and 43% for DNSH. This assessment rating, according to the Envision protocol, is considered as positive and
awarded with a “gold” rating.

10.6 Final view of the sustainability performance following Envision and DNSH
The table hereafter includes the final evaluation with the Envision/DNSH framework, based on the LCA
baseline and sensitivity runs. Each score has been validated through the quantitative data provided by the LCA

analyses results. The final scores change as-deseribed-in-the previous-chapter:
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Maximum Minimum
ENVISION ENVISION Score Permeation Score Single fluid Jet Score Double fluid Score Brine Ground . .
. . . . . e Score Nitrogen Ground Freezing
Points Points grouting Grouting Jet Grouting Freezing
Available Available
QL1 4 12 1 1 8% 1 8% 1 8% 3 25% 3 25%
QLI6 8 1 1 13% 1 13% 1 13% 2 25% 2 25%
D14 18 3 6 33% 6 33% 3 17% 6 33% 6 33%
D33 14 5 7 50% 7 50% 7 50% 7 50% 7 50%
RALL 12 3 12 100% 12 100% 12 100% 12 100% 12 100%
RAL2 16 4 9 56% 9 56% 6 38% 6 38% 6 38%
RAL4 16 4 7 44% 4 25% 4 25% 10 63% 10 63%
RA22 12 1 8 67% 4 33% 1 8% 8 67% 12 100%
RA2.3 24 5 15 63% 15 63% 15 63% 15 63% 15 63%
RA33 8 1 3 38% 1 13% 1 13% 5 63% 3 38%
NW2.4 20 2 2 10% 2 10% 2 10% 2 10% 2 10%
NW3.5 8 3 3 38% 3 38% 3 38% 3 38% 3 38%
CRLI 20 5 10 50% 10 50% 10 50% 15 75% 10 50%
CR12 26 3 8 31% 8 31% 8 31% 13 50% 8 31%
CRI3 18 2 2 11% 2 11% 2 11% 2 11% 2 11%
Envisi 232 43 94 41% 85 37% 76 33% 109 47% 101 44%
nvision
DNSH 348 68 151 43% 139 40% 124 36% 171 49% 149 43%

Tab. 10-6, Case studies comparison, impact, characterization values.

The final scoring provides a rating that awards again the freezing technologies (AGF) and the permeation
grouting (PG). The more significant credits in differentiating the technologies result to be more related to the
environmental aspects: energy consumption (RA2.2), reduction of construction waste (RA1.4) and the
emissions of embodied carbon (CR1.1) and greenhouse gas (CR1.2). Freezing works provide minor impact in
term of noise and vibration, credit QL1.4, and of construction impact, credit QL1.6 (having both an immediate
social fallout) due to the nature of the core-stage of the treatment: the circulation of fluid into a fixed circuit

with a low,

regular flow rate, that very rarely require machine and equipment shifting in favor of a safer and

stable working site arrangement.

The scores can be correlated to the drawn provided by the LCA analysis:
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the great use of the cement impacts more or less on all the examined credits, contributing
particularly to the “silver” rating gained by the jet grouting technology; others reach “golden”
level;

ground freezing and permeation grouting techniques exploit the existing soil fabric structure, in
the sense that they act on it by filling its voids or freezing the water inside the latter; this leads to
less energy consumption and less emissions if compared to the jet grouting, that mixes the soil;
permeation grouting and freezing with brine are somehow the more “traditional” technologies
among the ones examined, but they seem to have interesting room of improvement related for
example respectively to the use of recycled materials (for the TAMs), and to the use of renewable
energies for the coolant circulation;

jet grouting, due to the massive cement use, is the technologies that appear to be more linked to a
major industry process (cement production) and to its results in terms of environmental impact.
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The three-steps method provides a consistent drawn of the impacts that each technology produces, putting in
evidence the hotspots and weakness points of each of them.

The results must then be integrated into a wider framework, that considers the sustainability of the
infrastructure in its variety and complexity, evaluating, beyond the “site” stage so far examined, the optimal
technology to be adopted case to case basis.

Referring to the pilot case, the jet grouting treatment provides the soil for a long term statical and hydraulic
improvement, that could be taken into account in the framework of the whole project for example by executing
a lighter lining solution (in terms of walls dimension and watertightness system) with an efficient performance
for several decades of the structure’s life. Under this view, the total impact of the treatment could be lower
than a structurally stronger and more complex solution built under the protection of a soil freezing treatment.

Also a different excavation geometry (for example, a circular-shaped pit) could involve different statical
behavior of the treated soil, with different optimal thickness of the latter, thus leading to a different impact of
the examined technologies.

In many cases other constraint may give a different light under which the sustainability of similar technologies
has to assessed: for instance, an urban context, or the vicinity to ancient structures as well as to other existing
structures (dams, tunnels), deposits, or other possible interferences.

The results of the simple pilot-case that has been studied appeared to be consistent for a validation of the
proposed method, but they are not to be assumed as a “sustainability rating” of the considered technologies.
Instead, the method has a big flexibility because its results can be implemented in different scenarios that can
be assessed by the Envision protocol, eventually with the immediate possibility of a specific verification of the
DNSH criteria in the UE context.
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11 Quantitative cost assessment through life cycle cost analysis

11.1 The cost perspective: Cradle to site LCCA of the case studies
An economic evaluation has been conducted on the five approaches, utilizing current market pricing in 2022

and considering the

flow/materials outlined in the preceding chapters and employed in the life cycle

evaluations.
Description Unit Cost Permeaton grouting Jet grouting mono Jet grouting double Freezing indirect system Freezing direct system
fluid fluid (Brine) (LN)
QT Amount QT Amount QT Amount QT Amount QT Amount

TOTAL VALUE 122.265.60 € 223.139.76 € 281.276.00 € 604.752.44 € 586.500,00 €
Site preparation forfait 1 35.000,00 € 45.000,00 € 48.000,00 € 200.000,00 €
Steel pipes connection m 100,00 € 180 18.000,00 € 135 13.500,00 €
Drilling m 55,12 € 420 23.15040€ | 1010 55.67120€ | 420 23.15040 € 420 23.15040€ 420 23.15040€
Deviation m 25,00 € 420 10.500,00 € 420 10.500,00 €
PVC pipe installation m 22,79 € | 436,8 9.954,67 €
Freezing pipe installation m 100,00 € 420 42.000,00 € 420 42.000,00 €
Plastic sheath m 14.88 € 420 6.249.60 € 420 6.249,60 € 420 6.249,60 €
Cement t 220,00 € 52 11.440,00 € | 323.2 71.10400€ | 425 93.500,00 €
Grouting mc 239,15€ | 1525 36.470,93 €
Jet grouting MF @1000* m 132,47 € 808 51.364,56 €
Jet grouting DF @1800* m 416,00 € 336 116.625,60 €
Freezing - Brine d 5.700,00 € 30 171.000,00 €
Maintenance - Brine d 4.100,00 € 30 123.000,00 €
Energy Freezing Brine kWh 0,184 € 36800 6.780,47 €
Energy Maintenance Brine | kWh 0,184 € 22100 4.071,97 €
Freezing - LN 1t 0,15€ 864000 129.600,00 €
Maintenance - LN 1t 0,15€ 810000 121.500,00 €
Exercise - LN d 8.000,00 € 30 | 240.000,00 €

Tab. 11-1, Cost estimation for the five techniques, focus on the construction processes.

The estimation is derived from the design assumptions of the ideal case study provided, current market prices,
and the team's professional expertise in similar projects.

11.2 Life cycle cost analysis for the case studies
For the case of construction processes, which is the level of the LCA analysis considered in this thesis, the cost
evaluation spans a length shorter than the entire life cycle. A whole life cycle cost assessment makes sense
when a medium- to long-term operation perspective is taken for the infrastructure. In this sense, the proposed
evaluation made here might be thought of as a “brick” to be inserted into the broader assessment framework:
the cost of the particular geotechnical intervention provides valuable input in the overall assessment of the

infrastructure.

Still, from the perspective of the construction process, the cost point of view is critical to the decision-makers.
This is why the three-phased method evaluation should be made in conjunction with a complete cost analysis.

111



PhD Thesis:
Advances in the sustainability assessment of geotechnical ground improvement processes

The soil treatment techniques that have been described, because of their technological nature, imply
peculiarities that can have a significant weight in the sustainability framework under both the aspects of the
costs and of the overall infrastructure conception.

At first, these techniques are often used for building temporary structures that end their functionality once the
primary final structure has been completed and becomes able to carry autonomously the loads previously acting
on the provisional treated soil structure. This is the case of our ideal case design study example, where the
treatment is ‘preparatory’ to the execution of a final lining made after the opening excavation.

For soil permeation and jet grouting, the treatment impact and its cost end when the intervention is completed:
the functions of the side's mechanical retaining and hydraulic watertightness are then provided in a “passive”
mode. Soil freezing treatment also includes the excavation stage, where it remains “active” to provide its static
and hydraulic functionality fully.

A differentiation between these technologies shall come out also in a further stage of the LCA/LCCA, beyond
the “gate”, for example, in the decommissioning stage: grouting produces a physical, permanent change of the
ground fabric (voids filling and grain cementation in permeation grouting; partial substitution and more
homogeneous cementation up to produce a sort of poor concrete in jet grouting), while freezing freezes the
groundwater temporarily. The latter technology may also produce different impacts, for instance, during the
thawing phase: in cohesive soils (silt, clay) settlements quickly develop to the point that the design foresees an
accurate monitoring system of soil and structures behavior and remediation intervention, such as compensation
grouting, to be performed after the freezing work according to the ongoing controls.

The latter phenomena evidence the concept of uncertainty implied in assessing structures’ behavior. For the
geotechnical structures, we talk of “epistemic uncertainty”, associated with the fact that the treatments concern
the natural, existing soil, which actual conditions are just generally known and lack of knowledge about its
state persists; their execution must be managed differently, for example, from the construction of a new
structure made by concrete or steel, where an aleatory uncertainty is related to the randomness due to a specific
operation (the cast of a beam) [Der Kiureghan, Ditlevsen - 2009; Spross et al. — 2022]. This concept has a
direct impact on the LCA of soil treatments: as an effect of the actual soil conditions, performing them, the
material consumption may vary more or less as compared to the design prediction made based on the
preliminary geotechnical investigation. In the analyzed case study is the cement grout quantity for the
permeation grouting and the jet grouting, as well as the liquid nitrogen or energy for the brine cooling and
pumping plant consumption for the ground freezing. This variability, originated by the epistemic uncertainty,
has been considered in the case study adopting consumption amounts derived from the practice, and it is
reflected in the cost evaluation. Another similar example is given by the drilling deviation in the ground, which
usually is considered as an aleatory uncertainty related to the drilling operation, but that, when performed in
soil strata including cobblestones and boulders, could be more precisely defined affected by an epistemic
uncertainty.

Going back to the soil treatment scope, in some cases, it has a permanent function, as, for example, in creating
impervious curtains for dams or along riversides, in improving soil behavior against sand liquefaction, and in
improving ground mechanical behavior for shallow foundation or micropiles (i.e. tubfix bulbs). It involves an
impact on the LCA and LCCA beyond the “gate” stage because the efficiency of the so-created geotechnical
structure has to be checked over time, according to the observational method, by monitoring one or more
critical parameters, as well as it may require a maintenance intervention.

An example is an impervious curtain in the ground made with the permeation grouting technique. The
efficiency check can occur by monitoring the groundwater level with piezometers over time. In case of
anomalies, performing permeability tests in drilling holes may be possible. Finally, a “maintenance”
intervention can be set up by performing new permeation grouting treatments in the missing zone of the curtain.
A similar strategy shall be considered in the LCA and LCCA for a definitive intervention.
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Consider also the treatment time execution: it impacts straightforwardly on the pilot case LCA. Nevertheless,
it can fall into a broader framework of an infrastructure sustainability assessment, for example, by defining its
construction stages. There may be conditions in which several soil treatments can or must be performed
simultaneously, as well as, on the contrary, they have to be carried out at different moments, impacting the
related costs.

Finally, there are conditions where an intervention may be partially exploited (and therefore re-used) for further
building stages of a structure or infrastructure, with effects on the LCA and the LCCA of a single process and
the overall work. Considering the pilot case, consider excavating a new opening beside the first one, exploiting
the treatment made for one of its walls. The grouting treatments (“passive” type) could be directly re-used
without any new intervention. Differently, the freezing treatments (“active” type) would require the re-
activation of the cooling circuits, with a wide range of consumption (of nitrogen or energy), depending on this
takes place a long time after the completion of the previous work, with the thawing of the soil, as well as just
at the end of the same work, with the possibility even to go on with the maintenance stage of the already frozen
soil wall.

So, considering the “cradle-to-gate” approach of the presented method, we provide in the following chapter a
cost evaluation of each work made with the different analyzed technologies, referring to the pilot case, putting
in evidence their necessary execution times up to the end of the lining cast, neglecting any impact produced
on the excavated material.

11.3 Synthesis and comparison of the 5 cost impact analysis
The cost of the different soil treatment solutions analyzed in the pilot case has been presented in the previous
table of the chapter.

Permeation grouting results as the most cost-effective technology, followed by the jet grouting treatments while
freezing treatments appear to be more expensive, around two times that the jet grouting works.

The following figure, based on the estimate above, gives the data by distinguishing the cost for the site
preparation, the drilling and pipe installation (evaluable only for permeation grouting and ground freezing),
and the typical activity of each technology: the injection for the permeation grouting, the jet grouting (including
the drilling phase) and the freezing process with brine or LN. Also, the total treatment execution time is shown.

The costs of the site plants for the grouting-based technologies are similar and grow with the complexity of
the equipment: low-pressure pumps for the permeation grouting, high-pressure pumps for single-fluid jet
grouting, additional air compressors and larger grout mixers for double-fluid jet grouting.

The closed system freezing plant has a high-cost impact due to the complexity of the refrigerator group for the
brine that requires a secondary plant with a cooling tower. On the contrary, in this case, the freezing open
system is very cost-effective because it requires just the distribution plant to be fed directly by the truck that
delivers the liquid nitrogen on-site. In a more complex context, it must be considered the presence of tanks for
the storage of the cement for the grouts (permeation grouting and jet grouting) and of the liquid nitrogen, as
well as an additional freezing group for the freezing brine system (usually together with a back-up group for
guaranteeing the freezing process continuity also in case of breakdown of one unit).

The drilling activity is common to all the technologies, and its impact on the costs hangs on the necessary
drilling total length, except for the freezing, which requires an additional cost for performing an exact survey
of the drilling deviations necessary for the correct management of the treatment process; this is based on the
interpretation of the temperature in the soil (given by thermometric sensors placed into dedicate additional
pipes) at a known distance from the cooling source, i.e. the freezing pipes.
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Fig. 11-1, Quantitative cost assessment of the different treatment solution analyzed with the pilot case — Main cost classes (For jet
grouting cases, drilling is included in the typical technological activity

The pipe installation in the ground is necessary for the permeation grouting, where PVC pipes are used, and
for the ground freezing, where special double coaxial stainless-steel pipes must be adopted. The cost difference
between the two technologies comes from the different materials and constitutions.

The significant cost difference is then generally given by the typical material dosage for each technology. The
volume quantity of cement grout injected with the permeation grouting (around 150 mc) is lower than with the
jet grouting: around 430 mc with the simple fluid system and around 560 mc with the double fluid system.
Technology complexity in the two latter systems impacts the execution cost voices. The freezing open system
shows a very high cost due to the liquid nitrogen; this evidences the high importance of the process
management using this technology, which, as seen from the LCA analysis, appears as the less impactful
technology among the five considered in this analysis. The freezing closed system costs are related to the cost
of managing and maintaining the brine freezing plant and distribution circuit, together with the electrical
energy consumption.

The figure also plots the execution timing that has been estimated in labor days. They have been evaluated
starting from drilling to when the treatment is effective, and the excavation can start.

