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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 infras-
tructures. 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 Wall (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
ﬁr;;e.f:t?sr 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
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forward, as infiltrations resulting from an interaction with the water table were quantified. The
methodology allowed for the improvement of the urban conceptual model and could support the
stakeholders in adopting proper measures to manage the interactions between groundwater and the
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1. Introduction
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Urban hydrogeology is a specific branch of research [1,2] 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 [3]. Considering that 70% of the world population
Publisher’s Note: MDPI stays neutral  is expected to live in urban areas by 2050 [4], urbanization can be defined as a world-wide
with regard to jurisdictional claimsin  process [5]. Thus, it is reasonable to think that in the next few years a huge effort will be
published maps and institutional affil-  allocated to research into urban hydrogeology [6].
iations. Overexploitation and deterioration of urban water resources act as the main conse-

quences of this rapid urbanization [7]. To put a brake on urban sprawl, a vertical urban
development has occurred, determining an augmented use of urban underground [8-12].
- However, the construction of ever-deeper structures [13] can impact groundwater (GW)

with regards to flow, quality, and thermal issues [5,14,15].

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
Attribution (CC BY) license (https:// parks, and subway lines [16-23]. Numerical GW flow modeling was widely adopted as the
creativecommons.org/ licenses/by/ main tool to evaluate the barrier effect of Uls to flow patterns, GW budget [14], and the
10/). 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 [24], synthetic modeling [25], and steady-state
numerical modeling on real cases [26,27] 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 [25,28], heavy financial
losses, and losing construction time [26,29].

At the same time, the problem of damages in operating tunnels, as water seepage or
lining cracking, requires consideration [30-33]. Despite the lower water amounts penetrat-
ing 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, quan-
tifying infiltrations could help to assess proper mitigation strategies [34], supporting the
stakeholders in the complex task of urban GW management. To do so, among the different
approaches applied in the literature, groundwater infiltrations into subsurface elements
have been evaluated by modeling the underground infrastructures by means of the DRN
package [34-36]. Recently, a single model layer was developed by Golian et al. [37] to
restore groundwater levels after tunneling. In this work, an unsealed and a sealed un-
derground tunnel were modeled using RIV and HFB packages, respectively. The latter
has been applied in various fields of groundwater modeling: from coastal areas to model
slurry walls containing seawater intrusion [38,39], to geophysical modeling to simulate
faults [40,41], to urban contexts in industrial sites [42], or to evaluate the impact of under-
ground infrastructures on groundwater levels [43,44].

The existence of 3D geodatabases, gathering information on underground struc-
tures [45,46] and frequently scattered over many institutions and stakeholders [1,47-49],
could support the adoption of these packages to properly model Uls. In this way, it should
be possible to precisely define their relationship with the water levels, thus improving the
urban conceptual model.

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 UI 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 [50] 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. [51]. 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 [51].

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 to a planned subsurface infrastructure development with possibly great potential for
an integrated management strategy.
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2. Urban Conceptual Model of the Study Area

The study area covers 100 km? inside the Milan metropolitan area (Figure 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 [52,53]. The city
hosts 1.4 million inhabitants [54] and is currently undergoing an important urban transfor-
mation [55]. It is located in the middle of the Po Valley, whose hydrogeologic structure has
been deeply examined both in the past [56] and recently [57]. Three main hydro structures
were identified: a shallow hydro structure (ISS), an intermediate (ISI), and a deep (ISP)
hydro structure. 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 (Figure 2) (i.e., Aquifer Group A1, Regione
Lombardia and ENI Divisione AGIP 2002 [56]), where all the underground infrastructures
are located. This aquifer is not exploited for drinking needs. Sands and gravels mainly
characterize this hydro structure. 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 [56]. An ISP, having a more

uncertain lithological composition, was not modeled within this study.
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Figure 1. (a) Geographical setting of the study area; (b) main hydrogeologic features (lowland
springs) 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. [51]).
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Figure 2. Hydrogeologic schematic cross sections AA’ (N-S) of the study area, showing the location
of some Uls and their relationship with the groundwater condition of Mar 2015 [51]. For their location
on map, please refer to Figure 1.

Industrial needs triggered an extensive groundwater 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 [58,59]. 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, determining flooding episodes for these oldest and shallowest
subway lines and for some underground car parks built starting from the middle of the
1980s [60,61]. 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 [51]: 65 out of 126 are located in
the model domain. The construction of two new underground car parks (Figure 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 [51]. 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 groundwater heat pumps
(GWHPs) for geothermal needs (Figure 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,
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thus determining a non-consumptive use of the resource [62]. 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) [63], 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 [51], could represent a valid tool
to coordinate urban underground development, thus supporting stakeholders in their
decision-making process.

3. Materials and Methods

The numerical model was built considering an already-existing urban conceptual
model [51], integrating its contents, when possible, with Open Data information [64]. The
core of the methodology was the modeling of the Uls (see Underground Infrastructures
Modeling) 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 /Ul interactions.

3.1. Numerical Model

A steady-state numerical flow model was developed using MODFLOW-USG [50], and
Groundwater Vistas 8 [65] was used as the graphical user interface.

3.1.1. Grid Discretization

The model grid (Figure 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) (Figure 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 groundwater flow direction of the domain [58,66].

The vertical discretization (Figure 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 ISS
(Aquifer Group B).

3.1.2. Boundary Conditions

Boundary conditions (Figure 4), used to outline the hydrogeologic system, were
represented through Neumann and Cauchy conditions:

o  General Head Boundary (GHB) was used to model the initial heads along the borders
around the study area, at their real distance from the analyzed domain. As for their
hydraulic head values, the initial information was taken from a piezometric map of
March 2015 (Mar15) for the study area [51]. In addition, the main quarries located
inside the domain (Figure 4) have been represented as GHBs.

e WELL (WEL) was used to model the 261 public wells and 785 groundwater heat
pumps (GWHPs) described in Section 2. Information on well discharge was readapted
from De Caro et al. [61] with regard to public wells, and from Regione Lombardia [64]
for GWHPs. Finally, a further 384 private wells fell within the analyzed domain; as
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their well discharge was mostly unknown, a discharge value of -432 m3/d was initially
attributed to these wells.

e  Recharge (RCH): 5 zones, based on land use, were identified from the geographic
database Dusaf 6.0 [67]; their values were calculated as the contribution of precipita-
tions, 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 [68].
Precipitations amounted to 1496.2 mm/yr for the twelve months before Mar15, the
period chosen for model calibration. Absence of infiltration was considered for urban
areas and for surface water elements (i.e., quarries), while 20% of infiltration was
attributed to the other recharge areas; moreover, an additional contribution from
recharge infiltration was attributed to irrigational areas.

