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Abstract

Cities are intricate areas, where a multitude of elements interact. A change in the
paradigm towards sustainability goals, as the limit of soil consumption, is determining a
greater use of the subsurface, thus abandoning the urban horizontal sprawl. This results
in increasing interactions between groundwater (GW) and the underground
infrastructures (Uls). Thus, it is reasonable to think that in the next years a huge effort
will be allocated to research in urban hydrogeology. Among the cities that worldwide
have been affected by this issue, the city of Milan (Northern Italy, Lombardy Region)
experienced a strong water table rise in the last decades, leading to flooding episodes for
different categories of Uls. Considering that a future subsurface development has been
already planned, this highlights the importance of adopting integrated strategies in the

framework of both underground development and GW management.

Within this general scheme, the present PhD project has been divided into three parts, to
provide a detailed definition of the urban conceptual model for the city of Milan, that
could play a pivotal role and support decision-making processes in urban planning

policies.

More specifically, the first part of the project deals with the reconstruction of a 3D
geodatabase (3D GDB) for urban Uls. Using Open Data databases as the primary, but
not unique source of information, three categories of subsurface elements (private and
public car parks, subway lines) have been gathered within the 3D GDB. This information
has been then combined with water table reconstructions of GW minimum and
maximum conditions to identify the areas where the Uls were submerged by the water

table.

In the second part, data-driven techniques have been applied to analyse GW time-series
of the shallow aquifer, occupied by the Uls. Statistical and geospatial techniques were
used to reach a better understanding of the hydrogeologic system, pinpointing the main
potential variables influencing the water table levels. Consequently, four management
areas have been identified to act as future geographic units, defining specific GW

management strategies in relation to Uls.



In the third part, a local scale numerical model was implemented for the western part of
the city to further evaluate GW/UISs interactions. In particular, GW infiltrations into Uls
were quantified, leading to a better definition of the urban conceptual model. The
numerical model was developed using MODFLOW-USG, and combining the HFB and
the DRN packages to model the Uls.

The results of this project pointed out that the combination of these different tools could
be beneficial to manage the interactions between GW and the Uls and to support the
decision makers in urban GW management. In this way, proper strategies could be

adopted to sustainably design the future subsurface development of the city.
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Chapter 1: Introduction



1. Introduction

Urban areas are complex systems, where different topics get in touch. In particular,
subsurface is one of the most profitable parts of these environments; here, four main
resources can be considered basics for liveability: materials, energy, space and water
(Vazquez-Suiié et al. 2005; Parriaux et al. 2007; Vdhdaho 2014). GW represents globally
the most important source of freshwater (Li et al. 2013a); its importance is related to its
links with scientific, economic, social, legal and political aspects (Vazquez-Suiié et al.
2005; Hunt et al. 2016). For this reason, researchers and stakeholders constantly pay
attention to overexploitation, depletion and pollution problems. In urban areas, among
the various needs, it is exploited for drinking, sanitary, thermal, industrial, and also
recreational purposes (Danielopol et al. 2003; Afonso et al. 2020). In the last decades,
urban transformations and intense human activities have progressively determined an
intense use of this valuable resource, threatening both its quality and availability
(Schirmer et al. 2013; La Vigna 2022). Nowadays, space hunting has moved towards a
three dimensional trend, limiting the urban sprawl in the horizontal direction. This
increased tendency to “go underground” (Bobylev 2009) has determined a strong
interaction between GW and the growing number of Uls (Koziatek and Dragi¢evic
2017). Mostly, these situations took place worldwide as a direct consequence of a water
table rising triggered by an intense industrial decommissioning phase (Wilkinson 1985;
Vazquez-sune and Sanchez-vila 1999; Hayashi et al. 2009; Lamé 2013; Gattinoni and
Scesi 2017).

These interactions can introduce risks and disturbances both for GW and the
infrastructural elements: a) GW flow can be impacted, and a fragmentation of the aquifer
can occur, with an influence on GW mass balance (Attard et al. 2015); Uls can also be
damaged, with flooding of lower levels, corrosion of foundations (Vazquez-Suii¢ et al.
2005; Attard et al. 2016) and stability issues determined by an intense water pressure
(Liu et al. 2022); b) GW temperature can be impacted, due to the high density of Uls
that can alter the geothermal potential of the shallow GW system, combined with the
increase use of shallow geothermal installations (Epting and Huggenberger 2013; Bayer
et al. 2019; Noethen et al. 2022); consequently, ¢) GW quality can be affected, as the

formation of the subsurface urban heat island (SUHI) can alter the chemical-physical
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properties and the bacterial community of GW (Blum et al. 2021; Previati et al. 2022).
Moreover, other direct (materials used for Uls) and indirect reasons (i.e. inflow of
pollutants due to GW drawdown) (Chae et al. 2008; Attard et al. 2015) can determine a

risk for water quality.

All these considerations highlight the importance of a coordinate management of all the
resources in underground urbanism (Li et al. 2013b; Li et al. 2013c¢). In this sense, the
adoption of centralized data platforms gathering all the information about the
underground elements could properly support decision makers (Admiraal and Cornaro
2016; Di Salvo et al. 2020). Through a deep knowledge of the subsurface, city planners
must operate to give the right value to each topic, trying to create resilient, sustainable
and liveable cities (Bricker et al. 2017). To do so, the development and application of
different tools (i.e. numerical modelling) is needed to assess the current variability and
how to relate it with possible changes in the underground framework, thus supporting

the stakeholders in their decision-making processes (Attard et al. 2017).
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2. Aims of the PhD Project

The main aim of the present PhD project is to conduct research activity on urban

hydrogeology. More in detail, this project deals with the development of methodologies

and tools in order to provide a deep understanding of the interactions between GW and

the Uls in the complex and evolving reality of Milan metropolitan city. In addition, the

project aims at looking for effective solutions to define an urban GW management plan.

To reach this goal, three different tasks have been developed on specific topics. In

particular:

L.

Implementation of a 3D Geodatabase (GDB) for urban underground
infrastructures (Uls): this topic was addressed using Open Data as the
primary source of information. The information on different categories of
Uls has been then digitized and stored by means of GIS tools. Once
gathered, this information has been then applied and examined in the
subsequent parts of the work.

Hydrodynamic characterization of the shallow aquifer to support
underground management: this part of the project was developed through
the application of data-driven and geospatial techniques to detect the
potential variables influencing the water table behaviour.

GW/UISs interactions: this issue was investigated through the realization of
a local scale numerical model for the western portion of the city. In

particular, the model aimed at estimating GW infiltrations into Uls.
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2.1. Implementation of a 3D Geodatabase (GDB) for urban underground
infrastructures (Uls)

Transition to sustainable development implies the urban governance to combine
environmental protection and economic growth (Li et al. 2013a; Li et al. 2013b). To do

so, a rational management of all the urban resources should be a priority.

Favouring the tendency of a vertical development, to limit the urban sprawl, means to
consider also the subsurface in urban planning policies (Parriaux et al. 2006; Blunier et
al. 2007; Koziatek and Dragic¢evi¢ 2017). Using this hidden, yet valuable asset is crucial
to further develop in a sustainable way (Admiraal and Cornaro 2016). However,
planning underground strategies took place in the past with a lack of long-term vision
(Parriaux et al. 2004; Sterling 2007; Delmastro et al. 2016); the historic top-down
development was made on the basis of a first come first served approach (Bobylev 2009),
considering only the element to be constructed and not the subsurface as a whole to be
sustainably managed. Consequently, in highly urbanized areas, finding space in the first
subsurface layers has become nearly impossible for new infrastructures (Bobylev 2009;
Sterling et al. 2009). This saturation in the shallow portions from the ground acts as a
constrain for new infrastructures, that are progressively built more in depth (Li 2011).
Thus, it is necessary to shift from a sectorial strategy, where the resources are considered
independently, to a combined approach, evaluating the interactions between the various
applications of the underground resources (materials, energy, space and water) (Blunier
et al. 2007) . Through this change of paradigm, urban underground should be addressed
as a valuable opportunity, rather than as an afterthought (Doyle et al. 2016).

Despite this, data collection and visualization for the different resources still occurs
separately, evidencing a lack of communication between stakeholders (Li et al. 2012;
Doyle et al. 2016; Hunt et al. 2016). Hence, sometimes a lack of data quality continues
to persist for the present (Metje et al. 2007; Sterling et al. 2009; Baiden et al. 2014). As
an integrated strategy is necessary to handle all the subsurface assets, 3D geodatabase
(GDB) research figures as an interesting field to support urban underground
management (Breunig and Zlatanova 2011; Di Salvo et al. 2020). 3D information is the

first step to ensure and define a long-term multi-use potential of the resources, avoiding
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jeopardizing them below the city (Parriaux et al. 2007). A complete catalogue of the
existing structures and assets is in fact necessary to act as a reference point to define a

management plan (Hunt et al. 2016).

Usually, a large amount of information is available in urban areas, also as historical data
(Carneiro and Carvalho 2010; Culshaw and Price 2011; Vazquez-Suiié et al. 2016).
Notwithstanding, as previously mentioned, much of this information is not stored in
standardized or ordered formats but rather is dispersed among the various institutions
and stakeholders that generated and collected them using different protocols and criteria
(Vazquez-Suiié et al. 2016). A more profitable collaboration between the administrations
could positively influence the development of management plans in urban underground
policies, through enabling the realization of a more comprehensive database. In fact,
archiving and standardizing this amount of information into accessible formats requires
a lot of administrative effort and time. However, the creation of a centralized platform
is needed as this data, after being pre-processed, are translated into 3D GW numerical
models (Vazquez-Suné et al. 2005; Li 2011). To facilitate this achievement, the opening
of data could be beneficial: on the one side, sometimes Open Data contain incomplete
or obsolete information; beyond that, through Open Data the creation of new information
could be favoured, avoiding also to collect the same information repetitively, thus
improving the policy-making process (Arzberger et al. 2004; Zurada and Karwowski

2011; Janssen et al. 2012).

In urban areas, the GDB serves as a toolbox to access the geometries of Uls, as the
volumes of buildings (Breunig and Zlatanova 2011). Information on the location and
depth of Uls are useful to evaluate the interactions with the water table and identify their
spatial distribution. A 3D GDB should be simple and flexible, collecting the necessary
information to be integrated into models. Moreover, a database should be easily

upgradable, thus considering future urban planning modifications (Frigerio et al. 2013).

All these procedures of realizing, managing and integrating a 3D GDB can be aided by
the adoption of Geographic Information Systems (GIS) (Delmastro et al. 2016). GIS

tools could be useful also for their flexibility in visualizing, interpreting and sharing this
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information, thus actively contributing to the adoption of proper urban planning
strategies (Marker 2009). Their application allows to raise awareness in both thinking
3D and “long-term”: this is fundamental as urban underground constitutes the last space
of liberty for cities (Parriaux et al. 2007), thus requiring the implementation of well-

coordinated planning policies.

This topic was addressed in this first part of the PhD project through the implementation
of'a 3D GDB for Uls for the city of Milan, adopting Open Data as the primary source of

information.

2.2. Hydrodynamic characterization of the shallow aquifer to support
underground management

Environmental datasets are growing in size, complexity and resolution; as a
consequence, applying data science becomes an opportunity in different fields of
research (Kanevski et al. 2008; Gibert et al. 2018). However, the potential value of this

stored amount of information is not often properly exploited (Zanotti et al. 2019a).

As regards GW, possible threats from pollution, overexploitation or climate change
issues impose the need of a detailed monitoring of both qualitative and quantitative status
of the resource. In this sense, the spatial distribution of monitoring networks and the
frequency of measures are key factors to reveal the phenomena related to the availability

and the behaviour of the resource.

Within this scope, the application of data-driven techniques represents a valid approach
to pinpoint the main factors influencing the aquifer processes (Chae et al. 2010;

Obergfell et al. 2013).

Dealing with qualitative aspects, the availability of information on different variables
favours the application of multivariate analysis. Different techniques, as cluster analysis,
allow to identify the relationships between variables, grouping samples with similar
chemical features. This enables evidencing the main sources affecting the resource,

unravelling the presence of anthropogenic or natural pressures (Tziritis et al. 2016;
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Rotiroti et al. 2019; Pollicino et al. 2021). In this way, targeted management strategies

can be adopted to preserve GW quality.

The adoption of data-driven tools is increasing also as regards GW quantity. One of the
main fields of application is related to GW levels forecasting (Almedeij and Al-Ruwaih
2006; Zanotti et al. 2019b; Tao et al. 2022). In this case, the amount of information
available is exploited to train mathematical models to make future projections. Different
techniques, ranging from univariate to multivariate analysis, have been recently adopted
to deal with GW time-series analysis (Patle et al. 2015; Pathak and Dodamani 2019;
Naranjo-Fernandez et al. 2020; Sottani et al. 2020; Meggiorin et al. 2021). In fact, as a
time-series contains information on the evolution of an environmental phenomenon over
time, these tools can be applied to look for the presence of an internal structure revealing
seasonality, random components or trends; these latter can evidence how past values
influence the current state of a variable, thus providing an idea of the memory of the GW
system. At the same time, the application of bivariate analysis, as cross-correlation, can
reveal the relation of two variables as a function of the displacement of one with respect

to the other. Thus, the response of GW to precipitations can be investigated over time.

The main advantage deriving from their application is that information can be extracted
from the available data without requiring a deep knowledge of the subsurface parameters
of the aquifer (Chae et al. 2010; Obergfell et al. 2013; Bakker and Schaars 2019). This
means that their implementation is generally more agile than developing distributed
numerical models, that require a huge quantity of data and an extensive approximation
of geological parameters. Considering the frequent data fragmentation within the
institutions described in the previous section, using a data-driven approach could lead to
obtain at least preliminary results at specific locations, while information on the system
and its structures is still limited. Subsequently, this information can be integrated with

the realization of numerical models.

In fact, GW numerical models have peculiar capabilities, as valuable information can be
gained regarding mass balance and GW flow directions (Spitz and Moreno 1996). To

reach this goals, models should make maximum use of the existing data and their
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information content (Lotti et al. 2021b; Lotti et al. 2021a), that can also positively drive
the calibration process (Bakker and Schaars 2019).

In this sense, a combination of GW time-series analysis and numerical models could
offer wide opportunities to plan effective GW management strategies, thus bringing

valuable information to planners and decision makers .

This topic was addressed in the second part of this PhD project through an hydrodynamic
characterization of the shallow aquifer for the city of Milan. Different data-driven
techniques, supported by geospatial techniques, have been applied to identify the main
factors governing the aquifer behaviour; subsequently, these results have been adopted

to elaborate management proposals for the construction of new Uls.

2.3. GW/ UlIs interactions

Urban GW has emerged as a specific branch of research within hydrogeology, due to the
interaction of GW with many urban aspects (Vazquez-Suiié et al. 2005; Schirmer et al.
2013). Flow and transport processes governing urban GW do not differ from other areas,
while time and spaces involved in urban processes are different from other domains, as
rural areas (Vazquez-Sufi¢ et al. 2005; Fletcher et al. 2007; La Vigna 2022). This also
happens because shallow urban networks are an intricate network of sewers, tunnels and
infrastructures that make GW/UIs management challenging (La Vigna 2022). One of the
most significant aspects of urban GW models is the immense amount of information that
must be processed. However, as previously stated, information is scattered among many
sources (local authorities/suppliers, private consumers, historical archives, etc.), and
often becomes available at different stages during model development. This requires the
conceptual model to be revised frequently (Vazquez-Suiié et al. 2005). This is mainly
due to the few interactions that administrations have, in addition to a poor understanding
of the other underground domains (Parriaux et al. 2007). Once again, this evidences the
importance of structuring standardized 3D GDBs to gather and store the information on

UlIs to be used in numerical models.
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GW models can be designed and solved by means of two main approaches: the finite
difference method (FDM) and the finite element method (FEM). The main difference
between these approaches is the solving method of the flow equation. The FDM
approximates the flow equation through a differentiation, while the FEM solves the flow

equation by means of an integral approach.

In the FDM approach, the model is subdivided into rectangular subdomains through a
regular grid. In each cell, constant system parameters are assigned and the differential
equation is solved calculating the unknown variable (i.e. hydraulic head) at the central
points of the cells (Spitz and Moreno 1996). In case the geometry of the system is
irregular, the application of the FDM could result more arduous and computational
demanding. MODFLOW is the main FDM code: it is a free code developed by the
United States Geological Survey (USGS). It is organized with a modular structure, with
a main program supported by highly independent subroutines called “packages”. Each
package deals with a specific feature of the hydrologic system which is to be simulated,
such as flow from rivers or flow into drains, or with a specific method of solving linear
equations that describe the flow system. The modular division allows the user to analyze
independently specific hydrologic elements of the model. In this way, the development
of new modules or packages is facilitated, as the already existing modules are not
modified (McDonald and Harbaugh 1988; Harbaugh 1990; Harbaugh 2005). With the
exception of MODFLOW-USG, previous versions of MODFLOW supported only
“regular” grids composed of rows, columns, and layers of rectangular-prismatic cells.
The development of MODFLOW 6 also supports “unstructured” grids whose cells need
not to be rectangular and whose connectivity is not restricted to rows, columns, or layers.
This unstructured connectivity allows the user a wider flexibility in constructing grids
that conform also with irregular geometry and complex geology (Langevin et al. 2017),

thus overcoming previous difficulties of FDM.

As for the FEM, almost no restrictions on the elements shape are present; this determines
a wider flexibility in the model discretization with respect to the FDM. Usually, the
model is divided into subareas, called elements, having triangular, or also tetrahedral and

hexahedral shapes. These shapes allow to adapt FEM to solve complex geologic
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problems, and can support the development of complex fluid and transport processes
(Previati et al. 2022). FEM usually approximates the solution of the hydraulic head
through piecewise linear functions and its distribution is approximated for each element
by a linear function (Spitz and Moreno 1996). FEFLOW, a proprietary and not freely

available numerical code, is the main FEM code.

FEM does not guarantee the local mass conservation, while on the contrary FDM
provides a mass conservative solution. This situation, and the modular structure that
allows a certain flexibility in modelling and analyzing the hydrogeologic elements,

makes MODFLOW the international standard to develop GW flow models.

In urban areas, many GW management models have been realized, through different
modelling approaches (Attard et al. 2015); despite this, a recent study (Bricker et al.
2017) stated that GW management is still lacking in future city visions, although water
is included in future cities assessment (Rojas-Torres et al. 2014). This means that
ecosystem services provided by urban underground space (as GW) are not yet fully
appreciated by most city representatives (Parriaux et al. 2007). In this framework,
numerical models figure as important tools to enhance the understanding of the system
behaviour, thus making GW more visible also for non-experts (La Vigna 2022). In urban
domain, evaluating topics as the relation between GW and the Uls, the thermal effect
induced by geothermal systems and the subsurface elements, or possibly related
contamination effects is possible. Thus, their implementation can enable stakeholders to

elicit their preferences for different management options (Wu and Lee 2015).

In this third part of the PhD project, the topic of GW/UIs interactions was addressed
testing a methodology to quantify GW infiltrations into Uls, through the combined use
of HFB and DRN packages and MODFLOW-USG.
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3. Study Area

The study area of this PhD project covers 440 km? within the Milan metropolitan area.
Milan city is highly populated and urbanized, hosting 1.4 million people. Being located
in the middle of the Po Plain, Milan has always been strategic and economically
important for Northern Italy. Nowadays, an urban transformation is taking place, that is
leading Milan to become an important European reality. Historically, the area has always
been interested by an intense industrial and agricultural development (Bonomi et al.
2009; Pulighe and Lupia 2019). The northern and the central areas of the city are mostly
urbanized, while agricultural activities are still conducted in the western and southern
portions of the domain (Fig. 3.1). The Navigli canals (Naviglio Grande, Naviglio Pavese
and Naviglio Martesana) have been exploited since the 12 century to provide water for
these irrigation activities. In the past, these man-made structures were also used for
commercial purposes. These surface water canals are part of a wide hydrographic
network that characterizes the area. The Olona, Seveso and Lambro rivers, that originate
from the Northern foothills, are part of this surface network. Except for Lambro River,

Olona and Seveso rivers are partly culverted within Milan city.

The geological and hydrogeologic setting of this part of the Po Plain has been deeply
studied both in the past (Regione Lombardia & ENI Divisione AGIP 2002) and recently
(Regione Lombardia 2016). Three main hydrostructures can be identified: a shallow
hydrostructure (ISS), an intermediate hydrostructure (ISI) and a deep hydrostructure
(ISP). ISS has an average thickness of 50 meters, and it is mainly composed by sands
and gravels. Moving deep towards the ISI, the lithological composition is characterized
by the same materials, but with an increased presence of silty layers. A more uncertain
lithological composition characterizes the ISP, due to an insufficient availability of
geological information. Within the goals of this PhD project, the shallow aquifer of the

ISS has always been the main focus of all the tasks.

The western and the south-western portions of the domain are interested by the presence
of lowland springs: their occurrence is observed across the entire Po-Plain in a 20-km-
wide belt. Changes from North to South in both the ground surface slope gradient and
sediment permeability from coarse (i.e. gravel and sand) to fine (i.e. silt and clay)

materials favour their formation, thus inducing GW to outflow (De Luca et al. 2014). As
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their flow rate is constant, these natural elements have been exploited in the past for

irrigation purposes.

GW levels in the study area have consistently varied over time, mostly as a consequence
of human activities. Industrialisation determined an extensive use of GW since the early
1960s; around 1975 this huge amount of withdrawals caused a general decrease of the
water table. In the northern sector, a water level depth of more than 30 meters from the
ground was measured. GW levels started to gradually recover from the end of the *70s,
triggered by intense precipitations, an economic crisis and the development of new
industrial technologies (Bonomi 1999). Since the beginning of the ‘90s, the
decommissioning of the industrial districts, mainly located in the northern sector of the
town, led the water table to rise once again (i.e. with a maximum rise of about 10—
15 meters in the northern area). The GW rebound caused flooding episodes for some
underground structures (Cavallin and Bonomi 1997; Gattinoni and Scesi 2017; Colombo

et al. 2018), including car parks and subway tunnels.

In recent years, the installation of low-enthalpy geothermal systems for heating and
cooling of buildings has increased, to fulfil the goal of limiting greenhouse gases
emissions. Two different kinds of geothermal systems can be adopted: ground-coupled
heat pumps (GCHPs) and GW heat pumps (GWHPs). As regards Milan city, GWHPs
are mostly installed especially in the downtown area. This choice is made as these
installations are economically favoured only in presence of high thermal demands, as
the costs of installation are compensated by the obtained thermal energy (Previati et al.
2022). Regional laws permit GW re-injection only in the shallow geological unit.
However, for specific situations, GW is not discharged into the aquifer, but in surface

water bodies: in this way, GW level rising can be locally controlled.

In the next future, a further subsurface development is expected, as already defined by
urban planning policies (Plan of Government of the Territory, PGT, 2019). Thus, new
Uls will be built. Consequently, the definition of an urban underground management
plan figures as an important task to achieve, in order to properly handle all the

underground resources, considering also the interaction between GW and the Uls.
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Fig. 3.1. a) Geographical setting of the study area; b) Main hydrographic (lowland springs and surface water
network), anthropogenic elements (subway tunnels, GWHPs) and land use classes from Dusaf 6.0 (Regione
Lombardia 2021). Information regarding the GWHPs is updated at July 2021 and has been obtained from
Regione Lombardia 2021.
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4. Thesis Structure
The PhD project has been organized in three sections:

e Section I: Implementation of a 3D Geodatabase (GDB) for urban underground
infrastructures (UI);
e Section II: Hydrodynamic characterization of the shallow aquifer to support

underground management;
e Section III: GW/UIs interactions.
D) Implementation of a 3D Geodatabase (GDB) for wurban
underground infrastructures (Uls)

This first section deals with the development of a methodology to create a detailed

inventory of the Uls for the city of Milan.

To gather information on Uls, an Open Data municipal cartography was used as the
primary source of information: the Topographic Database. In this way, the applied
procedures, depending on data availability, could be replied also in other domains. In
fact, the Topographic Database (DbT) is developed according to the European Standards
defined by INSPIRE directive. The methodology has been developed through GIS tools

and for some specific tasks required a manual digitization of some Uls elements.

The 3D GDB was subsequently adopted to reach other related purposes: through a
piezometric reconstruction of different GW conditions, the areas showing a situation of
submersion (i.e. Uls volumes lying below the water table) have been detected. The
obtained results can provide a valid tool to the decision makers to manage the future

underground development of the city, also considering GW/UIs interactions.

The results of this section have been summarized in the following published paper, that

is presented in Chapter 5 of the PhD thesis:

A 3D Geodatabase for Urban Underground Infrastructures: Implementation and

Application to Groundwater Management in Milan Metropolitan Area

Davide Sartirana ! *, Marco Rotiroti !, Chiara Zanotti ', Tullia Bonomi !, Letizia Fumagalli '

and Mattia De Amicis !
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1)) Hydrodynamic characterization of the shallow aquifer to support
underground management

In this second part of the thesis, the main task was the application of data-driven methods
to analyse GW time-series of 95 monitoring wells (MWs) of the shallow aquifer,
covering the period 2005-2019. Different statistical techniques have been used to extract
as much information as possible regarding the processes that influence the water table
behaviour (i.e. geology, precipitations, withdrawals, and land use). Among the applied
techniques, hierarchical cluster analysis was performed to group GW time-series
depending on their piezometric trends. The application of clustering techniques for
quantitative analysis has grown in recent years, while being mostly applied for
qualitative investigations in the past. Results of the analysis carried out have been
interpreted with a double aim: a) to identify different sectors of the domain having local

hydrogeologic behaviours, to be possibly adopted in the future as GW management
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units; b) to elaborate targeted guidelines for the construction of new Uls within the
territorial units identified. Through an improvement of the urban conceptual model, also
this part of the study could provide valuable support to the stakeholders in the framework

of urban underground management.

The results of this section have been summarized in the following published paper, that

is presented in Chapter 6 of the PhD thesis:

Data-driven decision management of urban underground infrastructure through

groundwater-level time-series cluster analysis: the case of Milan (Italy)

Davide Sartirana ! *, Marco Rotiroti !, Tullia Bonomi !, Mattia De Amicis !, Veronica Nava !,

Letizia Fumagalli ! and Chiara Zanotti !
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IIT) GW/ Uls interactions:
The main task in this last part of the PhD project was the implementation of a local-scale
urban numerical model for the western part of Milan city, aimed at identifying the

interactions between GW and the Uls.