For the jet grouting technologies, the high number of columns necessary for the treatment, deriving from their
geometrical dimensions (1,00 m for single fluid, @1,80 m for double fluid) impacts directly on the execution
times. The permeation grouting appears as a slowly technology, but at the scale of the pilot case it is definitely
underused: in facts a single plant can serve up to 15-20 grouting pumps, while for the studied case only 2 were
necessary. The freezing times using liquid nitrogen vary usually between 7 and 12 days, being influenced more
by the soil nature than from the soil volume to be treated. This is true also for the brine system, but in a range
of time varying between 30 and 60 days. The short times of the open cycle system can be performed thanks to
the particularly high cryogenic power provided by the liquid nitrogen technology, differently from the brine
used in the closed cycle system.

The following table summarizes the cost and time data concerning the techniques together with the
Envision/DNSH scoring.
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CATEGORY PERMEATION JET GROUTING SINGLE JET GROUTING DOUBLE BRINE NITROGEN
GROUTING FLUID FLUID FREEZING FREEZING
i i o

Envision rating (% total 45% 39% 31% 499% 49%
score)
DNSH rating (% total score) 48% 41% 33% 51% 48%
Project cost (€ 2020) 122265,6 223140 281276 604752 586500
Project duration (days) 23 13 8 36 16

Fig. 11-2, Summary of the main performance indicators of the considered ground improvement techniques

The sensible reduction in duration compensates for the substantial increase in costs going from permeation
grouting to jet grouting, while the sustainability performance worsens. This is very different for the ground
freezing cases where the cost is significantly higher than the ‘grouting’ techniques; the time takes longer, but
the sustainability performance improves.
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12 Social Impact Assessment based on COzeq emissions based on the
outputs of the LCA evaluations

12.1 The Social Cost of Greenhouse Gas Emissions

The social life cycle assessment (S-LCA) is a methodology employed to evaluate the social and sociological
dimensions of products and services, as well as their current and potential positive and negative effects
throughout their life cycle. This paper explores the many stages involved in the extraction and processing of
raw materials, as well as the subsequent processes of manufacture, distribution, usage, reuse, maintenance,
recycling, and final disposal. Social life cycle assessment (S-LCA) incorporates both generic and site-specific
data, encompassing quantitative, semi-quantitative, and qualitative information. This approach serves as a
valuable supplement to environmental life cycle assessment (LCA) and life cycle costing (LCC)
methodologies. This strategy has the potential to be utilized independently or in conjunction with other
methodologies.

The social implications and advantages of civil infrastructure projects are closely intertwined with the
objectives of sustainable development, such as the promotion of health and safety, poverty eradication,
addressing food insecurity, and decreasing disparities (United Nations, 2015). Nevertheless, existing Social
Life Cycle Assessment (S-LCA) approaches frequently rely on qualitative or semiquantitative methodologies,
which might introduce a certain level of subjectivity (Neugebauer et al., 2015). There is a need for
recommendations and guidance regarding the optimal approaches to conducting quantitative Social Life Cycle
Assessment (S-LCA). This includes the development of methods for assessing a wide range of social indicators
in order to compare the societal implications of various technologies used in infrastructure construction, such
as different ground improvement methods (Raymond et al., 2021).

As a quantitative output from the presented LCA analyses performed for the different ground improvement
treatments, an evaluation of CO2eq emissions as a KPI for the climate change impact has been produced. The
connection between this KPI and the overall impact of GHG emissions, also in social terms, has been studied
in different policy approaches (the carbon tax concept was born from this kind of discussion. Following
Reynolds (2021), our approach quantified the social damage costs from greenhouse gas (GHG) emissions as
an indicator of the potential socioeconomic impacts associated with each ground improvement method.

The intermediate estimates of social cost of greenhouse gases (SC-GHG), which were approved by the
Interagency Working Group in February 2021, delineate the association between society and climate change
through four key elements: socioeconomics, physical climate, damages, and discounting. Every module
functions as a provider of inputs for the subsequent module. Socioeconomic variables exert a significant
influence on emissions, hence playing a crucial role in shaping climate alterations. Climatic changes give rise
to adverse physical impacts on the climate. The aforementioned damages pertain to economic losses, which
are subsequently subjected to a discounting process. The modeling technique employed in this study involves
a systematic linear progression through each module towards the estimation of the supply chain greenhouse
gas (SC-GHG) emissions. Additionally, the methodology accounts for the interdependencies across various
modules, since some outputs from one module serve as inputs to other modules. The interplay between
socioeconomics and climate is reciprocal, since climatic conditions and the resulting damages to the climate
system have a significant impact on many socioeconomic elements. The figure below illustrates the
interconnectedness of these modules and identifies the modules that are crucial in determining the scope of
inputs and outputs to be included in the estimations of the SC-GHG.
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Fig. 12-1, The method for SC-GHG evaluation. (USEPA 2021)

The social cost of greenhouse gas (GHG) emissions, referred to as SC-GHG, is a quantitative assessment of
the financial costs associated with the additional environmental damages resulting from incremental increases
in GHG emissions during a specific time frame. This estimation was computed for each ground improvement
technique by employing the below mathematical equation. (IWG on Social Cost of Greenhouse Gases 2016;
Marten et al. 2015a, b and 2021):

SC-GHG = SC-CO2xZCO0O2 + SC-CH4xXCH4 + SC-NO2xXN20

where X CO2, ¥ CH4, and X N20O are the CO2, CH4, and N20 emissions (kg) over the life cycle illustrated in
the process schemes presented in the previous chapters for each of the techniques that we analyzed.

According to the United States Environmental Protection Agency (USEPA 2021), the anticipated societal cost
of carbon dioxide (SC-CO2) was $0.054 per kilogram of CO2 in 2023. While the social cost estimates may
not provide a thorough analysis, they serve as a valuable tool for conveying the climate-related consequences
of human-caused greenhouse gas emissions in relation to socioeconomic harm. The provided table (USEPA
2021) presents a comprehensive assessment of the whole of greenhouse gas (GHG) emissions. The study and
guidelines have incorporated the 3% average discount rate and statistic as an intermediate measure.

Table A-1: Annual SC-CO,, 2020 — 2050 (in 2020 dollars per metric ton of CO;)

Discount Rate and Statistic

Emissions 5% 3% 2.5% 3%
Year Average Average Average 95 Percentile
2020 14 51 76 152
2021 15 52 78 155
2022 15 53 79 159
2023 16 54 80 162
2024 16 55 82 166
2025 17 56 83 169
2026 17 57 84 173
2027 18 59 86 176
2028 18 60 87 180
2029 19 61 88 183
2030 19 62 89 187

Tab. 12-1, Social cost of CO2 emissions, different discount rates models (USEPA 2021).
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It is interesting to see that the value exhibits an upward trend in response to the escalation of expenditures
incurred as one approaches the 2050 limit (target) date. Since the damages from a ton of CO; emissions occur
over several decades, the discount rate—which represents the trade-off between present and future
consumption—yplays a significant role in determining the SCC. For initiatives with both intragenerational and
intergenerational effects, U.S. federal agencies generally utilize constant real discount rates of 3 and 7 % each
year. However, discounting across very long-time horizons involves incredibly complex concerns of physics,
economics, philosophy, and law. Given the existing divergence of opinions within the academic literature on
the suitable market interest rate to be employed in this particular scenario, coupled with the inherent uncertainty
surrounding potential fluctuations in interest rates over time, the interagency working group opted to utilize
three fixed discount rates—namely, 2.5, 3, and 5 percent per annum—so as to include a reasonable and
believable spectrum.

The data of the table are represented in the curves below where the average discount rate and statistics are
represented in different colors.

Figure ES-1: Frequency Distribution of SC-CO, Estimates for 2020°
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Fig. 12-2, Social cost of CO2 emissions, USEPA 2021.

The estimates of the Social Cost of Carbon (SCC) increase with time due to the anticipation that future
emissions would result in greater additional losses. This is attributed to the growth of the economy and the
subsequent strain on physical and economic systems, which are predicted to intensify in reaction to
increasingly significant climate changes. The determination of these rates is endogenous in nature, since it is
influenced by the models themselves. These rates are contingent upon several assumptions, such as the
socioeconomic and emissions scenario, the structure of the model, the distribution of parameters, and the
discount rate.

12.2 Aremark on CO,eq emissions

The Environmental Footprint framework of the EU, as implemented by Simapro, gives as greenhouse gas (or
GHG for short) emission KPI for the Climate Change impact category the whole CO.eq emissions, where
COzeq means the number of metric tons of CO, emissions with the same global warming potential as one
metric ton of another greenhouse gas.
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A greenhouse gas (GHG) refers to any gas present in the Earth's atmosphere that has the ability to absorb and
then re-emit heat, resulting in the retention of thermal energy inside the planet's atmosphere at a higher level
than would occur naturally. The primary greenhouse gases present in the Earth's atmosphere include water
vapor, carbon dioxide (CO-), methane (CH4), nitrous oxide (N20), and ozone.

Greenhouse gases (GHGs) are naturally present in the Earth's atmosphere. However, human activities, such as
the combustion of fossil fuels, are contributing to the augmentation of GHG concentrations in the atmosphere.
This phenomenon is leading to global warming and subsequent climate change. The Kyoto Protocol is a
globally recognized agreement aimed at regulating the emission of greenhouse gases (GHGs) resulting from
anthropogenic activities. The specific GHGs subject to regulation within the framework of this treaty are
outlined in Table 1. Frequently, these greenhouse gases are commonly known as the "Kyoto gases".

Greenhouse Gas Global Warming Potential (GWP)
Carbon dioxide (CO2) 1

Methane (CHa4) 29.8

Nitrous oxide(N20) 273

Hydrofluorocarbons (HFCs)  5-14600
Perfluorocarbons (PFCs) 78-12400
Sulfur hexafluoride (SF¢) 25200
Nitrogen trifluoride (NF3) 17400

Tab. 12-2, Kyoto Gases (IPCC 2021 — 6th Assessment Report Values, GWP

It is noteworthy that various greenhouse gases exhibit distinct atmospheric lifetimes and heat absorption
capacities. The term "global warming potential" (GWP) is used to quantify the extent to which a greenhouse
gas (GHG) contributes to global warming during a specific timeframe, often spanning 100 years. The Global
Warming Potential (GWP) is a metric utilized to quantify the relative warming potential of greenhouse gases
(GHGs). Carbon dioxide (CO») serves as the reference gas, assigned an index value of 1. The GWP of all other
GHGs is determined by the extent to which they contribute to global warming in comparison to CO., expressed
as a multiple of its warming effect. For instance, the global warming potential (GWP) of methane is 29.8,
indicating that 1 kilogram of methane contributes 29.8 times more warmth over a 100-year timeframe
compared to 1 kilogram of carbon dioxide (CO).

Carbon dioxide (CO,) is the predominant greenhouse gas (GHG) generated by anthropogenic activity, both in
terms of its sheer volume of emissions and its overall contribution to the phenomenon of global warming.
Consequently, the designation "CO2" is occasionally employed as an abbreviated representation encompassing
all greenhouse gases. Nonetheless, this practice can lead to ambiguity, and a more precise manner of denoting
a group of GHGs collectively is to utilize the phrase "carbon dioxide equivalent" or "CO»eq" (elucidated
subsequently).

Due to its significant role as a greenhouse gas, carbon dioxide (CO») is often prioritized in greenhouse gas
(GHG) evaluations or reports, while other greenhouse gases are overlooked. Consequently, this selective
approach might result in an underestimation of the overall impact of global warming. Greenhouse gas
inventories exhibit enhanced comprehensiveness when they encompass the entirety of greenhouse gases
(GHGs) rather than only focusing on carbon dioxide (CO»).

Hence, the term "Carbon dioxide equivalent”" or "CO2eq" is employed to denote various greenhouse gases
using a standardized unit. The term "COseq" represents the quantity of carbon dioxide (CO;) that would
provide a comparable global warming effect, regardless of the specific greenhouse gas and its amount.

The quantification of greenhouse gas (GHG) emissions may be represented as carbon dioxide equivalent
(CO2eq) by multiplying the quantity of each GHG by its respective global warming potential (GWP). For
instance, when 1 kilogram of methane is released, it may be equivalently represented as 29.8 kilograms of
carbon dioxide equivalent (1 kilogram of CH4 multiplied by 29.8 equals 29.8 kilograms of CO2eq).
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The word "CO2eq" holds significant use for several reasons. Firstly, it enables the consolidation of several
greenhouse gases into a singular numerical value, facilitating a comprehensive representation of gas bundles.
Additionally, it facilitates the straightforward comparison of distinct bundles of greenhouse gases by
quantifying their collective influence on global warming. Nevertheless, it is imperative to use prudence when
juxtaposing CO2eq aggregates, since it is crucial to ascertain that the contrasted totals encompass identical
greenhouse gases (GHGs), so ensuring the feasibility of making equitable comparisons.

Taking into consideration the aforementioned factors, the societal cost of CO emissions has been determined
by conducting a life cycle assessment (LCA) and evaluating the CO» equivalent (CO»eq) values. In light of the
intricate economic developments following the Covid-19 pandemic and other events like as the Energy and
Materials Shortage, Ukraine War, and Inflation Rise, it has been determined that maintaining the 2020
reference for the Dollar/Euro currency is the most prudent course of action.

12.3 Social Impact of CO,eq emissions evaluation based on the performed LCA

The following table presents a summary of the outcomes obtained from the baseline reference and the
sensitivity runs. The carbon dioxide equivalent (CO,eq) values for each approach have been multiplied by a
factor of 54, which has been translated to Euro using the 2023 currency exchange rate of 0.94. After assessing
the magnitude of the societal cost, the proportion of this value in relation to the total value of the technology
is determined.

PERMEATION GROUTING Social Cost of CO2, 2020-2050
Quantity $2023 per

o -
Impact category Unit Baseline Social total cost (CO2eq) % of project

Baseline 1000kg of CO2 cost
Climate change 44162,18157 kg CO2 eq 54 2385 2,1%
JET GROUTING SINGLE FLUID Social Cost of CO2,2020-2050
Quantity . $2023 per . . % of project
Impact category Bascline Unit 1000kg of CO2 Baseline Social total cost (CO2eq) cost
Climate change 297937,3618 kg CO2 eq 54 16089 7,7%
JET GROUTING DOUBLE FLUID Social Cost of CO2,2020-2050
Quantity . $2023 per . . % of project
Impact category Bascline Unit 1000kg of CO2 Baseline Social total cost (CO2eq) cost
Climate change 384881,1106 kg CO2 eq 54 20784 7,9%
BRINE .
FREEZING Social Cost of CO2, 2020-2050
Quantity . $2023 per . . % of project
Impact category Bascline Unit 1000kg of CO2 Baseline Social total cost (CO2eq) cost
Climate change 45377,18315 kg CO2 eq 54 2450 0,4%
NITROGEN FREEZING Social Cost of CO2, 2020-2050
Quantity . $ 2023 per . . % of project
Impact category Baseline Unit 1000kg of CO2 Baseline Social total cost (CO2eq) cost
Climate change 12081,5316 kg CO2 eq 54 652 0,1%

Tab. 12-3, Evaluation of the Social cost of COzeq emissions based on the LCA analyses performed

The significance of the societal cost escalates in the context of jet grouting schemes, whereas it diminishes for
freezing approaches.

In order to provide a comprehensive perspective on the quantitative and monetary assessment of the social
costs associated with greenhouse gas (GHG) emissions, it is essential to consider this amount in conjunction
with the total cost of the intervention for each technique, as discussed in the preceding chapter. Additionally,
it is important to take into account the Envision/DNSH scores and the duration of the project, as the latter often
plays a crucial role in the ultimate decision-making process. In light of the aforementioned considerations, the
subsequent table provides a comprehensive summary of the envision/DNSH scoring, project cost, project time,
and societal costs associated with COeq emissions subsequent to the implementation of the suggested three-
phased methodology.
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CATEGORY PERMEATION JET GROUTING SINGLE JET GROUTING DOUBLE BRINE NITROGEN
GROUTING FLUID FLUID FREEZING FREEZING
i i o

Envision rating (% total 45% 399 31% 499% 49%
score)
DNSH rating (% total score) 48% 41% 33% 51% 48%
Project cost (€ 2020) 122265,6 223140 281276 604752 586500
Project duration (days) 23 13 8 36 16
Social cost (€ 2023 - CO2eq) 2385 16089 20784 2450 652
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Tab. 12-4, Overview of the performance for each ground improvement technique
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13 Results discussion and further perspectives and steps
13.1 The value of the proposed methodology

An aid to the decision strategic level
The general sustainability frame provided by the above exposed results is on the one hand broad and on the
other hand simple and direct to interpret.