Lo S

Legend (Horizontal Discretization)
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Figure 3. (a) Grid horizontal discretization; the red rectangle points to the sector area represented
in (b); (b) example of quadtree refinement close to Lotto exchange station (see Figure 2); (c) grid
vertical discretization. Please note that for (b), the same color coding of Figure 1b has been used for
subway lines.

Underground Infrastructures Modeling

The underground railway (Figure 1b) occupies only a small portion of the north-
western area; thus, it was not considered within the study. All the Uls (Figure 4) were
conceptualized and modeled by coupling the Wall (HFB) [69] and the DRN [70] 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 neighboring
zones, based on the MODFLOW solution [71,72], was quantified.
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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 [46]. 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 Ul 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 [50]; 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. 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 Ul 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 groundwater 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 underground infrastructures
network is represented in Figure 5.

=TT bl AN

Legend
o Well Field (261)

@ Tangram Well (384)
® GWHP (785)
A Public Car Park (HFB + Drain) (67)
= Subway Line (HFB + Drain)
General Head Boundary (GHB)
] Model Domain
L___j Municipality of Milan

Figure 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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Figure 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.

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 [25,35].

3.1.3. Further Modeling Aspects

The hydraulic conductivity parametrization was readapted from a previous project
on the study area developed within the same research group [73], where the lithological
information, stored within the Tangram database [74] in the form of stratigraphic data and
pumping tests, was numerically coded and interpolated into GOCAD software using the
kriging method [75]. 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 [76],
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. 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 groundwater condition of Mar15, the highest
in the last 30 years [51], 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.

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.
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The conductance value for waterproofed subway lines (Table 1) was defined from the
literature references [43,77,78]. Different conductance values (51-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 groundwater
flow [79]. Since for public car parks’ conductance no information was available, it was
decided to attribute the lowest conductance value to all car parks.

Table 1. Conductance value for all the considered scenarios.

Ul Waterproofed Initial Conductance (m?2/d) Fractures Conductance (m?2/d)
(S1-S2-S3) (S4-S5-S6)
M1 No 1.16 x 10~ /10719 /10— 1.16 x 1077/10~6/10°
M2 No 1.16 x 10~ /100,10~ 1.16 x 1077/1076/107°>
M3 Yes 1.16 x 10713 116 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 10~13 1.16 x 10~°

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 [80]. 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.

The identified infiltrations were then analyzed 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.

4. Results
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. in
the south, 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 1072 m/d, as visible in Figure 6.

Final recharge values, and their spatial distribution, are represented in Figure 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.

With regard to the calibration, the calibrated model generally provided good statistics
(Table 2, Figures 8 and 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% [81,82].
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Table 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
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
120 y 3
'.-
—_— ° .. 2 . ¢
& M5 ' .. .
-.g, ’ * E— 1 e o.
g 110 ol 3 o So et ., . .
® P E « ’ ¢
> e & o -
3 o - .
2 105 i
. -‘. o* -2
100 -3
100 106 110 115 120 100 105 110 115 120
Observed Value (m a.s.l.) Observed Value (m a.s.l.)

Figure 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).
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Figure 9. GW potentiometric map of the study area.
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The potentiometric map for the shallow aquifer is represented in Figure 9. From
the visualization of the head targets, it is visible that the water table map is generally
well represented close to the subsurface network, thus allowing for proper assessment of
GW /Ul interactions and the consequent infiltrations. In the eastern part of the models,
located close to Milan’s downtown area, the contour lines” behavior is influenced by the
pumping effect of both public well fields and GWHPs (Figure 4).

Model mass balance (Table 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 1073). A good coherence was detected between the drain
outflows and the mass balance with neighboring zones (i.e., surrounding aquifer and the
Uls), thus validating the obtained results.

Table 3. Model mass balance.

Mass Balance Inflow (m3/d) Outflow (m3/d) % Error
GHB 419,633.07 72,039.06
Wells 115,743.33 515,438.32
Drain — 293 x 1072
Recharge 52,101.25 —
Total 587,477.65 587,477.38 459 x 107>

4.2. Modeling Scenarios

Groundwater inflow for all the Uls was calculated, and results are summarized in
Figure 10. As can be seen in Figure 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 [29].
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 (subway lines M1
and M2). 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 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 [46,83]. In particular, Sant’Agostino (M2-a) was impacted for both GW
minimum and maximum conditions.

As summarized in Table 4, groundwater inflows for S1-S3 are limited, with low orders
of magnitude. The highest values of inflows (107°/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 Figure 10, thus
evidencing local but more critical situations to manage.
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Figure 10. Areas showing GW infiltrations into Uls.

Table 4. GW inflows into UIs (m3/ d) for S1-53. Please remember that for M3, M4, M5, and parks,
K was always set equal to 1.16 x 1073 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 (m3/d) Water Table
S1(K=116 x 100" m/d) S2(K=116x10"19m/d) S3(K=1.16 x 1077 m/d)
M1 3.70 x 10~° 5.83 x 107° 423 x 1074 8.37
M2 2.00 x 10~° 2.34 x 1074 227 x 1073 71.38
$1-S3 (K =1.16 x 10~ m/d)
M3 6.24 x 1077 100
M4 1.94 x 10~° 100
M5 2.70 x 10~° 100
Car Parks 3.00 x 1077 50.75

At the most critical points highlighted in S1-53 (Figure 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. The results of these spots are summarized
in Table 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.