Particularly, the main goal of the model was to provide a preliminary estimate of GW
infiltrations into Uls and the portions of the domain mostly affected by this issue.
Flooding episodes have been documented in the past for different Uls. Through this
approach, useful information could be provided to the stakeholders to design
management solutions to face this issue. To do so, a steady-state GW flow model was
realized using MODFLOW-USG as numerical code, modelling the Uls through a
combination of two MODFLOW packages: HFB and DRN packages. Respectively,
HFB was used to set the wall conductance depending on the presence of lining systems
for a given UI, while the DRN package was set inside the HFB to simulate a possible
water collector system, thus allowing to quantify the possible infiltrations. The
numerical model was calibrated by means of a trial and error method against a maximum
GW condition, thus reflecting a possible critical situation for Uls. A preliminary
quantification of the possible infiltrations has been done by interpreting MODFLOW

mass balance outputs.

The results of this section are discussed in the following published paper, that is

presented in Chapter 7 of the PhD thesis:

Quantifying Groundwater Infiltrations into Subway Lines and Underground Car
Parks Using MODFLOW-USG

Davide Sartirana ' *, Chiara Zanotti !, Marco Rotiroti !, Mattia De Amicis ', Mariachiara

Caschetto !, Agnese Redaelli !, Letizia Fumagalli ' and Tullia Bonomi !

"Department of Earth and Environmental Sciences, University of Milano-Bicocca, Piazza Della
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Topographic Database
Abstract

The recent rapid increase in urbanization has led to the inclusion of underground spaces
in urban planning policies. Among the main subsurface resources, a strong interaction
between underground infrastructures and groundwater has emerged in many urban areas
in the last few decades. Thus, listing the underground infrastructures is necessary to
structure an urban conceptual model for groundwater management needs. Starting from
a municipal cartography (Open Data), thus making the procedure replicable, a GIS
methodology was proposed to gather all the underground infrastructures into an
updatable 3D geodatabase (GDB) for the metropolitan city of Milan (Northern Italy).
The underground volumes occupied by three categories of infrastructures were included
in the GDB: a) private car parks, b) public car parks and c) subway lines and stations.

The application of the GDB allowed estimating the volumes lying below the water table
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in four periods, detected as groundwater minimums or maximums from the piezometric
trend reconstructions. Due to groundwater rising or local hydrogeological conditions,
the shallowest, non-waterproofed underground infrastructures were flooded in some
periods considered. This was evaluated in a specific pilot area and qualitatively
confirmed by local press and photographic documentation reviews. The methodology
emerged as efficient for urban planning, particularly for urban conceptual models and

groundwater management plans definition.

5.1. Introduction

Cities are intricate areas, where different elements interact. In the past, their expansion
has generally occurred in the horizontal direction (urban sprawl) (Zhang 2016; Koziatek
and Dragicevi¢ 2017; Guastella et al. 2019); despite this, underground urbanism was
already conceived (Utudjian 1972; Barles and Guillerme 1995; Parriaux et al. 2006;
Bélanger 2007; Sterling et al. 2012). According to previsions, 70% of the world’s
population is expected to live in cities by 2050 (Un-Habitat 2012). As a consequence of
this rapid urbanization, space hunting is moving towards a three-dimensional trend (Li
et al. 2013a; Li et al. 2013b): vertical urban development has thus been adopted to
counteract urban sprawl (Koziatek and Dragic¢evi¢ 2017), thus increasing population
density. This urban densification is leading to the building of deeper structures (Bobylev
2009; Bobylev 2016), which increases the tendency to “go underground” (Boisvert 2007;
Nishioka et al. 2007; Rein 2009; Véahdaho 2014; Vahdaho 2016).

The increasing need for space in urban areas has recently enhanced urban underground
consideration (Parriaux et al. 2007; Bobylev 2009; Sterling et al. 2012). Four subsurface
resources are key to pursuing sustainable urban underground development: space for
constructions, materials, water and energy (Parriaux et al. 2004; Parriaux et al. 2007; Li

et al. 2013a; Hunt et al. 2016).

These resources interact with each other (Attard et al. 2017). In particular, a strong
interaction between groundwater (GW) and underground infrastructures (Uls) has been

observed (Parriaux et al. 2004; Blunier et al. 2007; Li 2011). In the last few decades,
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many cities around the world have faced a rising trend in GW levels, caused by the
deindustrialization process. This produced some interferences between GW and Uls,
such as subways, car parks and basements (Wilkinson 1985; George 1992; Hernandez
et al. 1997; Vazquez-Suiié¢ et al. 1997; Mudd et al. 2004; Hayashi et al. 2009; Lamé
2013; Ducci and Sellerino 2015). The implementation of a geodatabase (GDB),
including 3D locations and uses of the underground structures, could help to manage this
issue (Attard et al. 2017). In this way, part of the large amount of data generally available
in urban areas (Culshaw and Price 2011), but not stored in a systematic way (Vazquez-
Sufi¢ et al. 2016), could be gathered in a unique structure. The GDB will contribute to
process data to be used for GW management, thus enabling the definition of an urban
conceptual model, a necessary step for 3D numerical GW flow modelling. For this
reason, these data need to be integrated with geological, hydrological, geomorphological
and other required information. Furthermore, the increasing interest in open data for
urban management and GW issues is a topic to be considered (Alawadhi et al. 2012;
Fitch et al. 2016). Indeed, the opening of data entails several barriers, related both to
providers (i.e. incomplete or obsolete information) and users (i.e. complexity of using
and interpreting data); however, a large number of benefits are related to open-data:
among them, the improvement of policy-making processes, the creation of new
information combining existing data, and avoiding repetitively collecting the same
information are included (Arzberger et al. 2004; Zurada and Karwowski 2011; Janssen

etal. 2012).

The city of Milan experienced a strong water table rise in the last few decades (Beretta
et al. 2004). As numerical GW flow modelling is the primary tool for evaluating the
interactions between GW and Uls (Vazquez-Suiié et al. 2016), different 3D models have
been realized for the urban area of Milan (Gattinoni and Scesi 2017; Colombo et al.
2018; De Caro et al. 2020). Among the Uls listed above, all these numerical models
focused only on the subway lines: interactions between GW and car parks were not

evaluated.

The aim of this work is to propose a methodology to estimate, on an urban scale, the

volume of Uls lying below the water table. This is the basis for a further evaluation of
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the impacts of the interaction between GW and infrastructures, such as the perturbation
of GW flow by infrastructures or the GW flooding of non-waterproofed infrastructures.
Three categories of infrastructures were considered in this study: a) private car parks, b)
public car parks and c) subway lines/stations and underground railway. To the best of
the authors’ knowledge, this is the first time that car parks were considered in evaluating
GW/Uls interactions in the city of Milan. On the contrary, car parks have been
considered in numerical models in other towns (Carneiro and Carvalho 2010; Attard et
al. 2016a; Jurado and Feito 2017). The last part of this work is devoted to the evaluation,
within a pilot area, of the impact of GW (i.e. flooding) on non-waterproofed public car
parks and subway lines and stations. The comparison between the results of this
evaluation and actual flooding events, identified by local press reviews and photographic
documentation reviews, helped to validate, qualitatively, the whole methodology. The
methodology here proposed is developed for the case study of Milan—however, it could
be applied to other cities worldwide with similar characteristics (i.e. municipalities

characterized by a subsurface infrastructure development).

5.2. Study Area

The study area (Fig. 5.1) covers 440 km? in the Milan metropolitan area, between
longitudes 1,503,000 and 1,525,000 and latitudes 5,025,000 and 5,045,000 (Monte
Mario Italy 1; ESPG: 3003). The city of Milan is inhabited by 1.4 million people (Istat
2011) and has had strong industrial and agricultural development (Bonomi 2009). It is
located in the Po Plain, which hosts a sedimentary aquifer system whose hydrogeological
structure has been previously investigated in detail (Regione Lombardia 2016). Three
main hydrostructures can be identified: a shallow hydrostructure (ISS), an intermediate
hydrostructure (ISI) and a deep hydrostructure (ISP). ISS and a portion of ISI are visible
in Fig. 5.2. ISS is mainly composed of gravels and sands and hosts a phreatic aquifer. In
the study area, it has a medium thickness of 50 meters and its bottom surface goes from
100 m a.s.l. (to the North) down to around 50 m a.s.l. (to the South). ISI hosts a
semiconfined aquifer mainly composed of sand and gravels, with an increasing presence

of silty and clayey layers compared to the upper hydrostructure. Its bottom surface goes
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from 70 m a.s.l. (to the North) down to -50 m a.s.l. (to the South) for the area of interest,
with an increasing thickness moving from N to S along the cross section (Fig. 5.1b, Fig.
5.2). ISP hosts a confined aquifer, but its composition is mainly uncertain due to a

reduced number of available data.

GW has been extensively exploited for industrial use since the early 1960s. The
maximum water depletion (i.e. minimum GW levels) was reached in the years from the
1960s until the early 1990s, with a water table more than 30 meters deep in the northern
sector. During this period, some Uls (car parks, subway lines) were built, sometimes
with no waterproofing works (Cavallin and Bonomi 1997; Bonomi 1999; Beretta et al.
2004), neglecting the possibility of any future GW level rise. Since the early 1990s,
because of the decommissioning of many industrial sites, GW levels have started to rise
(i.e. with a maximum rise of about 10—15 meters in the northern area), generating many
problems for Uls. Nowadays, the rising of GW is still causing severe problems, as occurs
in other European urban areas, such as Paris, Barcelona and London (Wilkinson 1985;

Vazquez-Suiié et al. 1997; Lamé 2013).

As an example of the infrastructure development of the subsurface, due to its widespread
presence within the study area, the subway network (Fig. 5.1b) is described in detail
below. Its construction began in the 1960s, focusing on the shallow portion of the
unconfined aquifer. A top-down design mechanism was adopted, following a first-come-
first-served basis approach (Bobylev 2006; Sterling 2007; Bobylev 2009). M1 and M2
lines were built at first, with a cut and cover method to avoid interrupting the traffic on
the main roads (De Caro et al. 2020). Built during the GW drawdown phase, they were
not designed with waterproofing systems (Colombo et al. 2018). M3 line and the
underground railway were built in the 1990s: due to their greater depth, they were
designed with waterproofing systems. Both these constraints and the diffusion of new
excavation methods (Parriaux et al. 2004; De Caro et al. 2020) have led to the building
of the most recent lines (M5 line completed in 2015; M4 line, still in construction) at
greater depths; these lines have been designed to reach the most peripheral areas of the

city.
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Furthermore, Milan’s vertical development has increased in recent years, implying a
deepest subsurface occupation from the Uls. At the beginning of 2019, the new Plan of
Government of the Territory (PGT) (Milan Metropolitan City 2019a) was adopted. It
aims at reducing soil consumption and developing new sections of subway lines. This
will lead to a greater underground occupation, thus requiring a coordinated management
of all the assets involved and reliable information on their location and properties.
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Fig. 5.1. a) Geographical setting of the study area; b) the subway network of Milan; the location
of the terminal stations of each line is provided. Line AA’ points to the location of the cross

section represented in Fig. 5.2. Satellite image Source: Geoportale Regione Lombardia.
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Legend a: Maciachini (M3)
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Fig. 5.2. Hydrogeological schematic N—S cross section of the study area, showing the location of

some subway stations.

5.3. Materials and Methods

The methodology proposed in the present paper is composed of 4 steps: 1)
implementation of a 3D GDB for Uls (3D GDB), including the calculation of the
underground volume occupied by infrastructures, 2) water table reconstruction (GW), 3)
calculation of infrastructure volumes (VOL) below the water table by combining the
results of the previous steps, 4) evaluation of flooding of non-waterproofed
infrastructures (FLOOD); the comparison between the results of this evaluation and
actual flooding events, testified by local press news and photographic documentations,
is used to qualitatively validate the whole methodology. A graphical representation of

the methodology is given in Fig. 5.3.
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Fig. 5.3. Flowchart of the proposed methodology.

5.3.1. Implementation of a 3D Geodatabase for Underground Infrastructures

The Topographic Database (DbT, scale 1:2000), (Milan Metropolitan City 2019b) was
used as the main source of information to build the 3D GDB. The DbT is an open-data
basic cartographic tool owned by each municipality, used to represent the composition
of the territory at the date of the air flight performed to build it. It reports the surface
cartographic elements but not the underground volume occupied by infrastructures. This
information resides in the urban Cadastre, a cartography which represents the inventory
of the properties of the real estate units. In Italy, the Cadastre is property of the Revenue
Agency: thus, it is a non-open data source. With the aim of generating a replicable
procedure, thus only taking into account open-data sources of information, the Cadastre
was not considered in this study. The DbT was shown to be useful but not sufficient in
implementing the 3D GDB: thus, other supplementary sources were used to complete it.

The list of public car parks is available as open data at the Municipality of Milan, while
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Metropolitana Milanese S.p.a, the subway managing company, only provided for this

study information on the tracks of the subway lines and the underground railway.

The main fields of the GDB, common to the three types of Uls, are: Name/ID; bottom
reference (m a.s.l.); depth (m); area (m?); volume (m?). All the Uls were considered as

polygon features.

Three supplementary fields were added both for public car parks and subway lines:
period of construction, the number of underground floors and location for the former;
period of construction, type of infrastructure (gallery or station) and waterproofing for
the latter. Information on waterproofing was uploaded only for the subway lines since
this was the only category of Uls having this information. For both private and public

car parks it was difficult to obtain this information.

All the data collected were processed in GIS systems, with ArcMap 10.7 (ESRI 2013).

5.3.1.1. Private car parks

Within the specifications of the DbT, an information layer called "dressing lines" was
included; these elements are mainly used for cartographic representation: among them,
ramp lines are contained. Starting from the ramp lines, ramps were digitized as polygons

through a neighborhood algorithm (i.e. buffer), to estimate their areal distribution.

Subsequently, an assumption was made: if an access ramp is present, then it leads to an
underground volume. A spatial analysis procedure was therefore developed, to
automatically identify all the buildings adjacent to the underground access ramps, listing
them as elements having subsurface occupation (Fig. 5.4). Tests were carried out with
different distances (3, 5 and 10 meters) to provide the definition of a suitable distance so

that the closest building could be associated with a given ramp.

This methodology allowed us to identify the areal extension (with the same scale as the
DbT) of the possible underground occupation, whose surface is comparable with the
polygon of the building, but not the occupied volume, since the depth is not available.
Therefore, given future GW management needs, a standard depth of 5 meters has so far

been attributed to each element. This depth was considered exhaustive to satisfy the
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underground needs of each building, which were estimated as one floor. The bottom
reference was calculated subtracting the attributed depth of 5 meters to the Digital

Terrain Model value measured at the centroid of each infrastructure.

Legend
- Private Car Parks

- Ramps

s Dressing Lines

Fig. 5.4. Schematization of the procedure to calculate the underground volume occupied by
private buildings. a) Identification of the dressing lines. b) Digitization of the ramp polygon
associated to the dressing lines. ¢) Spatial analysis to associate the building with the ramp.

Satellite image source: Geoportale Regione Lombardia.

5.3.1.2. Public car parks

The city of Milan has a list of 126 car parks classifiable as public (municipal-owned car
parks, granted to private users). The perimeter of each public car park was manually
digitized (time spent: three man-months) using the few elements present in the DbT
(ventilation grilles, fire tanks, elevators lifts) as markers for the digitization, together
with other documentary sources (press review, aerial images, public photographic

archives). Thus, these elements were digitized with the same scale as the DbT. While for
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private car parks the subsurface occupation was estimated at one floor, these parks are
characterized by a multi-story development: the number of underground floors depends
on the parking needs of each area, with possible differences among different areas of the
city. To estimate their volumetric impact on the subsurface, the existing number of
underground floors was then considered. The total depth of each car park was assigned
as follows: to the first floor, considering also the access ramp to the parking, a depth of
5 meters was assigned; to all the other floors, a depth of 3 meters was assigned (Pappa
and Benardos 2007). The bottom reference of each public car park was calculated in the

same way as for the private car parks.

5.3.1.3. Subway lines and underground railway

The subway lines and the underground railway are represented in the DbT as lines, but
no information is available about the bottom elevation. Furthermore, since the DbT was

updated to 2012, the M5 line, of more recent construction, does not appear.

The altimetric profiles of each subway line and of the underground railway, together
with information on the average diameter of the tunnels of each track, were provided by
Metropolitana Milanese S.p.a, the subway managing company. The digitization of points
and of their altitude along the various sections of each line was carried out to define the
lower limits of the infrastructures (bottom of the stations, intervention works and
tunnels); from these limits, considering the average tunnel diameter of each line and
since all the stations reach the ground level, reliable thicknesses and depths were
considered. Thus, final polygons have a centimeter geometric accuracy. The M2 line and
the underground railway are constituted both of superficial and underground stretches;

the formers were not considered in the calculation.

5.3.2. Reconstruction of the Water Table

GW levels were provided by the local water authority (Metropolitana Milanese S.p.a);
piezometric trends at each measured location were reconstructed to identify a global
minimum, a local minimum, a global maximum, and a local maximum of the GW level

time series. The period examined was between January 1990 and December 2019.
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Potentiometric maps for the shallow aquifer were reconstructed for the identified
periods. GW heads in wells were interpolated using universal kriging due to the presence
of a piezometric trend (from NW to SE) (Bonomi et al. 1998; Beretta et al. 2004); (Isaaks
and Srivastava 1989; Goovaerts 1997; Kitanidis 1997; Webster and Oliver 2001).

5.3.3. Calculation of Infrastructure Volumes Below the Water Table

Combining the results of the previous steps, volumes below the water table and their
variation over time were quantified through a spatial analysis of the available data
(“Polygon Volume” and “Surface Difference” tools available in ArcMap 10.7). The
“Polygon Volume” tool was used to quantify the volumes lying below the water table
for punctual infrastructures (i.e. private and public car parks), while the “Surface
Difference” tool was used for subway lines; as these latter are continuous infrastructures,
their bottom was considered as a surface, thus calculating the displacement between two
surfaces (i.e. subway lines bottom and water table). The bottom of Uls was considered
as the reference limit to quantify the volume of an infrastructure lying below the water

table.

5.3.4. Evaluation of the Impact of Groundwater on Non-Waterproofed

Infrastructures in a Pilot Area

Following the calculation of infrastructure volumes below the water table, a pilot area
was identified, including the three categories of Uls, to evaluate the impact of GW on
these infrastructures. If a lack of an appropriate waterproofed system emerged, these
infrastructures were considered as vulnerable to infiltrations or flooding. Stretches of
lines M1 and M2 fall within this area, as well as some of the oldest public car parks
included in the GDB. The infrastructures identified as flooded were compared to
available local press news and photographic documentations. Their matching can be

considered as a qualitative validation of the whole methodology here proposed.
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5.4. Results

5.4.1. 3D GDB Implementation and Analysis

The application of the methodology developed to identify private car parks led to the
insertion into the GDB of 11,283 buildings out of 53,041 among those included in the
DbT. This result was obtained using an association distance of a building with a given
ramp of 5 meters, which emerged as the optimal distance for the study area. Their
territorial distribution shows a higher concentration of underground occupation in areas
urbanized after post-war reconstruction, in line with the development of the city urban

fabric. An example of their features is provided in Table 5.1.

Table 5.1. Main features of selected private car parks (PrCP) located in the study area.

Name/ID Bottom (m Depth (m) Area x 10° | Volume x 103
a.s.l) (m?) (m?)
PrCP1 119.32 5 0.12 0.59
PrCP100 117.27 5 0.23 1.17
PrCP1000 112.99 5 1.37 6.87
PrCP10000 127.94 5 0.14 0.71
PrCP11283 127.52 5 0.48 2.39

Total Parks: 11,283 45,100.96

A brief example of the list and features of the 126 public car parks is provided in Table
5.2. The overall list is presented in Table S5.1 (Supplementary Materials). The highest
density of underground car parks is in the city center, where the oldest (<1990) and the
most recent (2007-2014) car parks were built. Furthermore, these parking lots present a
higher depth with respect to the ones located in the most peripheral areas of the city,

built mostly from the 1990-2002 period onward.
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Table 5.2. Main features of some of the public car parks located in the study area. CP stands for

construction period.
Area Volume
Bottom (m Depth
Name x 103 x 103 CP Floors Location
a.s.l.) (m)
(m?) (m?)
2002-
Silla 131.3 5 5.82 29.1 1 North
2007
Erculea 100.91 17 1.3 22.10 <1990 5 Downtown
Risorgimento 2007-
96.9 20 1.43 28.6 6 Downtown
Nord 2014
Ciclamini/ 1990-
111.5 8 3 24 2 West
Margherite 2002
2002-
Cascina Bianca 106.2 5 7.88 394 1 South
2007
Total Parks:
5,157
126

An example of the main characteristics contained in the 3D GDB for the subway lines

and the underground railway is provided in Table 5.3.
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Table 5.3. Main features of some stretches of the subway lines and underground railway located

in the study area. CP stands for construction period.

Area | Volume
Bottom (m | Depth
Name Ly @) x 103 x 103 cp Type | Waterproofed
as.l. m
(m?) (m%)
Duomo
107.64 12.47 5.56 69.33 <1990 Station No
M1
Sant’ Agosti
99.12 17.35 1.37 23.77 <1990 Station No
no (M2)
Duomo 1990-
95.7 25.05 4.59 114.98 Station Yes
(M3) 2002
2021-
Linate (M4) 98.91 11.1 4.25 47.17 Station Yes
2023
Lotto (M5) 98.47 26.28 2.41 63.33 >2014 Station Yes
Repubblica
—P.ta 1990-
100.9 8.5 6.15 52.27 Gallery Yes
Venezia 2002
(UR)
Total
13,702.6
elements:
7
388

A map showing the location and volumes of all the underground infrastructural elements
contained in the 3D GDB is provided in Fig. 5.5. Moreover, a more detailed visualization
of the contents of the 3D GDB is made available through a WebGIS service

(https://arcg.issHHWDIi0). Larger volumes for a single element reach up to more than

100 x 10° m? and refer to subway elements; smaller volumes are less than 10 x 10° m*

and mainly refer to private car parks. However, total volume for each type of
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infrastructure reveals that private car parks occupy larger volumes (45 x 10® m®) than

railways (14 x 10° m?), followed by public car parks (5 x 10° m?).

Legend (Volumes)

B <10<10° me
10-30 % 10° m?
30-50x%10° m?
50-100 x 10° m?

B >100x10° m?

|:| Municipality of Milan

? . ;
W#E
0 3 6 Km

Fig. 5.5. Location and volumes of all the infrastructural elements contained in the 3D GDB

(private and public car parks and subway lines).

5.4.2. GW Table

Ten monitoring wells (MW) (Fig. 5.6b), distributed across the domain, were selected to
perform the piezometric trend reconstructions. As described in Section 5.3.2, four
periods were identified: January 1990 (Jan90) as the global minimum of the whole
considered GW level time series; December 2002 (Dec02) as a local maximum of the
GW level time series; September 2007 (Sep07) as a local minimum; December 2014
(Dec14) as the global maximum. GW table maps for the shallow aquifer (ISS) for these
four periods are provided in Supplementary Materials (Figs. S5.1, S5.2, S5.3 and S5.4).

Jan90 could be identified as the overall starting point of the increasing trend consequent
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to the industrial decommissioning which began in the early 1990s (Beretta and Avanzini
1998; Bonomi et al. 1998). However, this is not the historical global minimum, which
occurred at the end of the 1970s, determined by an intense industrial exploitation
(Bonomi 1999). As visible in Fig. 5.6a, monitoring wells located in the northern part of
the domain registered a wider oscillation of the water table than the southern ones.
Reduced oscillations in the southern area are due to geological and hydrogeological
reasons: changes in sediment permeability from coarse (i.e. gravel and sand) to fine (i.e.
silt and clay) induce GW to outflow, forming numerous lowland springs (De Luca et al.

2014), and thus constraining GW oscillations.

A general rising trend is identifiable in the period considered, except for seasonal trends

emerging in the local minimum and the global maximum periods.
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Fig. 5.6. a) Monitoring wells (MW) time series for the considered period (January 1990-
December 2019). b) Location of the MWs in the study area.
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5.4.3. Infrastructure Volumes Below the Water Table

The results in Fig. 5.7 are provided only for the local minimum (Sep07) and the global
maximum condition (Decl14): the majority of Uls were built in these periods, thus

facilitating the comparison of the results.

Volumes below the water table for private car parks were identified both in minimum
and maximum GW level conditions (Fig. 5.7). In the minimum GW level period (Sep07),
a few volumes were found to be below the water table (a total of 0.32 x 10° m?), most of
which were concentrated in the western part of the study area. In maximum GW level
conditions (Decl14), the total amount of volumes below the water table increased,
reaching 1.12 x 10° m?, and their spatial distribution expanded toward the south-eastern
portion of the area. Furthermore, a few volumes below the water table also emerged in

the northern sector of the study area.

As regards public car parks, in the northern part of the area, the unsaturated zone of the
aquifer is wider than in the southern part (Fig. 5.2); therefore, only deep volumes can
actually be reached by the water table. Most of the public car parks in the northern part
of the area are only developed on two underground floors, therefore they do not appear
to be within the range of the water table oscillation. In contrast, in the southern part of
the city, more car park volumes lie below the water table (Fig. 5.7). Particularly in the
western part, where car park depth is limited to two underground floors, the analysis
revealed that car park volumes are below the water table only during the maximum
period. On the other hand, in the downtown, the car parks can have up to six floors.
Because of this, the analysis identified several car parks with volumes below the water
table also during the minimum period. In the southernmost part of the area, most of the
car parks range between one and two floors, while only in a few cases do they reach
three floors. In the latest case, the analysis showed volumes below the water table during

both minimum and maximum conditions.

As regards the M1 subway line, its westmost stretch, close to Bisceglie station (M1-a,
Fig. 5.7), was frequently below the water table. Apart from Jan90, when this section was

still under construction, some portions of this stretch always revealed an interaction with
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the water table. Volumes below the water table were also identified in the most recent
northern stretch of this line, including Rho Fiera and Pero stations (completed in 2005)
for both Sep07 and Dec14 periods (M1-b, Fig. 5.7). Furthermore, during the maximum
GW level periods, some similar situations emerged in different areas: in particular, in
the northern stretches of the line, from Bonola to Uruguay stations (M1-c, Fig. 5.7b),
and in the stretch between QT8 and Lotto stations (M1-d, Fig. 5.7b). In the downtown
areas, a few volumes below the water table emerged in the maximum periods between
Palestro and Porta Venezia (M1-e, Fig. 5.7b), Porta Venezia and Lima (M1-f, Fig. 5.7b)
and between Loreto and Pasteur stations (M1-g, Fig. 5.7b).

For the M2 line, the section around Sant’ Agostino station (M2-a, Fig. 5.7) emerged as
the stretch that most frequently reveals volumes below the water table, during all the
considered periods. From Dec02 onward, the section between Loreto and Udine stations
(M2-b, Fig. 5.7b), particularly between Piola and Lambrate stations (M2-c, Fig. 5.7),
showed some volumes below the water table. During the maximum GW levels periods,
volumes below the water table also emerged in the downtown areas between Lanza and

Moscova (M2-d, Fig. 5.7b), and between Garibaldi and Gioia stations (M2-e, Fig. 5.7b).