Each of the studied processes has been assessed through the identification of the Envision/DNSH indicators
selected for geotechnics and ground improvement construction processes. This allowed both to identify the hot
spots of the techniques as well as to put them in a more holistic sustainability perspective.

Then, each process has been divided and analyzed distinguishing its material, energy, technology-specific
components and contributions and thereafter quantified. The LCA analyses allow for deepening the
construction tasks themselves, as well as developed baselines and sensitivities for then comparing each
execution process to the others. The variety of the impacts (chosen among the European Environmental
Footprint 3.0 framework) enlarges the decision maker's viewing. It moves towards evaluations in the categories
of climate change, resource depletion, human toxicity, and many others that emerge depending on the type of
the specific treatment process.

This approach aims to provide quantitative support for decisions that incorporate common structural,
geotechnical, and constructability analyses, by setting different approaches regarding logistics, materials,
equipment, and schedule, at the level of the single practice. The obtained “impact” information can be useful
to the project strategical level, in terms of funding, feasibility, community engagement, etc., influencing even
deeply the development of the same infrastructure project.

The role of LCA

Comparing the techniques analyzed for the pilot case, the following ranking results in terms of impact, ordered
from the lowest rating to the highest: AGF-LN, AGF-BR, PG, JG-SF, JG-DF. On one side the “light” delivery
and release system of the main used material to the point to treat into the ground (LN for AGF), on the other
the role played by cement related materials (resource depletion, air quality, toxicity) and, in lower measure, by
drilling (diesel or electricity powering) (as for the Jet Grouting systems) influenced the result. The latter is
anyway strictly related to the intervention characteristics, such as the geotechnical conditions, the context
(urban or landscape area), the function also in temporal sense (provisional or long term), the required
performance (mechanical, hydraulic). In this sense the LCA analysis provides several questions that have to
be addressed in conjunction with the structural, geotechnical and construction approach.

The following table details the relevance of each impact category among the different cases.

Impact category Unit PERMEATION GROUTING JET GROUTING SINGLE JET GROUTING DOUBLE FLUID FREEZING NITROGEN FREEZING BRINE
Total % 100 100 100 100 100
Climate change % 46,1 50,9 51,7 16,7 274
Ozone depletion % 0,1 0,1 0,1 0,1 0,2
Tonising radiation % 1,0 1,1 1,0 1,3 1,6
Photochemical ozone formation % 4,7 4,6 4,5 32 33
Particulate matter % 48 4.4 43 6,7 4,7
Human toxicity, non-cancer % 0,9 1,0 1,0 9,8 3.8
Human toxicity, cancer % 0,4 0,3 0,3 5,1 2,0
Acidification % 55 56 55 34 5,7
Eutrophication, freshwater % 6,6 54 5,5 4,1 53
Eutrophication, marine % 23 22 22 1,3 14
Eutrophication, terrestrial % 33 33 33 1,9 22
Ecotoxicity, freshwater % 4,9 5,1 5,1 35 59
Land use % 13 14 14 1,7 24
Water use % 34 2,1 1,9 23 55
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Resource use, fossils % 13,6 12,1 11,7 12,0 19,8

Resource use, minerals and metals % 1,0 0,5 0,5 27,0 8,7

Tab. 13-1, Case studies comparison, impacts, percentages per treatment.

Both the first phase of the assessment and the results of the baseline case of the treatments point on these
elements to focus on for further sensitivity analyses, as already pointed out in the previous chapter:

e Energy focus: Improve consumption (a) reducing power production from diesel engines, (b) using
electricity coming from providers that use a mix of production that includes renewable sources.

o Transportation focus: Improve the rating of diesel transportation fueled trucks.

e Material focus: for cement, reduce the content in clinker (through pozzolana or fly ash additions).

The sensitivity analyses performed for each technique used the data availability of the Ecoinvent database,
more in detail each baseline has been expanded including these sustainability upgrades:

. Energy: use of an energy mix 70% fossil and 30% renewable (for instance hydro coming from run off
river generation), through the Ecoinvent string: Electricity, high voltage {IT}| electricity production, hydro,
run-of-river | APOS, U.

. Cement: use of Pozzolana-based cement instead of Portland-based cement, through the Ecoinvent
string: Cement, pozzolana and fly ash 11-35% {Europe without Switzerland}| market for cement, pozzolana
and fly ash 11-35% | APOS, U.

. Steel: use of iron coming from scrap, through the Ecoinvent string Iron scrap, unsorted {RoW}| steel
production, electric, low-alloyed | APOS, U.

. Transportation: use of trucks Euro6 instead of Euro5, through the Ecoinvent string: Transport, freight,
lorry 16-32 metric ton, EURO6 {RER}| transport, freight, lorry 16-32 metric ton, EUROG6 | APOS, U.

The analysis is only indicative, because of the generic nature of the data coming from the Ecoinvent database.
Customized EPDs as well as material oriented LCAs provided by the suppliers would be highly useful, since
a so grounded sensitivity calculation could give a definitely more affordable measure of how much the
sustainability performance of the analyzed technique could be improved on the basis of the information coming
from the Envision indicators and the LCA baseline analysis.

PERMEATION JET GROUTING SINGLE | JET GROUTING DOUBLE | BRINE NITROGEN
GROUTING FLUID FLUID FREEZING FREEZING
Impact category Unit S/B (%) S/B (%) S/B (%) S/B (%) S/B (%)
Climate change kg CO2eq |-16,38% -18,15% -17,45% -26,44% -16,72%
kg CFC11
Ozone depletion eq -9,86% -15,02% -13,18% -25,97% -15,86%
kBq U-235
Ionizing radiation eq -13,73% -16,30% -13,35% -31,60% -34,48%
kg
Photochemical ozone | NMVOC
formation eq -13,40% -17,98% -19,28% -24,41% -16,65%
Particulate matter disease inc. | -10,31% -15,05% -16,66% -29,61% -31,59%
Human toxicity, non-
cancer CTUh -16,13% -17,81% -17,18% -62,60% -65,58%
Human toxicity, cancer CTUh -8,81% -15,03% -17,39% -56,26% -58,58%
Acidification mol Hteq | -14,67% -18,24% -17,40% -27,29% -19,66%
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Eutrophication, freshwater | kg P eq -7,64% -12,01% -9,59% -30,07% -29,46%
Eutrophication, marine kg Neq -13,08% -17,60% -18,77% -24,39% -15,93%
Eutrophication, terrestrial | mol N eq -14,10% -18,31% -19,53% -24,84% -16,84%
Ecotoxicity, freshwater CTUe -17,09% -19,93% -17,65% -27,42% -19,48%
Land use Pt -19,39% -20,24% -16,25% -26,85% -11,78%
Water use m3 depriv. | -6,97% -14,27% -5,81% -31,40% -29,61%
Resource use, fossils MJ -11,61% -16,31% -13,71% -27,40% -20,10%
Resource use, minerals and

metals kg Sbeq -8,16% -17,76% -14,06% -21,93% -17,07%

Tab. 13-2, Summary of the reduction of impact for each category and technique (in p.c.).

The table above resumes the impact reduction per category and for each technique, expressed as percentage
reduction of the sensitivity analysis results compared with the baseline value.

The three focus areas revealed by the LCA analysis have different relative effects depending on the treatment:
renewables can give benefits particularly to freezing techniques, with their necessity of energy (particularly
AGF-BR); reduction of clinker in cement is relevant for grouting techniques, while electricity powered devices
and more performing diesel engines have a quite transversal beneficial effect.

One step beyond: cost and social costs effects

The evaluation of cost and schedule, as well as estimate of the social effect of GHG emissions provide
complementary perspectives to the environmental evaluation; this enlargement completes the sustainability
assessment, considering its other two characteristic aspects: economical and social.

CATEGORY PERMEATION JET GROUTING SINGLE JET GROUTING DOUBLE BRINE NITROGEN
GROUTING FLUID FLUID FREEZING FREEZING
— - S

Envision rating (% total 45% 399 31% 499% 499%
score)
DNSH rating (% total score) 48% 41% 33% 51% 48%
Project cost (€ 2020) 122265,6 223140 281276 604752 586500
Project duration (days) 23 13 8 36 16
Social cost (€ 2023 - CO2eq) 2385 16089 20784 2450 652

Tab. 13-3, Overview of the performance for each ground improvement technique technique

Again referring to studied case, the jet grouting processes provide a very good schedule optimization (13 days
for JG-SF and 8 days for JG-DF), counteracted by a weaker environmental performance (rated with 39% and
31% by the three phased method). The relative social costs result to be the highest among all the alternatives
(varying between 16’000 and 21’000 €). Freezing technologies costs are the most relevant (around 600’000
€); AGF-BR process duration, being necessary its operation durng the pilot case pit excavation, is the longest
(36 days), but the best as environmental impact and, together with PG, highly socially sustainable (around
2’400 €*COseq), being however far from AGF-LN that has the best performance (600 €*CO»eq).

13.2 Perspectives for exploiting the LCA analysis for supporting the sustainability assessment

of geotechnical works
The presented analyses have shown that when it comes to materials, energy, recycling there is large possibility
for improving the sustainability performance of the traditional executional processes, for instance by exploiting
the sustainability nature of innovative technologies.

Inventory and Environmental Product Declaration (EPD)

Actually the inventory of the LCA analysis appears to be limited being the existing databases more oriented
towards products than processes, and particularly distant from construction processes for infrastructure; the
data are generally abstract and not enough representative. As stated also above in this thesis, to face this issue,
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we find useful that the industry in itself becomes the source of more refined data, better than let to general
institutions to fill this gap giving ‘average’ information. We point out that this push for giving value to the
environmental footprint of products, addressed the infrastructure construction market, during the last ten years,
to gradually start focusing on the compilation of the Environmental Product Declaration. In that sense the
cement industry, as already mentioned, is in this moment at the forefront. Cement producers, together with
concrete producers, are ready to deliver EPD for concrete mixes in a cradle to site format, sized right at (and
assessed with a specific LCA) the gate of the construction site work. With regard to soil improvement
techniques, the following chapter will deepen these issue in the perspective of the geotechnical practice starting
from the pilot case test.

LCA “Cradle to gate/stage” step and construction stage

The aim of the presented study is to provide the construction industry and the decision makers (investors,
owners, designers, constructors, suppliers, technology developers and producers) for a methodology, as the
three phased method, to support them in making construction choices counting on an definite sustainability
metric useful at the strategic as well as at the implementation level, for both the whole project view and the
single and critical executional processes, in a manner that allows for a transparent sharing of the project
contents and for claiming for sustainable measures adopted into the latter

The “cradle to gate” or “cradle to site” LCA stage allows for focusing on the construction phase. This approach
works well for material, schedule, equipment, etc. that has to be examined for the feasibility of the work on
site, assuming that most of the impacts occur during this phase.

In other cases the here above stated assumption may penalize those materials that play a role during the whole
life cycle of an infrastructure and that may produce more impacts (or more savings) during the operation and
maintenance life cycle phases. This issue could be faced by extending the length of the LCA to the next phases;
or by double checking the decisions that are suggested by the “cradle to site” LCA, considering the
repercussions on the operational or maintenance design and planning aspects. Again the cement is a good
example: in many soil treatment cases the grout mix operates with a temporary goal, until the main work is
completed (for example a tunnel excavation, or a reinforced concrete wall is finished); in several other cases
the grout plays a ‘definitive’ role for the considered infrastructure: for instance, an impervious sheet under a
dam. Thus durability or maintenance reasons may drive the choices toward an environmentally impacting
grout. The proposed LCA approach, if extended to the following life stages of the infrastructure, will allow for
informed decisions: it will be possible to quantify the reasons for a less sustainable choice that may be
compensated elsewhere in the project.

This methodological approach appears to be appropriate for being applied also to any other geotechnical
technology: piles, micropiles, foundations, retaining structures. Even more widely, there is a big number of
impacting technologies that can be refined under the sustainability point of view and that needs a quantified
and transparent approach in order to penetrate the construction and procurement decision makers.

The LCA based methodology as support to the relationships with the EU and the construction industry
As a matter of fact LCA, EPDs, assessment protocols were developed mainly by academical world, rather than
the industry. As for the proposed methodology, that couples Envision, that has established as a pragmatic
protocol, with a ‘simple’ use of LCA, can induce a diffusion of the latter in the construction design and
practice. Similarly, the connection that comes out with the EU regulation via the DSNH criteria, as part of the
method, allows for measuring the sustainable approach, as the finance world needs to support the EU efforts,
providing also the suppliers of those technical services for a tool to comply the owners, investors and costumers
requirements.

The proposed methodology, focusing to a single construction process, as the soil treatment for the pilot case
is, aids the players to expand their design objectives to the whole range of economic, environmental, social
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goals: noise and vibration, recycled materials use, waste reuse, water conservation, energy consumption,
resource scarcity, economic value, sustainable procurement practices, construction impacts on communities,
air quality: in other words to focus not only on greenhouse emissions. The method results to be attractive
because it is able to grasp the complexity and variety of the sustainability following a simple guideline that
provides quantitative results.

The focusing on Envision and the DNSH EU framework to the ground improvement case, is a systemic
approach that can be used to further broaden the range of sustainability indicators. In this case the metrics
applied to set the indicator score are shared and stated in a recognized third party protocol (Envision and the
Institute for Sustainable Infrastructure) and are commonly adopted by an international community of
stakeholders.

In the second phase the method resorts to the LCA, exploiting its powerful role when focused on the process,
that may allow it to become the language through which owners and the construction industry can make
measurable suitable proposals. The LCA step, referred to the given process, deepens its knowledge and
performs a quantitative analysis for sizing its assessment. A fine tuning can be carried out on the basis of the
impacts results as well as by comparing the different examined technologies under the environmental point of
view (being the social and economic components are embedded in the protocol application). Thus critical and
hot points can be identified and brought to the attention of the industry.

13.3 Possible limitations of the method.
After the review here above presented, it comes up that two limitations can be identified so far in the method.

LCA cradle to gate/site limitation

The LCA analysis has been limited to the cradle to gate or the cradle to site phases. In the case of the
infrastructure, the larger part of the impact mainly happens during the phases of construction, including the
necessary materials and equipment production, as it has been observed also above. The operational phase tends
to be focused on the maintenance tasks or on the consumption of energy (that can be easily identified and
measured with other methods). The reuse, for the case of infrastructure, can be assimilated to a regenerative
maintenance that revamps an old infrastructure back to service. Demolition and reconstruction case appears to
be in the future more and more rare, due to the very high investment put in the creation phases. To ways to
solve this limitation (that will be subject of further research from our side): expanding the limits of the analysis
to further steps like use and maintenance (Bl and B2 in the EN 15978:2011 nomenclature) or creating
dimensionless indicators that can embed these phases in a simple way (Chiola, 2022).

The need of enlarging the EPD diffusion

As already stated in this thesis, LCAs are normally based on ‘standardized’ data coming from international and
recognized databases, often far from the construction sites complexity. This approach can be acceptable for
LCA analysis focused on the whole life of an infrastructure: the number of products and processes involved
and related data is too wide, and it makes sense to recur to simplification, average, and statistics. Differently,
referring to an engagement with the procurement office of a contractor, it is required a very detailed knowledge
of the working site reality. From here comes the choice we did to focus on the construction processes. As
already anticipated, a source of more specific data, considered the current state of the construction industry, is
the Environmental Product Declaration (EPD) system. As described in the following chapter that finally
considers the practice point of view on the sustainability assessment, the information provided by the EPD can
be used to feed reliably the LCA baseline and fine tune the analysis, comparing different updated ingredients
involved in ground treatment process. The analyst, based on the results, could compare the products that
enhanced their green supply chain and increase the score of the impact as well as the Envision evaluation.
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14 The practice of the soil treatment works and the proposed approach

14.1 Moving from the three phased method results

The tree-phased method above presented allows for the quantitative and numerical rating of a geotechnical
intervention process sustainability, focusing on the soil treatment technique. As described in the first chapters
of this thesis, this is the result of the holistic vision of the sustainability in which not only the economical, but
also the social and the environmental impacts of human activities are assessed, finally focused on the
infrastructures.