As for the two public car parks under construction (Figure 1b), an absence of infiltration
was detected in both cases, with respect to the considered groundwater maximum condition,
due to a lack of interaction with the water table (Figure 11) which was contrastingly
evidenced for the close branches of subway line M4.
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Water Table
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NI TIIR

Figure 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/UlIs
interaction for (c) Brasilia car park, (e) Scalabrini car park, (g) Lorenteggio 124 intervention point.
(b,c) refer to point 1 in (a); (d,e) refer to point 2 in (a); (f,g) refer to point 3 in (a). Transparency has
been adopted to represent the volumes submerged by the water table; as visible in (c,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.
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Table 5. Comparison of GW inflows into Uls (m3/d) for the initial scenario (51-S3, intact walls) and
their corresponding final scenario (54-56, leaky walls). Please remember that, for car parks, K was
always set equal to 1.16 x 10713 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 10 . . . . . .
Type Name Depth (m) (%) Infiltration Infiltration Infiltration
P (m3/d) (51-84)  (m%d) (S2-S5)  (m3/d) (S3-S6)
. , 1.13 x 1077/ 1.12 x 1076/ 2.04 x 1074/
S Bisceglie (M1-a) 11.93 33.49 435 x 10-6 435 x 10-5 435 % 104
. . , 2.04 x 107%/ 2.04 x 1075/ 430 x 1075/
T Bisceglie—Inganni (M1-a) 6.5 42.88 271 x 10-5 271 x 10-4 271 x 10-3
, 398 x 1077/ 3.98 x 107°/ 1.20 x 1074/
5 Inganni (M1-a) 1092 26.77 1.14 x 1075 115 x 1074 115 x 1073
1.75 x 1077/ 243 x 107%/ 1.81 x 1075/
T Bonola—Uruguay (M1-b) 6.5 42.81 405 x 10-6 450 x 10-5 3.94 % 104
9.92 x 1077/ 9.34 x 107%/ 9.34 x 1072/
T QT8—Lotto (Ml-c) 65 71.89 1.06 x 106 1.77 x 105 1.17 x 10~
5.67 x 1076/ 5.67 x 1075/ 533 x 1074/
T Romolo—Porta Genova (M2-a) 7 55.77 237 % 10-5 237 % 10-4 271 x 10-3
Porta Genova—Sant’ Agostino 5.34 x 1076/ 5.34 x 107/ 8.04 x 107/
T 7 37.05 s 4 _3
(M2-a) 5.86 x 10 5.86 x 10 5.86 x 10
, . 824 x 1077/ 8.24 x 107%/ 2.64 x 1074/
S Sant’Agostino (M2-a) 17.35 23.77 599 % 10-5 599 % 10-4 599 % 10-3
1.03 x 107¢/ 1.03 x 1075/ 2.84 x 1073/
T Lanza—Moscova (M2-b) 7 36.41 6.03 x 10-6 6.03 x 10-5 6.02 % 104
Washington/ 20 60.38 172 x 10-8/1.49 x 10-6
Piemonte
P Carducci Olona 17 58.14 1.32 x 1078/4.82 x 10~7
P Betulle Est 5 23.02 256 x 10772/3.04 x 10~7

5. Discussion

Managing GW /UIs interaction in urban areas is a challenging issue. Different prob-
lems can arise regarding GW quality, quantity, and thermal issues [5,6,15], but 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 [26,27] and problems regarding already-operating underground
tunnels [31,33]; 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.

5.1. Modeling Scenarios

Model results in terms of calibration were generally acceptable (Table 2, Figures 8 and 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 behavior 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 (Figure 4), and the presence of
clay lenses determining the existence of perched aquifers with seasonal oscillations [51,52]
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 [84]. In addition, acquiring further data
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could contribute to making more effective predictions, thus improving the model use in
supporting management decisions [85].

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 in-
frastructures are preserved is vital [86,87]. Some of the impacted areas (i.e., M1-a, M1-b,
M1-c, M2-a) have already been identified as critical in previous works [46,83]. In this case,
only a qualitative GW-UlIs 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 /Ul interactions could be estimated. As for M2-a, P-a, and P-b, the highest depth of
downtown infrastructures (Table 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 [88], and to the adoption of specific construction methods; as an example,
Sant’Agostino station was built with two overlapping pipes [61]. As for the western sec-
tor, 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 5). To counteract this situation, in the framework of creating a more
sustainable and resilient city [5], 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 groundwater
maximum condition (Figure 11). However, prolonged monitoring should be useful to
cope with the evolution of GW /Ul interactions. Finally, in the north, a reduced GW/Uls
interaction is attributable to a wide unsaturated thickness of the shallow aquifer [51], with
the water table located around 10-12 m from the ground field.

5.2. Considerations of the Adopted Modeling Approach

The applied modeling strategy aimed to quantitatively evaluate the interaction be-
tween 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 [46], 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 [78] and the
conductance to simulate isolated fractures [80]. Moreover, an ensemble of scenarios [89]
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 [90,91]. As for S1-53 (Table 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 Figures 8 and 9, this is mostly true for this
specific case, especially for the targets located in the central part of the domain that lie in
proximity of the main Uls” elements.
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Using MODFLOW-USG as numerical code allowed the refining of the grid horizon-
tally, therefore properly representing the Uls. Moreover, through the implementation of the
unstructured grid, the key numerical computations could be limited within the required
bounds [50], making the simulations less computationally intensive. Above all, the adop-
tion of MODFLOW-USG was pivotal to model the Uls, as it allowed the WALL package to
be used to represent not only the cells’ lateral sides through HFB, 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
UI fully penetrating single-layered models [37,43,44]; hence, a precise estimate of further
modeling aspects (i.e., evaluation of the barrier effect on groundwater 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 [34,36]. Through the developed methodology, modeling
GW /Ul 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 possi-
ble, 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 [92,93], or in other areas [94] where different aspects of
GW /Ul interactions have been investigated but GW infiltrations into subsurface elements
were not quantified.

The methodology has been tested on a steady-state numerical model. Future appli-
cations on transient numerical models would be possible depending on long-term data
collections [95]; this could raise awareness about infiltration issues, supporting a deeper
interpretation of GW /UI interactions and making the model a useful management tool to
make long-term predictions [84].

5.3. Decision Management

The infiltration issue of Uls in Milan city is historical. Different episodes have been
documented over time [46,60,83], leading both to economic and management problems
for Metropolitana Milanese Spa, the subway managing company. For example, the sec-
tion 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 [28,80,96],
this situation could trigger further issues over a long time period (i.e., corrosion of founda-
tions), 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 [97-99]. Open communication is needed to
raise awareness about the importance of data to describe the system and conceptualize
and develop a model [91,100] with increased predictive capabilities. For this specific case,
monitoring, estimation, and control are essential aspects for tunnel management [96].
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 [84,85]. The collection of field data
could focus on the most critical sectors highlighted (i.e., M1-a, M2-a) by the model 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
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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 [61], 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 infiltra-
tions into Uls. A move away from reacting and correcting measures, focusing on preventive
actions [6] to secure the Uls, should be evaluated. In a previous work by Sartirana et al. [51],
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 [101]. To do so, early warning
monitoring solutions, such as integrating GIS, BIM, and GPS techniques [102,103], with
continuous online data measurements should be implemented in proximity of the most
critical Uls.