The M3 line was inaugurated around the middle of 1990, so Jan90 was not evaluated in
the analysis. Except for Centrale and Repubblica stations (M3-a, Fig. 5.7b), located in
the downtown area, the central part of the line was always below the water table. A

similar situation was for the southern stretch of the line.

The underground railway was inaugurated in 1997. As for the M3 line, volumes below

the water table were identified along most of the line.

The analysis of the volumes below the water table was not performed for M4 and M5
lines. The M4 line is under construction, and its completion is expected to be between
2021 and 2023. The M5 line was inaugurated in 2015, so after the identified GW local
and global periods.
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Legend (Volumes below the water table)
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Fig. 5.7. Volumes lying below the water table for the local minimum of Sep07 a) and for the
global maximum of Dec14 b). Color coding indicates percentages of the volumes below the water

table.

The results that emerged in this study for the subway lines and the underground railway
are consistent with what was discussed by Colombo (Colombo 1999), who identified the
Ml-a, Ml-c to M1-g, M2-a and M2-c to M2-e areas as the most critical concerning
GW/UIs interactions.

The evolution of the volumes lying below the water table over time is reported in Fig.
5.8 as percentages of the total volume for each type of infrastructure for the four periods
considered. A general increasing trend of the volumes below the water table has been
observed, connected to the GW rising trend visible in Fig. 5.6a, with marked seasonal
oscillations for the local minimum of Sep07 and the global maximum of Decl4.
Percentages are minimal for private car parks, due to their reduced depth, while an
increase is visible for public car parks and subway lines. For these latter cases, the
increase is related to their period of construction, with the more recent lines showing a

higher percentage of volumes below the water table.
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Fig. 5.8. Volumes and portions below the water table (cyan expressed as percentages of the total

volume) over time for: a) Private Car Parks, b) Public Car Parks, ¢) Subway Line M1, d) Subway

Line M2, e) Subway Line M3, f) Underground Railway. Y-axis scale is the same for all the

categories, except for Private Car Parks, where 107 has been kept as an order of magnitude.

5.4.4. Impact of Groundwater on Non-Waterproofed Infrastructures in a Pilot

Area

The impact of GW on non-waterproofed infrastructures was evaluated for a pilot area of

2.56 km? (Fig. 5.9), located in the downtown area, including five public car parks, six
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stations and eight stretches of the subway lines M1 and M2. Except for Sant’ Ambrogio
car park, which was inaugurated in 2014, the other public car parks were theorized as
non-waterproofed. In this area, volumes lying below the GW table were not identified

for private car parks.
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- M2 Gallery
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E Municipality of Milan

Fig. 5.9. a) Geographical setting of the pilot area. Locations of volumes lying below the GW
table for the maximum GW level condition of Dec14 are shown. b) Uls within the pilot area. (P)

means public car park; (S) means station. Satellite image Source: Geoportale Regione Lombardia.

A graphical representation of the volumes lying below the water table for all the periods
considered is provided in Fig. 5.10, providing information on the possible risk of
flooding due to non-waterproofing. In this work, the quantification of flooding was not
examined; thus, flooding is intended just as a qualitative validation (i.e. infrastructures

which can present infiltrations or flooding).
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Fig. 5.10. Volumes lying below the GW table in a) Jan90, b) Dec02, ¢) Sep07, d) Dec14. Colour

coding indicates percentages of the volumes below the water table. Satellite image Source:

Geoportale Regione Lombardia.

The results for all the infrastructural elements considered are summarized in Table 5.4.

Concerning subway stations, Sant’ Agostino (line M2) was the most affected, followed

by Sant’ Ambrogio (line M2), which was only slightly affected. Accordingly, the M2 line
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stretches to/from and between these stations were estimated to be flooded. On the
contrary, line M1 stretches and stations, located in the northern portion of the pilot area,
did not reveal volumes below the water table in each of the periods considered (Fig.
5.10), as occurred also for the considered northern portion of the M2 line (Fig. 5.10),
due to their shallower depth.

An additional 3D reconstruction of the historical evolution of the most affected
Sant’ Agostino M2 station was realized (Fig. 5.11). During GW maximums (Figs. 5.11c¢
and 5.11e), the gallery stretches to and from the station was completely submerged by
the water table, and thus flooded. Moreover, the flooding of the station and galleries is
estimated, with a lower extent, also for GW minimum periods. Thus, Sant’ Agostino
station can be considered as being constantly impacted by flooding. This assumption is
confirmed by actual flooding events that frequently happened in the last 10 years, as

documented by local press and photographic documentations (Fig. 5.12).
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Legend
- Sant’ Agostino Station
B M2 Gallery

S—=ui [l Rood Network
- Superficial Buildings

- Volumes below the GW
table

Fig. 5.11. a) Three-dimensional surface reconstruction close to Sant’Agostino station.
Sant’ Agostino station is visible below the road network. b) Three-dimensional underground
reconstruction of Sant’Agostino station. Volumes below the GW table of Sant’ Agostino station

in ¢) Jan90, d) Dec02, e) Sep07, f) Dec14. Images were realized with ArcGIS Pro.

Concerning public car parks, due to their deeper structures, volumes below the water
table have been identified in all the considered periods, apart from Tommaseo, which is

above the water table under minimum-level conditions (Fig. 5.10). As regards Numa
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Pompilio, as for Sant’Agostino station, the identified flooding is confirmed by
photographic documentation (Fig. 5.12¢). Some waterproofing works have been carried
out in the last decade to counteract this situation (Fig. 5.12d). On the contrary, flooding
episodes have not been documented for Sant’ Ambrogio car park, which, being more
recent, was designed as being waterproof. This approach should also be applied in the

other areas that emerged as critical from this work.

Table 5.4. Features and volumes below the GW table of the underground structures within the
pilot area. V Jan90 (%), V Dec02 (%), V Sep07 (%) and V Dec14 (%) refers to the percentage
volume below the water table of the Uls for each of the periods considered. (V) means volume;
(G) means gallery; (P) means underground car park; (S) means station. Sant’ Ambrogio car park
was considered only in the final period because it was completed in 2014. CP stands for

construction period.

Area Volume \% \% \% \%
Depth
Type Name @) x 103 x 103 Ccp Jan90 | Dec02 | Sep07 | Decl4
m
(m?) (m?) (%) (%) (%) (%)
Cadorna
S 10.65 3.53 37.59 <1990 0 0 0 0
Ml
Cairoli
S 10.16 3.40 34.54 <1990 0 0 0 0
Ml
Concilia
S zione 9.5 2.22 21.09 <1990 0 0 0 0
MI
Cadorna
S 10.31 4.06 41.86 <1990 0 0 0 0
M2
Sant’Ag
S ostino 17.35 1.37 23.77 <1990 16.47 | 35.79 16.50 34.85
M2
Sant’A
S mbrogio | 12.77 2.41 30.77 <1990 0 3.46 0 9.79
M2

63



5. Implementation of a 3D Geodatabase (GDB) for urban underground infrastructures (Uls)

Area | Volume \% \% \Y% \%
Depth
Type Name @) x 103 x 103 cp Jan90 | Dec02 | Sep07 | Decl4
m

(m?) (m%) (%) (%) (%) (%)

Pagano

G Concilia 6.5 2.34 15.21 <1990 0 0 0 0
zione

M1

Concilia
zione —
G 6.5 6.18 40.17 <1990 0 0 0 0
Cadorna

M1

Cadorna
G — Cairoli 6.5 3.55 23.07 <1990 0 0 0 0
M1

Cairoli —
G Cordusi 6.5 1.4 9.1 <1990 0 0 0 0
oMl

Porta
Genova
- 113.8
G 7 1.08 7.56 <1990 63.76 65.68 106.66
Sant’Ag 8
ostino

M2

Sant’Ag
ostino —
G Sant’A 7 3 21 <1990 12.62 | 42.77 12.40 49.88
mbogio

M2

Sant’A

mbrogio 7 6.4 44.8 <1990 0 13.76 0 20.65
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Area | Volume \% \% \% \%
Depth
Type Name @) x 103 x 103 cp Jan90 | Dec02 | Sep07 | Decl4
m
(m?) (m?) (%) (%) (%) (%)
Cadorna
M2
Cadorna
G — Lanza 7 3.98 27.86 <1990 0 0 0 0
M2
Carducc
P 17 3.42 58.14 <1990 4.26 17.63 3.75 20.79
i Olona
Numa

P Pompili 17 4.07 69.27 <1990 8.65 27.72 8.28 28.18

(o]

P Puccini 20 1.68 33.65 <1990 3.56 19.27 2.84 22.69

Sant’A 2007-
P 17 7.41 125.93 - - - 22.40
mbrogio 2014
Tommas
P 17 3.15 53.60 <1990 0 13.29 0 19.85

€0
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Fig. 5.12. a) Newspaper article of “La Repubblica” (2" July 2013), dealing with flooding
episodes in Sant’ Agostino station. b) Flooding evidence in Sant’ Agostino station (8" September
2020). (Image credits to the authors). ¢) Flooding evidence in Numa Pompilio public car park. d)
Absence of flooding evidence after waterproofing works in Numa Pompilio public car park. ¢)

and d): images were provided by Rete Irene.

5.5. Discussion

An urban transformation, which also involves the underground aspects, is taking place

for the city of Milan. A detailed inventory of all the Uls is thus required.

The GDB has allowed to gather part of the wide array of urban data, usually coming
from different sources (institutions, stakeholders, public and private owners) (Culshaw
and Price 2011; Li 2011), standardizing dissimilarities among data to properly settle
them for GW management needs. Due to the database’s simple and updatable structure,
data that with time could become available in the future will in fact be rapidly integrated
with the already existing information. Its realization has been aided by Geographic

Information Systems (GIS): their capacity for storing, analyzing and managing all types
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of geographical data (de Rienzo et al. 2009; Delmastro et al. 2016) has allowed to easily
collect information coming from different sources in a single structure; moreover, the

Uls were accurately reconstructed according to their real depths and volumes.

The methodology applied to define the underground occupation of private buildings
(private car parks) is, to the best of the authors’ knowledge, an element of novelty; it
attempts to fill a lack of information through a spatial analysis procedure, exploiting all
the cartographic content available in the DbT. However, it still requires a phase of
refinement. Indeed, in some cases, the underground volumes may be overestimated, as
for those ramps that have a superficial development but do not lead to underground car
parks (instead leading into buildings, i.e. supermarkets). In other cases, the underground
volumes may be underestimated: the methodology fails to highlight those access ramps
that fall within the perimeter of the building and therefore are not visible in the creation
phase of the DbT; however, this latter case is not a very common building typology for
the study area considered. Future developments will concern both a further detailed
validation of the obtained results (i.e. looking for coherence with respect to known

situations) and the consequent elimination of the overestimated elements.

The application of the methodology for the city of Milan was possible due to the
availability of the DbT data distributed by the "Decimetro" geoportal (Milan
Metropolitan City 2019b). The DbT is developed according to the European Standards
(INSPIRE) (Directive 2007): this contributes to the replicability of the procedure in other
study areas. Other factors are needed to strengthen the application of this methodology
elsewhere: the availability of the same typology of data, a strict collaboration among
institutions, the presence of a policy aimed at stimulating the use of open-data, and the
expertise of using and extracting valuable information from data (Janssen et al. 2012).
The association distance between the ramp and the building adopted for the city of Milan
may not be suitable for other urban realities, thus making a previous site-specific

calibration necessary.

The integration of the DbT with other supplementary sources brings out a lack of

collaboration among institutions, typical of urban data management (Culshaw and Price
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2011; Li 2011); a closer cooperation among institutions would contribute to easily

managing data both for urban underground planning and GW management aspects.

The GDB application has thus allowed to evaluate how the subsurface volumes lying

below the water table have changed among time.

In general, in the northern part of the study area, considering an assigned depth of five
meters, and a higher depth of the water table, private car parks do not present volumes
below the water table. However, in a few cases, volumes lying below the water table
were also identified in the northern sector during maximum GW levels. This was
associated with problems related to the Digital Terrain Model, which can be not fully
representative of the ground level at a given point. This can be considered as a limit of

the methodology: however, this problem emerged only in a few isolated situations.

The congestion of public car parks in the downtown Milan area is related to a high
demand for infrastructure (Bobylev 2009), due to socio-economic needs: the majority of
the economic activities is located in the city center (Istat 2011; Milan Metropolitan City
2019a). The volumes of the deepest infrastructures were shown to lie below the water
table: therefore, future infrastructures in this area should be planned with adequate
waterproofing techniques. The reduced subsurface volume in the peripheral areas is
related to a decreased socio-economic demand: despite this, as for the private car parks,
volumes lying below the water table were identified, in particular when the hydraulic
head was higher. This is due to hydrogeological reasons: in the southern portion of the
study area, the water table has always been historically close to the ground level due to
the presence of fine deposits (i.e. silt and clay) with low values of hydraulic conductivity
(Beretta et al. 1985; Airoldi and Casati 1989; Francani et al. 1994; Airoldi et al. 1997,
Beretta et al. 2004), which force GW to reach the ground level; in the western area, the
presence of clay lenses determines the existence of a perched aquifer located around 6-
8 meters below ground level, with strong seasonal oscillations (Bonomi et al. 2009). An
overall reduced presence of subsurface volumes (Fig. 5.5) in these peripheral areas,

compared to the downtown, is also amenable to these reasons.
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The majority of the subsurface volumes lying below the water table for the subway line
M1 is in the northern stretch, between Rho Fiera and Pero stations (M1-b): their
construction method differs from that used for the rest of the line; these two stations were
built at greater depths. For the same reason, Sant’ Agostino station was revealed as the
most recurring area below GW level for M2 line: its two rails were built as overlapping
pipes, thus determining a major depth of subsurface occupation. As determined by the
focus on the pilot area, in Dec02 and Dec14, the considered stretch of gallery from Porta
Genova to Sant’ Agostino (M2-a) was completely submerged, with the GW level above
the top of the gallery. The stretch between Loreto and Udine stations (M2-b) was
revealed as another critical area. In particular, the section between Piola and Lambrate
stations (M2-c) was subjected to waterproofing works during the summer of 2019 to
overcome flooding problems. Since these lines were built without any
impermeabilization, the increase in stretches lying below the water table due to GW
rising, both for the M1 and M2 lines, should be monitored by the subway managing
company. Due to their depth, M3 line and the underground railway revealed a high
percentage of subsurface volumes below the GW level: to overcome this problem, they
were designed with waterproofing systems; M3 interaction with GW in the southern
sector of the domain is amenable both to a deeper development of the line and a closer

elevation of the water table to the ground level.

As reported in Section 5.4.3, the methodology allowed to verify what was already
described in a previous work (Colombo 1999), where M1-a, M1-c to M1-g, M2-a and
M2-c to M2-e areas were already pointed out as the most critical concerning GW/UIs
interactions. At the same time, as reported in Section 5.4.4, flooding evidence, also
reported by local press reviews, occurred where the oldest Uls, showing volumes below
the water table, were designed without waterproofing techniques. This acts as a
qualitative validation both of the methodology used to implement the GDB and its
usefulness in GW management. In the future, citizen science approaches (Bhattacharjee
2005; Bonney et al. 2009; Bonney et al. 2014; Bonney et al. 2016) or social media (i.e.
tweets of metro passengers) could be exploited to validate the methodology, thus

enlisting the public in organized scientific research. Both the city administrations and
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private companies could benefit from the implementation of this methodology,
identifying the main critical areas of interaction, thus properly planning future
underground development or adopting remediation strategies if necessary, especially
focusing on the oldest non-waterproofed infrastructures. The GDB has in fact allowed
to analyze the interaction between GW and Uls both at a city scale and at a more detailed

level.

The integration of the GDB with numerical GW flow models will make it possible to
define future scenarios of interaction according to the trend of the piezometric levels. As
a further step, it should be interesting to evaluate if a different degree of interaction with
the water table (i.e. Uls partially or completely submerged by the water table) could lead
to a different flooding risk for the subsurface elements. The infrastructural elements have
both an active and passive effect on GW (Dassargues 1997; Bonomi and Bellini 2003;
Ricci et al. 2007; Pujades et al. 2012; Attard et al. 2015; Velasco et al. 2015; Attard et
al. 2016b; Gattinoni and Scesi 2017; Colombo et al. 2018; De Caro et al. 2020). This
contributes to characterizing urban modelling as a specific branch of hydrogeology, with
its own time, scales, and dynamics of the hydrogeological processes (Vazquez-Suié et
al. 2005). Thus, this information needs to be analyzed and combined together with the
large set of geological, hydrological, geomorphological and other features (Kresic and
Mikszewski 2012) necessary to detail a complete urban conceptual model for the
domain: this is an important step, as the conceptual model is the basis of an appropriate
GW management plan. Using a standardized 3D GDB, the urban conceptual model
would not need to be frequently revised, a both time- and cost-consuming activity

(Vazquez-Sufié et al. 2005).

The implementation of a 3D vision of the volumes below the water table over time (Fig.
5.11) was revealed to be a comprehensible tool to evaluate this phenomenon: an
increased use of these instruments will both guarantee a complete 3D vision of the
subsurface and a proper 3D urban planning. The use of the GDB in a wider coupled 3D
GIS—-GW model (such as MODFLOW (McDonald and Harbaugh 1988) or FEFLOW
(Diersch 2013)) system will be thus efficient to plan sustainable and integrated GW

management, helping local stakeholders and regulators to manage not only GW, but all
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the underground resources in a more efficient and sustainable way. To this aim, the use
of tools as WebGIS services could guarantee an effective way of spreading the existing

information.

Moreover, an easy identification of the main Uls will help to overcome the lack of
coordination, lack of planning and lack of understanding of the other domains among
the different stakeholders (Parriaux et al. 2007; Goel et al. 2012; Besner 2016), thus
avoiding jeopardizing the potential of the resources below the city (Parriaux et al. 2007).
Considering the urban development declared in the Plan of Government of the Territory,
the GDB would contribute to maintaining the underground potential, guaranteeing a

long-term management of the urban underground space.

5.6. Conclusions

This work dealt with the proposal of a methodology to quantify volumes of Uls lying
below the water table for Milan metropolitan area, which has been affected by an

interaction between GW and Uls in the last few decades. This study has allowed us to:

1. Create a detailed inventory of the Uls through a standardized 3D GDB, to
manage the existing data and incorporate new information in an efficient and
easy way. This was realized using open data as the main source of information.

2. ldentify the main areas where infrastructural volumes lie below the water table,
and to evaluate how this situation has varied among time according to GW
trends, with attention to non-waterproofed infrastructures. This, to the best of
our knowledge, has been done for the first time both for private and public car
parks.

3. Provide to the decision makers and stakeholders a useful tool to properly plan
and manage the future urban underground development of Milan metropolitan
area, in relation also to GW aspects.

An integration of this approach with GW numerical models will contribute to improving
urban GW management. Through the analysis of the piezometric trends, different GW

level scenarios will be tested, thus evaluating the effects of climate change or of possible
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variations in the pumping rates. Future perspectives will also consider the creation of a
script to automatize the calculation both of GW levels and underground volumes; in this
way, the urban conceptual model could be managed as a dynamic construct, always
including in the analysis new hydrogeological and infrastructural elements. In the end,
empowering the use of tools as 3D GIS and WebGIS services could be a way to make
the information effectively available to the stakeholders, thus contributing to proper
urban planning. Furthermore, the methodology used here could be applied in other

similar case studies worldwide.

Supplementary Materials: The following are available online at http://www.mdpi.com/2220-
9964/9/10/0609/s1, Table S5.1: Complete list and features of the underground car parks located
in the study area, Fig. S5.1: GW table map for Jan90, Fig. S5.2: GW table map for Dec02, Fig.
S5.3: GW table map for Sep07, Fig. S5.4: GW table map for Dec14, link to the WebGIS service.
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Table S5.1. Complete list and main features of the underground car parks located in the study

area. CP stands for construction period.

Area X | Volume
Name (]l?;]o:lt(s)rln) D(en[:;h 10° x 103 (6] Floors | Location
o (m?) (m?)
Arduino 112.9 1 5671 | 6237 | 9<9 o| 3 | powntown
Benedetto Marcello 106.53 14 3.05 42.7 19<9 0 4 Downtown
Carducci Olona 101.2 17 34| ss1d | 9<9 o| 5 | powntown
. <
Cesariano 111.5 11 4.54 49.94 1990 3 Downtown
<
Conca del Naviglio 101.92 14 243 34.02 1990 4 Downtown
<
Emo 116.23 11 2.76 30.36 1990 3 North
<
Erculea 100.91 17 1.3 22.1 1990 5 Downtown
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Area x | Volume
Name (ljno:‘tts)rln) D(elg;h 10° x 103 (6} 4 Floors | Location
o (m?) (m?)
Fratelli Bandiera 103.5 14 2.81 39.34 19<9 0 4 Downtown
Giotto 107.05 14 4.49 62.86 | 9<9 0 4 Downtown
Giulio Cesare 109.2 14 442 | o188 | 9<9 o | 4 | Downtown
. <
Gramsci 110.2 14 43 60.2 1990 4 Downtown
<
Majno 101.86 17 2.05 34.85 5 Downtown
1990
Manusardi 100.25 14 2.12 29.68 | 9<9 0 4 Downtown
Mascagni 102.2 14 463 | o482 | 9<9 o | 4 | Downtown
<
Numa Pompilio 100.7 17 4.07 69.19 1990 5 Downtown
Ozanam 105.63 14 4.6 64.4 = 4 Downtown
1990
. <
Pavia 99.84 14 3.38 47.32 1990 4 Downtown
Piazza Diaz 108.5 1 24 264 | 9<9 o| 3 | Downtown
Puccini 101.33 20 1.68 33.6 = 6 Downtown
1990
<
Rio de Janeiro 105.7 11 2.27 24.97 1990 3 Downtown
Rio de Janciro/Andrea del | 5 ; 1 264 | 29.04 = 3 | Downtown
Sarto 1990
Rossetti 1152 8 288 | 2304 | 2 | Downtown
1990
San Barnaba 105.4 11 7.45 81.95 19<90 3 Downtown
<
Solera Mantegazza 107.85 14 292 40.88 1990 4 Downtown
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Area x | Volume
Name (ljno:‘tts)rln) D(elg;h 10° x 103 (6} 4 Floors | Location
o (m?) (m?)
Toce/Boltraffio 115.33 11 4.55 50.05 19<90 3 Downtown
Tommaseo 103.89 17 3.15 53.55 19<90 5 Downtown
Veglia/Caserta 120.9 8 228 | 17824 19<9 o 2 North
Vittor Pisani 107.58 14 8.78 122.92 19<90 4 Downtown
1990-
Alghero 122.72 5 2.12 10.6 2002 1 North
. 1990-
Ampere/Compagni 104.5 14 2 28 2002 4 Downtown
1990-
Aretusa Nord 110.75 11 4.39 48.29 2002 3 Downtown
o . 1990-
Bacchiglione/Scheiwiller 99.9 11 3.35 36.85 2002 3 South
. 1990-
Balilla/Zamenhof 105.66 8 2.4 19.2 2002 2 Downtown
. L 1990-
Bellosio/Facchinetti 102.46 8 3.71 29.68 2002 2 Downtown
Bi P7 122.1 11 5.67 6237 | 10 3 North
cocca . . . 2002 [
. 1990-
Bicocca P8 125.5 8 6.67 53.36 2002 2 North
1990-
Capecelatro/Pessano 116.35 8 5.05 40.4 2002 2 Downtown
. . 1990-
Cardinal Ferrari 101.53 14 2.24 31.36 2002 4 Downtown
. . 1990-
Caterina da Forli 108.97 11 10.35 113.85 2002 3 Downtown
1990-
Cechov 122.54 8 2.92 23.36 2002 2 North
Cervi/Assiett 130.11 8 8.05 64.4 1990- 2 North
ervi/Assietta . . . 2002 [
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Area x | Volume
Name (ljno:‘tts)rln) D(elg;h 10° x 103 (6} 4 Floors | Location
o (m?) (m?)
N . 1990-
Ciceri Visconti 101.47 11 4.16 45.76 2002 3 Downtown
Ciclamini/Margherite 111.5 8 3 24 1990- 2 West
& : 2002
Cilea 100 126.83 8 4.37 3406 | 90 2 North
e . . . 2002 [
1990-
Costa/Loreto 106.9 14 1.97 27.58 2002 4 Downtown
1990-
Dateo Sud 102.8 14 2.11 29.54 4 Downtown
2002
Don Calabria 116.85 8 6.4 51.2 1990- 2 North
’ ’ ’ 2002
. . 1990-
Donati/Redaelli 110.01 8 9.53 76.24 2002 2 Downtown
.. 1990-
Etiopia 111.66 8 0.5 4 2002 2 Downtown
L 1990-
Feltrinelli 101.83 5 8.3 41.5 2002 1 South
1990-
Grado 118.77 8 1.68 13.44 2002 2 North
.. 1990-
Graf/De Pisis Ovest 128.9 8 5.94 47.52 2002 2 North
. . 1990-