Within the three-phased method, the Envision framework allows for a rating of the specialized technology with
respect to the DNSH criteria fixed by the EU policy, being this the door to access to funds and financial
instruments.

The LCA has the crucial role of quantifying the environmental impacts provided by the examined process, for
example of a ground treatment work, revealing which are the more impactful aspects that seems to work as
leverage for a sustainability improvement. Thus, a set of LCA sensitivity analysis provides the gain obtainable
by operating on the identified leverages, producing, in order to be refined in the Envision/DNSH framework,
an upgraded scoring.

If we look at the entire framework of the sustainability of the ground improvement treatment (and, in the final
analysis, of geotechnical works), we can understand that for the latter a sustainability-oriented way to approach
the design and execution has to be more deeply diffused in the practice; this because the cultural context for
many aspects appears still to be far from the holistic vision that underlies the proposed methodology. In that
sense it seems to be useful to try to present some of the crucial aspects of the sustainability issue starting from
the usual point of view of designers, executors and even clients directly involved in the ground treatment
practice, in order to stimulate them to get closer and gradually familiar with this new approach.

The LCA baseline analysis focused on three main issues that appears to be useful leverage for an improvement
of the sustainability of the examined treatment technologies; the LCA sensitivity analysis was then carried out
on the base of some possible upgrades.

The main issues, stated in chapter O are:

- the energy consumption, for the o- site works, as well as for the equipment and materials
production

- the transports to the site of equipment and material

- material production (highlighting the role of the cement, due to clinker content)

14.2 The energy as key-concept to explain the sustainability approach

It is interesting to outline that from the executors and designers’ point of view, almost all those technologies
are “familiar” to the concept of Energy, that is the first of the above listed issues.

As already written, the jet grouting treatment is approached on this basis: the treatment geometrical dimension
(cylindrical for the 2 examined cases) is obtained by evaluating the injection energy (expressed in MJ) with
respect to a volumetric specific energy (expressed, for cylindrical systems, in MJ/m?), which results to be
correlated, for each type of technology (single fluid, double fluid, etc.) to the soil type and density (Tornaghi
et. al, 2004 — ASEP-GI 2004).

In artificial ground freezing this aspect is even more emphasized: the design is based on the thermal analysis,
that provides the energy consumption prediction for both the freezing and maintenance stages. This means:
electrical power absorption from the freezing plant of the closed method with the brine; liquid nitrogen
consumption for the open method. Moreover, the thermometers installed in the ground allow for a monitoring
on real time of the freezing process evolution in both operational stages, regardless of the specific technology
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adopted (brine or LN), easing the management of the energy to be supplied to the ground (Celot et. al. 2023 -
Brennero).

Soil permeation grouting is conceptually assimilable to an energy-governed treatment, but the nature of the
treatment effect, the permeation in the soil, is definitely less invasive under this aspect, requiring conceptually
less energy than mixing up a fabric, as for JG: in effect the grouting system named “with controlled volume
and respect of the soil rejection pressure” also involves the management of pressure and flow rate as well as
the JG, to minor scale (Balossi Restelli et al. 2007). In rock grouting, practice not treated in this research, it is
often used the GIN (grout intensity number) method, according to an energetic approach of the treatment
(Lombardi - 1999).

Thus, the soil treatment designers and executors are aware of the energy as key parameter: even though it has
always been considered as a cost source, now it can become the key-concept to enter into the sustainability
perspective, that provides a different point of view: the energy consumption, among other causes, produces
impacts on the environment. And the energetic parameter gains weight when enlarging the framework to the
supply chain of the soil treatment process: apart from the equipment functioning on site, that has been yet
immediately grasped from the site of point of view, the energy impacts in producing machinery and materials.
As a result, the comparative analysis, presented in this research, may bring in some cases to the choice of a
technology according to the sustainability approach criterion, that is different from another, that could have
been chosen according to the current ordinary criteria,

Once that the approach is framed, it emerges the primary effect of the materials and the machinery of the
supply chain on the achievement of an enhanced sustainability result in these kinds of works.

14.3 The necessity to measure the technical performance of a sustainable soil treatment

process: the role of the geotechnical laboratory
The third issue highlighted by 3-Phased method is the material production.

Materials play the major role on the performance of the treatment. The rheology of the grouts, the mechanical
parameters of the grouted and the frozen soil, the rapidity of the achieving the required soil conditions are
deeply dependent on the behavior of the material used and their interaction with the onsite soils.

For instance, the analysis that we have been carried out shows the big role that cement has on the environmental
impacts provided by the jet grouting treatment, where its consumption is very high. Also in the permeation
grouting, and in lower measure in the freezing practice, a rate of impact due to the cement use is even
recognizable. As a matter of fact, the industry of cement and concrete is nowadays very active in addressing
their production processes towards a drastic reduction of the environmental impact, positively and quickly
reacting to the stimulation provided by the regulatory framework and the infrastructures big players.

Focusing on the soil treatment field, it seems plausible to study differing grout mixtures recipes in order to
improve the sustainability rating of the specialistic works not only by using the enhanced cement types, but
also by varying dosages or introducing other components, for example derived from re-cycling processes. In
the practice. those kind of “fine-tuning” experiments are requested or carried out by players (clients, designers,
supervisors, company specialized in this type of treatment) that usually don’t have the technological support
on which cement and concrete producers can rely.

As a matter of fact, it is of primary importance to control the technical performance of the alternative material
after the modifications introduced in the light of the environmental sustainability enhancing. For example, the
use of recycled material combined to the cement for the preparation of a cement-based grout mix for jet
grouting or permeation grouting moves, on one hand, toward the sustainability request, but on the other hand,
it is necessary to check the mechanical as well the hydraulic behavior provided from grout composed with the
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“green” receipt; this may require an optimization study that takes into account the hydromechanical as well as
the environmental and economic parameters.

Thus, the geotechnical laboratory is going to take on a crucial role, because it allows to perform standard
analysis in controlled conditions, allowing for a fine tuning of the new combination of products of the supply
chain of a certain treatment technology.

The permeation grouting treatment may be a good test bench for deepening this issue. The study presented in
this thesis has considered, for simplicity, the analysis of the injection of a sole cement-based grout via the
TAMs. In the practice the composition of the cement mixture varies at least as a function of the soil
composition. Differing from the studied example, where only one grout type has been considered for PG case,
very often the multi-stage injection method, thanks to the use of the TAMs, is performed by varying, from
stage to stage, the composition of the ternary cement grout to be injected. This is made usually according to
the design operational criteria: injecting the soil with grouts having crescent injectability, in order to gradually
and efficiently permeate the voids of the soil fabric. And usually, according to the soil granulometric
composition of the soil (even distinguishing its major layers in the local stratigraphy), more fluid and penetrant
chemical grouts (silica-based grouts are commonly most used) are injected in third or fourth stage (being
neither uncommon to achieve five grouting stages in selected sleeves corresponding to identified soil layers).

When the PG treatment has relevant extension and importance within a wider project (for example, tunnels
and passages excavation for a metro line in urban context), it is common to invest on a preliminary laboratory
test campaign in order to set up the variety of possible grout mixes (Pettinaroli et al., 2019) to be injected
during the construction works, testing different components (cement, bentonite, admixtures, silica grout
components) with differing proportion in order to optimize the rheological behavior during the injection, as
well as the mechanical and hydraulic performance that can be expected by the treated soil.

42

| | | | | | | | | | | NEWTONIAN behaviour BINGHAMIAN behaviour
e H el H e e e BEE R R
I I I I I I I I I I I
R A i Ry i/ N I
I I I I | I I I | I I
PO @
I I | I I | I I I I I . .
AV = apparent viscosity
38+ --+----@D----1-- @----- EEE R
- SRS R SR R T
§ a7 | | | @ | \‘ | | 1 = PV= plastic viscosity
K2R 7 e 7? A o)
2 | | | | | P A | | - ¥5= yield h AV PV
@ | | | | | | | = = yield strenght
ool OO @ O A - AA Z
2 8
500 A SO A IO O A g
4 B I et Il ) I Hn Hs B |
) | | | | | | | | | | |
=
e S e R RREARE R .
I I I I I I I I I I I
S RO L LR EEE FER AR LR EEE PR, e s, 4
I I I I I I I I I I I _ >
S R R AR EEE SRR EEE R S et —
I I I I I I I I I I I N B
L e
i i i I I i i | | | |
I I I I I I I I I I I
30 t } } } } } } t t } }
60 65 70 75 80 85 90 95 100 105 110 115 120 o 10 20 30 40 50 60 70 80

y . time (min)
Filter press stability [m1/30"]

Fig. 14-1 Laboratory preliminary test on grouts rheological parameters — on the left Marsh viscosity vs. filter press stability of
cement grouts, on the right viscosity vs. groutability time for silica grouts (Pettinaroli et al., 2019)

The laboratory tests that, more or less frequently, are carried out generally during the preliminary phase of a
treatment work, are requested by the designer and the client in view of an efficient performance of the
treatment, and by the executor in order to optimize the cost of the grout at the same performance.

Now the importance of the sustainability as assessment criterium may definitely change the perspectives. The
green procurement system, as explained in this study, under the effort of the regulatory framework, will award
sustainable geotechnical practice, and geotechnical laboratory can give a useful support to the entire supply
change of a ground treatment work, i.e. clients, designers, producers and executors, by providing useful tests
that proves the performance validity of a sustainable element of the process.
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Within this context, it appears again very clearly the importance of the diffusion of EPD labelling for the
products of a technique supply chain: the three phased method allows for a quick upgrade of the sustainability
assessment by introducing, in its second step based on the LCA, the proper inputs in the inventory stage (LCI)
and then processing the impact assessment (LCIA) with consistent data and proceeding with sensitive analysis
according to the laboratory testing results. The tailored size that can be achieved with this approach allows for
a reliable customized assessment of the sustainability of a geotechnical work, and consequently a consistent
output to be implemented in the wider framework of the main work (for example, an infrastructure) thus
contributing to the rating enhancing of the latter.

This approach has been described for a single material (the grout mixture) used for ground treatment, but it
could be followed for the equipment, for examples the tube a manchettes, and extended to mechanical
machinery as the injectors, the packers, and so on.

The figure below resumes roughly, for the five discussed cases, the machinery used on site as well as the
materials through the various stage of the work. A big variety of parameters can be examined under the
sustainability enhancing aspects, within each process; several of them are even common to the different
technologies.

We point out that in the last column of table, highlighted by red borders, it is described the residual material
that is expected to be found in the ground when the treatment task is completed, belonging to a further step
that actually has not been included in three phased method: in a LCA vision, this is beyond the “site” boundary
and belongs further to the “site-to-grave” stage of the ground improvement technique, where the process
impacts may largely vary according to main infrastructure construction and life. As stated in Chapter 0,Ma this
issue appears as a challenging extension and prosecution of the current research.

Drilli Distributi | t | Treated L t
Technique r'| ing Storage Process equipment L on Inside the ground mprovemen reate On site spoil ong'e erm
equipment system Agent ground residues
PG-TAM Grout
High turbolence mixer | . Drilling spoil Grouted soil
> Pipelines . (water,cement, . iy .
Agitators . Tube a manchettes . Grouted soil |Grout process TAM filled with
> Pipes bentonite, i K
Injectors . residual spoil grout
admixture)
JG-SF
Tanks High turbolence mixer
Bags Pumps Drilling spoil
Pipelines Direct by drilling Grout Mix of soil R & p, .
. o Spoil of mixed Jet grouted soil
JG-DF i i Pipes unit via nozzle(s) (water,cement)|and grout R
High turbolence mixer groout and soil
Drilling unit Pumps
Air compessor
AGF-BR Refrigerator plant i i
. possible metallic ,
(Evaporator+Cooling L R X . - . Probes
(*) Pipelines  |sacrifcal Brine Frozen soil |Drilling spoil .
tower) ine+coaxial bines external pipes
Pumps pip pip
AGF-LN Pressurized . :
possible metallic ,
Tanks - ; . . . ) Probes
Pipelines  |sacrifcal Nitrogen Forzen soil |Drilling spoil .
Trucks R L external pipes
*) pipe+coaxial pipes

Tab. 14-1, Classification of equipment and materials used on site for the 5 soil treatment techniques

The holistic approach, inherent in the Life Cycle point of view, addresses to consider the wide technological
process of a ground treatment type in its development path towards a sustainability improvement. At first
glance this seems a very ambitious goal, that requires a change of size in the performance testing scale, such
as, for instance, an on-site trial field. But geotechnical laboratory can still have a role also at this level as it will
be described hereafter.

In the following paragraphs the geotechnical laboratory activities are presented, in the perspectives of the
sustainability assessment based on the proposed three phased method for the considered ground improvement
techniques: permeation grouting, artificial ground freezing, jet grouting
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14.4 The permeation grouting and the Injection Tube System® device

Referring to permeation grouting, ITS - Injection Tube System®’ is a laboratory equipment that allows to
execute in controlled conditions, a permeation grouting multistage injection via a single sleeve of a TAM,
treating a soil volume with known grain composition, characteristic and parameters.
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Double packer

30 injection
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W
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system

Injecta 3 ¥
e - NS | @
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Fig. 14-2, ITS — Injection Tube System® allows to perform on real scale the permeation grouting treatment process in laboratory
(Galli, 2023)

The grout mixer, the injector controlled by a computer, the packer and the pipelines have been chosen among
the equipment devices available on the market for operating permeation routing on site.

ITS allows to replicate the entire process of permeation grouting. It is possible to track the grout diffusion in
the soil. The sampling of specimen from the grouting soil allows for direct analysis of the treated soil as well
as well for execution of standard mechanical, hydraulic and environmental tests

Time 05 Time 30 s
- - a9
a : :

Time 1505 Time 260 5

Fig. 14-3, ITS ® - left: photogrammetry and laser scansion for determining the treated soil volume — center: grout diffusion in the
soil measured by thermometric sensors — treated soil after specimens sampilng (Galli, 2023)

7 Patented equipment of GroutFreezLab s.r.1. (GFLab), a Bicocca University spin-off company (sponsor of this Executive
PhD) and granted by Univiersity4Innovation in 2018. The author of this thesis is one of the ITS inventors and developers

131



PhD Thesis:
Advances in the sustainability assessment of geotechnical ground improvement processes

Controls on the grouts can be implemented adopting the multistage methodology, grouting ITS with different
type of mixtures provided, in their complete receipt or just for single components, by differing producers. The
practice shows that this assembly may be affected by compatibility difficult in providing a final efficient and
reliable final result of the treatment.

The following conceptual chart flow shows a mixture testing according to the 3-phased method.

The approach can be easily applied to a multistage grouting process, as explained above, as well as to other
material or device, or process stage. Finally, it could be drawn to the entire process, mutatis mutandi.

STANDARD | STANDARD VERIFIED
COMPONENTS 2 MIXTURE STANDARD
PERFORMANCE
2 r'y
v
LcA  \
(EPD)
[ NEW
/ MIXTURE
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MIX COMPOSITION

& LCA ENHANCED
LCCA MIXTURE

Fig. 14-4, Conceptual chart flow of laboratory mixture testing according to the 3-phased method.

In the current practice, there are players of the supply chain of the permeation grouting are approaching the
sustainability challenge by deepening the knowledge and the environmental labelling of their products, as well
by proposing innovative solutions.

Among the tube a manchettes, on the market are available pipes in recycled pvc, which use is rather diffused,
when a lower performance is required by the intervention design. Moreover, TAMs with biodegradable plastic
are also available (SIREG Durvinil Biosystem), destinated to produce very low impact in the “site-to-grave”
stage of a treatment process life, but for sure improving from the beginning the sustainability rating of the
works in which they are adopted, allowing for an increased rating of the main structure or infrastructure
construction, to which the treatment is destinated to.

Again, the author starting recently to participate, with GFLab, to the sustainability set-up of a grout mixture,
by mean of ITS, according to the above-described conceptual path on behalf of a primary producer.