Moreover, groundwater is not only an annoyance for its side effects, but it is also
a heritage [6] in urban frameworks; therefore, further management strategies could be
proposed. For example, as GW is a valuable energy reservoir [15,93], 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 [104].

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
relationship between new Uls and water table levels, testing possible urban underground
development scenarios.

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:

e  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.

e Identification of the UI sectors more exposed to GW infiltrations under different
conductance scenarios (from intact to leaky walls), providing a qualitative and quanti-
tative 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 groundwater
flow numerical model for the city of Milan. Groundwater 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.

e  Support for the decision makers in designing possible dewatering systems, also propos-
ing early warning monitoring systems and proactive solutions to secure the Uls from
potential groundwater 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
scenarios, 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
on groundwater flow paths. For future applications, reasoning the combination of the
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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.

Author Contributions: Conceptualization, D.S.; methodology, D.S. and T.B.; validation, M.R.,, M.D.A,,
L.E and T.B; formal analysis, D.S. and C.Z.; data curation, D.S. and M.D.A.; writing—original
draft preparation, D.S.; writing—review and editing, D.S., C.Z.,, M.R,, M.D.A,, M.C,, AR, LE.
and T.B.; visualization, D.S., C.Z., M.C. and A.R.; supervision, M.R.,, M.D.A,, L.F. and T.B.; project
administration, T.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any external funding.

Acknowledgments: The authors are grateful to Metropolitana Milanese S.p.a for providing both the
altimetric profiles of the subway lines and the piezometric data that were used as information for
model calibration. Moreover, the authors would like to warmly thank Daniel T. Feinstein of USGS
and Gennaro Alberto Stefania for their support and suggestions during the development of the work.
The authors would also like to thank the three anonymous reviewers for their comments, which
helped to improve this article.

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

References

1. Vazquez-Suié, E.; Sanchez-Vila, X.; Carrera, J. Introductory review of specific factors influencing urban groundwater, an emerging
branch of hydrogeology, with reference to Barcelona, Spain. Hydrogeol. ]. 2005, 13, 522-533. [CrossRef]

2. Epting, J.; Huggenberger, P.; Rauber, M. Integrated methods and scenario development for urban groundwater management and
protection during tunnel road construction: A case study of urban hydrogeology in the city of Basel, Switzerland. Hydrogeol. J.
2008, 16, 575-591. [CrossRef]

3. Arshad, I; Umar, R. Status of urban hydrogeology research with emphasis on India. Hydrogeol. J. 2020, 28, 477-490. [CrossRef]

4. Un-Habitat. State of the World’s Cities 2008/9: Harmonious Cities; Routledge: Oxford, UK, 2012; ISBN 1136556729.

5. LaVigna, FE Review: Urban groundwater issues and resource management, and their roles in the resilience of cities. Hydrogeol. J.
2022, 30, 1657-1683. [CrossRef]

6.  Schirmer, M.; Leschik, S.; Musolff, A. Current research in urban hydrogeology—A review. Adv. Water Resour. 2013, 51, 280-291.
[CrossRef]

7.  Calderhead, A.L; Martel, R.; Garfias, J.; Rivera, A.; Therrien, R. Pumping dry: An increasing groundwater budget deficit
induced by urbanization, industrialization, and climate change in an over-exploited volcanic aquifer. Environ. Earth Sci. 2012, 66,
1753-1767. [CrossRef]

8.  Parriaux, A.; Tacher, L.; Kaufmann, V.; Blunier, P. Underground Resources and Sustainable Development in Urban Areas; The Geological
Society of London: London, UK, 2006.

9. Li, H,;Li, X, Parriaux, A.; Thalmann, P. An integrated planning concept for the emerging underground urbanism: Deep City
Method Part 2 case study for resource supply and project valuation. Tunn. Undergr. Sp. Technol. 2013, 38, 569-580. [CrossRef]

10. Li, H.-Q.; Parriaux, A.; Thalmann, P; Li, X.-Z. An integrated planning concept for the emerging underground urbanism: Deep
City Method Part 1 concept, process and application. Tunn. Undergr. Sp. Technol. 2013, 38, 559-568. [CrossRef]

11.  Véahidaho, I. An introduction to the development for urban underground space in Helsinki. Tunn. Undergr. Sp. Technol. 2016, 55,
324-328. [CrossRef]

12.  Koziatek, O.; Dragicevi¢, S. iCity 3D: A geosimualtion method and tool for three-dimensional modeling of vertical urban
development. Landsc. Urban Plan. 2017, 167, 356-367. [CrossRef]

13. Bobylev, N. Mainstreaming sustainable development into a city’s Master plan: A case of Urban Underground Space use. Land Use
Policy 2009, 26, 1128-1137. [CrossRef]

14. Attard, G.; Winiarski, T.; Rossier, Y.; Eisenlohr, L. Review: Impact of underground structures on the flow of urban groundwater-
Revue: Impact des structures du sous-sol sur les écoulements des eaux souterraines en milieu urbainRevision: Impacto de las
estructuras del subsuelo en el flujo del agua subterranea. Hydrogeol. |. 2015, 24, 5-19. [CrossRef]

15. Noethen, M.; Hemmerle, H.; Bayer, P. Sources, intensities, and implications of subsurface warming in times of climate change.
Crit. Rev. Environ. Sci. Technol. 2022, 1-23. [CrossRef]

16. Wilkinson, W. Rising groundwater levels in London and possible effects on engineering structures. IJAHS-AISH Publ. 1985, 154,
145-157.