Isimbardi 102.9 8 2.64 21.12 2002 2 South
Lam n 119.85 8 3.78 3024 | 90 2 North
ampugnano . . . 2002 0
L XIII 115.35 8 7.4 59.2 1990- 2 D i

eone . . . 2002 owntown
Menotti Serrati 98.94 5 7.5 375 | 10 1 South
enotti Serra . . . 2002 ou
. . . 1990-
Mois¢ Loria/Stromboli 101.5 17 3 51 2002 5 Downtown
Monte Popera/Pian 101.12 5 2.8 14 1990- 1 South
onte Pope ana . . 2002 ou
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Area x | Volume
Name (ljno:‘tts)rln) D(elg;h 10° x 103 (6} 4 Floors | Location
o (m?) (m?)
1990-
Moscova 107 14 7.32 102.48 4 Downtown
2002
Nikolajevka 113.4 8 4.64 37.12 1990- 2 West
J : : : 2002
. 1990-
Ojetti 124.16 8 7.03 56.24 2002 2 North
1990-
Po 105.2 14 6.87 96.18 2002 4 Downtown
. . 1990-
Risorgimento Sud 102.8 14 2.11 29.54 2002 4 Downtown
1990-
Sarca/Nota 123.99 8 4.4 352 2002 2 North
1990-
Spaventa/Meda 104.44 8 5.46 43.68 2002 2 South
. 1990-
Suzzani 129.85 8 3.56 28.48 2002 2 North
. 1990-
Trechi 132.14 8 3.97 31.76 2002 2 North
Vigand 110.61 14 2.19 3066 | 00 4 Downt
igano . . . 2002 owntown
. 1990-
Volontari 108.8 14 1.3 18.2 2002 4 Downtown
. 2002-
Accursio 115.6 14 4.55 63.7 2007 4 North
2002-
Adda 102 20 0.81 16.2 2007 6 Downtown
2002-
Avezzana 98.07 11 2.04 22.44 2007 3 South
2002-
Balla 125.58 8 2.65 21.2 2007 2 North
. 2002-
Bazzini 102.2 17 1.49 25.33 2007 5 Downtown
. 2002-
Betti 123.7 8 5.69 45.52 2007 2 North
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Area x | Volume
Name (ljno:‘tts)rln) D(elg;h 10° x 103 (6} 4 Floors | Location
o (m?) (m?)
2002-
Betulle Est 118.01 5 4.6 23 2007 1 West
2002-
Betulle Ovest 118.2 5 2.49 12.45 2007 1 West
oy .. 2002-
Bibbiena/Centro Civico 105.65 8 3.86 30.88 2007 2 Downtown
Bordighera/Alzaia 2002-
Naviglio Pavese 102.56 11 3.32 36.52 2007 3 South
. 2002-
Broggini 119.07 5 2.17 10.85 2007 1 West
2002-
Carafa/Conte Verde 120.2 11 33 36.3 2007 3 North
Caroli/Ricordo 121.53 8 3.77 30.16 2002- 2 North
2007
. . 2002-
Cascina Bianca 106.2 5 7.88 394 2007 1 South
Dalmazia 101.75 8 2.09 16.72 2002- 2 Downtown
2007
2002-
De Lemene 120.6 8 2.29 18.32 2007 2 North
. . 2002-
De Nicola/San Vigilio 106.46 5 4.78 239 2007 1 South
. . 2002-
De Pretis/San Vigilio 106.4 5 4.52 22.6 2007 1 South
De Pretis/Voltri 106.89 5 473 2365 | 2002 1 South
2007
Gandhi/Perlasca 128.2 8 431 34.48 2002- 2 North
2007
- 2002-
Giulio Romano 96.45 17 2.48 42.16 2007 5 Downtown
2002-
Govone 110.19 17 1.6 27.2 2007 5 Downtown
Leoncavallo 108 14 2.54 35.56 22%%27_ 4 Downtown
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Area x | Volume
Name (ljno:‘tts)rln) D(elg;h 10° x 103 (6} 4 Floors | Location
o (m?) (m?)
2002-
Lucerna 113.39 8 4 32 2007 2 West
Maffei 100.9 14 341 47.74 2002- 4 Downtown
2007
Marmolada 124.4 11 3.36 3696 | 200% 3 North
2007
Monte Baldo 117.22 8 3.1 24.8 2002- 2 Downtown
2007
. . 2002-
Monte Velino/Cadibona 102.83 8 7.05 56.4 2007 2 Downtown
Montemartini/Fabio 2002-
Massimo 101.38 8 7.16 57.28 2007 2 South
. 2002-
Murani 101.6 14 3.38 47.32 2007 4 Downtown
. . 2002-
Muttoni/Quarenghi 124.8 8 3.99 31.92 2007 2 North
. 2002-
Novelli 103.2 14 1.17 16.38 2007 4 Downtown
. . 2002-
Populonia/Valassina 117.68 11 8.68 95.48 2007 3 North
Prinetti/Vida 114.2 11 3.25 35.75 2002- 3 North
2007
.. 2002-
Riccione 120.95 11 1.91 21.01 2007 3 North
. .. 2002-
Romagnoli/Bertieri 107.34 11 2.11 23.21 2007 3 Downtown
. . . 2002-
Salmoiraghi/Stuparich 115.37 11 1.76 19.36 2007 3 Downtown
. .. 2002-
Sammartini/Lunigiana 1123 11 3.49 38.39 2007 3 Downtown
San Giusto/Val 2002-
Poschiavina 116.7 8 5.56 4448 2007 2 Downtown
. 2002-
Silla 131.3 5 5.82 29.1 2007 1 North
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Area X | Volume
Name (ljno:‘tts)rln) D(elg;h 10° x 103 CP | Floors | Location
o (m?) (m?)
. . 2002-
Trani/Malipiero/Mecenate 100.1 8 5.92 47.36 2007 2 Downtown
. 2002-
Valsesia Est 116.45 5 342 17.1 2007 1 West
. 2002-
Valsesia Ovest 116.6 5 1.96 9.8 2007 1 West
. . 2002-
Washington/Piemonte 100.35 20 3.02 60.4 2007 6 Downtown
. 2007-
Correggio Est 107.81 14 1.03 14.42 2014 4 Downtown
. 2007-
Correggio Ovest 106.95 14 2.75 38.5 2014 4 Downtown
Dateo Nord 99.8 17 1.94 32.98 22%011_ 5 Downtown
Manuzio 103.56 17 2.27 38.59 22%(;1' 5 Downtown
Meda 102.85 17 2.1 35.7 2007- 5 Downtown
2014
. . 2007-
Osculati/Camerino 125.14 11 0.45 4.95 2014 3 North
. - 2007-
Quinto Alpini 106.47 14 1.66 23.24 2014 4 Downtown
. . 2007-
Risorgimento nord 96.9 20 1.43 28.6 2014 6 Downtown
Sabotino 96.91 17 2.47 41.99 22%(11' 5 Downtown
. 2007-
Sant'Ambrogio 102 17 7.41 125.97 2014 5 Downtown
Savona Tolstoj 110.67 5 1.08 5.4 22%(11_ 1 Downtown
Vittadini 99.23 14 3.63 50.82 2007- 4 Downtown
2014
XXV Aprile 105.2 17 5.07 86.19 22%(12' 5 Downtown

90




5. Implementation of a 3D Geodatabase (GDB) for urban underground infrastructures (Uls)

Total parks: 126

Area X | Volume
Name (ﬁ:}:(sn]n) D(elﬂ;h 10° x 103 CP Floors | Location
o (m?) (m?)
5,157

Fig. S5.1. GW table map for Jan90.
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Legend: Jan90 (m a.s.1.)
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Fig. S5.2. GW table map for Dec02.
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Legend: Dec02 (m a.s.l.)
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Fig. S5.3. GW table map for Sep07.
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Legend: Sep07 (m a.s.l.)
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Fig. S5.4. GW table map for Dec14.

Legend: Dec14 (m a.s.l.)
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Link to the WebGIS service: https://arcg.iss/HHWDIi0. This allows a more detailed

visualization of the contents of the 3D GDB.
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6. Hydrodynamic characterization of the shallow aquifer to support underground management

Data-driven decision management of urban
underground infrastructure through groundwater-level time-

series cluster analysis: the case of Milan (Italy)
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Abstract

The significant increase in urbanization has resulted in greater use of the subsurface in
urban planning and, therefore, increased interaction between groundwater and
underground infrastructure. Numerical models are the primary tool adopted to manage
the resulting problems; however, their construction is time- and cost-consuming.
Groundwater-level time-series analysis can be a complementary method, as this data-
driven approach does not require an extensive understanding of the geological and
boundary conditions, even if providing insights into the hydrogeologic behaviour. Thus,
a data-driven approach was adopted to analyse groundwater time-series of the shallow
aquifer, occupied by several underground structures, beneath Milan city (Northern Italy).
Statistical (Mann-Kendall and Sen’s slope estimator, autocorrelation and cross-
correlation, hierarchical cluster analysis) and geospatial techniques were used to detect
the potential variables influencing the groundwater levels of 95 monitoring wells,
covering the period 2005-2019. A general rising trend of the water table was identified,
with local hydrogeologic differences in the western and southernmost areas. Based on

time-series analysis results, four management areas have been identified. These areas

96


mailto:d.sartirana1@campus.unimib.it
https://doi.org/10.1007/s10040-022-02494-5

6. Hydrodynamic characterization of the shallow aquifer to support underground management

could act as future geographic units with specific groundwater management strategies.
In particular, subsurface public car parks can be classified with respect to groundwater
flooding as a) not submerged, b) possibly critical, or c) submerged at different
groundwater conditions. According to these outcomes, targeted guidelines for
constructing new car parks have been elaborated for each management area. The
methodology proved to be efficient in improving the urban conceptual model and
helping stakeholders design the planned underground development, considering

groundwater aspects.

6.1. Introduction

Groundwater (GW) represents the most valuable source of freshwater on a global scale
(Li et al. 2013a), as it is used for drinking, agricultural and industrial purposes
(Filimonau and Barth 2016). As the world population is projected to grow in the next
decades, increasing demand for this resource is expected, and this may provoke stress
both in terms of GW quality and quantity (Pollicino et al. 2021); in particular, GW
demand is gradually increasing in urban areas, where 70% of the world population is
expected to be living by 2050 (Un-Habitat 2012). To limit urban sprawl, the tendency to
look for new building spaces in the vertical direction has increased (Li et al. 2013b; Li
et al. 2013c; Koziatek and Dragicevi¢ 2017), leading to enhanced use of urban
underground (Parriaux et al. 2007; Sterling et al. 2012; Bobylev 2016; Vdhdaho 2016).
In the last few decades, as a result of the deindustrialization process, several cities
worldwide have faced rising GW levels, which has generated some interference between
underground infrastructures (Uls) (i.e. basements, car parks and subway lines) and GW
(Wilkinson 1985; George 1992; Hernandez et al. 1997; Vazquez-Suiié et al. 1997; Mudd
et al. 2004; Hayashi et al. 2009; Lamé 2013; Ducci and Sellerino 2015). The GW/UIs
interaction needs to be properly managed to ensure a sustainable use of urban
underground spaces. Numerical GW flow modelling can be used for evaluating the
interference between GW and underground structures (Vazquez-Sufi¢ et al. 2005;
Garcia-Gil et al. 2015) and for identifying possible management strategies. A variety of

three-dimensional (3D) numerical models has been realized worldwide (Attard et al.
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2015). However, the construction of a 3D numerical model is generally a multi-step
procedure requiring detailed knowledge of the aquifer system, both from the geological
and hydrological features and, thus, such models take a considerable amount of time to
develop. As the information is sometimes lacking or scattered among different sources,
the conceptual model also needs to be frequently revised: this could be considered costly
and time-consuming (Vazquez-Suiié¢ et al. 2005). Within this scope, data-driven
techniques can constitute a valid complementary approach, providing preliminary
insights into the main drivers affecting the aquifer behaviour (Chae et al. 2010; Obergfell
et al. 2013), without requiring an extensive approximation of subsurface parameters and
boundary conditions. Generally, adopting data-driven methods is faster and more easy-
applicable than numerical models (Bakker and Schaars 2019) and could represent a
reasonable compromise between model complexity and costs (Stevenazzi et al. 2017).
However, time-series analysis is indispensable to support GW model calibration (Bakker
and Schaars 2019). In particular, time-series analysis of GW levels allows one to detect
trends (Patle et al. 2015), and thereby identify the causes of water level variations,
through the investigation of input-output connections (Obergfell et al. 2013); for these
reasons, this approach can be adopted to plan effective GW management strategies, thus
bringing valuable information to planners and decision makers (Best et al. 2021). Also,
as modelling should make maximum use of existing data, by assimilating its information
content (Lotti et al. 2021), data-driven methods could support the construction of a 3D

numerical model.

Different time-series analysis techniques have been applied to interpret GW systems
processes. Statistical tests such as the Mann-Kendall test and Sen’s slope estimator have
been widely applied to detect long-term trends from GW level series, for evaluating their
significance and magnitude (Tabari et al. 2012; Singh et al. 2015; Meggiorin et al. 2021).
Furthermore, statistical tests have been sometimes combined with geospatial approaches
in a geographical information system (GIS) environment to identify those areas of GW-
level rise or drawdown, determined by the existence of a trend (Chaudhuri and Ale 2014;
de Brito Neto et al. 2016; Anand et al. 2020). On the other hand, clustering techniques
have been mainly adopted for GW quality, but recently different studies have applied
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these techniques to GW level time-series (Pathak and Dodamani 2019; Rinderer et al.

2019; Naranjo-Fernandez et al. 2020; Sottani et al. 2020).

The present study aimed at proposing, for the city of Milan (Lombardy, Northern Italy),
a data-driven approach to support decision making for urban Uls in relation to GW
aspects. In this way, the stakeholders could properly manage the future underground
development of the city in a more targeted way, also considering hydrogeologic features.
To the best of the authors’ knowledge, this is the first time that GW/UIs interactions
have been managed through the support of data-driven methods. A set of statistical
techniques has been applied to GW-level time-series of the shallow aquifer in Milan,
with two main purposes: a) to identify different spatial zones with local hydrogeologic
peculiarities, possibly acting as future GW management territorial units, and to
investigate the potential features influencing GW levels (i.e. geology, precipitation,
withdrawals, land use) and b) to elaborate targeted guidelines for Uls management,
mainly focusing on the constructions of new public car parks. Underground car parks
have been mainly considered, as their interference with the GW has been only partially

investigated. Nonetheless, this procedure could be applied to every category of Uls.

The data-driven analysis proposed in this study has been fine-tuned for the Milan
metropolitan area — notwithstanding, it could be applied to other urban areas worldwide
that have subsurface infrastructure development and a complex shallow aquifer system

that requires an integrated urban GW management strategy.

6.2. Hydrogeological conceptual model of the study area

The study area (182 km?) is the city of Milan (Fig. 6.1). It hosts 1.4 million people (Istat
2011) and it is characterized by intense industrial and agricultural development (Bonomi
2009). The land use in the western and southern areas is still mainly agricultural, while
the remaining areas of the city are mainly urbanized. A wide hydrographic network
characterizes the area (Fig. 6.1b): among the main rivers, Olona and Seveso are culverted
within the city, while the Naviglio Grande and Naviglio Pavese are man-made surface

channels mainly used for irrigation. Milan is located in the middle of the Po Plain (Fig.
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la), in proximity to the lowland springs belt and lies on a sedimentary aquifer system
whose hydrogeologic structure has been deeply studied in past years (Regione
Lombardia & ENI 2002). A recent classification (Regione Lombardia 2016) has
identified three main hydrostructures: a shallow hydrostructure (ISS), an intermediate
hydrostructure (ISI) and a deep hydrostructure (ISP). In the study area, ISS has a medium
thickness of 50 meters with a bottom surface ranging from 100 m above sea level (a.s.l.)
(to the North) down to around 50 m a.s.l. (to the South). It hosts a shallow aquifer (Fig.
6.2) (Fig. S6.1 of the electronic supplementary material (ESM)), not exploited for
drinking needs. This shallow aquifer is the focus of this study. It is mainly composed of
sands and gravels. The same lithology, but with an increasing presence of silty and
clayey layers, characterizes the ISI. Finally, because of a limited amount of data, the ISP

has an uncertain lithological composition.

GW has been extensively exploited for industrial use since the early 1960s; around 1975
there was a water table depth of more than 30 meters in the northern sector.
Subsequently, since the early 1990s, the dismantling of the biggest factories, mainly
located in the northern sector of the town, led the water table to rise once again (i.e. with
a maximum rise of about 10-15 meters in the northern area): this caused flooding
episodes for some non-waterproofed underground structures (Cavallin and Bonomi
1997; Beretta et al. 2004; Gattinoni and Scesi 2017; Colombo et al. 2018), including car
parks and the oldest, shallower subway lines (Fig. 6.1b). Thus, the most recent subway
lines (Fig. 6.1b), also due to their greater depth, were designed with waterproof systems.
Public car parks were built in sequential phases starting from the middle of the 1980s.
Now, 126 underground public car parks are listed in the territory (Fig. 6.1b) (Table S6.1
of the ESM). The information (i.e. bottom elevation (m a.s.l.), period of construction,
location) on subway lines, and public and private car parks is stored in a 3D GDB
(Sartirana et al. 2020), allowing for proper management of the Uls in the framework of

GW management (Fig. 6.2).

Moreover, the number of low-enthalpy geothermal systems in the shallow aquifer
increased in the last decades due to regional laws in the scope of European goals to

reduce greenhouse gas emissions. Particularly, open-loop GW heat pumps (GWHPs)
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serve large building systems, mainly in the downtown area (Previati and Crosta 2021a)
(Fig. 6.1b). The average depth of GWHP filters ranges between 17 and 34 meters
(Regione Lombardia 2021a). In some cases, GWHPs discharge exploited water to

surface water bodies to limit the GW rise.

The adoption of the Plan of Government for the Territory (PGT) (Milan Metropolitan
City 2019) in 2019 will favour further subsurface occupation by developing new subway
line sections and reducing soil consumption with consequent changes in the subsurface.
Hence, the need for coordinated management among the stakeholders arises, supported

by evidence from shallow-aquifer studies.
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Fig. 6.1. a) Geographical setting of the study area; b) Main hydrogeologic features (lowland
springs and surface water bodies), non-waterproofed and waterproofed subway lines, public car
parks, GW heat pumps (GWHPs) and wells crossed by section BB’; line AA’ points to the

location of the cross section that is visible in Fig. 6.2; line BB’ points to the location of the
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geological profile that is shown in Fig. S6.1 of the ESM. To obtain a clear representation, public

car parks have been represented as points instead of polygons.
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Fig. 6.2. Hydrogeologic schematic N-S cross section AA’ of the study area, showing the location
of some public car parks. The water table elevations of three different GW conditions are also

reported. For its location see Fig. 6.1b.

6.3. Materials and Methods

The methodology proposed in this study is composed of 7 steps: 1) Dataset pre-
processing, 2) GW time-series trend analysis, including the Mann-Kendall test, Sen’s
slope estimator and a time-series reversal points assessment, 3) Correlation analysis,
through autocorrelation function (ACF) and cross-correlation function (CCF) with
precipitation data; 4) GW time-series clustering, applying hierarchical cluster analysis
(HCA); 5) Water table reconstruction and GW volume calculation under specific GW
conditions identified at point 2; based on the outcomes of points 1-5, the subsequent

steps were: 6) Identification of GW management arecas (MAs); 7) Definition of
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guidelines for Uls management. A graphical representation of the adopted workflow is

given in Fig. 6.3.

Dataset Pre-Processing

(1)

GW Time-Series Trend
Analysis: Correlation Analysis: GW Time-Series
- Mann-Kendall and - Autocorrelation (ACF) Clustering:
Sen’s Slope Estimator - Cross-Correlation with - Hierarchical Cluster

- Time - Series Reversal Rain Data (CCF) Analysis (HCA)
Eoints 2) )

Identification of Guidelines for

Groundwater Underground

Management Areas Infrastructure
Management (7)

Water Table
Reconstruction and
Volumes Calculation (5)

Fig. 6.3. Adopted workflow.
6.3.1. Data-driven time-series analysis

6.3.1.1. Available data and Pre-processing

GW level data were provided by Metropolitana Milanese Spa, the local water supplier.
The original dataset spans from 1950 to 2019, but data are scattered over ca. 300
monitoring wells (MWs) changing over time due to the monitoring network evolution
(Fig. 6.1b). Excluding MWs not having a useful data resolution, a subset of the most
consistent time-series was identified for the time-series analysis, consisting of 95 MWs

(Fig. 6.1b) monitored over the 2005-2019 time’s span.

Two measures per year are available (March and September; with 30 observations in
total). Once the final dataset had been defined, it was checked for possible errors or
outliers (Azzellino et al. 2019). Outlier analysis was performed through the non-
parametric interquartile range test, since the Shapiro-Wilk test highlighted that the data

distribution was not normal. Errors were corrected manually only if clearly identifiable
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in the original data (i.e. ground level values), after verifying that they could offer insights

into some hydrogeologic process that should not be neglected (Peterson et al. 2018).

As for precipitation, the data of Paderno Dugnano rain gauge (located just northward of
the city of Milan) were considered, monitored by the regional environmental protection

agency (ARPA Lombardia 2021).

6.3.1.2. Mann-Kendall test and Sen’s slope estimator

The Mann-Kendall test (Mann 1945; Kendall 1948) is a rank-based, non-parametric test
widely used for trend detection (i.e. upward or downward trend) in hydrological
variables since it is non-parametric and robust to extreme data (Singh et al. 2015; Anand
et al. 2020; Meggiorin et al. 2021). The null hypothesis (H,) is the absence of a trend,
while the alternative hypothesis (H,) is the presence of a significant trend. A confidence

level of 95% was used as the threshold value.

The Sen’s slope estimator (Sen 1968) was applied to estimate the magnitude of the
analysed trend. It is a non-parametric unbiased estimator of trends, more robust to
outliers than a linear regression estimator (Hirsch et al. 1982). A positive value of Sen’s

slope indicates an increasing trend, whereas a negative one indicates a decreasing trend.

6.3.1.3. Time-series reversal points

The reversal points analysis for the time-series aimed at identifying when an upward (or
downward) trend has been reversed. This could be useful in GW management, as it

allows one to precisely comprehend the dynamics of the water table in a given period.

The Pettitt test (Pettitt 1979) is a widely applied statistical tool to detect an abrupt change
in a dataset. Despite its common use, it seems not so adaptable when trying to identify
a pure reversal point (i.e. a shift from an upward trend to a downward trend), at least in

small datasets (Frollini et al. 2021).

Therefore, reversal points were identified here as the time-series point determining a
change in the sign of the difference between successive couples of data, previously

smoothed through a loess function to avoid noise effect. This analysis was performed in
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the R environment, using the imputeTS package (Moritz and Bartz-Beielstein 2017), ts
function (Becker et al. 1988) and stl function (Cleveland et al. 1990).

In this way, only the most recurrent GW-level minimum and maximum conditions

among the different MWs have been investigated.

An additional description of their subsequent application is given at Section “Water table
reconstruction and GW volumes calculation”. Further details on the adopted approach

and the R script are available in the ESM.

6.3.1.4. Autocorrelation and cross-correlation

Autocorrelation is the correlation of a time-series with itself at different time lags. It
indicates whether the past values of a time-series influence the current state. Here,
autocorrelation analysis was performed for all the MWs through the R Package statistics
(R Core Team 2021) to investigate at the study scale the “memory effect” of the GW
system, which can be considered as the requested amount of time to get rid of the

dependency from a previous condition (Tamburini and Menichetti 2020).

The cross-correlation is a measure of similarity between two time-series as a function of
the displacement of one with respect to the other. To evaluate a possible delayed
dependency at different time lags of GW levels (output series) on rainfall data (input
series), a cross-correlation analysis between these variables was conducted. Thus,
rainfall data were aggregated at a six-month time step (cumulative rainfall periods:
October-March / April-September) to keep equal data length while correlating the two
variables and to avoid spurious conclusions that would arise from not using equal data

records (Kumar et al. 2009).

6.3.1.5. Groundwater Time-Series Clustering

Hierarchical cluster analysis (HCA) was performed, considering GW level
measurements at different times as different variables, using the Ward hierarchical

method (Ward Jr 1963).
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The squared Euclidean distance was adopted as a measure of similarity between samples
(Triki et al. 2014; Bloomfield et al. 2015) to compare the GW levels of different MWs
at individual seasons, without associating the GW levels of different seasons, which

could have happened when applying other distances typical of the time-series analysis.

In order to analyse both spatial and temporal patterns over a time-series, not only the
initial GW measurements, but also seasonal differences between couples of successive
observations have been considered. In both cases, to guarantee an equal weight for each
considered variable in the calculation of the Euclidean distance matrix, HCA was carried
out on standardized data (i.e. autoscaling; mean = 0 and variance = 1; (Judd 1980)). The
HCA dataset, therefore, resulted in 95 rows (i.e. monitoring wells) and 59 variables
(columns, i.e. GW level measures for March-September from 2005 to 2019 and seasonal

variations between successive GW measures).

The HCA requires continuous data and no missing values. Therefore, missing data were
filled considering trend similarity among neighbouring MWs. First, a GIS analysis was
carried out to identify the MWs nearest to those containing missing values. Missing
values were then filled by calculating the average difference between the time-series
containing missing values and the most similar neighbouring MW, this average was
calculated over the previous and the following observations surrounding the missing
values, and then applying (summing/subtracting) it to the date of the missing value. In
this way, possible relevant peaks in the GW time-series were conserved, avoiding any
smoothing effect that could result from the time-series interpolation or other filling

methods.

6.3.1.6. Water Table Reconstruction and Groundwater Volumes Calculation

Potentiometric maps for the shallow aquifer have been reconstructed, for the identified
global minimum and maximum conditions (Section: Groundwater minimum and
maximum), and for the last measure of the time-series (September 2019, Sep19). Further
piezometric levels, available for each specific period both inside and outside the study
area (i.e. control points), have been employed to properly reconstruct the potentiometric

maps.
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As in the study area the presence of a spatial piezometric trend (NW- SE) has been
detected (Bonomi et al. 1998; Beretta et al. 2004), GW heads in MWs have been
interpolated using universal kriging (Isaaks and Srivastava 1989; Goovaerts 1997,
Kitanidis 1997; Webster and Oliver 2001). Subsequently, the volume of water in the
shallow aquifer, determined from the difference between the potentiometric heads in
maps of the different GW conditions, has been calculated and the content of mobile water
contained in that portion of the subsurface has been estimated considering the effective
porosity (n.). Reckoning the quantities of both occupied volumes and mobile water
could in fact be deemed as a proper way of assessing the impact of GW on different
resources, including manmade ones (Bonomi et al. 2010). To do so, geological
information on the subsurface was required. The parametrisation of the hydrogeologic
properties, such as hydraulic conductivity, has been readapted from a previous work of
the research group on the same study area (Bonomi et al. 2010). Classes of effective
porosity have been then extracted from the hydraulic conductivity values of the
subsurface volumes derived from comparison of the water tables. This step was
performed through the use of conversion conductivity—effective porosity tables,

previously entered in a reference database (Bonomi et al. 2010; Bonomi et al. 2014).

6.3.2. Decision management

On the basis of the results that emerged in previous steps, different spatial units
(management areas, MAs) have been aggregated as a result of their hydrogeologic
features (Chaudhuri and Ale 2013) in the context of a more targeted GW management
strategy. Moreover, a deeper analysis associated with Uls, with a focus on public car
parks, was elaborated through a GIS methodology previously applied by Sartirana et al.
2020, to evaluate the interaction between public car parks and the water table. This
analysis was carried out on the identified GW-level minimum and maximum conditions
and for Sep19. Based on these results, public car parks have been grouped into three
categories with respect to GW flooding for each period: not submerged, possibly critical,
submerged. A public car park was defined as “not submerged” or “submerged” if the

water table was respectively below or above the bottom of the car park structure. The
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category “possibly critical” included all the public car parks showing a difference
between the reference plan and the water table of less than one meter. Engineering
aspects, such as the possible uplift risks generated by buoyancy as a result of the aquifer
pressure, are beyond the aims of this work. The identified possibility of submersion for
each car park, therefore, facilitated a list of targeted management proposals, including
suggested guidelines for the construction of new public car parks, based on the detected

hydrogeologic evidence.