14.5 The artificial ground freezing
AGF technologies assessment using the three phased method provided several interesting indications.

The first phase evaluation put both the AGF systems (with brine as well with LN) as the more efficient under
the sustainability, according to a preliminary assessment carried out referring to the standard available
information and perception of this type of treatment.
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The second phase carried out with the LCA definitely confirmed the lower impact scenario provided by this
technology, particularly in the case of the open method that exploits the cryogenic powerful effect of the change
of state of the nitrogen, from liquid to gas.

The third phase, looking for a refinement based on the possible leverage effects provided by a different
approach in the process supply chain, didn’t particularly awarded the freezing, notably LN: this can be
explained with the fact that the entire process is already organized with an attention degree to the efficiency
that for AGF-LN is already remarkable higher than in the other examined treatment techniques.

The LCCA and S-LCA analysis (as discussed in Chapters 0 and 12) demonstrated finally the very sustainable
nature of this kind of treatment, which major limitation is for sure the temporary functionality in improving
the ground properties. Rare cases of long-term use are strictly related to mining activities for rare, high value
material extraction, as the Cigar Lake Uranium mine in Canada, where a closed circuit AGF is ongoing since
1991 (L. Newman et al. — 2023)

The author is actually engaged, again with GFLab®, in the development of a laboratory equipment having the
aim to study in controlled conditions the thermal behavior of a freezing probe into a soil volume, together with
the related devices in order characterize the thermal phenomena at that scale, the possible optimizations, and
finally to set up and validate a 3D code (Bavaresco et al.; 2023) on the basis of the experimental results. One
of the further developments of the research will be addressed to assess the environmental impact improvement
provided by the identified optimizations.

Fig. 14-5, GFLab - Ongoing laboratory test on freezing pipe (Bavaresco, 2023)

More in general, it emerges that in AGF the monitoring of the temperature in ground is a fundamental activity
that aids in the freezing process management, providing a direct positive effect on the energy consumption
optimization, that reverberates in a reduction of the environmental impact due to the freezing process. Beside
the traditional installation of punctual thermometric probes, the recent introduction of optical fibers allows for
providing for temperature data all along the freezing probes, increasing dramatically the number of measures

8 Ref, PhD thesis under submission “Innovation applied to artificial freezing of soils: an experimental study to enhanced
theoretical and numerical analysis” by N. Bavaresco, 2023
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and thus widening the possibility of the process control and optimization, with positive returns under the
environmental point of view.

A review of the state of the art of the AGF practice highlighted the rather recent use of the liquid carbon dioxide
(CO») as coolant, adopting also a special inner element of the freezing probe (Soma H., 2023); a reduction of
energy consumption is in the freezing process is documented.

Finally, contributes to promote the sensibility on the environmental sustainability of the ground freezing
practice begin to appear in international context (Applegate et al., 2023), even though in terms of useful
arrangement recommendation rather than a systematic assessment.

14.6 The jet grouting

The results of the 3 phased method analysis have undoubtably put in evidence the great impact provided by
the jet grouting technique, that is deeply connected with the intensive use of cement of this technology. For
sure, the action that the cement industry is performing will be the best vehicle for the improvement of the
sustainability performances of jet grouting. On the other hand, it must be underlined hat this kind of treatment
allows to provide very consistent and efficient mechanical properties to a wide range of soil types, often in
relatively short time and with cost effective production.

Also in this case, similarly to the permeation grouting, modifications in the cement-based mixture are in some
cases studied. The laboratory test allows for the evaluation of the rheology of the grouts. In a further stage,
after the execution of a trial-field on site, laboratory test on sampled specimens can perform mechanical,
hydraulic and even environmental test: leaching test with different duration on treated soil can give indication
on the stability of the jet grouted soil and the potential release of components or chemical substances to the
ground water.

About the machinery and its equipment, it has to be pointed out that the nozzle efficiency may represent another
leverage point, actually probably minor if compared to the cement issue, to which work on.

The development of laboratory equipment for the jet grouting, similar to the ITS® or to the test Freezing Probe
appears actually not easy to implement, basically for the high pressures and flow rate involved, but it could
represent an interesting goal for the experimental research in soil treatment technology, easing the development
of test focused on environmental and sustainability.

14.7 The uncertainty of the geological condition on site: investigations, ground monitoring

systems and emergency assessment
Uncertainty of the underground local geological condition is a typical issue to be faced in geotechnical practice.

Geotechnical investigations, carried out in direct way, such as boreholes, corings, piezometers, in-hole
mechanical and hydraulic test, or indirect way, such as geoseismic and geoelectric surveys, are currently
implemented both during the design stage as well during the works execution, contributing the latter to the
observational method implementation.

On one site, they have to be exploit as a way to obtain consistent data about the ground environmental
conditions pre-, during and post- the treatment. In other words, the on-site investigation can be inserted from
the conception and the design phase into the task to be implemented in order to collect data on the geological
and geotechnical context in which the operation takes place, dedicated also to the sustainability point of view.

On the other hand, the investigation itself should be object of a sustainability assessment, being fully part of
the processes necessary for constructing an infrastructure.

Another aspect of the geological condition uncertainty is that investigation and monitoring can provide a highly
representative geological and geotechnical drawn, but local unknown zones still remain. The residual
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associated risk may cause effects (like heaves or settlements of soil on surface or of existing structures as well
infrastructures) that may easily lead to modify the treatment execution or even introducing new ones to mitigate
those effects. A sensitivity analysis of the context, based on the investigations of the soils and of the potential
interfering structures or environments, shall be carried out also under the sustainability point of view. At the
level of the ground treatment works, this could be taken into account by statistically considering additional
possible integrative intervention, as well as by assessing the full-range sustainability of a possible “B-plan”
that could be necessary to be performed just in case of necessity. The agile application of the three-phased
method allows for performing, in those cases, a rapid additional assessment also in emergency conditions.
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15 Conclusion

A method for the sustainability assessment of soil treatment works for infrastructures buildings has been
proposed and tested by applying it to a pilot case with different treatment technologies.

The method is divided in three phases:

- apreliminary assessment of a treatment process is performed according to the Envision protocol, an
existing, world-wide recognized framework dedicated to the sustainability assessment of the
infrastructures, linked to the EU DNSH criteria provided by the EU taxonomy;

- a quantitative cradle-to-gate LCA analysis of the environmental impacts of the treatment work is
implemented, providing a baseline result followed by a fine-tuning second step analysis;

- arefinement of the Envision/DNSH assessment is carried out on the basis of he LCA results.

A scoring system, based on the Envision framework credits, provides a quantitatively rating of the process
assessment.

For the method set-up, a pilot case has been studied, considering an open-air excavation in gravelly-sandy soil
in presence of water table; the excavation bottom level finds at the top of a clayey impervious stratum.

Three different soil treatment techniques, among the ones currently used, were studied for temporarily
improving the ground properties guaranteeing the sides stability and impermeability during the excavation and
the lining execution:

- permeation grouting (PG) via tube-a-manchettes;

- jet grouting, considering the two different cases of the single fluid technology (JG-1) and the double
fluid technology (JG-2),

- artificial ground freezing carried out using respectively brine (AGF-B) and liquid nitrogen (AGF-LN)
as coolant.

The comparative analysis of the pilot case results has pointed out how, among the considered technologies,
AGF turns out to be the best rated one, while jet grouting gained the lower scores.

The LCA analysis put evidence, for the both JG versions (MF and DF), the impact derived from the industrial
production of the cement, present in relevant quantity in the injection mixture. This result appears to be
coherent with energetic approach currently adopted for the design of the jet grouting treatment, in which the
role of the cement based mixture is prominent, also than the high pressure injection. The PG process requires
a lower grout volume with a lower cement content, to be injected at low pressure; the final score results to be
higher than JG, in line with the energetic approach. The two freezing treatments provided also a lower
impactful result; the processes are based on a thermal energy exchange, between the coolant and the soil. In
one case the brine circulates in a closed circuit with the aid of a pump, with a global energy-intensive process
that produces an environmental impact close to the PG technique; in the other case the LN, provided by a well-
tested industrial process in pressurized condition to the site, simply expands and circulates into an open circuit
being finally released in the air, producing the lowest impact among the studied cases.

The three phased method assesses the 5 technologies under the light of the credits of the Envision protocol,
considering also the context of the intervention and the site organization impacts. So for the studied case, it
finally awards the AGF-BR process, followed by the AGF-LN and the PG, while the JG performance appears
to be one step down.

The pilot case analyses provided consistent results, coherent with the different studied technologies in these
specific conditions. Far for providing an absolute rating of the technologies, this approach rather allows, in the
practice, for providing a specific assessment of the sustainability of the techniques, case to case basis,
considering the effective function that the treatment has to perform, as well as the soil and the site conditions.
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The proposed approach allows for various type of evaluations, because of its specificity in analyzing the
impacts of the various stages of the studied process: from the possibility to integrate the results into the larger
framework of the main infrastructure sustainability assessment, to the design criteria optimization of the
intervention and the technological evaluation of the treatment process sustainability, as well as to identifying
possible enhancing in the practice by mean of optimization or innovative solutions within the specialistic
supply chain.

Referred to latter issue, the thesis focuses on the role that the geotechnical laboratory can have in the
perspective of the growing importance of the sustainable performances provided by the soil treatment
operations. The LCA results of proposed method second phase can be starting point for laboratory activities.
An innovative patented equipment set up by GFLab (a geo-material laboratory established as a spin-off of
Bicocca University of Milan), the sponsor of this executive PhD, suitable for performing in lab’s-controlled
conditions the permeation grouting process at real scale (from a single injection valve) is described in the light
of the discussed approach.

The method can be also key in stimulating the construction supply chain to invest on EPD certificates, allowing
a better tailored sustainability assessment of the various techniques.

The further research steps will be addressed to support the develop of a realistic inventory for the soil treatment
process as well as for the geotechnical work in general, and to extended the method application to other
geotechnical works.
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17 Appendix 1: Assessing sustainability qualitatively - DATA

17.1 Qualitative assessment for the permeation grouting technique
The radar diagram shows how the best ratings tend to be focused on resource allocation, climate, and

resilience

=@=VIAXIMUM SCORE ==@==QUALITATIVE ASS. SCORE

QL1.4 Minimize Noise and

Vibration
CR1.3 Reduce Air Pollutant 30 QL1.6 Minimize Construction
Emissions 25 Impacts

CR1.2 Reduce Greenhouse Gas .
Ermissions 20 LD1.4 Pursue Byproduct Synergies

CR1.1 Reduce Net Embodied LD3.3 Conduct a Life-Cycle

Carbon Economic Evaluation
U .

NW3.5 Protect Soil Health RAL.1 Support Sustal'nable

Procurement Practices
NW2.4 Protect Surfac? and RA1.2 Use Recycled Materials

Groundwater Quality
RA33 Redzf)iscjr:s:t?;?mn Water RA1.4 Reduce Construction Waste
RA2.3 Use Renewable Energy RA2.2 Reduce Constr.uctlon
Energy Consumption

Fig. 17-1, Permeation grouting technique. Diagram of score contribution vs. each Envision indicator (Maximum achievable and
qualitative score).
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INDICATOR o
(CREDIT) SECTION METRIC CRITERIA SCORE % MAX
The project team assesses the potential for operational noise impacts on the
QL1.4 Minimize Noise QUALITY OF LIFE:  The extent that operational noise and vibration is assessed and mitigated, and  surrounding community and/or environment. This assessment occurs when o
Lo . . P . X . 1 8% 12
and vibration WELLBEING target levels achieved. applicable vibrations are considered as a potential source of noise and/or
disruption.
L i The project team implements a construction plan or polici
QLL6 . Minimize = QUALITY OF LIFE: Extent of issues addressed through construction management plans. to address the temporary inconveniences associated with construction. The 1 13% 8
Constructionl mpacts WELLBEING . .
plan or policies are informed by stakeholder engagement.
Candidates for byproduct synergies or reuse are identified. This can include
finding a beneficial reuse for the project’s waste or excess resources, or the
project’s beneficial reuse of external waste or excess resources. Project teams
LD1.4 Pursue LEADERSHIP: The extent to which the project team works with external groups to find should also consider ecosystem services where project waste or excess N
. . . 6 33% 18
Byproduct Synergies COLLABORATION beneficial use of waste, excess resources, or capacity. resources can support natural systems, or where natural systems can process
and remove project waste. The project team demonstrates an active
attempt to incorporate at least one byproduct synergy or reuse into the
project.
LD3.3 Conduct a Life- The comprehensiveness of the economic analyses used to determine the net LCCA i d to compare and lternatives for at least one major
Cycle Economic LEADERSHIP: ECONOMY impacts of the project, and their use in assessing alternatives to inform decision (-1 18 used fo compare anc assess alternatives for at feast one major 5 50% 14
. . design component.
Evaluation making.
RA]',I Support RESOURCE  ALLOCATION: The gxtent of sustainable procurement prograns, anf:l the perc.entage of At least 50% of all project materials, supplies, and equipment meet the o
Sustainable materials sourced from manufacturers and/or suppliers that implement . . . 12 100% 12
. MATERIALS . . sustainable procurement policy/program requirements.
Procurement Practices sustainable practices.
. . . At least 25% (b ight, volume, t) of led materials includi
RA1.2 Use Recycled RESOURCE ALLOCATION: Percentage of project materials that are reused or recycled. Plants, soil, rock, mat:r?:ls Wi‘l'h( Zezvecllg; d Zgnut:;et :1:1:/0;) roeursee?c:xisiril: ensalrfl::r:s 1r‘1§ 9 6% 16
Materials MATERIALS and water are not included in this credit. . 4 s
materials.
The project team sets a target goal for construction waste diversion.
RAL1.4 Reduce RESOURCE ALLOCATION: . . During construction at least 25% of waste materials are recycled, reused.
. P t: f total waste diverted from d 1. S o i N 44% 16
Construction Waste MATERIALS ereentage ol fofal waste diverted from Gisposa and/or salvaged. Diversion may be a combination of waste-reduction ’
measures and sourcing waste to other facilities for recycling or reuse.
RA2.2 Reduce - . . . Lo . . .
. RESOURCE ALLOCATION:  The number of strategies implemented on the project during construction that  The project implements, or has written requirements to implement, at least o
Construction  Energy 3 . . . 8 67% 12
. ENERGY reduce energy consumption and emissions. four (4) energy reduction strategies.
Consumption
X ; 300 ici
RA2.3 Use Renewable RESOURCE ALLOCATION: Extent to which renewable energy sources are incorporated. The project meets: 30% of energy needs (electricity and fuel) from 15 63% 24
Energy ENERGY renewable sources.
RA3.3 Reduce g ESOURCE  ALLOCATION:  The number of strategies implemented duri truction that reduce potabl
Construction ~ Water . © number of strategies implemented during construction that reduce potavle s ¢ 1oyt three (3) potable water conservation strategies are implemented. 3 38% 8
. WATER water consumption.
Consumption
(I) The project team determines potential impacts to surface water or
N groundwater quality, including temperature, during construction and
21\3/2’4 Prgt:;t:;rtic:r NATURAL WORLD:  Designs, plans, and programs instituted to prevent and monitor surface water ~ operations. 5 10% 20
Quality unew CONSERVATION and groundwater contamination during construction and operations. (I) The project includes spill and leak diversion systems, spill prevention ’

plans, and cleanup. The project does not create new direct pathways for
surface water and/or groundwater contamination such as: (a) Direct
runoff into karst terrain; (b) - Untreated industrial or chemical discharge to
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INDICATOR o
(CREDIT) SECTION METRIC CRITERIA SCORE % MAX

unlined industrial ponds or lakes; (c) - Reinjection water wells unless water

is treated to secondary levels, or local regulations, whichever is more

stringent; (d) or- Chemical, byproduct, or fracking water, injection.

o - - - - -
NW3.5 Protect Soil NATURAL WORLD: ) ) ) ) o 100% of post: construct!on vegetated areas disturbed durm»g construction ,
Degree to which the disruption of soil health has been minimized and restored.  are restored for appropriate soil type, structure, and function to support 3 38% 8

Health ECOLOGY

healthy plant and tree growth.