17. Hernandez, M.A.; Gonzalez, N.; Chilton, ]J. Impact of Rising Piezometric Levels on Greater Buenos Aires Due to Partial

Changing of Water Services Infrastructure. 1997. Available online: http://sedici.unlp.edu.ar/handle/10915/26650 (accessed on
10 November 2022).


http://doi.org/10.1007/s10040-004-0360-2
http://doi.org/10.1007/s10040-007-0242-5
http://doi.org/10.1007/s10040-019-02091-z
http://doi.org/10.1007/s10040-022-02517-1
http://doi.org/10.1016/j.advwatres.2012.06.015
http://doi.org/10.1007/s12665-011-1398-9
http://doi.org/10.1016/j.tust.2013.04.009
http://doi.org/10.1016/j.tust.2013.04.010
http://doi.org/10.1016/j.tust.2015.10.001
http://doi.org/10.1016/j.landurbplan.2017.06.021
http://doi.org/10.1016/j.landusepol.2009.02.003
http://doi.org/10.1007/s10040-015-1317-3
http://doi.org/10.1080/10643389.2022.2083899
http://sedici.unlp.edu.ar/handle/10915/26650

Water 2022, 14, 4130 20 of 23

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Vazquez-sune, E.; Sanchez-vila, X. Groundwater modelling in urban areas as a tool for local authority management: Barcelona
case study (Spain). In Impacts of Urban Growth on Surface Water and Groundwater Quality: Proceedings of the International Symposium
Held during IUGG 99, the XXII General Assembly of the International Union of Geodesy and Geophysics, Birmingham, UK, 18-30 July
1999; IAHS Press: Wallingford, UK, 1999; Volume 259, pp. 65-72.

Hayashi, T.; Tokunaga, T.; Aichi, M.; Shimada, J.; Taniguchi, M. Effects of human activities and urbanization on groundwater
environments: An example from the aquifer system of Tokyo and the surrounding area. Sci. Total Environ. 2009, 407, 3165-3172.
[CrossRef]

Lamé, A. Modélisation Hydrogéologique des Aquiféres de Paris et Impacts des Aménagements du Sous-Sol sur Les Ecoulements
Souterrains. Available online: https://theses.hal.science/pastel-00973861/2013 (accessed on 10 November 2022).

Ducci, D.; Sellerino, M. Groundwater Mass Balance in Urbanized Areas Estimated by a Groundwater Flow Model Based on a 3D
Hydrostratigraphical Model: The Case Study of the Eastern Plain of Naples (Italy). Water Resour. Manag. 2015, 29, 4319-4333.
[CrossRef]

Colombo, L.; Gattinoni, P; Scesi, L. Influence of underground structures and infrastructures on the groundwater level in the
urban area of Milan, Italy. Int. ]. Sustain. Dev. Plan. 2017, 12, 176-184. [CrossRef]

Allocca, V.; Coda, S.; Calcaterra, D.; De Vita, P. Groundwater Rebound and Flooding in the Naples’ Periurban Area (Italy). J. Flood
Risk Manag. 2021, 15, €12775. [CrossRef]

El Tani, M. Circular tunnel in a semi-infinite aquifer. Tunn. Undergr. Sp. Technol. 2003, 18, 49-55. [CrossRef]

Butscher, C. Steady-state groundwater inflow into a circular tunnel. Tunn. Undergr. Sp. Technol. 2012, 32, 158-167. [CrossRef]
Hassani, A.N.; Katibeh, H.; Farhadian, H. Numerical analysis of steady-state groundwater inflow into Tabriz line 2 metro tunnel,
northwestern Iran, with special consideration of model dimensions. Bull. Eng. Geol. Environ. 2016, 75, 1617-1627. [CrossRef]
Farhadian, H.; Hassani, A.N.; Katibeh, H. Groundwater inflow assessment to Karaj Water Conveyance tunnel, northern Iran.
KSCE ]. Civ. Eng. 2017, 21, 2429-2438. [CrossRef]

Xia, Q.; Xu, M.; Zhang, H.; Zhang, Q.; Xiao, X. xuan A dynamic modeling approach to simulate groundwater discharges into a
tunnel from typical heterogenous geological media during continuing excavation. KSCE J. Civ. Eng. 2018, 22, 341-350. [CrossRef]
Hassani, A.N.; Farhadian, H.; Katibeh, H. A comparative study on evaluation of steady-state groundwater inflow into a circular
shallow tunnel. Tunn. Undergr. Sp. Technol. 2018, 73, 15-25. [CrossRef]

Li, X.; Zhang, W.; Li, D.; Wang, Q. Influence of underground water seepage flow on surrounding rock deformation of multi-arch
tunnel. J. Cent. South. Univ. Technol. 2008, 15, 69-74. [CrossRef]

Guo, Y,; Wang, H.; Jiang, M. Efficient Iterative Analytical Model for Underground Seepage around Multiple Tunnels in Semi-
Infinite Saturated Media. J. Eng. Mech. 2021, 147, 04021101. [CrossRef]

Gao, C.L,; Zhou, Z.Q.; Yang, WM.; Lin, C.J.; Li, L.P.; Wang, J. Model test and numerical simulation research of water leakage in
operating tunnels passing through intersecting faults. Tunn. Undergr. Sp. Technol. 2019, 94, 103134. [CrossRef]

Ai, Q.; Yuan, Y,; Jiang, X.; Wang, H.; Han, C.; Huang, X.; Wang, K. Pathological diagnosis of the seepage of a mountain tunnel.
Tunn. Undergr. Sp. Technol. 2022, 128, 104657. [CrossRef]

Golian, M.; Teshnizi, E.S.; Nakhaei, M. Prediction of water inflow to mechanized tunnels during tunnel-boring-machine advance
using numerical simulation. Hydrogeol. ]. 2018, 26, 2827-2851. [CrossRef]

Zaidel, ].; Markham, B.; Bleiker, D. Simulating seepage into mine shafts and tunnels with MODFLOW. Ground Water 2010, 48,
390-400. [CrossRef]

Lagudu, S.; Rao, V.V.S.G,; Nandan, M.].; Khokhar, C. Application of MODFLOW for groundwater Seepage Problems in the
Subsurface Tunnels. J. Ind. Geophys. Union 2015, 19, 422-432.