6.4. Results

6.4.1. Data-driven time-series analysis

6.4.1.1. Mann-Kendall test and Sen’s slope estimator

Trend analysis through the Mann-Kendall test and Sen’s slope estimator showed a
general increasing trend in the GW levels. Results are visible in Fig. 6.4. Particularly, at
95% confidence level, 86 out of 95 MWs showed an increasing trend throughout the
considered period, with a medium slope ranging from 0.20 to 0.60 in the northern sector,
from 0.10 to 0.20 in the central portion of the domain, and from 0.00 to 0.10 in the
southern area. Only 9 out of 95 MWs did not show significant trends, all located in the

westernmost portion of the study area, except for one in the southernmost.
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Fig. 6.4. Statistically significant or not significant trends of the GW-level time-series for the
analysed period. Colour coding indicates the magnitude of the trend, estimated by Sen’s slope
estimator. Land use classes have been represented from the geographic database Dusaf 6.0
(Regione Lombardia 2021). Service Layer Credits: Esri, Maxar, GeoEye, Earthstar Geographics,
CNES/Airbus DS, United States Department of Agriculture (USDA), US Geological Survey
(USGS), AeroGRID, IGN (University of Copenhagen) and the GIS User Community.

6.4.1.2. Groundwater minimum and maximum

Through the adopted approach developed in R, the global GW minimum and maximum
conditions have been identified. Results are visible in Fig. 6.5. Moreover, for a subset of
selected MWs, the identified reversal points are visible, together with their GW trends
in Fig. 6.6. The complete list of the identified reversal points for all the MWs is available
at Table S6.2 of the ESM. As observable in Fig. 6.5, among the considered GW level
time-series, September 2007 (Sep07) has been mainly identified as the global minimum
condition; however, Sep07 is not identifiable as the historical global minimum, which

took place at the end of the 1970s, as a consequence of intense industrial exploitation of
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GW (Bonomi 1999). Instead, March 2015 (Marl5) has been detected as the global
maximum. As a general description for the study area, Sep07 comes at the end of a
decreasing phase that began in December 2002, as described in a previous work about
the same area (Sartirana et al. 2020). A rising phase, steeper in the northern sector, as
confirmed by the Sen’s slope estimator (Fig. 6.4), has been detected from Sep07 up to
Marl5, while a subsequent declining phase took place from Marl5 up to Sepl19 (final
measurement of the dataset). Some MWs, mostly located in the peripheral areas, showed
their GW minimum condition earlier than Sep07 (i.e. Mar(07); in contrast, in the
northernmost areas, the GW minimum was sometimes detected later than Sep07 (i.e.
Mar08). Moreover, a higher number of reversal points has been identified for the MWs
located in the peripheral sectors (eastern and western sides) and in the southern areas,
with respect to the MWs placed in the northern and central parts of the domain (Fig. 6.6).
Local minimum and maximum conditions have been also identified (Table S6.2 of the
ESM): respectively, September 2012 and September 2011. However, these local
situations have not been further investigated, thus reconstructing the piezometric

surfaces of the water table only for the Sep07, Marl15, and for Sep19.
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Fig. 6.5. a) Identified reversal points for GW level minimum and maximum conditions. Dates on
the X-axis are provided according to format mm-yy. Spatial and temporal distribution of the
identified reversal points for b) GW minimum ¢) GW maximum. NCI stands for ‘not clearly

identifiable’.
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Fig. 6.6. GW-level time-series and reversal points for the selected monitoring wells (MWs). a),
b) MWs time-series located in the North. ¢), d) MWs time-series located in the South. e), f) MWs
time-series located downtown. g), h) MWs time-series located in the West. i), j) MWs time-series
located in the East. k) Location of selected MWs time-series. To better compare the time-series,
the X-axis scale has been set with intervals of six observations (i.e. three years); the Y -axis scale

has been kept the same for all the time-series graphics (15 meters).

6.4.1.3. Autocorrelation and Cross-correlation with rain data

Autocorrelation analysis was performed on the MWs considering 10 lags. For each MW,
the number of significantly autocorrelated lags was determined and this is represented
in Fig. 6.7. Results (Fig. 6.7a) show that autocorrelation can be significant for up to 6
lags in the northern sector, which correspond to a three-year time span. In the central
part of the area, significant autocorrelation was detected for a maximum of 4 lags (i.e. 2
years), while a more heterogeneous situation is visible in the southernmost part. A

westernmost group of MWs shows no degree of correlation.
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Fig. 6.7. a) Significant number of lags for each GW-level time-series; colour coding and dot sizes
represent the number of significant lags. b) Autocorrelation plots for two selected MWs: the
horizontal light blue dashed line indicates the significant level of autocorrelation (ACF) based on
the record length (Bloomfield et al. 2015). The 95% significance level in both cases is +£0.3578.

For the legend of land use classes, refer to Fig. 6.4.
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Correlation of GW time-series with rain data has been evaluated up to Lag -2 (possible
response time: one year), as these lags have been considered as the most environmentally

significant; results are shown in Fig. 6.8.

At Lag 0 (i.e. no temporal shift), the MWs located in the most peripheral areas showed
a significant correlation with rain data, indicating a direct and fast response of
piezometric level to precipitation (Fig. 6.8a) mainly in the western and the southernmost
sectors, which showed a shorter autocorrelation and therefore a lower memory of the
GW system. A significant but lower correlation was detected in the eastern sector of the
domain. Thus, in these areas, GW levels respond rapidly to local precipitation events. At
Lag -1 (response time: six months) a more pronounced correlation between rain data and
GW levels has been noticed in the northern and the central sectors of the domain (Fig.
6.8Db), thus indicating a less rapid response of GW levels to rainfall; whereas, a reduced
significant correlation has been identified in the western and southern sectors, that
showed a significant correlation at Lag 0. Finally, at Lag -2 (response time: one year), a
significant correlation with rain data was identified for 74 out of 95 MWs (Fig. 6.8c),

thus showing a widespread dependency of GW-level time-series on rain data.
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Fig. 6.8. Cross-correlation function with rainfall data at a) Lag 0 b) Lag —1 ¢) Lag —2. d) Location
of Paderno Dugnano rain gauge station. e) Cross-correlation plot for one selected MW: the
horizontal light blue dashed line indicates the significant level of cross-correlation (CCF) based
on the record length (Bloomfield et al. 2015). The 95% significance level in both cases is +£0.3578.
f) Time-series of meteorological data for Paderno Dugnano rain gauge. O-M stands for October—

March; A-S stands for April-September. For the legend of land use classes, refer to Fig. 6.4.

6.4.1.4. Hierarchical Cluster analysis

According to the dendrogram in Fig. 6.9c, the possible solutions are at k=2, 3, 4 and 8,
where k is the number of clusters. MWs have been grouped into 8 clusters (C1-C8; Figs.
6.9a and 6.9c¢), as this allowed a more detailed exploration and interpretation of the study
area’s environmental variability (Rinderer et al. 2019). Two clusters (C1 and C4) contain
most of the MWs (23 out of 95 are contained in C1, while 34 out of 95 are included in
C4); two clusters (C2 and C3) both contain 12 MWs, while the remaining four clusters
(C5-C8) contain at most four MWs, thus describing more specific situations. The MWs
of C1 are mainly located in the southern sector, while a few are close to the downtown
area. These MWs are characterized by a relatively stable GW level, with hydraulic head

variations of two-three meters. This characteristic is due to the local geology for the
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southern MWs, showing GW heads close to the ground level, with a constrained
possibility of oscillation; close to the downtown area, the non-consumptive employment
of GW exerted by GWHPs could contribute to maintaining GW levels as relatively
stable. Cluster C2 includes 12 MWs located in a transition belt between the northern and
the central sector. As illustrated in Fig. 6.9b, the main differences between C3 and C4
are the average GW level of the cluster and the range of hydraulic head variations (i.e.
within ~ 5 m), while the cluster trends are rather similar. Despite this similarity, MWs
in C3 are characterized by a steeper rising (around 8-10 meters) phase in the period
between Sep07 and Marl5 (GW minimum and maximum conditions respectively). C4
contains 34 MWs, distributed in the central portion of the domain: the average trend of
this group is similar to C1, even if a less oscillating declining phase has been observed
between Mar05 and Sep07; also for this cluster, stable GW levels could depend on the
use of GWHPs. Three MWs located in the northern part of the domain are included in
C5: a GW level peak for Sep08 was the main driver determining a medium GW level
trend that differs from C3 and C8, whose MWs are similarly sited northward. C6 and C7
contain four and three MWs respectively: both these clusters group MWs located in the
westernmost part of the study area; the average GW level of these clusters shows a high
fluctuating trend, with no evident rising or declining phases. This may prove a rapid
response of the water table to local conditions, as identified also from the results of the
autocorrelation and cross-correlation functions. Four MWs, located in the northernmost
area of the domain, are grouped in C8: the average trend of this cluster is comparable in
its first part to the trend of C3, while the declining period from Marl5 is more oscillating
than the linear declining phase of C3; thus, this second part of the trend is more

comparable to C5 trend. The average hydraulic head variation is around 7-8 meters.
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Fig. 6.9. a) Spatial distribution of the resulting clusters; b) Average GW level of the resulting
clusters; error bars are sized according to standard deviation. ¢) Cluster analysis dendrogram of

the 95 MWs. For the legend of land use classes, refer to Fig. 6.4.

6.4.1.5. Water Table and Groundwater Volumes calculation

GW potentiometric maps of the shallow aquifer for the identified GW level minimum
and maximum conditions (Sep07, Mar15) and for Sep19 are shown in Figs. 6.10a and
6.10c. Their raster differences are displayed in Fig. 6.10d and Fig. 6.10e. As observable
from Fig. 6.10d, in the northern portion of the domain, characterized by a steeper rising
trend (Fig. 6.4) and a wide unsaturated zone (Fig. 6.2), hydraulic heads (m a.s.1.) differed
by more than ten meters between the minimum and maximum conditions. In the NW
this difference was limited to around four meters. Moving South, the difference values
oscillated between three and five meters close to the downtown area; in the South and
West, the differences in hydraulic heads were between zero and two meters, confirming
a reduced/not significant rising trend. In these areas, despite Sep07 being identified as

the GW level minimum, in a few spot locations the hydraulic head of Sep07 was higher
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than Mar15. This could be due to the irrigation activities generating a GW maximum at
the end of the summer season. Moreover, as the unsaturated zone of the southern part of
the shallow aquifer is thinner than in the northern part (Fig. 6.2), GW level oscillations
are limited, and the GW minimum and maximum conditions are less evident. On the
other hand, the eastern side of the domain shows different behaviour, with a global GW
maximum higher than the global minimum. As regards the Mar15-Sep19 investigation
(Fig. 6.10e), hydraulic head differences appeared limited with respect to the Marl5-
Sep07 analysis (Fig. 6.10d). In the North, the hydraulic head differences did not exceed
six meters, with three meters as the maximum difference observable near the downtown
area, while a similarly limited oscillation was detected for the southern sector, if
compared to the Mar15-Sep07 analysis. With respect to the western portion, hydraulic
heads of Sep19 were general higher than in Marl5, despite Sep19 coming at the end of
a declining trend period. In terms of subsurface volumes impacted by these GW
oscillations, the rising trend between Sep07 and Marl5 determined an occupation of
704.94 x 10 m>. In contrast, the declining phase that took place from Marl5 onward
determined a reduction of 289.62 x 10° m* of GW in the shallow aquifer. As for the
mobile water included in these volumes, eight classes of effective porosity have been
introduced for the calculation, deriving their values from the hydraulic conductivity
values of the lithologies in these subsurface portions. A detailed description of these

classes (n,) has been provided in Table 6.1.

Table 6.1. Classes of effective porosity and conversion of hydraulic conductivity into effective

porosity values.

Class of effective porosity Hydraulic conductivity (m/d) Effective porosity value
1 <42 0.18
2 42-70 0.19
3 71-100 0.20
4 101-130 0.21
5 131-160 0.22
6 161-190 0.23
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Class of effective porosity Hydraulic conductivity (m/d) Effective porosity value
7 191-220 0.24
8 >221 0.25

Effective porosity values ranging from 0.18-0.19 have been attributed to fine grain-size
materials (hydraulic conductivity (K) ranging from 38 to 70 m/s), while higher values
have been assigned respectively to medium-grain (0.20-0.22, with K from 71 to 160 m/s)
and coarse materials (0.23-0.25, with K from 161 to 262 m/s).

Based on this classification, for the Sep07-Marl5 period there has been an estimated

increase of 149.53 x 10° m® of mobile water, while for the Marl5-Sep19 period, a
decrease of 62.69 x 10° m>.
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Fig. 6.10. GW potentiometric maps for a) Sep07 b) Mar15 ¢) Sep19; d) Hydraulic head difference
between the maximum (Mar15) and minimum condition (Sep07); e) Hydraulic head difference

between the maximum (Mar15) and final GW condition (Sep19).
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6.5. Discussion

As planned by the local authorities (Milan Metropolitan City 2019), in the framework of
a general urban transformation, urban underground development is occurring for the city
of Milan. This implies an integrated management scheme, taking GW aspects into
account. Thus, a data-driven methodology was adopted in this study to identify GW
management areas (MAs) and elaborate management proposals for the Uls. In particular,
greater attention has been paid to public car parks. To do so, a set of statistical and
geospatial techniques, which are scientifically appropriate, has been adopted to assess

spatial-temporal patterns of GW levels (Chaudhuri and Ale 2014).

6.5.1. Improved conceptual model

The obtained results showed a general spatial agreement, identifying different

hydrogeologic features among various domain sectors.

The northern sector showed the highest trend magnitude (Fig. 6.4): in this area, the
greater unsaturated thickness (Fig. 6.2) allows the water table to oscillate widely. This
hydrogeologic condition facilitated the GW rebound that started at the beginning of the
1990s, triggered by both the industrial decommissioning and a gradual decrease in
resident population (Bonomi 1999; De Caro et al. 2020). In the same sector, the
autocorrelation coefficient turned out to be significant at up to six lags, implying a long-
term memory of the system and a significant dependency from previous measures
(Dinpashoh et al. 2014; Neto et al. 2016). The downtown sector showed a lower trend
magnitude than the northern sector. This lower trend can depend on a possible
anthropogenic influence associated with extensive use of GWHPs and a significant
presence of Uls controlling GW levels. These areas showed a delayed response to
precipitation events, with a significant correlation at Lag -1 (response time: six months):
this could be due to a) the greatest depth of the water table (Fig. 6.2), mainly in the North,
which determines a delayed GW response, and b) a reduced infiltration rate dependent
on an urbanized land use, visible for both sectors (Fig. 6.4). These factors contributed

also to a delayed identification of reversal points, as occurred for the GW minimum: in
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the North this condition was in part identified in Mar08 (Fig. 6.5b), and not in Sep(07 as

for the majority of the time-series (Fig. 6.5a).

In the South, depending on its hydraulic gradient, the water table is close to the ground
level (Fig. 6.2), which limits the rising trend. Moreover, as for the western sector, a
decrease in grain size from coarse (i.e. gravel and sand) to fine sediments (i.e. silt and
clay), moving from N to S, determines a change in the aquifer transmissivity: this leads
to the formation of the lowland springs, forcing GW both close to the ground level and
to outflow, thus constraining water table oscillations (De Luca et al. 2014). As well, in
the West, the presence of clay lenses determines the formation of local perched aquifers,
with a medium depth ranging from six to eight meters below the ground level (Bonomi
et al. 2009). Western time-series are also marked by the presence of seasonal fluctuations
(Fig. 6.9b), with a GW level minimum in March and a maximum in September. Land
use could influence this cyclical condition. This area is mainly agricultural (Fig. 6.4),
with maize and rice as primary cultures (Bernini et al. 2019; Pulighe and Lupia 2019):
as the irrigation period goes from April to September, a GW level maximum is expected
at the end of this season, with a water table response generally delayed by less than one
month compared to the beginning of the flooding activities (Lasagna et al. 2020). All
these factors could explain the reduced significant autocorrelation in the South and the
almost complete absence of autocorrelation in the West, highlighting a lack of system
memory in these areas and a rapid response to external drivers. The significant cross-
correlation with rain data at Lag 0, providing insights into a rapid aquifer recharge by
rainfall (Lasagna et al. 2020), is in line with these outcomes. This aspect also appeared
from reversal points analysis, as in these areas the identified GW level minimum and
maximum condition partly occurred in advance from Sep07 (GW minimum) and Marl15

(GW maximum) (Fig. 6.5).

The widespread correlation at Lag —2 (response time: one year) could be attributed, in
particular for these peripheral sectors of the domain, to a sort of periodicity of GW time-
series, mainly attributable to the agricultural activities that led to a cyclical hydraulic

maximum at the end of the summer season.
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In contrast, different hydrogeologic settings could explain the discrepancy in correlation
results between western and eastern sectors (Fig. 6.7a), as land use distribution is mostly
similar. In the East, the paleochannel of the Lambro River (Fig. 6.1), with coarse
materials and a higher transmissivity, determines a difference from the geological system
of the lowland springs and the local perched aquifers previously described for the

western sector, influencing correlation results.

These findings highlighted that the degree of autocorrelation influences the slope
magnitude of GW level trends. In addition, the thickness of the unsaturated zone revealed
to be a contributory factor on MWs autocorrelation (Bloomfield and Marchant 2013).
As regards cross-correlation with rain data, results pinpointed that lag times between the
GW level responses to precipitation events are related to the lithological conditions and
the thickness of the unsaturated zone (Kotchoni et al. 2019). Moreover, land use
distribution could be considered as an additional factor influencing the infiltration rate

(Scanlon et al. 2005).

The final grouping of GW time-series in 8 clusters is consistent with the results
previously described. Northern time-series are grouped into C3, C5 and C8: these time-
series both show the highest trend magnitude and the highest degree of autocorrelation;
moreover, their correlation with rain data is uniformly delayed (Lag —1). In addition,
their water table rising, of between eight and ten meters, was the greatest detected. This
trend proves the anthropogenic impact (Bloomfield et al. 2015), representing the ending
phase of the GW rebound, triggered by the industrial decommissioning that started at the
beginning of the 1990s (Bonomi 1999). The same explanation provided for the northern
clusters could be provided even for C2, grouping MWs located at the transition belt
between the northern clusters and C4. This latter cluster groups all the GW time-series
located in the downtown belt, showing both a dampened magnitude of trend and degree
of autocorrelation compared to the northern MWs. C1 includes all the southern MWs,
with a part of them stretching up to the downtown area: this spatial distribution could
depend both on a structural and anthropogenic factor. The structural factor is due to the
constrained possibility of oscillations of the water table in this part of domain; the

anthropogenic influence could be attributed to the GW exploitation for heat exchange:
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GWHPs active in the downtown area, mainly inducing a thermal stress, could be
considered as non-consumptive (Garcia-Gil et al. 2016), as by using a system of catch
and return wells the water withdrawn is usually returned to the shallow aquifer. At the
same time, if only catch wells are adopted, this could contribute to limit the water table
rising. C6 and C7 group all the MWs located in the western area: as discussed above, the
fluctuating but constrained GW level trend of these MWs could be related both to the
presence of lowland springs and local perched aquifers and to the land use, with

irrigation activities conducted during the summer season.

Thus, also cluster analysis emphasized that, even within the same aquifer, and in a rather

limited domain, significant differences in GW behaviour could be identified.

The outcomes of the data-driven approach have also been confirmed by the spatial
analysis, applied to reconstruct the potentiometric maps of different GW conditions and
to calculate the subsurface volumes influenced by these GW oscillations. In the North,
where the highest trend magnitude (Fig. 6.4) and degree of correlation were detected
(Fig. 6.7), the major GW hydraulic head variations have also been identified using GIS.
Subsequently, a progressive dampening in water table oscillations has been registered
moving both southward and westward, where a reduction in trend magnitude (Fig. 6.4)
and degree of correlation (Fig. 6.7) was observed, while identifying a more rapid
correlation with rainfall data (Fig. 6.8a). Moreover, the content of mobile water included
in these subsurface volumes has been estimated. This information could be useful for
stakeholders, as in GW rising phases part of this amount of water could represent a
flooding threat to underground structures; for this reason, this water could be locally
withdrawn to secure the infrastructure at risk, exploiting this resource for other needs

(i.e. street washing, recreational uses).

6.5.2. Considerations on the data-driven approach

This agreement among the obtained results allowed this study to focus on the
effectiveness of a data-driven approach. GW-level time-series have been analysed,
applying different statistical techniques; each one was employed to investigate a specific

hydrogeologic aspect: however, in the end, the final outcomes obtained always showed
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spatially coherent regions of GW behaviour. Thus, time-series analysis provided a deep
insight into the main hydrogeologic features of the shallow GW system, highlighting
fundamental properties that affect GW level dynamics (Bloomfield et al. 2015): applying
them to support GW system conceptualization could guarantee both time- and cost-
effective assistance to GW models (Obergfell et al. 2013), providing useful
complementary information. Besides, even if for many GW questions an answer could
be obtained only by structuring a spatial GW model (Anderson et al. 2015), time-series
analysis can still have a relevant role (Bakker and Schaars 2019): for example, in data

pre-processing and target definition.

In particular, through the approach developed in R to identify GW conditions, the highest
number of reversal points was identified for the western and southern time-series (Table
S6.2 of the ESM); this proved the absence of a clear significant trend, evidencing a more
fluctuating behaviour if compared to the most visible rising and declining phases
detectable in the northern and central sectors. This outcome is consistent with the
hydrogeologic framework described through the Mann-Kendall test and Sen’s slope
estimator. Thus, the adopted approach turned out to be reliable in identifying the main
GW conditions typical of the considered shallow aquifer, also identifying local

situations.

As regards cross-correlation, combining GW-level time-series and precipitation data
provided a better understanding of at least one natural forcing on GW trends (Kumar et
al. 2009). The adoption of just one meteorological station was a direct consequence of
data lacking and fragmentation, which is still a limiting factor as regards the potential
use of Open Data information (Janssen et al. 2012). However, as the study area is a
limited domain, located in the middle of an alluvial plain, a rather homogeneous rainfall
trend over the area is supposable; thus, considering only one weather station was anyway
believed enough to obtain reliable results. Depending on data availability, future
perspectives could consider a higher number of meteorological stations to deepen this

analysis.
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Finally, grouping GW time-series through cluster analysis techniques, focusing on GW
levels, constitutes an emerging research field (Naranjo-Ferndndez et al. 2020). In
particular, its application represents an element of novelty for the study area: in fact, in
this domain statistical techniques have been mostly applied for GW chemicals (Alberti
et al. 2016; Azzellino et al. 2019; Pollicino et al. 2019) and thermal issues (Previati and
Crosta 2021b), but not for quantitative analysis. As well, the adopted approach allowed
one to accurately pinpoint the potential features influencing GW levels (i.e. geology,
precipitation, withdrawals, land use), thus evidencing more defined local GW
conditions. Moreover, their application in an urban planning framework is supposed to
guarantee better policy outcomes. To the best of the authors’ knowledge, this is the first
time that data-driven analysis of GW levels have been adopted in supporting Uls
management, and this approach could help stakeholders in effectively designing the
already planned urban underground development that will take place in the next years

for the city of Milan, considering also GW aspects.

6.5.3. Decision management

In view of the previous results, that showed a similar spatial zoning, four management
areas (MAs) have been identified (Fig. 6.11). Each area showed a local hydrogeologic
behaviour, thus needing different management policies in urban GW management and
urban planning. In order to elaborate effective guidelines for the management and
construction of new public car parks, an already defined spatial methodology has been
previously adopted to evaluate how their interference with the water table in terms of
flooding (not submerged, possibly critical, submerged) has varied over time. The
methodology has been fine-tuned with respect to a previous work (Sartirana et al. 2020),
introducing a threshold value that allows one to identify potentially submerged
infrastructures (i.e. possibly critical structures). Given the total number of 126 car parks,
35 car parks are located in MA1; 54 and 30 car parks are respectively sited in MA2 and
MA3, while only 7 are in MA4. The results of the spatial relationship between public
car parks and the water table have been summed up at Table 6.2 and are visible at Fig.

6.11. The MA for each public car park is visible at Table S6.1 of the ESM.
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Table 6.2. Conditions of public car parks in the proposed management areas (MAs) at the

analysed GW conditions.

Public Car Parks Condition
MA GW period Possibly
Not Submerged Submerged
Critical
Sep07 35 - -
MAL1 Marl5 29 5 1
Sep19 35 - -
Sep07 39 4 11
MA2 Marl5 12 8 34
Sep19 28 3 23
Sep07 12 7 11
MA3 Marl5 8 2 20
Sep19 9 4 17
Sep07 4 - 3
MA4 Marl5 2 3 2
Sep19 1 2 4

Thus, car park submersion mainly occurred in MA2, followed by MA3. This depends
also on the depth of these structures: in the downtown area (MA2) car parks can reach
up to six floors (i.e. 20 meters of depth); in contrast, in the northern sector (MA1) car

parks have a medium depth of two-three floors (i.e. 8-11 meters of depth), while one
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floor (i.e. five meters) is typical in the western sector (MA4). Finally, car parks located
in MA3 range from one-two floors in the southernmost part, up to five floors in the
northernmost part, at the border with MA2 (Sartirana et al. 2020). Thus, MA3 also
presented recurring impacted car parks, due to both the number of floors and the
proximity of the water table to the ground level (Fig. 6.2). Finally, MA1 did not show
any impact for Sep07 (Fig. 6.11a) and Sep19 (Fig. 6.11c), while some parks resulted as
being possibly critical with respect to flooding in Mar15 (Fig. 6.11b), as a consequence
of the steep water table rise occurring in the northern sector. Even if the unsaturated
thickness is high (Fig. 6.2), adopting proper management measures would be suggested.
As for MA4, the worst condition has been detected in Sep19, because of the seasonal
water table fluctuations in this sector (Fig. 6.9b), determining a local GW level

maximum at the end of the summer.
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Fig. 6.11. Management areas (MAs) and public car park interaction with the water table at a)

Sep07, b) Marl5 and ¢) Sep19. In order to obtain a clear representation, public car parks have

been represented as points instead of polygons.

As a consequence of these results, a list of suggested guidelines regarding the

construction of new public car parks has been elaborated. These guidelines, together with

arc

2

submersion for each MA

the hydrogeologic features and the possibility of

summarized in Table 6.3.
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Table 6.3. Main hydrogeologic conditions, submersion risks and suggested guidelines for the

identified management areas (MAs).