- " —— -
CRI.I Reduce Net CLIMATE AND RESILIENCE: o ) ) The project tcam dcmonstratcs.at least a 30 /o reduction in total cmboc.llod
. Percentage of reduction in net embodied carbon of materials. carbon of materials over the life of the project compared to the baseline. 15 75% 20

Embodied Carbon EMISSIONS - -

Calculations should be in tons CO2.

(I) The project team demonstrates at least a 25% reduction in total CO2eq

over the operational life of the project compared to the baseline. Calculations
CR1.2 Reduce CLIMATE AND RESILIENCE: o ) B should be in tons CO2eq. (l,l) The project team maps and Cfllcu]ates the tc?ta] .
Greenhouse Gas EMISSIONS Percentage of reduction in operational greenhouse gas emissions. annual greenhouse gas emissions of the final project design for reporting 13 50% 26
Emissions purposes. This includes direct and indirect greenhouse gas emissions and

sequestration associated with project operations. Calculations must be in

CO2eq.
CRI3  Reduce Air  CLIMATE AND RESILIENCE: Reduction of air pollutants ompared to baseline (l') Thfl l)trojteCt;Fe;ltjs . a'ppll'cablle o %ua]t‘tytsm'ndirds Z:;‘d 1’eg']v“a“;)lnst fo: 2 11% 18
Pollutant Emissions EMISSIONS P p: 2 air pollutants. (_ ) e project implements strategies to reduce air pollutan o

emissions during operations.

104 45% 232
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The indicators that scored more than 50% of the maximum admitted total are:

. LD3.3 Conduct a Life-Cycle Economic Evaluation (50%).
. RAI1.1 Support Sustainable Procurement Practices (100%).
. RA1.2 Use Recycled Materials (56%).

. RA2.2 Reduce Construction Energy Consumption (67%).
. RA2.3 Use Renewable Energy (63%).

. CR1.1 Reduce Net Embodied Carbon (75%).

. CR1.2 Reduce Greenhouse Gas Emissions (69%).

The indicators that scored between 20% and 49% of the maximum admitted total are:

. LD1.4 Pursue Byproduct Synergies (33%).

. RA1.4 Reduce Construction Waste (44%).

. RA3.3 Reduce Construction Water Consumption (38%).
. NW3.5 Protect Soil Health (38%).

The indicators that scored less than 19% of the maximum admitted total are:

. QL1.4 Minimize Noise and Vibration (8%).

. QL1.6 Minimize Construction Impacts (13%).

. NW?2.4 Protect Surface and Groundwater Quality (10%).
. CR1.3 Reduce Air Pollutant Emissions (11%).

Compared to a maximum reachable of 232 points, this ground improvement process scored 107 points (which
means an overall value of 47%). When confirmed by the analyses, this could be considered a good scoring
(rewardable with a ‘gold’ rating following Envision rating scale).
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17.2 Qualitative assessment for the single fluid jet grouting technique
The radar diagram illustrates that the highest ratings are predominantly centered around resource allocation,
climate and resilience.

=@=\IAXIMUM SCORE ==@==QUALITATIVE ASS. SCORE

QL1.4 Minimize Noise and

Vibration
CR1.3 Reduce Air Pollutant 30 QL1.6 Minimize Construction
Emissions Impacts
25
CR1.2 Reduce Greenhouse Gas .
Emissions 20 LD1.4 Pursue Byproduct Synergies
CR1.1 Reduce Net Embodied LD3.3 Conduct a Life-Cycle
Carbon Economic Evaluation

RA1.1 Support Sustainable

NW3.5 Protect Soil Health .
Procurement Practices

NW?2.4 Protect Surface and

RA1.2 Use Recycled Materials
Groundwater Quality 4

RA3.3 Reduce Construction Water

. RA1.4 Reduce Construction Waste
Consumption

RA2.2 Reduce Construction Energy

RA2.3 Use Renewable Energy Consumption

Fig. 17-2, Single fluid Jet Grouting technique - Diagram of score contribution vs. each Envision indicator.
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INDICATOR o
(CREDIT) SECTION METRIC CRITERIA SCORE % MAX
The project team assesses the potential for operational noise impacts on
QL1.4 Minimize QUALITY OF LIFE:  The extent that operational noise and vibration is assessed and mitigated, and  the surrounding community and/or environment. This assessment occurs
. P : . o . . . 1 8% 12
Noise and vibration WELLBEING target levels achieved. when applicable vibrations are considered as a potential source of noise
and/or disruption.
The project team implements a construction management plan or
QL1.6 Minimize QUALITY OF LIFE: . . policies to address the temporary inconveniences associated with
. E; f through tructs lans. . s . 1 139
Constructionl mpacts ~ WELLBEING xtent of issues addressed through construction management plans construction. The plan or policies are informed by stakeholder 3% 8
engagement.
LD1.4 Pursue LEADERSHIP: The extent to which the project team works with external groups to find ~ The project team demonstrates an active attempt to incorporate at least 6 339% 18
Byproduct Synergies COLLABORATION beneficial use of waste, excess resources, or capacity. one byproduct synergy or reuse into the project. °
LD3.3 Conduct a Life- The comprehensiveness of the economic analyses used to determine the net  LCCA is used to compare and assess alternatives for at least one major
Cycle Economic LEADERSHIP: ECONOMY impacts of the project, and their use in assessing alternatives to inform design component. 7 50% 14
Evaluation decision making.
RAI.1 Support The extent of sustainable procurement programs, and the percentage of Atleast 50% of all project materials, supplies, and equipment meet the
. RESOURCE ALLOCATION: . . . . . . o
Sustainable MATERIALS materials sourced from manufacturers and/or suppliers that implement sustainable procurement policy/program requirements. 12 100% 12
Procurement Practices sustainable practices.
o - - "
RA1.2 Use Recycled RESOURCE ALLOCATION: Percentage of project materials that are reused or recycled. Plants, soil, rock, At llila.st 25t/o .(ll)y ‘.’:Elght’ lve‘;lumt’ 1:1" Si‘;st) of r;cyylﬁd mtatc;ials 9 56% 16
Materials MATERIALS and water are not included in this credit. inciuding materials with recycled content and/or reused existing structures ’
or materials.
Implement a construction waste management plan that, at a minimum,
identifies the materials to be diverted from disposal and whether the
RA1.4 Reduce RESOURCE ALLOCATION: . . materials will be sorted on site or commingled. During construction at
. P I¥ f total waste diverted from d 1. 4 25% 16
Construction Waste MATERIALS ereentage ol total waste Giverted from disposa least 25% of waste materials are recycled, reused, and/or salvaged. ’
Diversion may be a combination of waste-reduction measures and sourcing
waste to other facilities for recycling or reuse.
RA2.2 Reduce Lo . . . Lo . . .
. RESOURCE ALLOCATION: The number of strategies implemented on the project during construction —The project implements, or has written requirements to implement, at least o
Construction  Energy . L . . 4 33% 12
. ENERGY that reduce energy consumption and emissions. two (2) energy reduction strategies.
Consumption
X ; 7300 ich
RA2.3 Use Renewable RESOURCE ALLOCATION: Extent to which renewable energy sources are incorporated. The project meets: 30% of energy needs (electricity and fuel) from 15 63% 24
Energy ENERGY renewable sources.
RA33 . Reduce RESOURCE ALLOCATION: The number of strategies implemented during construction that reduce The pro_]ectlteam‘conductAs one or more pla@lng reviews o 1dent}fy and o
Construction ~ Water " analyze options for reducing water consumption during construction. At 1 13% 8
. WATER potable water consumption. N .
Consumption least one (1) potable water conservation strategy is implemented.
(I) The project team determines potential impacts to surface water or
NW2.4 Protect groundwater quality, including temperature, during construction and
) NATURAL WORLD:  Designs, plans, and programs instituted to prevent and monitor surface water ~ operations. (I) The project includes spill and leak diversion systems, spill o
Surface and L . . . . . X 2 10% 20
Groundwater Quality CONSERVATION and groundwater contamination during construction and operations. prevention plans, and cleanup. The project does not create new direct

pathways for surface water and/or groundwater contamination such as: (i)
Direct runoff into karst terrain; (ii) Untreated industrial or chemical
discharge to unlined industrial ponds or lakes; (iii) Reinjection water wells
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INDICATOR o
(CREDIT) SECTION METRIC CRITERIA SCORE % MAX
unless water is treated to secondary levels, or local regulations, whichever
is more stringent; or Chemical, byproduct, or fracking water, injection.
o - - - -
NW3.5 Protect Soil NATURAL WORLD: Degree to which the disruption of soil health has been minimized and 100% ‘.)f post-construction vegetatec_:l areas  disturbed dur.mg o
construction are restored for appropriate soil type, structure, and function 3 38% 8
Health ECOLOGY restored.
to support healthy plant and tree growth.
Embodied carbon is calculated, or acquired by a validated source.
Calculations include: Embodied carbon of production, including raw
material extraction, refinement, and manufacture. Embodied carbon of
CRI.I Reduce Net CLIMATE AND RESILIENCE: P . . transporting materials to the project site. The replacement, repair, or
. P f f materials. 1 9 2
Embodied Carbon EMISSIONS ercentage of reduction in net embodied carbon of materials refurbishment of materials over the life of the project. The project team 0 50% 0
demonstrates at least a 5% reduction in total embodied carbon of
materials over the life of the project compared to the baseline. Calculations
should be in tons CO2.
(I) The project team demonstrates at least a 25% reduction in total CO2eq
over the operational life of the project compared to the baseline.
CR1.2 Reduce CLIMATE AND RESILIENCE: o ) » Calculations should be in tons CO2eq. (IT) Th§ PrOJect team maps fmd .
Greenhouse Gas EMISSIONS Percentage of reduction in operational greenhouse gas emissions. calculates the total annual greenhouse gas emissions of the final project 13 50% 26
Emissions design for reporting purposes. This includes direct and indirect greenhouse
gas emissions and sequestration associated with project operations.
Calculations must be in CO2eq.
CR13 Reduce Air  CLIMATE AND RESILIENCE: Reduction of air pollutants ompared to baseline (fl) Tl'w prl(ijetCt Ze(eltlS fll_LaPPhC.abtle_ alrlquaht}t, St?ndtard's at:d re%lula“m}S 2 11% 18
Pollutant Emissions EMISSIONS p p 2 or air pollutants. ) e project implements strategies to reduce air o
pollutant emissions during operations.
90 39% 232
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The indicators that scored more than 50% of the maximum admitted total are:

. LD3.3 Conduct a Life-Cycle Economic Evaluation (50%).
. RAI1.1 Support Sustainable Procurement Practices (100%).
. RA1.2 Use Recycled Materials (56%).

. RA2.3 Use Renewable Energy (63%).

. CR1.1 Reduce Net Embodied Carbon (50%).

. CR1.2 Reduce Greenhouse Gas Emissions (50%).

The indicators that scored between 20% and 49% of the maximum admitted total are:

. LD1.4 Pursue Byproduct Synergies (33%).

. RA1.4 Reduce Construction Waste (25%).

. RA2.2 Reduce Construction Energy Consumption (33%).
. NW3.5 Protect Soil Health (38%).

The indicators that scored less than 19% of the maximum admitted total are:

. QL1.4 Minimize Noise and Vibration (8%).

. QL1.6 Minimize Construction Impacts (13%).

. NW?2.4 Protect Surface and Groundwater Quality (10%).
. CR1.3 Reduce Air Pollutant Emissions (11%).

. RA3.3 Reduce Construction Water Consumption (13%).

Compared to a maximum reachable of 232 points, this ground improvement process scored 90 points (which
means an overall value of 39%). When confirmed by the analyses, this could be considered a good scoring
(rewardable with a ‘silver’ rating following Envision rating scale).
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17.3 Qualitative assessment for the double fluid jet grouting technique

The radar graphic highlights the concentration of top ratings in the domains of resource allocation, and climate
and resilience.

=@=VIAXIMUM SCORE  ==@==QUALITATIVE ASS. SCORE

QL1.4 Minimize Noise and Vibration

30
CR1.3 Reduce Air Pollutant Emissions QL1.6 Minimize Construction Impacts
25
CR1.2 Reduce Greenhouse Gas Emissions 20 LD1.4 Pursue Byproduct Synergies
CR1.1 Reduce Net Embodied Carbon LD3.3 Conduct a Life-Cycle Economic Evaluation
NW3.5 Protect Soil Health / RA1.1 Support Sustallnable Procurement
/ Practices
NW?2.4 Protect Surf dG dwat .
rotectsu acfzan roundwater RA1.2 Use Recycled Materials
Quality
RA3.3 Reduce Construction Water Consumption RA1.4 Reduce Construction Waste

RA2.2 Reduce Construction Energy

RA2.3 Use Renewable Energy Consumption

Fig. 17-3, Double fluid Jet Grouting technique - Diagram of score contribution vs. each Envision indicator:
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INDICATOR o
(CREDIT) SECTION METRIC CRITERIA SCORE % MAX
The project team assesses the potential for operational noise impacts on
QL1.4 Minimize Noise QUALITY OF LIFE: The extent that operational noise and vibration is assessed and mitigated, and  the surrounding community and/or environment. This assessment occurs o
Lo . . o X . . 1 8% 12
and vibration WELLBEING target levels achieved. when applicable vibrations are considered as a potential source of noise
and/or disruption.
L i The project team implements a construction management plan or
QLL6 . Minimize = QUALITY OF LIFE: Extent of issues addressed through construction management plans. policies to address the temporary inconveniences associated with 1 13% 8
Constructionl mpacts WELLBEING . L. :
construction. The plan or policies are informed by stakeholder engagement.
The project team conducts an assessment of the availability and viability
LD1.4 Pursue LEADERSHIP: The extent to which the project team works with external groups to find of excess resources (i.e., waste) or capacity, including but not limited to o
. . . . . . . . 3 17% 18
Byproduct Synergies COLLABORATION beneficial use of waste, excess resources, or capacity. waste materials, heating or cooling, financial capacity, land area/space, or
management/personnel capacity.
LD3.3 Conduct a Life- The comprehensiveness of the economic analyses used to determine the net LCCA is used to compare and lternatives for at least one major
Cycle Economic LEADERSHIP: ECONOMY impacts of the project, and their use in assessing alternatives to inform . S USEC 10 compare anc assess alternatives for at feast one majo 7 50% 14
. .. . design component.
Evaluation decision making.
RAI.1 Th f inabl h f . . - .
. Support RESOURCE ALLOCATION: © gxtent of sustainable procurement programs, anf:l the per(?entage Ol At least 50% of all project materials, supplies, and equipment meet the o
Sustainable materials sourced from manufacturers and/or suppliers that implement X . . 12 100% 12
. MATERIALS X 3 sustainable procurement policy/program requirements.
Procurement Practices sustainable practices.
. . . Atleast 15% (b; ight, vol t) of led materials includi
RA1.2 Use Recycled RESOURCE ALLOCATION: Percentage of project materials that are reused or recycled. Plants, soil, rock, mat:fi:lls W‘i’ll('l );ev;elcgle d’ v;:::‘ft’ o:ni;)/ir) ore:z:gc :Xi:; cns?rful:l::r:s u:)% 6 38% 16
Materials MATERIALS and water are not included in this credit. . Y s
materials.
The project team sets a target goal for construction waste diversion.
RA1.4 Reduce RESOURCE ALLOCATION: . . During construction at least 25% of waste materials are recycled, reused
. P t; f total waste diverted from d . L . ) 4 25% 16
Construction Waste MATERIALS ereentage ot tolal waste diverted from Cisposa and/or salvaged. Diversion may be a combination of waste-reduction ’
measures and sourcing waste to other facilities for recycling or reuse.
RA2.2 Reduce Lo . . . . . . . i
Construction  Energy RESOURCE ALLOCATION: The number of strategies implemented on the project during construction that  The project team conducts one or more planning reviews to identify and 1 8% 12
N ENERGY reduce energy consumption and emissions. analyze options for reducing energy consumption during construction.
Consumption
X ; - 300 ici
RA2.3 Use Renewable RESOURCE ALLOCATION: Extent to which renewable energy sources are incorporated. The project meets: 30% of energy needs (electricity and fuel) from 15 63% 24
Energy ENERGY renewable sources.
RA3.3 . Reduce RESOURCE ALLOCATION: The number of strategies implemented during construction that reduce . . o
Construction ~ Water > At least one (1) potable water conservation strategy is implemented. 1 13% 8
. WATER potable water consumption.
Consumption
(I) The project team determines potential impacts to surface water or
groundwater quality, including temperature, during construction and
operations. (I) The project includes spill and leak diversion systems, spill
NW2 4 Protect Surface NATURAL WORLD:  Designs, plans, and programs instituted to prevent and monitor surface water prevention plans, and cleanup. The project does not(cre.a te new direct o
and Groundwater L . . . pathways for surface water and/or groundwater contamination such as: (a) 2 10% 20
. CONSERVATION and groundwater contamination during construction and operations. R . X . . .
Quality Direct runoff into karst terrain; (b) - Untreated industrial or chemical

discharge to unlined industrial ponds or lakes; (c) - Reinjection water wells
unless water is treated to secondary levels, or local regulations, whichever
is more stringent; (d) or- Chemical, byproduct, or fracking water, injection.