Golian, M.; Abolghasemi, M.; Hosseini, A.; Abbasi, M. Restoring groundwater levels after tunneling: A numerical simulation
approach to tunnel sealing decision-making. Hydrogeol. J. 2021, 29, 1611-1628. [CrossRef]

Abd-Elaty, I.; Pugliese, L.; Straface, S. Inclined Physical Subsurface Barriers for Saltwater Intrusion Management in Coastal
Aquifers. Water Resour. Manag. 2022, 36, 2973-2987. [CrossRef]

Abd-Elaty, I.; Zelenakova, M. Saltwater intrusion management in shallow and deep coastal aquifers for high aridity regions.
J. Hydrol. Reg. Stud. 2022, 40, 101026. [CrossRef]

Chaussard, E.; Biirgmann, R.; Shirzaei, M.; Fielding, E.]J.; Baker, B. Predictability of hydraulic head changes and characterization
of aquifer-system and fault properties from InNSAR-derived ground deformation. J. Geophys. Res. Solid Earth 2014, 119, 6572-6590.
[CrossRef]

Medici, G.; Smeraglia, L.; Torabi, A.; Botter, C. Review of Modeling Approaches to Groundwater Flow in Deformed Carbonate
Aquifers. Groundwater 2021, 59, 334-351. [CrossRef]

Bonomi, T.; Sartirana, D.; Toscani, L.; Stefania, G.A.; Zanotti, C.; Rotiroti, M.; Redaelli, A.; Fumagalli, L. Modeling
groundwater /surface-water interactions and their effects on hydraulic barriers, the case of the industrial area of Mantua (Italy).
Acque Sotter.-Ital. ]. Groundw. 2022, 11, 43-55. [CrossRef]

Bonomi, T.; Bellini, R. The tunnel impact on the groundwater level in an urban area: A modelling approach to forecast it.
RMZ-Mater. Geoenviron. 2003, 50, 45-48.

Boukhemacha, M.A.; Gogu, C.R; Serpescu, L.; Gaitanaru, D.; Bica, I. A hydrogeological conceptual approach to study urban
groundwater flow in Bucharest city, Romania. Hydrogeol. J. 2015, 23, 437-450. [CrossRef]


http://doi.org/10.1016/j.scitotenv.2008.07.012
https://theses.hal.science/pastel-00973861/2013
http://doi.org/10.1007/s11269-015-1062-3
http://doi.org/10.2495/SDP-V12-N1-176-184
http://doi.org/10.1111/jfr3.12775
http://doi.org/10.1016/S0886-7798(02)00102-5
http://doi.org/10.1016/j.tust.2012.06.007
http://doi.org/10.1007/s10064-015-0802-1
http://doi.org/10.1007/s12205-016-0995-2
http://doi.org/10.1007/s12205-017-0668-9
http://doi.org/10.1016/j.tust.2017.11.019
http://doi.org/10.1007/s11771-008-0015-x
http://doi.org/10.1061/(ASCE)EM.1943-7889.0001999
http://doi.org/10.1016/j.tust.2019.103134
http://doi.org/10.1016/j.tust.2022.104657
http://doi.org/10.1007/s10040-018-1835-x
http://doi.org/10.1111/j.1745-6584.2009.00659.x
http://doi.org/10.1007/s10040-021-02315-1
http://doi.org/10.1007/s11269-022-03156-7
http://doi.org/10.1016/j.ejrh.2022.101026
http://doi.org/10.1002/2014JB011266
http://doi.org/10.1111/gwat.13069
http://doi.org/10.7343/as-2022-569
http://doi.org/10.1007/s10040-014-1220-3

Water 2022, 14, 4130 21 0f 23

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

Di Salvo, C.; Mancini, M.; Cavinato, G.P.; Moscatelli, M.; Simionato, M.; Stigliano, F,; Rea, R.; Rodi, A. A 3d geological model as
a base for the development of a conceptual groundwater scheme in the area of the colosseum (Rome, Italy). Geosciences 2020,
10, 266. [CrossRef]

Sartirana, D.; Rotiroti, M.; Zanotti, C.; Bonomi, T.; Fumagalli, L.; De Amicis, M. A 3D geodatabase for urban underground
infrastructures: Implementation and application to groundwater management in Milan metropolitan area. ISPRS Int. . Geo-Inf.
2020, 9, 609. [CrossRef]

Parriaux, A.; Blunier, P.; Maire, P.; Tacher, L. The DEEP CITY Project: A Global Concept for a Sustainable Urban Underground
Management. In Proceedings of the 11th ACUUS International Conference, Underground Space: Expanding the Frontiers, Athens,
Greece, 10-13 September 2007; pp. 255-260.

Delmastro, C.; Lavagno, E.; Schranz, L. Underground urbanism: Master Plans and Sectorial Plans. Tunn. Undergr. Sp. Technol.
2016, 55, 103-111. [CrossRef]

Moghadam, S.T.; Delmastro, C.; Lombardi, P.; Corgnati, S.P. Towards a New Integrated Spatial Decision Support System in Urban
Context. Procedia-Soc. Behav. Sci. 2016, 223, 974-981. [CrossRef]

Panday, S.; Langevin, C.D.; Niswonger, R.G.; Ibaraki, M.; Hughes, ].D. MODFLOW-USG Version 1: An Unstructured Grid Version of
MODFLOW for Simulating Groundwater Flow and Tightly Coupled Processes Using a Control Volume Finite-Difference Formulation; US
Geological Survey: Reston, VA, USA, 2013; p. 66.

Sartirana, D.; Rotiroti, M.; Bonomi, T.; De Amicis, M.; Nava, V.; Fumagalli, L.; Zanotti, C. Data-driven decision management of
urban underground infrastructure through groundwater-level time-series cluster analysis: The case of Milan (Italy). Hydrogeol. ].
2022, 30, 1157-1177. [CrossRef]

Bonomi, T.; Fumagalli, L.; Dotti, N. Fenomeno di inquinamento da solventi in acque sotterranee sfruttate ad uso potabile nel
nord-ovest della provincia di Milano. Eng. Hydro Environ. Geol. 2009, 12, 43-59.

Pulighe, G.; Lupia, F. Multitemporal geospatial evaluation of urban agriculture and (non)-sustainable food self-provisioning in
Milan, Italy. Sustainability 2019, 11, 1846. [CrossRef]

Istat. L'italia Del Censimento. Struttura Demografica e Processo di Rilevazione, Lombardia; Istat: Rome, Italy, 2011.

Boscacci, F.; Camagni, R.; Caragliu, A.; Maltese, I.; Mariotti, I. Collective benefits of an urban transformation: Restoring the
Navigli in Milan. Cities 2017, 71, 11-18. [CrossRef]

Regione Lombardia & ENI Divisione AGIP. Geologia Degli Acquiferi Padani Della Regione Lombardia; Cipriano Carcano, A.P., Ed.;
S.EL.CA: Florence, Italy, 2002.

Regione Lombardia. Regione Lombardia Piano di Tutela ed Uso delle Acque (PTUA) 2016; Regione Lombardia: Milano, Italy, 2016.
Bonomi, T.; Cavallin, A.; De Amicis, M.; Rizzi, S.; Tizzone, R.; Trefiletti, P. Evoluzione della dinamica piezometrica nell’area
milanese in funzione di alcuni aspetti socio-economici. In Proceedings of the Atti Della Giornata Mondiale dell’Acqua Acque
Sotterranee: Risorsa Invisibile, Rome, Italy, 23 March 1998; pp. 9-17.