MA

Hydrogeology

Submersion

possibility

Suggested guidelines

MAI1

Wide range of
thickness of the
unsaturated zone; steep

water table rise

Intense GW rebound:
possible  submersion
supposing a further

future GW-level rise

-Construction of new
underground car parks
with waterproofing
techniques

-Favour a horizontal
subsurface sprawl of
the car parks instead of
deep structures (i.e. two
floors as

depth)

suggested

MA2

Constrained water table
rise (anthropogenic

control)

Submersion facilitated
by the depth of

structures

-Construction of new
underground car parks
with waterproofing
techniques

-Adoption of pumping
systems to locally
control the GW rise:
drainage and
reinjection systems or
GWHPs

-3D numerical model to
assess the impact of
both the car parks and
pumping systems on
GW (i.e. avoid aquifer
fragmentation or alter
the GW budget of the
flow system)
-Installation of MWs
close to the built

structures to regularly
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MA

Hydrogeology

Submersion

possibility

Suggested guidelines

monitor the hydraulic

head

MA3

Constrained water table
rise (geological

control)

-Submersion facilitated
by the depth of
infrastructure (close to
MA?2)

- Dependent on the
water table close to the

ground level (southern

-Construction of new
underground car parks
with waterproofing
techniques

-Favour a horizontal
subsurface sprawl of

the car parks instead of

sector) deep structures, in
particular in the
southern sector (i.e. one
floor as

depth)

suggested

Seasonal fluctuations | Dependent on the water | -Construction of new

of the water table; | table close to the | underground car parks

absence of a clear rising | ground level with waterproofing
trend techniques

-Favour a horizontal
MA4
subsurface sprawl of
the car parks instead of
deep structures (i.e. one
floor as

depth)

suggested

In the past, some underground structures have been designed without waterproofing,
neglecting the possibility of a GW rebound. Consequently, in the last decades, there have
been flooding episodes in some public car parks (Sartirana et al. 2020). For this reason,
a general guideline on the adoption of waterproofing techniques for new Uls has been
proposed, acting as a reminder for the administrators. Based on local hydrogeologic
conditions, a suggested number of floors has been provided for new public car parks for

MAI1, MA3, and MA4. A maximum of two floors has been indicated only for MA1,
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aiming to avoid possible interactions with the water table. A similar proposal has not
been developed for MA2, as the majority of the economic activities are located in the
city centre. This supposes a high demand for new infrastructure due to socio-economic
needs (Bobylev 2009), and considers that the already in-place structures are developed
as multi-storey, specific guidelines have been elaborated considering an interaction with
the water table. In particular, pumping systems, including the adoption of GWHPs, could
be favoured to control the water table rise, regulating the withdrawals based on regular
monitoring of the interaction between GW and the Uls. Moreover, in order to assess the
impact of the Uls on GW (Attard et al. 2017), local 3D numerical models should be
developed. In this way, a sustainable and integrated management scheme will be

developed, balancing the needs of both a secure GW resource and Uls.

6.6. Conclusions and Future Perspectives

This work aimed at proposing a data-driven approach to support decision-based
management for urban planning of new Uls, focusing on public car parks; to do so, time-
series analysis of GW-level time-series of the shallow aquifer beneath the city of Milan
has been conducted. As interaction with GW has been observed in the last decades,
resulting in the adoption of targeted management strategies in the urban planning

framework becoming necessary. In particular, this study has allowed this paper to:

1. Define a workflow of different statistical and geospatial techniques that allows
one to evaluate the spatio-temporal patterns of the GW levels for the studied

shallow aquifer, proving the effectiveness of a data-driven approach.

2. Identify portions of the study area showing different GW conditions, mainly
attributable to local hydrogeologic settings. Indeed, even in spatially limited
domains, a thorough monitoring network could guarantee a broad insight into
GW processes. Thus, different GW management strategies should be adopted

according to specific hydrogeologic situations.

3. Provide to the decision makers a (site-specific) methodology to adequately

design and handle the planned underground development of the city of Milan,
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also considering GW aspects. In particular, as a main outcome of this study, four
areas of GW/UIs integrated management options have been identified, where
different guidelines for managing and designing new underground public car

parks should be adopted.

This approach could be complementary to GW numerical modelling, in order to properly
design urban GW management strategy. Indeed, analysing GW-level time-series could
allow one to improve the definition of the conceptual model, and to identify local
hydrogeologic conditions to be further studied through the development of a specific
numerical model. Future perspectives will consider the realization of different GW
scenarios, simulating possible climate change effects, to evaluate the dynamics of the
interferences between GW and the underground structures, thus updating when required
the suggested guidelines. The adopted methodology could be extended worldwide to
other urban areas that have a well-structured GW monitoring network, are impacted by
an existing interaction between GW and the Uls, and that may face future underground

development.
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Fig. S6.1. Geological profile of N-S cross section BB’ of the study area, modified from Regione
Lombardia (2016). The aquifer group classification from Regione Lombardia & ENI (2002) is

also provided. For its location see Fig. 6.1b of the main article.
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Table S6.1. List and main features of the underground car parks located in the study area.

Modified from Sartirana et al., (2020). MA stands for management area.

Name Bottom (m Depth Area x Volume x Floors MA
a.s.l) (m) 10° (m?) 10° (m?)
Accursio 115.6 14 4.55 63.7 4 1
Alghero 122.72 5 2.12 10.6 1 1
Balla 125.58 8 2.65 21.2 2 1
Betti 123.7 8 5.69 45.52 2 1
Bicocca P7 122.1 11 5.67 62.37 3 1
Bicocca P8 125.5 8 6.67 53.36 2 1
Capecelatro/Pessan 116.35 8 5.05 40.4 2 1
0

Carafa/Conte Verde 120.2 11 33 36.3 3 1
Caroli/Ricordo 121.53 8 3.77 30.16 2 1
Cechov 122.54 8 2.92 23.36 2 1
Cervi/Assietta 130.11 8 8.05 64.4 2 1
Cilea 100 126.83 8 437 34.96 2 1
De Lemene 120.6 8 2.29 18.32 2 1
Don Calabria 116.85 8 6.4 51.2 2 1
Emo 116.23 11 2.76 30.36 3 1
Gandhi/Perlasca 128.2 8 4.31 34.48 2 1
Govone 110.19 17 1.6 272 5 1
Grado 118.77 8 1.68 13.44 2 1
Graf/De Pisis Ovest 128.9 8 5.94 47.52 2 1
Lampugnano 119.85 8 3.78 30.24 2 1
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Name Bottom (m Depth Area x Volume x Floors MA
a.s.l) (m) 10° (m?) 10° (m?)
Marmolada 124.4 11 3.36 36.96 3 1
Monte Baldo 117.22 8 3.1 24.8 2 1
Muttoni/Quarenghi 124.8 8 3.99 31.92 2 1
Ojetti 124.16 8 7.03 56.24 2 1
Osculati/Camerino 125.14 11 0.45 4.95 3 1
Populonia/Valassina 117.68 11 8.68 95.48 3 1
Prinetti/Vida 114.2 11 3.25 35.75 3 1
Riccione 120.95 11 1.91 21.01 3 1
Salmoiraghi/Stupari
o 115.37 11 1.76 19.36 3 1
San Giusto/Val
Poschiavin 116.7 8 5.56 44.48 2 1
Sarca/Nota 123.99 8 4.4 35.2 2 1
Suzzani 129.85 8 3.56 28.48 2 1
Toce/Boltraftio 115.33 11 4.55 50.05 3 1
Trechi 132.14 8 3.97 31.76 2 1
Veglia/Caserta 120.9 8 22.28 178.24 2 1
Adda 102 20 0.81 16.2 6 2
Ampere/Compagni 104.5 14 2 28 4 2
Arduino 112.9 11 5.67 62.37 3 2
Aretusa Nord 110.75 11 4.39 48.29 3 2
Bazzini 102.2 17 1.49 2533 5 2
Benedetto Marcello 106.53 14 3.05 42.7 4 2
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Name Bottom (m Depth Area x Volume x Floors MA
a.s.l) (m) 10° (m?) 10° (m?)
Carducci Olona 101.2 17 3.42 58.14 5 2
Caterina da Forli 108.97 11 10.35 113.85 3 2
Cesariano 111.5 11 4.54 49.94 3 2
Ciclamini/Margherit
111.5 8 3 24 2 2
e

Correggio Est 107.81 14 1.03 14.42 4 2
Correggio Ovest 106.95 14 2.75 38.5 4 2
Costa/Loreto 106.9 14 1.97 27.58 4 2
Dateo Nord 99.8 17 1.94 32.98 5 2
Dateo Sud 102.8 14 2.11 29.54 4 2
Donati/Redaelli 110.01 8 9.53 76.24 2 2
Etiopia 111.66 8 0.5 4 2 2
Fratelli Bandiera 103.5 14 2.81 39.34 4 2
Giotto 107.05 14 4.49 62.86 4 2
Giulio Cesare 109.2 14 4.42 61.88 4 2
Gramsci 110.2 14 43 60.2 4 2
Leoncavallo 108 14 2.54 35.56 4 2
Leone XIII 115.35 8 7.4 59.2 2 2
Lucerna 113.39 8 4 32 2 2
Majno 101.86 17 2.05 34.85 5 2
Manuzio 103.56 17 2.27 38.59 5 2
Mascagni 102.2 14 4.63 64.82 4 2
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Bottom (m Depth Area x Volume x
Name Floors MA
a.s.l.) (m) 10° (m?) 10° (m?)
Meda 102.85 17 2.1 35.7 5 2
Moise
101.5 17 3 51 5 2
Loria/Stromboli
Moscova 107 14 7.32 102.48 4 2
Murani 101.6 14 3.38 47.32 4 2
Novelli 103.2 14 1.17 16.38 4 2
Numa Pompilio 100.7 17 4.07 69.19 5 2
Ozanam 105.63 14 4.6 64.4 4 2
Piazza Diaz 108.5 11 24 26.4 3 2
Po 105.2 14 6.87 96.18 4 2
Puccini 101.33 20 1.68 33.6 6 2
Quinto Alpini 106.47 14 1.66 23.24 4 2
Rio de Janeiro 105.7 11 2.27 24.97 3 2
Rio de
Janeiro/Andrea del 105.7 11 2.64 29.04 3 2
Sarto
Risorgimento nord 96.9 20 1.43 28.6 [§ 2
Risorgimento Sud 102.8 14 2.11 29.54 4 2
Romagnoli/Bertieri 107.34 11 2.11 23.21 3 2
Rossetti 115.2 8 2.88 23.04 2 2
Sammartini/Lunigia
112.3 11 3.49 38.39 3 2
na
Sant'Ambrogio 102 17 7.41 125.97 5 2
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Bottom (m Depth Area x Volume x
Name Floors MA
a.s.l.) (m) 10° (m?) 10° (m?)
Savona Tolstoj 110.67 5 1.08 5.4 1 2
Solera Mantegazza 107.85 14 2.92 40.88 4 2
Tommaseo 103.89 17 3.15 53.55 5 2
Vigano 110.61 14 2.19 30.66 4 2
Vittor Pisani 107.58 14 8.78 122.92 4 2
Volontari 108.8 14 1.3 18.2 4 2
Washington/Piemon
100.35 20 3.02 60.4 6 2
te
XXV Aprile 105.2 17 5.07 86.19 5 2
Avezzana 98.07 11 2.04 22.44 3 3
Bacchiglione/Schei
99.9 11 3.35 36.85 3 3
willer
Balilla/Zamenhof 105.66 8 24 19.2 2 3
Bellosio/Facchinetti 102.46 8 3.71 29.68 2 3
Bibbiena/Centro
105.65 8 3.86 30.88 2 3
Civico
Bordighera/Alzaia
o 102.56 11 3.32 36.52 3 3
Naviglio Pavese
Cardinal Ferrari 101.53 14 2.24 31.36 4 3
Cascina Bianca 106.2 5 7.88 394 1 3
Ciceri Visconti 101.47 11 4.16 45.76 3 3
Conca del Naviglio 101.92 14 2.43 34.02 4 3
Dalmazia 101.75 8 2.09 16.72 2 3
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Bottom (m Depth Area x Volume x
Name Floors MA
a.s.l.) (m) 10® (m?) 10° (m3)
De Nicola/San
106.46 5 4.78 239 1 3
Vigilio
De Pretis/San
106.4 5 4.52 22.6 1 3
Vigilio
De Pretis/Voltri 106.89 5 4.73 23.65 1 3
Erculea 100.91 17 1.3 22.1 5 3
Feltrinelli 101.83 5 8.3 41.5 1 3
Giulio Romano 96.45 17 2.48 42.16 5 3
Isimbardi 102.9 8 2.64 21.12 2 3
Maffei 100.9 14 3.41 47.74 4 3
Manusardi 100.25 14 2.12 29.68 4 3
Menotti Serrati 98.94 5 7.5 37.5 1 3
Monte Popera/Piana 101.12 5 2.8 14 1 3
Monte
102.83 8 7.05 56.4 2 3
Velino/Cadibona
Montemartini/Fabio
) 101.38 8 7.16 57.28 2 3
Massimo
Pavia 99.84 14 3.38 47.32 4 3
Sabotino 96.91 17 2.47 41.99 5 3
San Barnaba 105.4 11 7.45 81.95 3 3
Spaventa/Meda 104.44 8 5.46 43.68 2 3
Trani/Malipiero/Me
100.1 8 5.92 47.36 2 3
cenate
Vittadini 99.23 14 3.63 50.82 4 3
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Bottom (m Depth Area x Volume x
Name Floors MA
a.s.l) (m) 10® (m?) 10° (m3)
Betulle Est 118.01 5 4.6 23 1 4
Betulle Ovest 118.2 5 2.49 12.45 1 4
Broggini 119.07 5 2.17 10.85 1 4
Nikolajevka 113.4 8 4.64 37.12 2 4
Silla 131.3 5 5.82 29.1 1 4
Valsesia Est 116.45 5 3.42 17.1 1 4
Valsesia Ovest 116.6 5 1.96 9.8 1 4
5,157
Total parks: 126

Time-series reversal points: R Script
#Packages uploading
library(imputeTS) #to be used for interpolating time-series missing values

library(utils) # to export the final list of identified reversal points for each monitoring
well (MW)

#Data loading (.csv format)

db<-read.table("MWs_dataset.csv", header=T, sep=";", dec=",") #file setting: the first
column contains Date; the remaining columns contain MWs time-series; each row

contains the MWs observations at a given Date
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#Set Date

db$Date<-as.Date(db$Date,format = c("%d/%m/%Y")) # set Date column in Date

format

#Interpolating Missing Values

db notNA<-na_interpolation(db) #Create a new database linearly interpolating missing

values

#Reversal Points Identification
results <- NULL #lnitialize results
count <- 1

for (iin L:ncol(db notNA)){ #for is used to set a cycle, thus iterating the procedure for
all the MW

sel_db<-(db_notNA[,i]) #select columns
ts_db<-ts(sel db, start=2005, frequency=2) #set data as time-series

stl_db<-stl(ts_db, s.window="periodic") # Decompose a time series into seasonal,

trend and irregular components using loess
trend_db<-stl_dbS$time.series[,"trend"] #4nalyse only the trend component

shape smooth <- diff(sign(diff(trend db, na.pad = T))) #Determine the sign of the

difference between successive  couples of data

index_smooth<-which(shape smooth!=0,arr.ind = T)+1 #Determine the position of

reversal points

results[[count]] <- index smooth
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names(results)[[count]] <- names(db_notNA)[i]
count <- count + 1

print(results)

capture.output(print(results), file = "Identified ReversalPoints.txt") #Export a .txt file
containing all the identified Reversal Points for each MW

Table S6.2. Summary of GW reversal points (RPs) for the analysed monitoring wells (MWs) in

the study area.

MW Location GW Min. oW GWlLoc. GW Loc. No. of RPs
Max. Max. Min.
MW1 Downtown sep-07 mar-12 sep-12 sep-14 6
MW2 East mar-07 NCI NCI mar-18 8
MW3 North sep-07 sep-11 sep-12 sep-15 4
MW4 North mar-08 sep-11 sep-12 sep-15 4
MW5 North sep-07 sep-11 sep-12 mar-15 6
MW6 North mar-08 sep-11 sep-12 mar-15 4
MW7 South sep-07 NCI NCI sep-14 10
MW38 Downtown sep-07 sep-11 sep-12 mar-15 7
MW9 East sep-06 mar-11 mar-12 mar-15 6
MW10 South mar-07 NCI NCI sep-16 7
MWI1 East sep-07 sep-11 sep-12 mar-15 4
MW12 East sep-06 mar-11 mar-12 sep-15 7
MW13 West mar-07 mar-11 sep-12 sep-14 4
MW14 East sep-06 NCI NCI mar-14 10
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MW Location GW Min. oW GWlLoc. GW Loc. No. of RPs
Max. Max. Min.
MWI15 East mar-07 sep-11 mar-12 sep-15 8
MW16 South NCI NCI NCI NCI 8
MW17 South sep-07 mar-10 mar-12 sep-14 9
MWI8 South mar-07 NCI NCI mar-14 8
MWI19 North mar-08 sep-11 sep-12 mar-15 4
MW20 West mar-07 NCI NCI sep-13 10
MW21 South mar-07 NCI NCI sep-14 9
MWw22 North mar-07 sep-11 sep-12 sep-14 6
MWw23 Downtown sep-06 sep-11 sep-12 mar-15 7
MWw24 North sep-07 sep-11 sep-12 mar-15 4
MW25 Downtown NCI NCI NCI mar-14 8
MW26 Downtown mar-07 NCI NCI sep-14 10
MWw27 South mar-07 NCI NCI mar-14 11
MW28 South mar-07 NCI NCI mar-15 11
MW29 North mar-08 sep-11 sep-12 mar-15 6
MW30 North mar-07 sep-11 sep-12 mar-15 6
MW31 Downtown mar-07 NCI NCI mar-15 10
MW32 Downtown mar-07 NCI NCI sep-14 6
MW33 East mar-07 mar-11 mar-12 mar-15 7
MW34 North mar-08 sep-11 sep-12 mar-15 4
MW35 East sep-06 mar-11 sep-12 NCI 10
MW36 South NCI NCI NCI NCI 10
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MW Location GW Min. oW GWlLoc. GW Loc. No. of RPs
Max. Max. Min.
MW37 West NCI NCI NCI NCI 10
MW38 North mar-07 NCI NCI mar-14 7
MW39 West sep-06 NCI NCI mar-14 10
MW40 West NCI NCI NCI NCI 8
MW41 North sep-07 sep-11 sep-12 mar-15 9
MWw42 Downtown mar-07 NCI NCI mar-14 7
MWw43 West NCI NCI NCI NCI 13
MWw44 East sep-06 NCI NCI sep-14 7
MW45 West NCI NCI NCI NCI 14
MW46 Downtown sep-06 sep-09 mar-12 mar-15 8
MWw47 East mar-07 mar-11 mar-12 sep-15 6
MW48 North sep-07 sep-11 sep-12 mar-15 4
MW49 South NCI sep-09 mar-11 mar-15 9
MWS50 East mar-07 mar-11 sep-12 sep-18 6
MW51 Downtown sep-07 sep-11 sep-12 sep-14 6
MWS52 Downtown sep-07 sep-11 sep-12 sep-14 4
MWs53 Downtown mar-06 mar-11 sep-11 sep-16 6
MW54 North mar-08 sep-11 sep-12 mar-15 4
MWS55 North sep-07 sep-11 sep-12 sep-15 4
MWS56 North sep-07 sep-11 sep-12 mar-15 6
MWS57 East sep-07 sep-11 mar-12 sep-15 5
MWS58 West sep-07 mar-11 sep-12 sep-14 8
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MW Location GW Min. oW GWlLoc. GW Loc. No. of RPs
Max. Max. Min.
MW59 Downtown sep-07 mar-11 sep-12 mar-15 8
MW60 Downtown sep-07 mar-11 sep-12 mar-15 9
MW61 Downtown sep-07 sep-11 sep-12 sep-15 10
MW62 Downtown sep-07 sep-11 sep-12 mar-16 6
MW63 East mar-07 sep-11 mar-12 sep-16 8
MW64 North mar-08 sep-11 sep-12 mar-15 4
MW65 North sep-07 sep-11 mar-12 mar-15 6
MW66 South sep-07 mar-12 mar-13 sep-14 8
MW67 Downtown sep-07 sep-11 sep-12 mar-15 7
MW68 Downtown sep-07 sep-11 sep-12 mar-15 6
MW69 Downtown sep-07 sep-11 sep-12 mar-16 10
MW70 South sep-07 mar-12 sep-12 mar-15 8
MW71 South sep-07 sep-11 mar-12 sep-15 6
MW72 South mar-07 NCI NCI sep-15 9
MW73 Downtown mar-07 NCI NCI mar-15 6
MW74 Downtown mar-07 sep-09 sep-10 mar-15 6
MW75 West sep-06 NCI NCI sep-15 14
MW76 North mar-07 sep-11 sep-12 mar-15 4
MW77 Downtown mar-07 sep-11 sep-12 mar-15 6
MW78 Downtown sep-07 sep-11 sep-12 mar-15 6
MW79 Downtown sep-07 sep-11 sep-12 sep-14 6
MWS80 West sep-07 mar-11 sep-12 mar-15 8

158



6. Hydrodynamic characterization of the shallow aquifer to support underground management

MW Location GW Min. oW GWlLoc. GW Loc. No. of RPs
Max. Max. Min.
MWS1 West mar-08 sep-11 sep-12 mar-14 10
MW82 North sep-07 sep-11 sep-12 sep-14 4
MWS3 North sep-07 sep-11 sep-12 mar-15 4
MW§4 North mar-08 mar-12 sep-12 mar-15 4
MWSS5 North mar-08 mar-12 sep-12 mar-15 6
MWS86 Downtown sep-07 sep-11 sep-12 sep-15 7
MWS87 South mar-07 sep-11 sep-12 sep-15 7
MWS§8 East mar-06 NCI NCI NCI 10
MW89 North sep-07 sep-11 sep-12 sep-14 4
MW90 West mar-06 NCI NCI NCI 7
MWOl North mar-08 sep-11 sep-12 mar-15 4
MW92 North sep-07 sep-11 sep-12 mar-15 4
MW93 West mar-06 NCI NCI NCI 9
MWo4 West sep-07 mar-11 mar-12 mar-14 6
MWO5 North sep-07 sep-11 sep-12 sep-15 4

*NCI stands for Not Clearly Identifiable.
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Abstract

Urbanization is a worldwide process that recently has culminated in wider use of the
subsurface, determining a significant interaction between groundwater and underground
infrastructures. This can result in infiltrations, corrosion, and stability issues for the
subsurface elements. Numerical models are the most applied tools to manage these
situations. Using MODFLOW-USG and combining the use of HFB and DRN packages,
this study aimed at simulating underground infrastructures (i.e. subway lines and public
car parks) and quantifying their infiltrations. This issue has been deeply investigated to
evaluate water inrush during tunnel construction, but problems also occur with regard to
the operation of tunnels. The methodology has involved developing a steady-state
groundwater flow model, calibrated against a maximum groundwater condition, for the
western portion of Milan city (Northern Italy, Lombardy Region). Overall findings
pointed out that the most impacted areas are sections of subway tunnels already
identified as submerged. This spatial coherence with historical information could act
both as validation of the model and a step forward, as infiltrations resulting from an

interaction with the water table were quantified. The methodology allowed for the
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improvement of the urban conceptual model and could support the stakeholders in
adopting proper measures to manage the interactions between groundwater and the

underground infrastructures.

7.1. Introduction

Urban hydrogeology is a specific branch of research (Vazquez-Suiié et al. 2005; Epting
et al. 2008) that has been constantly developed in recent years as a consequence of rapid
urbanization phenomena that have been witnessed in most parts of the world (Arshad
and Umar 2020). Considering that 70% of the world population is expected to live in
urban areas by 2050 (Un-Habitat 2012), urbanization can be defined as a world-wide
process (La Vigna 2022). Thus, it is reasonable to think that in the next few years a huge
effort will be allocated to research into urban hydrogeology (Schirmer et al. 2013).

Overexploitation and deterioration of urban water resources act as the main
consequences of this rapid urbanization (Calderhead et al. 2012). To put a brake on urban
sprawl, a vertical urban development has occurred, determining an augmented use of
urban underground (Parriaux et al. 2006; Li et al. 2013a; Li et al. 2013b; Vdhdaho 2016;
Koziatek and Dragi¢evi¢ 2017). However, the construction of ever-deeper structures
(Bobylev 2009) can impact groundwater (GW) with regards to flow, quality, and thermal
issues (Attard et al. 2015; La Vigna 2022; Noethen et al. 2022).

With respect to GW flow, different cities around the world have observed rising water
table levels, as a consequence of the deindustrialization process, that have generated
some interference between GW and underground infrastructures (Uls) such as
basements, car parks, and subway lines (Wilkinson 1985; Hernandez et al. 1997;
Vazquez-sune and Sanchez-vila 1999; Hayashi et al. 2009; Lamé 2013; Ducci and
Sellerino 2015; Colombo et al. 2017; Allocca et al. 2021). Numerical GW flow modeling
was widely adopted as the main tool to evaluate the barrier effect of Uls to flow patterns,
GW budget (Attard et al. 2015), and the possible side effects on the underground

elements (i.e. corrosion and stability issues).
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Concerning engineering issues, GW inflow into tunnels has been predicted in urban areas
by adopting analytical solutions (El Tani 2003), synthetic modeling (Butscher 2012),
and steady-state numerical modeling on real cases (Nikvar Hassani et al. 2016; Farhadian
et al. 2017) to properly design the tunnel drainage system during the construction phase.
In fact, water inrush is a challenging issue to face, causing negative impacts on tunnel
stability, generating subsidence damage (Butscher 2012; Xia et al. 2018), heavy financial
losses, and losing construction time (Nikvar Hassani et al. 2016; Nikvar Hassani et al.

2018).

At the same time, the problem of damages in operating tunnels, as water seepage or
lining cracking, requires consideration (Li et al. 2008; Gao et al. 2019; Guo et al. 2021;
Ai et al. 2022). Despite the lower water amounts penetrating inside the Uls over a long
period, GW could determine severe issues, such as temporary unusability, which require
waterproofing works and lead to economic losses. Thus, quantifying infiltrations could
help to assess proper mitigation strategies (Golian et al. 2018), supporting the
stakeholders in the complex task of urban GW management. To do so, among the
different approaches applied in the literature, GW infiltrations into subsurface elements
have been evaluated by modeling the Uls by means of the DRN package (Zaidel et al.
2010; Lagudu et al. 2015; Golian et al. 2018). Recently, a single model layer was
developed by Golian et al. 2021 to restore GW levels after tunneling. In this work, an
unsealed and a sealed underground tunnel were modeled using RIV and HFB packages,
respectively. The latter has been applied in various fields of GW modeling: from coastal
areas to model slurry walls containing seawater intrusion (Abd-Elaty et al. 2022; Abd-
Elaty and Zelenakova 2022), to geophysical modeling to simulate faults (Chaussard et
al. 2014; Medici et al. 2021), to urban contexts in industrial sites (Bonomi et al. 2022),
or to evaluate the impact of Uls on GW levels (Bonomi and Bellini 2003; Boukhemacha

et al. 2015).