PhD Thesis:

Advances in the sustainability assessment of geotechnical ground improvement processes

INDICATOR o
(CREDIT) SECTION METRIC CRITERIA SCORE % MAX
o . - - -
NW3.5 Protect Soil NATURAL WORLD: Degree to which the disruption of soil health has been minimized and 100% of post-construction veg.etated. areas disturbed durl_ng N
construction are restored for appropriate soil type, structure, and function 3 38% 8
Health ECOLOGY restored.
to support healthy plant and tree growth.
- " — -
CRI1 Reduce Net CLIMATE AND RESILIENCE: o ) ) The project tcam dcmonstratC§ atleasta 5 /0 reduction in total cmbot{llcd ,
. Percentage of reduction in net embodied carbon of materials. carbon of materials over the life of the project compared to the baseline. 5 25% 20
Embodied Carbon EMISSIONS . .
Calculations should be in tons CO2.
(I)The project team demonstrates at least a 10% reduction in total CO2eq
over the operational life of the project compared to the baseline.
CR1.2 Reduce CLIMATE AND RESILIENCE: o ) n Calculations should be in tons CO2eq. (II) T1‘10‘pr0_|cct team maps gnd
Greenhouse Gas EMISSIONS Percentage of reduction in operational greenhouse gas emissions. calculates the total annual greenhouse gas emissions of the final project 8 31% 26
Emissions design for reporting purposes. This includes direct and indirect greenhouse
gas emissions and sequestration associated with project operations.
Calculations must be in CO2eq."
CRI.3  Reduce Air CLIMATE AND RESILIENCE: Reduction of air pollutants ompared to baseline ('i)rThe”Pr:’J::; “;'lef)‘s_f_‘:]] ap[:']]'cabt]eizlr ?l::hr?t/ Sta:’:‘atrdsia“dtmg:]f;“o"s ﬁi): 2 11% 18
Pollutant Emissions EMISSIONS p P : air potiufants. © project implements strategies fo reduce a °
pollutant emissions during operations.
71 31% 232
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Tab. 17-3, Double Fluid Jet Grouting technique - The Envision/DNSH framework evaluation for the case study, assigned scores and maximum available scores.
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The indicators that scored more than 50% of the maximum admitted total are:

. LD3.3 Conduct a Life-Cycle Economic Evaluation (50%).
. RAI1.1 Support Sustainable Procurement Practices (100%).
. RA2.3 Use Renewable Energy (63%).

The indicators that scored between 20% and 49% of the maximum admitted total are:

. RA1.2 Use Recycled Materials (38%).

. RA1.4 Reduce Construction Waste (25%).

. NW3.5 Protect Soil Health (38%).

. CR1.1 Reduce Net Embodied Carbon (25%).

. CR1.2 Reduce Greenhouse Gas Emissions (31%).

The indicators that scored less than 19% of the maximum admitted total are:

. LD1.4 Pursue Byproduct Synergies (17%).

. QL1.4 Minimize Noise and Vibration (8%).

. QL1.6 Minimize Construction Impacts (13%).

. RA2.2 Reduce Construction Energy Consumption (8%).
. RA3.3 Reduce Construction Water Consumption (13%).
. NW?2.4 Protect Surface and Groundwater Quality (10%).
. CR1.3 Reduce Air Pollutant Emissions (11%).

Compared to a maximum reachable of 232 points, this ground improvement process scored 71 points (which
means an overall value of 31%). When confirmed by the analyses, this could be considered a good scoring
(rewardable with a ‘silver’ rating following Envision rating scale).
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17.4 Qualitative assessment for the brine ground freezing technique

In this scenario, the strategy for bettering the earth entirely shifts, and we begin working on freezing the ground
instead. A summary of the ratings can be seen below in the table as well as in the radar diagram. The radar
diagram, in particular, demonstrates how the highest ratings are often concentrated in the areas of resource
allocation as well as climate and resilience.

=@=VIAXIMUM SCORE ==@==QUALITATIVE ASSESSMENT SCORE

QL1.4 Minimize Noise and Vibration

25

CR1.1 Reduce Net Embodied Carbon QL1.6 Minimize Construction Impacts
20

NW3.5 Protect Soil Health 5 LD1.4 Pursue Byproduct Synergies
NW?2.4 Protect Surface and LD3.3 Conduct a Life-Cycle Economic
Groundwater Quality Evaluation
d
RA3.3 Reduce Construction Water RA1.1 Support Sustainable Procurement
Consumption Practices
RA2.3 Use Renewable Energy RA1.2 Use Recycled Materials

RA2.2 Reduce Construction Energy

. RA1.4 Reduce Construction Waste
Consumption

Fig. 17-4, Brine Ground Freezing technique - Diagram of score contribution vs. each Envision indicator.

158



PhD Thesis:

Advances in the sustainability assessment of geotechnical ground improvement processes

INDICATOR o
(CREDIT) SECTION METRIC CRITERIA SCORE % MAX
Strategies are implemented to mitigate noise and/or vibrations during
QL1.4 Minimize Noise QUALITY OF LIFE: The extent that operational noise and vibration is assessed and mitigated, and  operations. Noise reduction follows a mitigation hierarchy of o
Lo . . S L . . 3 25% 12
and vibration WELLBEING target levels achieved. avoidance/source elimination, minimization, abatement/receiver reduction,
and offsetting/compensation.
QLI.6 Minimize QUALITY OF LIFE: . . The management plan addresses one (1) type of construction impact: N
Constructionl mpacts WELLBEING Extent of issues addressed through construction management plans. noise, safety/ wayfinding, access/ mobility, or lighting, 2 25% 8
Candidates for byproduct synergies or reuse are identified. This can include
finding a beneficial reuse for the project’s waste or excess resources, or the
project’s beneficial reuse of external waste or excess resources. Project
LD1.4 Pursue LEADERSHIP: The extent to which the project team works with external groups to find teams should also consider ecosystem services where project waste or 6 33% 18
Byproduct Synergies COLLABORATION beneficial use of waste, excess resources, or capacity. excess resources can support natural systems, or where natural systems can
process and remove project waste. The project team demonstrates an active
attempt to incorporate at least one byproduct synergy or reuse into the
project.
LD3.3 Conduct a Life- The comprehensiveness of the economic analyses used to determine the net LCCA is used to compare and lternatives for at least one major
Cycle Economic LEADERSHIP: ECONOMY impacts of the project, and their use in assessing alternatives to inform . S USEC 10 compare anc assess alternatives for at feast one majo 7 50% 14
. .. . design component.
Evaluation decision making.
RA]',I Support RESOURCE ALLOCATION: The gxtent of sustainable procurement prograns, anf:l the perc.entage of At least 50% of all project materials, supplies, and equipment meet the o
Sustainable materials sourced from manufacturers and/or suppliers that implement X . . 12 100% 12
. MATERIALS . 3 sustainable procurement policy/program requirements.
Procurement Practices sustainable practices.
o . — -
RA1.2 Use Recycled RESOURCE ALLOCATION: Percentage of project materials that are reused or recycled. Plants, soil, rock, i;::::ztlslsw‘i’tlib);evzelcgl:zl’ vcool:tren:t, o:ni;)/itr) orfezzzgcl:;::“zz:::::“:ﬁ 6 38% 16
Materials MATERIALS and water are not included in this credit. . Y s
materials.
RA1.4 Reduce RESOURCE ALLOCATION: . . At least 75% of all project materials, supplies, and equipment meet the o
Construction Waste MATERIALS Percentage of total waste diverted from disposal. sustainable procurement policy/program requirements. 10 63% 16
RA2.2 Reduce Lo . . . Lo . . .
. RESOURCE ALLOCATION: The number of strategies implemented on the project during construction that ~ The project implements, or has written requirements to implement, at least o
Construction  Energy . L N . 8 67% 12
. ENERGY reduce energy consumption and emissions. four (4) energy reduction strategies.
Consumption
X ; 300 ich
RA2.3 Use Renewable RESOURCE ALLOCATION: Extent to which renewable energy sources are incorporated. The project meets: 30% of energy needs (electricity and fuel) from 15 63% 24
Energy ENERGY renewable sources.
RA3.3 Reduce Lo . .
Construction ~ Water RESOURCE ~ ALLOCATION:  The number of strategles implemented during construction that reduce At least five (5) potable water conservation strategies are implemented. 5 63% 8
. WATER potable water consumption.
Consumption
NW2 4 Protect Surface NATURAL WORLD:  Designs, plans, and programs instituted to prevent and monitor surface water ~ Designs, plans, and programs instituted to prevent and monitor surface
and Groundwater Lo . . . - . . . 2 10% 20
Quality CONSERVATION and groundwater contamination during construction and operations. water and groundwater contamination during construction and operations.
NW3.5 Protect Soil NATURAL WORLD: Degree to which the disruption of soil health has been minimized and 100% of post-construction vegetated areas disturbed during construction
3 38% 8
Health ECOLOGY restored. are restored for
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INDICATOR o
(CREDIT) SECTION METRIC CRITERIA SCORE % MAX
appropriate soil type, structure, and function to support healthy plant and
tree growth.
- " — -
CRI.I Reduce Net CLIMATE AND RESILIENCE: o ) ) The project team.demonstrates ?t leasta § A. reduction in total emboc{led .
. Percentage of reduction in net embodied carbon of materials. carbon of materials over the life of the project compared to the baseline. 15 75% 20
Embodied Carbon EMISSIONS . .
Calculations should be in tons CO2.
(I) The project team demonstrates at least a 50% reduction in total CO2eq
over the operational life of the project compared to the baseline.
CR1.2 Reduce CLIMATE AND RESILIENCE: o ) o Calculations should be in tons CO2eq. (II) T1‘10‘pr0_|cct team maps gnd
Greenhouse Gas EMISSIONS Percentage of reduction in operational greenhouse gas emissions. calculates the total annual greenhouse gas emissions of the final project 18 69% 26
Emissions design for reporting purposes. This includes direct and indirect greenhouse
gas emissions and sequestration associated with project operations.
Calculations must be in CO2eq.
CRI3  Reduce Air  CLIMATE AND RESILIENCE: Reduction of air pollutants ompared to baseline. (li)rThlel ptrol;]tea(rl?)e?l'tli a“ra?phtcié::]el ar]\: ?iahg ftar;dazdsra:ld VEE?:at“;‘]‘Stﬁr’]‘; 2 11% 18
Pollutant Emissions EMISSIONS P P : awrpo’utants. © project implements strategies to reduce air pofiuta ’
emissions during operations.
114 49% 232
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Tab. 17-4, Ground Freezing with Brine technique - The Envision/DNSH framework evaluation for the case study, assigned scores and maximum available scores.
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The indicators that scored more than 50% of the maximum admitted total are:

. LD3.3 Conduct a Life-Cycle Economic Evaluation (50%).
. RAI1.1 Support Sustainable Procurement Practices (100%).
. RA1.4 Reduce Construction Waste (63%).

. RA2.2 Reduce Construction Energy Consumption (67%).
. RA2.3 Use Renewable Energy (63%).

. RA3.3 Reduce Construction Water Consumption (63%).

. CR1.1 Reduce Net Embodied Carbon (75%).

. CR1.2 Reduce Greenhouse Gas Emissions (69%).

The indicators that scored between 20% and 49% of the maximum admitted total are:

. QL1.4 Minimize Noise and Vibration (25%).
. QL1.6 Minimize Construction Impacts (25%).
. LD1.4 Pursue Byproduct Synergies (33%).

. RA1.2 Use Recycled Materials (38%).

. NW3.5 Protect Soil Health (38%).

The indicators that scored less than 19% of the maximum admitted total are:

. NW?2.4 Protect Surface and Groundwater Quality (10%).
. CR1.3 Reduce Air Pollutant Emissions (11%).

Compared to a maximum reachable of 232 points, this ground improvement process scored 114 points (which
means an overall value of 49%). When confirmed by the analyses, this could be considered a good scoring
(rewardable with a ‘gold’ rating following Envision rating scale).
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17.5 Qualitative assessment for the nitrogen ground freezing technique
For nitrogen-based freezing, the radar graphic demonstrates how resource allocation and climate and resilience
receive the highest scores.

=@=VIAXIMUM SCORE ==@==QUALITATIVE ASSESSMENT SCORE

QL1.4 Minimize Noise and

Vibration
CR1.3 Reduce Air Pollutant 30 QL1.6 Minimize Construction
Emissions 75 Impacts
CR1.2 Reduce Greenhouse Gas LD1.4 Pursue Byproduct
Emissions 20 Synergies
CR1.1 Reduce Net Embodied LD3.3 Conduct a Life-Cycle
Carbon Economic Evaluation
NW3.5 Protect Soil Health RAL.1 Support Sustainable
Procurement Practices
NW?2.4 Protect Surface and .
Groundwater Quality RA1.2 Use Recycled Materials
RA3.3 Reduce Construction RA1.4 Reduce Construction
Water Consumption RA2.2 Reduce Const{Rit6n