Bonomi, T. Groundwater Level Evolution in the Milan Area: Natural and Human Issues; IAHS-AISH Publication: Brunswick, ME,
USA, 1999; pp. 195-202.

Gattinoni, P.; Scesi, L. The groundwater rise in the urban area of Milan (Italy) and its interactions with underground structures
and infrastructures. Tunn. Undergr. Sp. Technol. 2017, 62, 103-114. [CrossRef]

De Caro, M.; Crosta, G.B.; Previati, A. Modelling the interference of underground structures with groundwater flow and remedial
solutions in Milan. Eng. Geol. 2020, 272, 105652. [CrossRef]

Garcia-Gil, A.; Epting, J.; Ayora, C.; Garrido, E.; Vazquez-Suiié, E.; Huggenberger, P.; Gimenez, A.C. A reactive transport model
for the quantification of risks induced by groundwater heat pump systems in urban aquifers. J. Hydrol. 2016, 542, 719-730.
[CrossRef]

Milan Metropolitan City. Documento di Piano Milano 2030 Visione, Costruzione, Strategie, Spazi; Milan Metropolitan City: Milano,
Italy, 2019.

Regione Lombardia Open Data Regione Lombardia. 2021. Available online: https://dati.lombardia.it/ (accessed on 15
December 2021).

Rumbaugh, J.; Rumbaugh, O. Groundwater Vistas Version 7.24, Build 211; Environment Simulations Inc.: Reinholds, PA, USA, 2020.
Beretta, G.P.; Avanzini, M.; Pagotto, A. Managing groundwater rise: Experimental results and modelling of water pumping from
a quarry lake in Milan urban area (Italy). Environ. Geol. 2004, 45, 600-608. [CrossRef]

Regione Lombardia Geoportal of the Lombardy Region, Italy. 2021. Available online: http:/ /www.geoportale.regione.lombardia.
it/ (accessed on 1 December 2021).

ARPA Lombardia Agenzia Regionale per la Protezione dell’Ambiente [Regional Environmental Monitoring Agency]. 2021.
Available online: https://www.arpalombardia.it/ (accessed on 13 November 2021).

Hsieh, P.A.; Freckleton, ].R. Documentation of a Computer Program to Simulate Horizontal-Flow Barriers Using the U.S. Geological
Survey’s Modular Three-Dimensional Finite-Difference Ground-Water Flow Model; US Geological Survey: Reston, VA, USA, 1993.
Harbaugh, A.W. MODFLOW-2005, the US Geological Survey Modular Ground-Water Model: The Ground-Water Flow Process; US
Department of the Interior, US Geological Survey: Reston, VA, USA, 2005.

Harbaugh, A.W. A Computer Program for Calculating Subregional Water Budgets Using Results from the U.S. Geological Survey
Modular Three-Dimensional Finite-Difference Ground-Water Flow Model. 1990. Available online: https://pubs.er.usgs.gov/
publication/ofr90392 (accessed on 10 November 2022).


http://doi.org/10.3390/geosciences10070266
http://doi.org/10.3390/ijgi9100609
http://doi.org/10.1016/j.tust.2016.01.001
http://doi.org/10.1016/j.sbspro.2016.05.334
http://doi.org/10.1007/s10040-022-02494-5
http://doi.org/10.3390/su11071846
http://doi.org/10.1016/j.cities.2017.06.018
http://doi.org/10.1016/j.tust.2016.12.001
http://doi.org/10.1016/j.enggeo.2020.105652
http://doi.org/10.1016/j.jhydrol.2016.09.042
https://dati.lombardia.it/
http://doi.org/10.1007/s00254-003-0918-7
http://www.geoportale.regione.lombardia.it/
http://www.geoportale.regione.lombardia.it/
https://www.arpalombardia.it/
https://pubs.er.usgs.gov/publication/ofr90392
https://pubs.er.usgs.gov/publication/ofr90392

Water 2022, 14, 4130 22 0f 23

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Toscani, L.; Stefania, G.A.; Masut, E.; Prieto, M.; Legnani, A.; Gigliuto, A.; Ferioli, L.; Battaglia, A. Groundwater flow numerical
model to evaluate the water mass balance and flow patterns in Groundwater Circulation Wells (GCW) with varying aquifer
parameters. Acque Sotter.-Ital. . Groundw. 2022. [CrossRef]

Bonomi, T.; Del Rosso, F.; Fumagalli, L.; Canepa, P. Assessment of groundwater availability in the Milan Province aquifers. Mem.
Descr. Della Cart. Geol. D’italia 2010, 90, 31-40.

Bonomi, T.; Fumagalli, L.; Rotiroti, M.; Bellani, A.; Cavallin, A. The hydrogeological well database TANGRAM®: A tool for data
processing to support groundwater assessment. Acque Sotter.-Ital. |. Groundw. 2014, 3, 98. [CrossRef]

Paradigm Paradigm GOCAD 2009.1 User Guide; Paradigm: Houston, TX, USA, 2009. Available online: https://www.scribd.com/
document /475499865 /01-Getting-Started# (accessed on 10 November 2022).

Airoldi, R.; Casati, P. Le Falde Idriche del Sottosuolo di Milano; Comune di Milano: Rome, Italy, 1989.

Dassargues, A. Groundwater modelling to predict the impact of tunnel on the behavior of water table aquiefer in urban condition.
In Proceedings of the XXVII TAH Congress: Groundwater in the Urban Environment, Balkema, Nottingham, UK, 21-27 September
1997; pp. 225-230.

Attard, G.; Cuvillier, L.; Eisenlohr, L.; Rossier, Y.; Winiarski, T. Deterministic modelling of the cumulative impacts of underground
structures on urban groundwater flow and the definition of a potential state of urban groundwater flow: Example of Lyon,
FranceModélisation déterministe des impacts cumulés des structures so. Hydrogeol. . 2016, 24, 1213-1229. [CrossRef]

Wang, X.; Lei, Q.; Lonergan, L.; Jourde, H.; Gosselin, O.; Cosgrove, ]. Heterogeneous fluid flow in fractured layered carbonates
and its implication for generation of incipient karst. Adv. Water Resour. 2017, 107, 502-516. [CrossRef]

Huang, Z.; Zhao, K,; Li, X.; Zhong, W.; Wu, Y. Numerical characterization of groundwater flow and fracture-induced water inrush
in tunnels. Tunn. Undergr. Sp. Technol. 2021, 116, 104119. [CrossRef]

Middlemis, H.; Merrick, N.; Ross, J.B. Groundwater Flow Modelling Guideline; Prepared for Murray-Darling Basin; Aquaterra
Consulting Pty Ltd.: West Palm Beach, FL, USA, 2000; Project No. 125.