The existence of 3D GDBs, gathering information on underground structures (Di Salvo
et al. 2020; Sartirana et al. 2020) and frequently scattered over many institutions and
stakeholders (Véazquez-Suié et al. 2005; Parriaux et al. 2007; Delmastro et al. 2016;

Moghadam et al. 2016), could support the adoption of these packages to properly model
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Uls. In this way, it should be possible to precisely define their relationship with the water

levels, thus improving the urban conceptual model. y

Based on these assumptions, the aim of this study has been to quantify GW infiltrations
into different categories of Uls (i.e. subway lines and underground car parks),
considering different Ul conditions (i.e. intact, saturated, and leaky walls). The
methodology that has been applied involves developing a local 3D GW numerical flow
model for the western area of Milan metropolitan city (Lombardy, Northern Italy).
Through this model, the most critical portions of the subsurface network suffering from
GW infiltrations have been evaluated. Interactions with the water table and possible
infiltrations in subway line M4 (to be inaugurated in 2023) and two public car parks that

are currently under construction were also analyzed.

By means of this model, the stakeholders would be able to design management solutions
to secure the infrastructures from being flooded in the future. The model has been
realized as steady-state with MODFLOW-USG (Panday et al. 2013) and calibrated using
a trial and error approach against a GW maximum condition that was defined in a
previous work as documented by Sartirana et al. 2022. HFB and DRN packages have
been coupled to model the Uls, reproducing their geometries and volumes through the
adoption of grid refinement, contributing to the quantification of GW infiltrations into
subsurface elements. In particular, the top and the bottom of the Uls were modeled
through the HFB package; to the best of the authors’ knowledge, this application of the
HFB package could represent an improvement in modeling the Uls. In fact, the relation
between GW and the Uls along the vertical sides of a model cell could be thus
considered. Moreover, as for Milan city, this is the first time that car parks have been
considered in a 3D GW numerical flow model, while being studied for the adoption of
GW-level time-series clustering to suggest targeted guidelines for the construction of

new underground public car parks (Sartirana et al. 2022).

The methodology presented here could be implemented for other urban realities, serving

as a way of managing a documented interaction between GW and the Uls that may lead
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to a planned subsurface infrastructure development with possibly great potential for an

integrated management strategy.

7.2. Urban conceptual model of the study area

The study area covers 100 km? inside the Milan metropolitan area (Fig. 7.1). Human
activities have always characterized this area, especially through industrial and
agricultural activities that are still conducted in the western and southern areas of Milan
(Bonomi et al. 2009; Pulighe and Lupia 2019). The city hosts 1.4 million inhabitants
(Istat 2011) and is currently undergoing an important urban transformation (Boscacci et
al. 2017). It is located in the middle of the Po Valley, whose hydrogeologic structure has
been deeply examined both in the past (Regione Lombardia & ENI Divisione AGIP
2002) and recently (Regione Lombardia 2016). Three main hydrostructures were
identified: a shallow hydrostructure (ISS), an intermediate (ISI), and a deep (ISP)
hydrostructure. Within the model domain, an ISS has a medium thickness of 40 m with
a bottom surface ranging from 100 m above sea level (a.s.l.) (to the North) to about 60
m a.s.l. (to the South). It hosts a shallow aquifer (Fig. 7.2) (i.e. Aquifer Group Al,
Regione Lombardia and ENI Divisione AGIP 2002, where all the Uls are located. This
aquifer is not exploited for drinking needs. Sands and gravels mainly characterize this
hydrostructure. The same lithologies, but with an increasing presence of silty and clayey
horizons, constitute the ISI, that mostly corresponds to Aquifer Groups A2 and B of
Regione Lombardia and ENI Divisione AGIP 2002. An ISP, having a more uncertain

lithological composition, was not modeled within this study.

Industrial needs triggered an extensive GW withdrawal since the early 1960s.
Consequently, the water table reached its maximum depth of more than 30 m in the
northern part of the city around 1975, thus determining the minimum GW levels due to
significant water exploitation (Bonomi et al. 1998; Bonomi 1999). During the same time
frame, some Uls (car parks, subway lines M1 and M2) were built, sometimes without
proper lining methods, without consideration for a possible future GW level rise.
Subsequently, since the beginning of the 1990s, the decommissioning of many industrial

sites, mainly located in the northern sector of the city, generated a rise in GW level,
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determining flooding episodes for these oldest and shallowest subway lines and for some
underground car parks built starting from the middle of the 1980s (Gattinoni and Scesi
2017; De Caro et al. 2020). Consequently, the most recent and deepest subway lines
(M3, M4 to be inaugurated in 2023, and M5) have been designed with lining systems.
As for underground car parks, 126 public car parks are now listed in the city (Sartirana
et al. 2022): 65 out of 126 are located in the model domain. The construction of two new
underground car parks (Fig. 7.1b) is currently taking place close to the Gelsomini and
Frattini stations of subway line M4. These car parks are named Brasilia (placed just
northward of the stations) and Scalabrini (to the South of the stations), respectively; both
have been designed to be two floors deep (i.e. 8 m depth as calculated by Sartirana et al.
2020).

The water table rise occurred differently among different areas of the town, with a
maximum rise of about 10—15 m in the North, and a more dampened effect in the other
sectors (Sartirana et al. 2022). Particularly, a low significant rising trend was evidenced
in the West and South, respectively, due to local geological conditions and the hydraulic
gradient that constrains the water table close to the ground level, thus reducing the water

table oscillations.

In the downtown area, an increasing presence of open-loop GW heat pumps (GWHPs)
for geothermal needs (Fig. 7.1b), together with the presence of a huge number of Uls,
could induce an anthropogenic control on water table rising; due to extraction and
injection wells systems, the water withdrawn is usually returned to the shallow aquifer,
thus determining a non-consumptive use of the resource (Garcia-Gil et al. 2016). These
systems sometimes discharge exploited water to surface water bodies to control the GW

rise.

Public-supply well fields withdraw water used for drinking needs, and have screens to
tap the semi-confined and confined aquifer units. A total of 261 wells, belonging to 13

well fields, are located inside the considered domain.

The construction of new underground car parks takes place in the framework of the

adoption of the Plan of Government for the Territory (PGT) (Milan Metropolitan City
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2019), that regulates further subsurface occupation as a measure against excessive soil
consumption. In this context, numerical modeling, possibly combined with the
application of other techniques aimed at better understanding the urban conceptual
model (Sartirana et al. 2022), could represent a valid tool to coordinate urban
underground development, thus supporting stakeholders in their decision-making

process.
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Fig. 7.1. a) Geographical setting of the study area; b) main hydrogeologic features (lowland
springs) and anthropogenic elements: subway line network, underground public car parks, well
fields and GW heat pumps (GWHPs); line AA’ points out the location of the cross-section that is
visible in Fig. 7.2. Color coding for the subway lines respects the color coding used by the subway
managing company. Public car parks have been represented as triangles to differentiate them from

wells. (Image readapted from Sartirana et al. 2022).
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Fig. 7.2. Hydrogeologic schematic cross sections AA’ (N-S) of the study area, showing the
location of some Uls and their relation with the GW condition of Mar 2015 (Sartirana et al.,

2022). For their location in map please refer to Fig. 7.1.

7.3. Materials and Methods

The numerical model was built considering an already existing urban conceptual model
(Sartirana et al. 2022), integrating its contents, when possible, with Open Data
information (Regione Lombardia 2021a). The core of the methodology was the
modelling of the Uls (See section 7.3.1.2.1 “Underground infrastructures modelling”) to
evaluate GW infiltrations. Different scenarios of conductance were realized to quantify
infiltrations simulating different wall conditions; the results have been examined in order

to discuss possible strategies to manage GW/UIs interactions.
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7.3.1. Numerical Model

A steady-state numerical flow model was developed using MODFLOW-USG (Panday
et al. 2013), and Groundwater Vistas 8 (Rumbaugh and Rumbaugh 2020) was used as

the graphical user interface.

7.3.1.1. Grid Discretization

The model grid (Fig. 7.3) was composed of 1,668,348 cells and was horizontally
structured by applying a quadtree refinement: cell dimension ranges were from 100 m in
the peripheral areas, up to 12.5 m around subway lines and public car parks (i.e. fourth
level of refinement); in proximity to public car parks currently under construction, a fifth
quadtree level of refinement was applied (i.e. 6.25 m) (Fig. 7.3a). The grid was rotated
by 35° from the offset (X = 1,509,407; Y = 5,026,235; Monte Mario Italy 1; ESPG:
3003) to be perpendicular to the general NW—SE GW flow direction of the domain
(Bonomi et al. 1998; Beretta et al. 2004).

The vertical discretization (Fig. 7.3c) consisted of 18 layers. The first 8 layers, with an
average thickness of three meters, included all the Uls lying in the shallow aquifer (layers
1-10, ISS/Aquifer Group Al); layers 11 to 14 had a medium thickness of seven meters
to model the first portion of the ISI (Aquifer Group A2). Layers 15 to 17 (with a medium
thickness of 6 m) were adopted to represent the aquitard (AQ), while the last layer, with
a medium thickness of 20 m, aimed at modeling the final portion of the ISI (Aquifer
Group B).
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Fig. 7.3. a) Grid horizontal discretization; the red rectangle points to the sector area represented
in Fig. 7.3b; b) example of quadtree refinement close to Lotto exchange station (see Fig. 7.2); ¢)
grid vertical discretization. Please note that for Fig. 7.3b, the same colour coding of Fig. 7.1b has

been used for subway lines.

7.3.1.2. Boundary conditions

Boundary conditions (Fig. 7.4), used to outline the hydrogeologic system, were

represented through Neumann and Cauchy conditions:

e General Head Boundary (GHB) was used to model the initial heads along the
borders around the study area, at their real distance from the analysed domain.
As for their hydraulic head values, the initial information was taken from a
piezometric map of March 2015 (Marl5) for the study area (Sartirana et al.
2022). In addition, the main quarries located inside the domain (Fig. 7.4) have

been represented as GHBs.

e WELL (WEL) was used to model the 261 public wells and 785 GW heat pumps
(GWHPs) described in Section 7.2. Information on well discharge was readapted
from De Caro et al. 2020 with regard to public wells, and from Regione
Lombardia 2021a for GWHPs. Finally, a further 384 private wells fell within
the analysed domain: as their well discharge was mostly unknown, a discharge

value of —432 m?/d was initially attributed to these wells.
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e Recharge (RCH): 5 zones, based on land use, were identified from the
geographic database Dusaf 6.0 (Regione Lombardia 2021b); their values were
calculated as the contribution of precipitations, irrigations, and runoff. The
initial values for each zone were calculated starting from the precipitation data
of Paderno Dugnano rain gauge (located just northward of the city of Milan),
monitored by the regional environmental protection agency (ARPA Lombardia
2021). Precipitations amounted to 1496.2 mm/yr for the twelve months before
Marl5, the period chosen for model calibration. Absence of infiltration was
considered for urban areas and for surface water elements (i.e. quarries), while
a 20% of infiltration was attributed to the other recharge areas; moreover, an
additional contribution from recharge infiltration was attributed to irrigational

arcas.

Legend
o Well Field (261)
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A Public Car Park (HFB + Drain) (67)
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General Head Boundary (GHB)
[] Model Domain
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Fig. 7.4. Model boundary conditions. GHBs’ distance from the model area has been indicated.
Please note that color coding of the infrastructural elements (subway lines and underground
public car parks) refers to the HFB package color in Groundwater Vistas 8. Public car parks have

been represented as triangles to differentiate them from wells.
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7.3.1.2.1. Underground Infrastructures Modelling

The underground railway (Fig. 7.1b) occupies only a small portion of the north-western
area; thus, it was not considered within the study. All the Uls (Fig. 7.4) were
conceptualized and modeled by coupling the HFB (Hsieh and Freckleton 1993) and the
DRN (Harbaugh 2005) packages. The capabilities of both packages were combined to
properly simulate and evaluate the exchange between the Uls and the surrounding
aquifer. HFB offers the ability to isolate individual components to consider how water
is passed between an engineered element such as a subway line and the aquifer. On the
other hand, the DRN package enables the modeler to assign a head inside the engineered
structures. In this case, the DRN package was adopted to simulate a fictitious water-
collection system within the Uls. Combining the capabilities of these two packages is
the core of the proposed methodology. To support and validate the adopted
methodology, the model domain was discretized into 187 zones: the aquifer of interest,
and all the Uls’ elements. Thus, water exchanged between neighbouring zones, based on

the MODFLOW solution (Harbaugh 1990; Toscani et al. 2022), was quantified.

To properly model the depth of the Uls, information regarding the Uls’ bottom and the
diameter of the subway tunnels has been obtained from an already-existing 3D GDB of
the subsurface elements for the study area (Sartirana et al. 2020). Subsequently, the
following rule was adopted as the main constraint to model the Uls: if an UI occupied a
layer of more than 50% of its thickness, the Ul was then represented inside that layer;
otherwise, if this constraint was not respected, the UI was then modeled in the overlying

layer.

The wall usually goes along any of the four horizontal sides of each cell, but in
MODFLOW-2005 there is no option to specify a vertical barrier. Notwithstanding, the
adoption of MODFLOW-USG allowed for wider flexibility in using the HFB package,
as the barrier could be aligned along any face of the unstructured grid (Panday et al.
2013); thus, HFB cells could also be placed at the intersection between two nodes sharing
the same X and Y coordinates, in contiguous layers. This enabled the reproduction not

only of the lateral sides, but also the top and the bottom of all the subsurface elements.
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To do so, the initial information about the lateral sides of the Uls was integrated by
“manually” compiling the HFB package, adding the position of the top/bottom of the
Uls.

The drainage network was placed inside the UI and positioned at the bottom layer of
each section of the Ul. The drain head (i.e. drain elevation) was fixed as equal to the
bottom elevations of the UL In this way, the possible GW inflow into the Uls could be
drained, quantifying the amount of water to be withdrawn to dry the infrastructure. The
conceptual model of the adopted approach to simulate the Uls network is represented in

Fig. 7.5.
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o
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1 Cell Face - Wall (HFB) Drain (DRN)

Fig. 7.5. a) Traditional application scheme for HFBs cell; insertion mask taken from Groundwater

Vistas 8; b) conceptual model of the adopted approach to model all the Uls.

At the exchange stations, lines were positioned at their real depth, thus properly
separating the deepest and more recent lines (i.e. M3, M4, and M5) from the shallowest
and older ones (M1 and M2).

Conductance, which can be defined as the ratio between hydraulic conductivity (K) and
the wall thickness (d), is the single parameter that controls the ability of the wall to
transmit water. The absence/presence of lining systems was represented through
different conductance values. With regard to the wall thickness, a value of 1 m was

considered representative of all the modeled Uls.
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The drainage system was assumed to provide no resistance to GW flow, imposing a
value of conductance higher than the wall conductance and the aquifer conductivity

(Zaidel et al. 2010; Butscher 2012).

7.3.1.3. Further modelling aspects

The hydraulic conductivity parametrization was readapted from a previous project on
the study area developed within the same research group (Bonomi et al. 2010), where
the lithological information, stored within the Tangram database (Bonomi et al. 2014) in
the form of stratigraphic data and pumping tests, was numerically coded and interpolated
into GOCAD software using the kriging method (Paradigm 2009). Initial values to the
continuous distribution of hydraulic conductivity were assigned from Tangram reference
tables. A refined investigation was conducted which analyzed 3 cross-sections built
along public-supply well fields from Airoldi and Casati 1989, to infer the spatial

distribution of fine materials (i.e. clay lenses).

With regard to calibration, sensitivity analysis using different multiplying factors (from
0.5 to 1.5) and a “trial and error” method were adopted to calibrate the steady-state
model, focusing on GHB values and conductance, aquifer recharge (3 out of 5 zones),
hydraulic conductivity, and well discharge. As for the hydraulic conductivity, the
calibration effort was mostly focused on adjusting the conductivity values and the spatial
distribution of fine materials (i.e. clay lenses), acting on the initial continuous
distribution. A total of 30 head targets, representing field water table measurements,
were considered, showing an uneven distribution over the entire domain, with a limited
amount of information for the western sector. The calibration process was conducted
against the maximum GW condition of Marl15, the highest in the last 30 years (Sartirana
et al. 2022), evaluating the goodness of the obtained results and analyzing the model
statistics (i.e. residual sum of squares, scaled RMSE). In this way, the most critical
situation for the Uls should be considered; this is also recommended for Uls currently

under construction.

175



7. GW/Uls interactions

7.3.2. Decision management support

Different scenarios were analyzed to quantify GW infiltrations into Uls. Further
engineering aspects, such as possible subsidence issues due to the drainage effect, or
potential negative effects determined by buoyancy as a result of the aquifer pressure (i.e.

uplift risks), were not considered within the aims of the project.

The conductance value for waterproofed subway lines (Table 7.1) was defined from the
literature references (Dassargues 1997; Bonomi and Bellini 2003; Attard et al. 2016).
Different conductance values (S1-S3) were tested for subway lines M1 and M2 due to a
higher uncertainty; considering the absence of lining systems, the conductance was
modified simulating possible deteriorations due to a prolonged interaction with the water
table over time. In fact, infiltrations may be regarded as a gradual process, ranging from
an unsaturated to a saturated flow induced by GW flow (Wang et al. 2017). Since for
public car parks’ conductance no information was available, it was decided to attribute

the lowest conductance value to all car parks.

The most impacted locations of S1-S3 were then analyzed, locally increasing the
conductance value of the HFB cells to simulate possible wall fractures. A focus was
provided only for subway lines M1, M2, and car parks, as historically they have shown
the most revealed interference. To reproduce fractures, wall conductance was only
modified close to the infiltration area, increasing the initial value of four order
magnitudes, as considered in studies on fractured rocks (Huang et al. 2021). The change
in the conductance was applied to the minimum model dimension (i.e. one cell). In this

way, it was possible to compare the amounts of infiltration of intact and leaky walls.
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Table 7.1. Conductance value for all the considered scenarios.

Fractures
Initial Conductance
Ul Waterproofed Conductance (m?/d)
(m?/d) (S1-S2-S3)
(S4-S5-S6)
1.16 x 10711 /10710 1.16 x 1077 /107¢/
M1 No
107° 1073
1.16 x 1071 /10710 1.16 x 1077 /1078 /
M2 No
107° 1073
M3 Yes 1.16 x 1071 1.16 x 10713
M4 Yes 1.16 x 10713 1.16 x 10713
M5 Yes 1.16 x 10713 1.16 x 10713
Car Parks 1.16 x 1071 1.16 x 107°

The identified infiltrations were then analysed to discuss some management proposals
with regard to the design of dewatering systems in the most critical locations of the
subsurface network, and also proposing the implementation of monitoring systems to

manage possible infiltration issues in advance.

7.4. Results

7.4.1. Model calibration and statistics

The final values of GHBs were 127 m a.s.l. for the northern GHB and 102.2 m a.s.l. for
the southern, while the western and the eastern boundaries varied from 126 to 103 m

a.s.l. and from 124 to 103 m a.s.l. from North to South, respectively. Calibrated values

of hydraulic conductivity ranged from 235 to 1.15 x 107 m/d, as visible in Fig. 7.6.

177



7. GW/UlIs interactions
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Fig. 7.6. Hydraulic conductivity values for layers a) 1 b) 4 ¢) 11 d) 14. Please note that subway
line tracks are plotted inside all layers to provide refence points, since the grid is not rotated in

these images.

Final recharge values, and their spatial distribution, are represented in Fig. 7.7. Finally,
well discharge was reduced by 25% for the GWHPs and private wells, while for well
fields, the reduction, when applied, ranged from 25% up to 50% (for the southernmost
well field) of the initial value. The reduction of GWPHs’ discharge could be due to the
fact that the initial value is the one authorized from the local water supplier, which is

generally higher than the effective well discharge.
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Fig. 7.7. Areal distribution of the 5 recharge zones; final recharge values are provided in legend.

With regard to the calibration, the calibrated model generally provided good statistics
(Table 7.2, Figs. 7.8 and 7.9) for most of the 30 head targets considered. The most critical
targets were located in the western and southernmost portions of the domain, quite far
from the subsurface network that was the main focus of the study. Although these values
could represent some modeling issues for some local areas of the domain, the scaled
RMSE (4.6%) respects the international criteria that indicate the goodness of a solution

in a scaled RMSE to be less than 8% (Middlemis et al. 2000; Feinstein et al. 2010).

Table 7.2. Model statistics for the considered head targets. Statistics refer to S1.

Statistical Parameter Target Value

Absolute Residual Mean 0.32

Residual Sum of Squares

(RSS)

21.8

RMSE 0.85
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Statistical Parameter Target Value
Minimum Residual -1.15
Maximum Residual 2.16
Range of Observations 18.39
Scaled RMSE (nRMSE) 0.046
(a) Observed vs. Computed (b) Observed vs. Residual
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Fig. 7.8. Comparison of a) observed (m a.s.l.) vs computed (m a.s.l.) values and b) observed

values (m a.s.l.) vs residuals (m).

The potentiometric map for the shallow aquifer is represented in Fig. 7.9. From the
visualization of the head targets, it is visible that the water table is generally well
represented close to the subsurface network, thus allowing for proper assessment of
GW/ULI interactions and the consequent infiltrations. In the eastern part of the models,
located close to Milan’s downtown area, the contour lines’ behaviour is influenced by

the pumping effect of both public well fields and GWHPs (Fig. 7.4).
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Fig. 7.9. GW potentiometric map of the study area.

Model mass balance (Table 7.3) evidences the importance of well discharge inside the
domain, both for the outflows and the inflows; the latter are exclusively due to the
injection wells of GWHP systems. The water amounts withdrawn by the drains indicate
the GW infiltration into the Uls; despite being a limited amount of water, quantification
of the water amounts is important to compare them with the results of the other scenarios
in the framework of urban underground management. Model percentage discrepancy is
considered to be low (4.59 x 107°). A good coherence was detected between the drain
outflows and the mass balance with neighbouring zones (i.e. surrounding aquifer and the

Uls), thus validating the obtained results.
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Table 7.3. Model mass balance.

Mass Balance Inflow (m*/d) Outflow (m*/d) % Error
GHB 419,633.07 72,039.06
Wells 115,743.33 515,438.32
Drain 2.93x 107
Recharge 52,101.25 -
Total 587,477.65 587,477.38 4.59 x 107

7.4.2. Modelling scenarios

GW inflow for all the Uls was calculated, and results are summarized in Fig. 7.10. As
can be seen in Fig. 7.10, an absence of inflow was detected for some subway line
branches, as the water table level was lower than the bottom of the Uls. Particularly,
these inflow gaps were visible in the North, along subway line M1, and in the central
portion of the domain, close to Cadorna exchange station (C-ES) (subway lines M1 and
M?2). The tunnel sections more exposed to GW inflows are the westmost stretch of M1,
towards Bisceglie Station (M1-a), and the stretches close to Uruguay station (M1-b) and
between QT8 and Lotto (M1-c) for line M1; and the sections from Porta Genova to
Sant’ Agostino station (M2-a) and from Lanza to Moscova (M2-b) for subway line M2.
Due to their major depth, subway lines M3 and M4 were completely submerged by the
water table, which also occurred for subway line M5 (Table 7.4). With regard to public
car parks, 34 out of 67 resulted in infiltration; in the central area, Washington/Piemonte
(P-a) and Carducci (P-b) turned out to be among the most impacted infrastructures,
while, for example, Betulle Est was impacted in the West (P-c). Critical sections for M1
and M2 were already identified as areas where a historical interaction (i.e. submersion)
with the water table was evidenced (Colombo 1999; Sartirana et al. 2020). In particular,

Sant’ Agostino (M2-a) was impacted for both GW minimum and maximum conditions.
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Fig. 7.10. Areas showing GW infiltrations into Uls.

As summarized in Table 7.4, GW inflows for S1-S3 are limited, with low orders of
magnitude. The highest values of inflows (10~°/10~3 order of magnitude) were detected
for the oldest subway lines M1 and M2, modeled with higher conductance values to
simulate the absence of waterproofing systems and a progressive saturation of the walls
over time. As for the deepest lines, such small values are attributable to the low
conductance representing lining systems. The spatial distribution of these infiltrations is
different, as for shallow lines the infiltrations are detected only at certain spots, as visible

in Fig. 7.10, thus evidencing local but more critical situations to manage.
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Table 7.4. GW inflows into Uls (m3/d) for S1-S3. Please remember that for M3, M4, M5, and
parks, K was always set equal to 1.16 x 107 m/d. Percentage below the water table is intended

as the sections of Uls where the bottom of the infrastructure is lower than the hydraulic head.

% below the
UI Category Amount of infiltration (m*/d)
water table

SI(K=1.16 | S2(K=1.16 | S3(K=1.16
x 107" m/id) | x 107" m/id) | x 107 m/d)

Ml 3.70x107% | 5.83x107° 423 x107* 8.37

M2 2.00x107° | 234x107* 227 %1073 71.38

S1-S3 (K= 1.16 x 107" m/d)

M3 6.24 x 1077 100
M4 1.94 x107° 100
M5 2.70 x 107° 100
Car Parks 3.00 x 10~/ 50.75

At the most critical points highlighted in S1-S3 (Fig. 7.10) for subway lines M1 and M2,
and for some public car parks, locally punctual wall fractures have been simulated to
quantify the variation in GW infiltrations. Wall fractures have been simulated on the
vertical sides of the Uls. The results of these spots are summarized in Table 7.5. As is
visible, the most critical effects, also considering the features of the Uls (i.e. depth,
volume), have been identified for M2-a, around Sant’Agostino station. The infiltration

for these points generally increased linearly to one or two orders of magnitude.
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Table 7.5. Comparison of GW inflows into Uls (m3/d) for the initial scenario (S1-S3, intact
walls) and their corresponding final scenario (S4—S6, leaky walls). Please remember that, for car
parks, K was always set equal to 1.16 x 107" m/d for S1-S3 and to 1.16 x 10™° m/d for wall
fractures in S4-S6. S means station, T means tunnel, P means park. Depth (m) has been provided
for subway stations and parks, as they are designed from the ground field; as for tunnels, since

they are not designed from the ground field, thickness was provided rather than depth.