RA2.3 Use Renewable Energy Energy Consumption

Fig. 17-5, Ground Freezing with Nitrogen technique. Diagram of score contribution vs. each Envision indicator.
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INDICATOR o
(CREDIT) SECTION METRIC CRITERIA SCORE % MAX
Strategies are implemented to mitigate noise and/or vibrations during
QL1.4 Minimize QUALITY OF LIFE:  The extent that operational noise and vibration is assessed and mitigated, operations. Noise reduction follows a mitigation hierarchy of 3 25% 12
Noise and vibration WELLBEING and target levels achieved. avoidance/source  elimination, minimization, abatement/receiver °
reduction, and offsetting/compensation.”
QLI.6 Minimize QUALITY OF LIFE: . . The management plan addresses one (1) type of construction impact: N
Construction] mpacts ~ WELLBEING Extent of issues addressed through construction management plans. noise, safety/ wayfinding, access/ mobility, or lighting, 2 25% 8
LD1.4 Pursue LEADERSHIP: The extent to which the project team works with external groups to find The project team demonstrates an active attempt to incorporate at least one 6 339 18
Byproduct Synergies COLLABORATION beneficial use of waste, excess resources, or capacity. byproduct synergy or reuse into the project. ’
LD3.3 Conduct a Life- The comprehensiveness of the economic analyses used to determine the net LCCA is used to compare and assess alternatives for at least one major
Cycle Economic LEADERSHIP: ECONOMY impacts of the project, and their use in assessing alternatives to inform . P I 7 50% 14
. .. . design component.
Evaluation decision making.
RAI.1 Th f inabl it f
. Support RESOURCE ALLOCATION: © gxtent of sustainable procurement programs, a“.d the per(j,entage °' Atleast50% of all project materials, supplies, and equipment meet the o
Sustainable materials sourced from manufacturers and/or suppliers that implement . . . 12 100% 12
. MATERIALS X . sustainable procurement policy/program requirements.
Procurement Practices sustainable practices.
o n - "
RA1.2 Use Recycled RESOURCE ALLOCATION: Percentage of project materials that are reused or recycled. Plants, soil, rock, At ll((:;st 15t/o . (:)y .V:kflght’ lvn:llumi, ‘:r f;/)St) of léccyfltc.d ntlatctrlals 16 100% 16
Materials MATERIALS and water are not included in this credit. inciuding materials with recycled content and/or reused existing structures ’
or materials.
The project team sets a target goal for construction waste diversion. During
RAL4 Reduce RESOURCE ALLOCATION: . . construction at least 75% of waste materials are recycled, reused, o
Construction Waste MATERIALS Percentage of total waste diverted from disposal. and/or salvaged. Diversion may be a combination of waste-reduction 10 63% 16
measures and sourcing waste to other facilities for recycling or reuse."
RA2.2 Reduce Lo . . . Lo . . .
. RESOURCE ALLOCATION: The number of strategies implemented on the project during construction ~ The project implements, or has written requirements to implement, at least o
Construction  Energy . - . . . 8 67% 12
. ENERGY that reduce energy consumption and emissions. four (4) energy reduction strategies.
Consumption
RA2.3 Use Renewable RESOURCE ALLOCATION: Extent to which renewable energy sources are incorporated. The project meets: 30% of energy needs (electricity and fuel) from 15 63% 24
Energy ENERGY renewable sources.
RA3.3 . Reduce RESOURCE ALLOCATION: The number of strategies implemented during construction that reduce . ..
Construction ~ Water 3 At least one (1) potable water conservation strategy is implemented. 5 63% 8
. WATER potable water consumption.
Consumption
Nw2.4 Protect . - . . -~ .
N NATURAL WORLD: Designs, plans, and programs instituted to prevent and monitor surface water ~ Designs, plans, and programs instituted to prevent and monitor surface o
Surface and P . . N I . 3 . 2 10% 20
. CONSERVATION and groundwater contamination during construction and operations. water and groundwater contamination during construction and operations.
Groundwater Quality
y - - - -
NW3.5 Protect Soil NATURAL WORLD: Degree to which the disruption of soil health has been minimized and l(?gsﬁ'ucotgonp;?rz:::)sr::?:(:'o: r:;egrie::es‘iil are:sstr:;::lr:b;dd f:rlllc:llgg 3 389 3
Health ECOLOGY restored. pprop pe, ’ ’

to support healthy plant and tree growth.
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INDICATOR o
(CREDIT) SECTION METRIC CRITERIA SCORE % MAX
- " — -
CRI1 Reduce Net CLIMATE AND RESILIENCE: o ) ) The project team demonstrates. at least a 30_& reduction in total emboc?led
. Percentage of reduction in net embodied carbon of materials. carbon of materials over the life of the project compared to the baseline. 15 75% 20
Embodied Carbon EMISSIONS , :
Calculations should be in tons CO2.
(I) The project team demonstrates at least a 50% reduction in total
CO2eq over the operational life of the project compared to the baseline.
CR1.2 Reduce CLIMATE AND RESILIENCE: o ) o Calculations should be in tons CO2eq. (II) Thc_: [_)ro_]cct team maps jand .
Greenhouse Gas EMISSIONS Percentage of reduction in operational greenhouse gas emissions. calculates the total annual greenhouse gas emissions of the final project 18 69% 26
Emissions design for reporting purposes. This includes direct and indirect greenhouse
gas emissions and sequestration associated with project operations.
Calculations must be in CO2eq.
(I) The project meets all applicable air quality standards and regulations for
CRI1.3 Re§ucg Air  CLIMATE AND RESILIENCE: Reduction of air pollutants ompared to bascline. air pollutants. (IT) The project ehmlvnates air pol}utant sources in the design, 9 50% 18
Pollutant Emissions EMISSIONS chooses a non-polluting alternative, or achieves at least a 98% net
reduction in air pollution emissions compared to the baseline.
114 49% 232

Tab.
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17-5, Ground Freezing with Nitrogen Freezing technique - The Envision/DNSH framework evaluation for the case study, assigned scores and maximum available scores.
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The indicators that scored more than 50% of the maximum admitted total are:

. LD3.3 Conduct a Life-Cycle Economic Evaluation (50%).
. RAI1.1 Support Sustainable Procurement Practices (100%).
. RA1.4 Reduce Construction Waste (63%).

. RA2.2 Reduce Construction Energy Consumption (67%).
. RA2.3 Use Renewable Energy (63%).

. RA3.3 Reduce Construction Water Consumption (63%).

. CR1.1 Reduce Net Embodied Carbon (75%).

. CR1.2 Reduce Greenhouse Gas Emissions (69%).

The indicators that scored between 20% and 49% of the maximum admitted total are:

. QL1.4 Minimize Noise and Vibration (25%).
. QL1.6 Minimize Construction Impacts (25%).
. LD1.4 Pursue Byproduct Synergies (33%).

. RA1.2 Use Recycled Materials (38%).

. NW3.5 Protect Soil Health (38%).

The indicators that scored less than 19% of the maximum admitted total are:

. NW?2.4 Protect Surface and Groundwater Quality (10%).
. CR1.3 Reduce Air Pollutant Emissions (11%).

Compared to a maximum reachable of 232 points, this ground improvement process scored 114 points (which
means an overall value of 49%). When confirmed by the analyses, this could be considered a good scoring
(rewardable with a ‘gold’ rating following Envision rating scale).
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18 Appendix 2: The pilot case LCA analysis for each soil treatment
technology (Step 2 of the method)

18.1 Generality
The application to the case study of the five ground improvement techniques is analyzed with a LCA model,
as the second step of the proposed three-phased method.

The LCA analysis carried out for the 5 examined cases are here resumed’.

For each case the sizing of the equipment is based on the professional experience of the author in the specific
geotechnical construction sector.

The software Simapro (rel. 9.5.0.0, 2023) has been used for the analysis [Pré Consultants, 2018].

The impact framework adopted was the Environmental Footprint (EF) method 3.0. The method, supported by
SimaPro database, includes a number of adaptations, making it compatible with the data libraries provided in
SimaPro.

The implementation of the method in Simapro is based on EF method with the following modifications:

. it does not include any substances, which would be new to SimaPro, e.g. regionalized land use
flows;
. additional substances have been included as they are extensively used by the background databases

and their synonyms are part of the original EF method [Pré Consultants, 2018].

In order to focus the case studies on process performance, for all the studied cases transports (when requested
at the inventory level) has been standardized, considering an average distance of 90km. This assumption will
be adopted in all the 5 analyzed cases.

Characterization.
18 impact categories have been considered.
Normalization.

The global normalization set for a reference year 2010 is part of the EF method. These normalization values
are updated for the EF 3.0 method in November 2019 and implemented in Simapro.

Weighting.

The EF 3.0 method only has a single weighting set, which includes toxicity and allow weighting across impact
categories. This means the impact (or damage) category indicator results are multiplied by weighting factors
and are added to create a total or single score.

How the results will be presented.

The results of the LCA analysis for the PG case study are presented and discussed in a visual format. The
representation of various impacts will be achieved through several perspectives, namely characterized,
normalized weighted, and single point, within the selected EF 3.0 impact framework.

® The LCA analysis results are taken from the PhD thesis of the co-authors of this research (Stefano Susani).
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Results are presented in terms of characterization, normalization, weighting, and single point views, according
to the process scheme adopted and to the main phases identified for each soil treatment type. Where needed,
an additional and specific analysis is performed for the relevant subprocesses.

18.2 LCA analysis for permeation grouting (PG)

Input data
The following table includes the main data for the case of permeation grouting.

ITEM INPUT VALUE UNIT SIMAPRO ECOINVENT REFERENCE
PVC TAM Product 320 Mass (kg) Polyvinylchloride, bulk polymerised {RER}| polyvinylchloride production, bulk polymerisation | APOS, U
(320kg)
Process 320 Mass (kg) Extrusion, plastic pipes {RER}| extrusion, plastic pipes | APOS, U (320kg)
Transport 28800 Mass*Dist Transport, freight, lorry 16-32 metric ton, euro5 {RER}| APOS, U (320kg * 90km)
(kg*km)
Diesel Driller Consumption 3200 Energy (kWh) Machine operation diesel, >= 74.57, underground mining (GLO), market for APOS, U (100kW * 32h)
Product 6500 Mass (kg) /
Transport 585000 Mass*Dist Transport, freight, lorry >32 metric ton, euro5 {RER}| market for transport, freight, lorry >32 metric ton, EURO5
(kg*km) | APOS, U (6500kh * 90km)
Electric mixing  Consumption 370 Energy (kWh) Heat, air-water heat pump 10kW {Europe without Switzerland}| market for floor heating from air-water heat pump
agitator | APOS, U (2.2kW * 168hr)
Product 350 Mass (kg) /
Transport 31500 Mass*Dist Transport, freight, lorry >32 metric ton, euro5 {RER}| market for transport, freight, lorry >32 metric ton, EURO5
(kg*km) | APOS, U (350kg * 90km)
Turbomixer (electr ~ Consumption 9 Energy (kWh) Electricity, medium voltage {IT}| market | APOS, U
icity)
Product 350 Mass (kg) /
Transport 31500 Mass*Dist Transport, freight, lorry >32 metric ton, euro5 {RER}| APOS, U (350kg * 90km)
(kg*km)
Electric  injection ~ Consumption 1848 Energy (kWh) Electricity, medium voltage {IT}| market | APOS, U (5.5kW * 2 * 168hr)
unit
mi?(tureJrsheath (2 produzio 300 Mass (kg) /
units) Product
Transport 300%274 Mass*Dist Transport, freight, lorry >32 metric ton, euro5 {RER}| market for transport| APOS, U (300kg * 2 * 90km)
=82200 (kg*km)
Electric turbomixer Consumption 768 Energy (kWh) Electricity, medium voltage {IT}| market | APOS, U
mixture+sheath
Product 350 Mass (kg) /
Transport 350%274 Mass*Dist Transport, freight, lorry >32 metric ton, euro5 {RER}| market for transport | APOS, U
=95900 (kg*km)
Cement Product 42751 Mass (kg) Cement, Portland {Europe without Switzerland}| production | APOS, U
Product 42751 Mass (kg) Cement, pozzolana and fly ash 11-35% {Europe without Switzerland}| cement production, pozzolana and fly ash
11-35% | APOS, U
Transport 3847590 Mass*Dist Transport, freight, lorry >32 metric ton, euro5 {RER}| market for transport| APOS, U (42751kg * 90km)
(kg*km)
Bentonite Product 3671 Mass (kg) Bentonite {RoW}| quarry operation | APOS, U
Transport 330390 Mass*Dist Transport, freight, lorry 3.5-7.5 metric ton, euro5 {RER}| market for transport | APOS, U (3671kg * 90km)
(kg*km)
Additive Product 357 Mass (kg) Ethylene glycol singleethyl ether {RER}| production | APOS, U
Transport 32130 Mass*Dist Transport, freight, lorry 3.5-7.5 metric ton, euro5 {RER}| market for transport | APOS, U (357kg * 90km)
(kg*km)
Water Water from the 105900 Mass (kg) Tap water {Europe without Switzerland}| market for | APOS, U
tap
Transport / Mass*Dist /
(kg*km)
Mixture waste Waste 6.36 Volume (m3) Wastewater from concrete production {RoW}| treatment of, capacity 5E91/year | APOS, U

Tab. 18-1, LCA analysis input data for permeation grouting.
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PG LCA analysis
The following figure shows the process scheme implemented for the PG treatment LCA analysis
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Fig. 18-1, Process scheme for LCA Analysis of the permeation grouting technique.
The results of the LCA analysis for the PG case study are presented and discussed in a visual format.
The following figure shows the characterization step view.

The latter puts in evidence the correlation between the PG procedures and the impact categories. The major
impact of the grouting mix in comparison to the other processes comes evidently out. On the other hand, the
analysis reveals that the “climate change”, frequently highlighted as a key influence in sustainability reports,
results to be just one of several crucial aspects to consider.
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Fig. 18-2, Permeation grouting technique: impacts, characterization view.

The following chart shows the normalization step results, that confirm the grout mixing phase, in which

preponderates the presence of the cement.
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Fig. 18-3, Permeation grouting technique: impacts, normalized view.
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The following figure shows the weighting step results. The relevant impact categories are climate change and
resource use.
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Fig. 18-4, Permeation grouting technique: impacts, weighted view.

The next chart shows the single point view, according to the four phases identified in the PG process.
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Fig. 18-5, Permeation Grouting technique: impacts, single point view.
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Here it follows another graph that shows the single score impact view focused on the various stages of the
grout mix preparation on site. The chart allows to understand the role played by each of them, and in particular
by the cement, material that comes out definitely as the most impactful of the PG process.
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Fig. 18-6, Permeation Grouting technique: grout mix preparation, impacts, single point view.

The following table synthetizes the impact percentages in the full case.

Impact category Unit Total GROUTING MIX INJECTION DRILLING TRANSPORTS
Total % 100,0 833 1.8 13,9 L1
Climate change % 46,1 40,8 0,6 4.4 0,4
Ozone depletion % 0,1 0,1 0,0 0,1 0,0
Tonising radiation % 1,0 0,8 0,0 0,1 0,0
Photochemical ozone formation % 4,7 3,5 0,1 1,1 0,1
Particulate matter % 4.8 3,1 0,1 1,5 0,2
Human toxicity, non-cancer % 0,9 0,8 0,0 0,1 0,0
Human toxicity, cancer % 0,4 0,3 0,0 0,1 0,0
Acidification % 55 43 0,1 1,0 0,1
Eutrophication, freshwater % 6,6 6,3 0,1 0,2 0,0
Eutrophication, marine % 23 1,7 0,0 0,5 0,0
Eutrophication, terrestrial % 33 2,5 0,0 0,7 0,0
Ecotoxicity, freshwater % 49 43 0,1 0,5 0,0
Land use % 1,3 1,2 0,1 0,0 0,0
Water use % 34 32 0,1 0,2 0,0
Resource use, fossils % 13,6 9,6 0,4 33 0,3
Resource use, minerals and metals % 1,0 0,8 0,0 0,2 0,0

Tab. 18-2, Permeation Grouting technique: impact percentages, single point.

The following table resumes the impact percentages in the grout mix preparation subcase.

Impact category Unit Total ~ WATER FROM THE TAP ADDITIVE BENTONITE CEMENT MIXING WITH DEVICE
Total % 100,0 3.0 39 12 343 2,6
Climate change % 49,0 0.4 1,1 0,2 46,5 0,8
Ozone depletion % 0,1 0,0 0,0 0,0 0,1 0,0
Tonising radiation % 1,0 0,1 0,0 0,0 0,8 0,0
Photochemical ozone formation % 4,2 0,0 0,2 0,1 3.8 0,1
Particulate matter % 3,7 0,0 0,2 0,2 33 0,1
Human toxicity, non-cancer % 0,9 0,0 0,0 0,0 0,9 0,0
Human toxicity, cancer % 0.4 0,0 0,1 0,0 0,2 0,0
Acidification % 52 0,1 0,2 0,1 47 0.2
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Eutrophication, freshwater % 7,6 4,2 0,2 0,0 3,0 0,2
Eutrophication, marine % 2,1 0,2 0,0 0,0 1.8 0,0
Eutrophication, terrestrial % 3,0 0,0 0,1 0,0 2,8 0,1
Ecotoxicity, freshwater % 5,1 0,1 0,2 0,1 4,5 0,2
Land use % 1.4 0,0 0,0 0,0 1,3 0,1
Water use % 38 25 0,2 0,0 1,0 0,2
Resource use, fossils % 11,6 04 1,3 0,1 9,2 0,6
Resource use, minerals and metals % 0,9 0,0 0,1 0,3 0,4 0,0

Tab. 18-3, Permeation Grouting technique: grout mix preparation, impact percentages, single point.

The following table includes the raw data of the characterization step of the analysis, and the quantities of the

relevant KPIs of each impact scenario.

GROUT MIX

MATERIAL AND

Impact category Unit Total PREPARATION (l}ls.lolilé—'ll:ll\g:\)l( ATN/I\)I\I;[OIS)IITI'IIIZ)I;\II’I\II\? G EQUIPMENT
ONSITE TRANSPORTATION
Climate change kg CO2 eq 44162,18157 39062,48686 570,03155 4167,30841 362,35474
Ozone depletion kg CFCl11 eq 0,0027