Amount of | Amount of | Amount of
Thickness/ Volume x Infiltration | Infiltration | Infiltration
Type Name
Depth (m) 10° (m3) (m3/d) (m?/d) (m?/d)
(S1/S4) (S2/S5) (S3/S6)
1.13x1077 | 1.12x107% | 2.04 x 107*
Bisceglie
S g 11.93 33.49 / / /
(M1-a)
435%x107% | 435x107° | 435x107*
-6 -5 -5
Bisceglie - 2.04 % 10 2.04 % 10 430 % 10
T | Inganni (M- 6.5 42.88 / / /
2) 2711075 | 271 x 107 | 271 x 1072
3.98x 1077 | 3.98x107° | 1.20x 107*
Inganni (M1-
S g 10.92 26.77 / / /
a)
1.14%x 107 | 1.15x 107 | 1.15x 1073
-7 -6 -5
Bonola — 1.75 % 10 243 % 10 1.81 x 10
T Uruguay 6.5 4281 / / /
(M1-b) 405x107° | 450% 107 | 3.94x107*
9.92x 1077 | 9.34x107% | 9.34x 107>
T8 — Lotto
T Q 6.5 71.89 / / /
Ml-c)
1.06x107° | 1.77x 107 | 1.17x107*
-6 -5 -4
Romolo — 5.67 x 10 5.67 x 10 533 %10
T Porta Genova 7 55.77 / / /
(M2-2) 237x107° | 237x107* | 271 x 1073
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Amount of | Amount of | Amount of
Thickness/ Volume x Infiltration | Infiltration | Infiltration
Type Name
Depth (m) 10° (m?) (m¥d) m¥/d) m¥/d)
(S1/S4) (S2/S5) (S3/S6)
Porta Genova 534x107° | 5.34% 107 | 8.04x107°
T N 7 37.05 / / /
Sant’ Agostin
0 (M2-a) 586x107° | 5.86x 107 | 5.86x 107"
824 x1077 | 824x107° | 2.64 x 1074
Sant’ Agostin
S g 17.35 23.77 / / /
o (M2-a)
520%107° | 5.29x107* | 529 %1073
—6 -5 =5
Lanza — 1.03 x 10 1.03 x 10 2.84 % 10
T Moscova 7 36.41 / / /
(M2-b) 6.03x107° | 6.03x107° | 6.02x107*
Washington
P . 20 60.38 172 x 107%/1.49 x 107°
Piemonte
Carducci
P 17 58.14 1.32%x 107%/4.82 x 1077
Olona
P Betulle Est 5 23.02 2.56 x 107°/3.04 x 1077

As for the two public car parks under construction (Fig. 7.1b), an absence of infiltration
was detected in both cases, with respect to the considered GW maximum condition, due
to a lack of interaction with the water table (Fig. 7.11) which was contrastingly

evidenced for the close branches of subway line M4.

186



7. GW/UlIs interactions
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Fig. 7.11. a) 3D geographical setting of the area close to the car parks currently under
construction. The car parks and the subway line M4 are visible below the road network; the names
of some roads are indicated to provide more geographic details. Three-dimensional underground
reconstruction of b) Brasilia car park, d) Scalabrini car park, f) Lorenteggio 124 intervention
point. GW/UIs interaction for ¢) Brasilia car park, e) Scalabrini car park, g) Lorenteggio 124
intervention point. b) and ¢) refer to point 1 in Fig. 7.11 a); d,e) refer to point 2 in Fig. 7.11 a);
f,g) refer to point 3 in Fig. 7.11 a). Transparency has been adopted to represent the volumes
submerged by the water table; as visible in ¢) and e,g) this occurs only for subway line M4, and
not for public car parks. The red arrows indicate the viewpoints and the view directions adopted

in the 3D visualization of the subsurface elements. Images were realized using ArcGIS Pro.

7.5. Discussion

Managing GW/UIs interaction in urban areas is a challenging issue. Different problems
can arise regarding GW quality, quantity and thermal issues (Schirmer et al. 2013; Attard
et al. 2015; La Vigna 2022; Noethen et al. 2022), but also stability, erosion and
infiltration for Uls are some further topics to consider. With regard to GW infiltration
into Uls, the scientific literature deals both with water inrush calculation during the
construction of tunnels (Nikvar Hassani et al. 2016; Farhadian et al. 2017) and problems
regarding already-operating underground tunnels (Guo et al. 2021; Ai et al. 2022); in
this study, a local scale numerical model was developed for the western sector of Milan
city, applying a methodology to quantify GW infiltrations into completed and operative
Uls.

7.5.1. Modelling scenarios

Model results in terms of calibration were generally acceptable (Table 7.2, Figs. 7.8 and
7.9). However, some head targets did not show an optimal result. This happened for a
couple of targets in the north-western portion of the domain, and for one target in the
South. In the North-West, not far from the critical targets, the behaviour of the water
table is presumably influenced by a multitude of local situations. The proximity of a
group of quarries and a public-supply well field with high discharge (Fig. 7.4), and the

presence of clay lenses determining the existence of perched aquifers with seasonal
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oscillations (Bonomi et al. 2009; Sartirana et al. 2022) make predictions more uncertain.
This response could highlight the presence of local mechanisms, possibly uniformed by
the targets, that have been neglected. In this sense, the model provides a guide for future
data collection, that could allow the improvement of the appropriateness of the
conceptual model (Bredehoeft 2005). In addition, acquiring further data could contribute
to making more effective predictions, thus improving the model use in supporting

management decisions (Lotti et al. 2021).

Identifying the areas more exposed to infiltrations is important to predicting future risks
due to a more severe water inrush; thus, adopting strategies to ensure these
infrastructures are preserved is vital (Shi et al. 2018; Wang et al. 2019). Some of the
impacted areas (i.e. M1-a, M1-b, M1-c, M2-a) have already been identified as critical in
previous works (Colombo 1999; Sartirana et al. 2020). In this case, only a qualitative
GW/UIs interaction was detected through a GIS methodology. This spatial coherence
among the results could be considered as a validation of the numerical model. At the
same time, model findings could represent a step forward in the definition of the urban
conceptual model; through this approach, GW infiltrations resulting from GW/UI
interactions could be estimated. As for M2-a, P-a, and P-b, the highest depth of
downtown infrastructures (Table 7.5) plays a key role in influencing GW/UI
interactions. This is due both to a high population density, thus requiring more space for
subsurface infrastructures (Bobylev 2016), and to the adoption of specific construction
methods; as an example, Sant’ Agostino station was built with two overlapping pipes (De
Caro et al. 2020). As for the western sector, the complex geological situation explained
above could be a possible driver of the infiltrations both for subway lines (M1-a) and
underground car parks (P-c), despite their limited depth (Table 7.5). To counteract this
situation, in the framework of creating a more sustainable and resilient city (La Vigna
2022), some residential constructions have been designed with superficial car parks
occupying the first floors of the buildings. With regard to public car parks, the new
buildings currently under construction have been designed as two floors deep; at this
time, this results in an absence of impact even considering a GW maximum condition

(Fig. 7.11). However, prolonged monitoring should be useful to cope the evolution of
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GW/UISs interactions. Finally, in the North, a reduced GW/UIs interaction is attributable
to a wide unsaturated thickness of the shallow aquifer (Sartirana et al. 2022), with the

water table located around 10-12 m from the ground.

7.5.2. Considerations on the adopted modelling approach

The applied modeling strategy aimed to quantitatively evaluate the interaction between
the GW system and the subsurface structures. With regard to the calibration process, it
is not tied to the prediction of interest; in fact, it is based on head targets whose hydraulic
measures are not directly connected to the final goal (i.e. GW infiltrations into Uls). The
information content on which the head targets are based is not informative about the
degree of connection between the Uls and the water table. In technical terms, the K of
the walls is completely in the null space and outside the solution space of the model.
This does not mean that the calibration is useless, but it does mean that the model could
not be so much a predictive tool as a way to understand a phenomenon (inflow across
leaky walls) in general terms. The geometry of the Uls is realistic (Sartirana et al. 2020),
but one can only make hypotheses about the permeability of the intact and leaky walls
that are not in any way informed by the calibration. To limit this uncertainty, a literature
analysis was conducted to choose the initial conductance values for subsurface
impervious structures (Attard et al. 2016) and the conductance to simulate isolated
fractures (Huang et al. 2021). Moreover, an ensemble of scenarios (Ferré 2017) was
defined to deal with non-lined systems, testing different conductance values. In this way,
stakeholders are enabled to visualize a range of impacts and they could consider them to
apply different management options (Wu and Lee 2015; Castilla-Rho 2017). As for S1—
S3 (Table 7.4), GW infiltrations are very limited, especially for waterproofed subway
lines; thus, the model allowed for the gaining of insights into the conductance values that

are needed to simulate an almost impermeable element.

Anyway, obtaining good calibration results was crucial, since they allow GW/UI
interactions to be well represented and, consequently, they allow the obtaining of a more
reliable estimate of the infiltrations originated by the relationship between the aquifer

and the subsurface infrastructures. As visible in Figs. 7.8 and 7.9, this is mostly true for
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this specific case, especially for the targets located in the central part of the domain that

lie in proximity of the main Uls’ elements.

Using MODFLOW-USG as numerical code allowed the refining of the grid horizontally,
therefore properly representing the Uls. Moreover, through the implementation of the
unstructured grid, the key numerical computations could be limited within the required
bounds (Panday et al. 2013), making the simulations less computationally intensive.
Above all, the adoption of MODFLOW-USG was pivotal to model the Uls, as it allowed
the HFB package to be used to represent not only the cells’ lateral sides, but also the top
and the bottom of the Uls. In this way, the subsurface elements could be modeled with
their real depth and volumes, thus refining previous applications of the HFB package to
simulate Uls fully penetrating single-layered models (Bonomi and Bellini 2003;
Boukhemacha et al. 2015; Golian et al. 2021); hence, a precise estimate of further
modeling aspects (i.e. evaluation of the barrier effect on GW flow paths) should also be
guaranteed. In MODFLOW-USG, to reduce numerical instability, desaturated cells (i.e.
dry cells) are not inactivated, so there could be a small amount of flow from one cell to
another. The adoption of the DRN package helped to solve this possible issue, especially
in the upper portion of the domain where unsaturated aquifer was present. As a drain is
activated only when the hydraulic head is at least equal to the drain elevation, it was
possible to unravel where an effective infiltration was present. The choice of the DRN
package also came after its previous applications to quantifying flooding episodes during
the construction of tunnels (Lagudu et al. 2015; Golian et al. 2018). Through the
developed methodology, modeling GW/UI interactions could be enhanced. In fact,
combining the use of HFB, DRN, and mass balance zones to quantify infiltrations
depending on different conductance values is possible, instead of deactivating cells of
impervious structures. Thus, a step forward could be taken in the development of the
urban conceptual model, supporting previous approaches conducted within the same
domain (Colombo et al. 2018; Previati et al. 2022), or in other areas (Attard et al. 2017)
where different aspects of GW/UI interactions have been investigated but GW

infiltrations into subsurface elements were not quantified.
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The methodology has been tested on a steady-state numerical model. Future applications
on transient numerical models would be possible depending on long-term data
collections (Naranjo 2017); this could raise awareness about infiltration issues,
supporting a deeper interpretation of GW/UIs interactions and making the model a useful

management tool to make long-term predictions (Bredehoeft 2005).

7.5.3. Decision management

The infiltration issue of Uls in Milan city is historical. Different episodes have been
documented over time (Colombo 1999; Gattinoni and Scesi 2017; Sartirana et al. 2020),
leading both to economic and management problems for Metropolitana Milanese Spa,
the subway managing company. For example, the section between Piola and Lambrate
stations, along subway line M2 (outside the numerical model domain), was closed during
summer 2019 to complete lining works because of GW infiltrations, thus forcing the use
of surface public transport. Although the water inflow is small with respect to water
inrush into subway tunnels during their construction (Xia et al. 2018; Huang et al. 2021;
Liu et al. 2022), this situation could trigger further issues over a long time period (i.e.
corrosion of foundations), resulting in a decline of the subway system efficiency; thus,

this problem should not be underestimated.

To ensure sustainable development of GW/UI interactions, effective engagement of the
stakeholders should be of great value (Blunier et al. 2007; Admiraal and Cornaro 2016;
Di Salvo et al. 2017). Open communication is needed to raise awareness about the
importance of data to describe the system and conceptualize and develop a model
(Castilla-Rho 2017; Peeters 2017) with increased predictive capabilities. For this
specific case, monitoring, estimation, and control are essential aspects for tunnel
management (Liu et al. 2022). Having access to existing infiltration measures, if
available, or implementing monitoring of the punctual inflows along the tunnels or for
car parks would also improve the calibration process; in this way, model uncertainty
would be reduced, thus strengthening the usefulness of hydrogeologic models for
decision-making bodies (Bredehoeft 2005; Lotti et al. 2021). The collection of field data
could focus on the most critical sectors highlighted (i.e. M1-a, M2-a) by the model
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results. Amongst these areas, dewatering solutions could be adopted to manage the issue,
thus contributing to preserving the status of the subway network, avoiding the
development of more serious issues as occurred for the surrounding areas of Piola and
Lambrate stations. In particular, the historical issues of Sant’ Agostino station, also due
to the adoption of specific construction methods (De Caro et al. 2020), impose an

increased degree of attention for this limited branch of subway line M2.

However, applying these solutions would be a consequence of effective GW infiltrations
into Uls. A move away from reacting and correcting measures, focusing on preventive
actions (Schirmer et al. 2013) to secure the Uls, should be evaluated. In a previous work
by Sartirana et al. 2022, underground car parks were classified as possibly critical for
different GW conditions if the difference between the reference plan (i.e. bottom) of the
UI and the water table was less than one meter. To avoid infiltration issues, activating
localized pumping when a certain threshold is locally exceeded would be a possible
measure (Carneiro and Carvalho 2010). To do so, early warning monitoring solutions,
such as integrating GIS, BIM, and GPS techniques (Du et al. 2015; Lyu et al. 2019), with
continuous online data measurements should be implemented in proximity of the most

critical Uls.

Moreover, GW is not only an annoyance for its side effects, but it is also a heritage
(Schirmer et al. 2013) in urban frameworks; therefore, further management strategies
could be proposed. For example, as GW is a valuable energy reservoir (Noethen et al.
2022; Previati et al. 2022), increasing the adoption of GWHP systems, possibly only due
to extraction wells, could keep the water table levels controlled close to the Uls, thus not
only limiting the infiltration issues but also exploiting the thermal potential of these

subsurface elements (Bayer et al. 2019).

Finally, in the framework of the goals of the Plan of Government for the Territory, this
local-scale urban model could help the decision makers to understand and manage the
relation between new Uls and water table levels, testing possible urban underground

development scenarios.
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7.6. Conclusions

This work aimed to adopt a methodology to quantify GW infiltrations into Uls (subway

lines and public car parks) with the view of assisting urban underground management.

In this sense, the realization of a local-scale, urban numerical model allowed the

following:

1.

Verification of the usefulness of the applied methodology to model the Uls,
quantifying GW infiltrations through the combination of HFB and DRN
packages. In particular, the adoption of MODFLOW-USG allowed the use of
the HFB package to model the top and the bottom of the Uls, thus considering
the interaction with the water table along the vertical direction as well. The
existence of a 3D GDB of the Uls for the city of Milan helped to accurately
model the Uls’ depth.

Identification of the Uls sectors more exposed to GW infiltrations under
different conductance scenarios (from intact to leaky walls), providing a
qualitative and quantitative overview intended for both the municipality
decision makers and the subway managing company. The westmost stretch of
subway line M1 and the sector around Sant’Agostino station for line M2 were
among the most critical areas. Moreover, for the first time, public car parks have
been deeply considered in a 3D GW flow numerical model for the city of Milan.
GW infiltrations were detected both for deep car parks in the central portion of
the domain and shallow car parks in the western sectors. This resulted in an
improvement of the already-existing urban conceptual model of the area.
Support for the decision makers in designing possible dewatering systems, also
proposing early warning monitoring systems and proactive solutions to secure

the Uls from potential GW infiltration damages.

The overall findings of this study could provide a useful tool to the stakeholders to

properly design new Uls in the framework of the planned underground development of

the city. In this sense, the numerical model could be used to realize different GW sce-

narios, testing their effects on the designed Uls. Furthermore, modeling their tops and

bottoms through the HFB package could improve the evaluation of their barrier effect
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on GW flow paths. For future applications, reasoning the combination of the HFB
package with different third-type boundary conditions (i.e. River, GHB) to model other
subsurface elements (i.e. sewer systems, buried channels, etc., to evaluate their leakance)
could represent a challenging task. The methodology has been tested for the city of
Milan—nonetheless it should be worth considering its application to other urban realities

to enhance the analysis of GW/UI interactions.
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Urban areas are intricate systems, where a multitude of resources are available. As
regards the subsurface, four main resources can be identified: energy, materials, space
and water. A strong interaction between GW and the Uls has been evidenced in the last
decades, triggering management problems both for GW and the subsurface elements.
For this reason, considering that urbanization is a worldwide process, an integrated

management is needed to secure all the Uls.

Within this general framework, the main aim of this PhD project was to develop
methodologies and tools in order to provide a deep understanding of the interactions
between GW and the Uls for Milan metropolitan city. This task is relevant considering
that, within the adoption of the Plan of Government of the Territory, a further subsurface

development has been defined as a main goal to achieve.

To provide support to the decision makers, this work addressed three main topics

concerning urban underground management. In particular:

1. the first topic concerned the implementation of a 3D GDB listing all the Uls
located within the study area. For this specific purpose, a GIS methodology to
gather all the available information was developed, using Open Data as the
primary source of information. In this way, depending on data availability, the
procedure can be tested and applied elsewhere in other urban domains;
subsequently, the most critical areas showing a condition of submersion for the

UlIs (i.e. volumes of Uls lying below the water table) have been identified;

2. the second topic dealt with the application of data-driven techniques on GW
time-series of the shallow aquifer. The investigation aimed at pinpointing the
main factors influencing the water table behaviour, to identify areas having
similar hydrogeologic features. Subsequently, management proposals for the

construction of new Uls were defined for each of these hydrogeologic areas;

3. the third topic regarded the implementation of a local scale numerical model for

the western portion of Milan city to further analyse GW/UIs interactions; in
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particular, the main goal was to develop and test a methodology to quantify GW
infiltrations into Uls.
The development of this work allowed for different considerations that are summarized

in the following paragraphs.

8.1. Implementation of a 3D Geodatabase (GDB) for urban underground

infrastructures (Uls)

Overall findings of this first part of the PhD project showed how the implementation of
a 3D GDB for Uls in urban areas is time consuming. In fact, the development of the GIS
methodology required different steps to generate the final outcome. However, this
activity is essential in order to gather reliable information to develop GW numerical

models.

The Topographic Database (DbT) was used as the main source of information. Using
Open Data, superficial buildings having a possible subsurface development were both
identified and quantified, thus storing information about private car parks. To do so, the
presence of the dressing lines inside the DbT was pivotal. This constitutes an element of
novelty, as no evidence in literature regarding this procedure has been detected before.
In addition, as the DbT is developed following European Standards, this procedure could

be replied elsewhere.

As for public car parks, only an Open Data list was available. To insert them in the GDB,
a manual digitization of the perimeters of the parks was executed. Few elements present
in the DbT (i.e. ventilation grilles) were used as markers for the digitization. Similarly,
a manual process was conducted to digitize and store information for the subway lines.
The digitization was realized according to their altimetric profiles that were provided by

the subway managing company, thus obtaining a centimetric geometric accuracy.

Hence, the methodology evidenced the benefits deriving from using Open Data, also
revealing how the information is still fragmented and scattered among the stakeholders,
that sometimes ignore the presence of other management sectors. The heterogeneity of

current available information shows the importance of standards for GDBs; to define
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them, engaging decision makers, favouring a continuous exchange of information
between the stakeholders and the Universities could lead to beneficially support urban
underground management. In this sense, the sharing of information with the subway
managing company highlights how symbiotic relationships between stakeholders and
research groups could lead to an efficient management of Uls information in urban

environments.

The 3D GDB was designed as flexible and simple enough to be easily adopted for GW
numerical models and other management purposes. The database structure allows also
an easy integration of further information that could become available in the future, thus

taking into account future urban planning changes.

As for modelling needs, the bottom and the volume of the Uls are two essential
information. These data have been used to test the application of the GDB, identifying
and estimating conditions of submersion of the Uls over the years. Main findings were
coherent with the historical information of flooded areas for Milan city. This can act as

a sort of validation of the methodology, also checking the reliability of the GDB.

Finally, the adoption of 3D maps could create awareness and commitment towards an
urban underground future. This approach could help to move from a sectorial strategy,
considering only a single UI, to a more integrated approach, providing a comprehensive
planning framework. This could contribute to avoid jeopardizing the underground
resources, thus providing valuable support to the decision makers in the framework of a

long-term multi-use adoption of the subsurface.
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8.2. Hydrodynamic characterization of the shallow aquifer to support

underground management

Findings of the analysis conducted in this second part of the thesis demonstrated how
GW time-series can be effectively interpreted by data-driven techniques. One of the main
benefits of using these techniques is that they do not require an extensive approximation
of the boundary parameters and the local geological conditions of the investigated
domain. Notwithstanding, both univariate (i.e. autocorrelation) and bivariate (i.e. cross
correlation) statistics proved to be self-sufficient and capable of extracting exhaustive

information from all the available data.

The study was conducted on 95 monitoring wells, monitored over the 2005-2019 time’s
span. Two measures per year were available (March and September) for a total of 30
observations. This amount of information was fundamental to gain knowledge regarding
the seasonality of some GW processes. Thus, it can be recommended as a minimum size
to consider, when enough data are available. As for Milan, the monitoring network is
undergoing a progressive downsizing over the years, presumably both for time and
economic reasons. The application of data-driven techniques could support the decision
makers in optimizing this shrinking process; reducing the dimension of the monitoring
network could be accepted as long as not too much potential to capture the entire

variability of the system is lost.

A similar spatial zoning of the results was obtained for all the statistical techniques, and
was also confirmed by the water table reconstruction of different GW conditions that

was realized by means of geospatial techniques.

To identify the GW conditions for the piezometric reconstruction, an R script was
developed. The aim of this script was to deal with reversal points analysis, overcoming
possible limitations that have been evidenced in literature for widely applied statistical
tests (i.e. Pettitt test). The methodology proved to be efficient, as a good coherence
among the results was obtained in identifying both GW minimum (September 2007) and

maximum conditions (March 2015).
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A clear rising trend has been detected in the northern portion of the area, where high
values of autocorrelation and a lag response to precipitations are visible. Here, the water
table is located 10-15 meters below the ground surface. Thus, the thickness of the
unsaturated zone plays a contributory role in determining the degree of both correlation
and autocorrelation, determining a higher memory of the GW system. Vice versa, the
western and the southern monitoring wells respectively showed not significant, or low
significant rising trends, low values of autocorrelation, but a more rapid response to
precipitations. Here, geological evidences, as the presence of clay lenses, constrain the
water table close to the ground surface, thus limiting its possibility of oscillation.
Seasonal oscillations in the West, with peaks at September, are a tangible effect of the
irrigation activities conducted during the summer. Thus, this area also shows a more
rapid response to external drivers. As for the downtown, the piezometric trends are
mostly influenced by the presence of an anthropogenic control that limits the water table
rising due to an extensive, but mostly non-consumptive use of GWHPs and the presence
of Uls. This meaningful classification proved that, even in a rather limited domain,

significant differences in GW behaviour could be detected.

Hence, all these techniques allowed for a detailed description of this urban GW system,
proving to be valuable tools to support the identification of the variables influencing the
aquifer behaviour, highlighting also their spatial variability. The definition of targeted
management proposals for the construction of new public car parks was thus facilitated
by these results. To sum up, their application could be taken into account to support the
development and refinement of the conceptual model in complex hydrogeologic systems
as urban areas, providing also cost-effective assistance to the development of numerical

models.
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8.3. GW/ UlIs interactions

Overall findings of this last part of the PhD project allowed to provide a preliminary
estimate of GW infiltrations into Uls. This topic has been mostly investigated in
literature to quantify flooding episodes during tunnels’ construction, while only few
studies deal with the quantification of GW infiltrations once the infrastructures are fully
in operation. This may be due to the GW volumes involved in these interactions, that
can differ of several orders of magnitude. However, even infiltrations must be considered
as a threat for the Uls, as they could determine corrosion and stability issues over long
periods. Within the framework of sustainability in urban areas, this could lead to
undesired financial expenses. Historically, this problem has been already documented
for the city of Milan, mainly triggered by the industrial decommissioning that caused the
GW rebound. This evidences the importance of adopting a method to quantify GW

infiltrations.

The key point of the methodology was the adoption of MODFLOW-USG as the code to
develop the numerical model. The presence of grid nodes rather than rows and columns
allowed to use the HFB package to set wall cells not only on the lateral sides, but also at
the top and the bottom cells of subsurface elements. The wall conductance is the
parameter that controls the infiltration. The combination with the DRN package, and an

evaluation of the mass balance allowed then to quantify these infiltrations.

The absence of existing information about GW infiltrations limits the possibility of fully
evaluating the reliability of the results. To make numerical models useful and predictive
tools for urban GW management, a strict cooperation between the administrations and
the researchers becomes crucial. However, in order to provide different scenarios to the
stakeholders, walls conductance has been modified, especially for non-waterproofed
subway lines, simulating a possible saturation over time. Also, walls fractures have been
modelled to analyse possible side effects caused by this prolonged interaction with the

water table.

The areas identified as critical in this study have been already classified in the past as

areas where GW and Uls were interacting. As an example, the westmost stretch close to
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Bisceglie station for subway line M1, and the surroundings of Sant’ Agostino station for
subway line M2 have been historically documented as critical in previous studies.
Moreover, they have been also detected as submerged in the first part of this PhD project.
This could have a double meaning: first, it could prove the effectiveness of the numerical
model, as a good spatial coherence with historical results has been identified; in addition,
the adopted methodology could represent a step forward in the definition of the urban
conceptual model, moving from just identifying interactions to quantify the consequent

infiltrations.

To sum up, the implementation of this local scale numerical model allowed to identify
the most critical areas suffering GW infiltrations. In this way, different management
solutions can be adopted to face this issue, in order to secure these infrastructures from
being flooded in the future, protecting them from negative impacts as corrosion or
stability issues. Finally, the adoption of the model could support the stakeholders to
consider the relation between GW and the new Uls that will be designed in the

framework of the future subsurface development.

8.4. Final remarks

In conclusion, the research work and the results of this PhD led to the following

considerations:

1. 3D GDBs of Uls are important tools to understand the relation among all the
subsurface resources and to create awareness and commitment to promote a
more sustainable development of the urban underground.

2. Data-driven techniques can support the definition and improvement of the
conceptual model in urban systems, highlighting the main natural and
anthropogenic factors governing the water table behaviour.

3. Numerical models represent a valid instrument to manage the interactions
between GW and Uls, as they guarantee the possibility of quantifying this
phenomenon. Through their application, it can be possible to adopt management

solutions to secure Uls.
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8. Conclusions

On the whole, the combination of all these methodologies and tools can provide a deep
knowledge of urban aquifer systems, thus bringing valuable support to stakeholders and
decision makers to understand, manage and quantify GW/UIs interactions. An integrated
approach, considering all the underground resources not as separate entities, is needed

to properly manage the future urban underground development of the cities.
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