Feinstein, D.T.; Hunt, R.J.; Reeves, H.W. Regional Groundwater-Flow Model of the Lake Michigan Basin in Support of Great Lakes Basin
Water Availability and Use Studies; U. S. Geological Survey: Reston, VA, USA, 2010.

Colombo, A. Milano e I'innalzamento della falda. Cave e Cantieri 1999, 2, 26-36.

Bredehoeft, J. The conceptualization model problem-Surprise. Hydrogeol. ]. 2005, 13, 37-46. [CrossRef]

Lotti, F; Borsi, I.; Guastaldi, E.; Barbagli, A.; Basile, P.; Favaro, L.; Mallia, A.; Xuereb, R.; Schembri, M.; Mamo, J.A,; et al.
Numerically enhanced conceptual modelling (NECoM) applied to the Malta Mean Sea Level Aquifer. Hydrogeol. ]. 2021, 29,
1517-1537. [CrossRef]

Shi, S.; Xie, X.; Bu, L.; Li, L.; Zhou, Z. Hazard-based evaluation model of water inrush disaster sources in karst tunnels and its
engineering application. Environ. Earth Sci. 2018, 77, 1-13. [CrossRef]

Wang, X.; Li, S.; Xu, Z.; Li, X,; Lin, P,; Lin, C. An interval risk assessment method and management of water inflow and inrush in
course of karst tunnel excavation. Tunn. Undergr. Sp. Technol. 2019, 92, 103033. [CrossRef]

Bobylev, N. Transitions to a High Density Urban Underground Space. Procedia Eng. 2016, 165, 184-192. [CrossRef]

Ferré, TP.A. Revisiting the Relationship Between Data, Models, and Decision-Making. Groundwater 2017, 55, 604—614. [CrossRef]
[PubMed]

Wu, ].S.; Lee, ] .J. Climate change games as tools for education and engagement. Nat. Clim. Chang. 2015, 5, 413-418. [CrossRef]
Castilla-Rho, J.C. Groundwater Modeling with Stakeholders: Finding the Complexity that Matters First Things First: We Are
Dealing. Groundwater 2017, 55, 620-625. [CrossRef] [PubMed]

Colombo, L.; Gattinoni, P,; Scesi, L. Stochastic modelling of groundwater flow for hazard assessment along the underground
infrastructures in Milan (northern Italy). Tunn. Undergr. Sp. Technol. 2018, 79, 110-120. [CrossRef]

Previati, A.; Epting, J.; Crosta, G.B. The subsurface urban heat island in Milan (Italy)-A modeling approach covering present and
future thermal effects on groundwater regimes. Sci. Total Environ. 2022, 810, 152119. [CrossRef]

Attard, G.; Rossier, Y.; Winiarski, T.; Eisenlohr, L. Urban underground development confronted by the challenges of groundwater
resources: Guidelines dedicated to the construction of underground structures in urban aquifers. Land Use Policy 2017, 64, 461-469.
[CrossRef]

Naranjo, R.C. Knowing Requires Data. Groundwater 2017, 55, 674-677. [CrossRef]

Liu, J.Q.; Sun, YK; Li, CJ; Yuan, H.L.; Chen, W.Z,; Liu, X.Y.; Zhou, X.S. Field monitoring and numerical analysis of tunnel water
inrush and the environmental changes. Tunn. Undergr. Sp. Technol. 2022, 122, 104360. [CrossRef]

Blunier, P.; Tacher, L.; Parriaux, A. Systemic approach of urban underground resources exploitation. In Proceedings of the 11th
ACUUS Conference, Athens, Greece, 10-13 September 2007; pp. 43—48.

Admiraal, H.; Cornaro, A. Engaging decision makers for an urban underground future. Tunn. Undergr. Sp. Technol. 2016, 55,
221-223. [CrossRef]

Di Salvo, C.; Ciotoli, G.; Pennica, F.; Cavinato, G.P. Pluvial flood hazard in the city of Rome (Italy). J. Maps 2017, 13, 545-553.
[CrossRef]

Peeters, L.J.M. Assumption Hunting in Groundwater Modeling: Find Assumptions Before They Find You. Groundwater 2017, 55,
665-669. [CrossRef] [PubMed]

Carneiro, J.; Carvalho, ]. M. Groundwater modelling as an urban planning tool: Issues raised by a small-scale model. Q. J. Eng.
Geol. Hydrogeol. 2010, 43, 157-170. [CrossRef]


http://doi.org/10.7343/as-2022-515
http://doi.org/10.7343/as-072-14-0098
https://www.scribd.com/document/475499865/01-Getting-Started#
https://www.scribd.com/document/475499865/01-Getting-Started#
http://doi.org/10.1007/s10040-016-1385-z
http://doi.org/10.1016/j.advwatres.2017.05.016
http://doi.org/10.1016/j.tust.2021.104119
http://doi.org/10.1007/s10040-004-0430-5
http://doi.org/10.1007/s10040-021-02330-2
http://doi.org/10.1007/s12665-018-7318-5
http://doi.org/10.1016/j.tust.2019.103033
http://doi.org/10.1016/j.proeng.2016.11.750
http://doi.org/10.1111/gwat.12574
http://www.ncbi.nlm.nih.gov/pubmed/28793174
http://doi.org/10.1038/nclimate2566
http://doi.org/10.1111/gwat.12569
http://www.ncbi.nlm.nih.gov/pubmed/28853140
http://doi.org/10.1016/j.tust.2018.05.007
http://doi.org/10.1016/j.scitotenv.2021.152119
http://doi.org/10.1016/j.landusepol.2017.03.015
http://doi.org/10.1111/gwat.12553
http://doi.org/10.1016/j.tust.2021.104360
http://doi.org/10.1016/j.tust.2015.08.009
http://doi.org/10.1080/17445647.2017.1333968
http://doi.org/10.1111/gwat.12565
http://www.ncbi.nlm.nih.gov/pubmed/28718503
http://doi.org/10.1144/1470-9236/08-028

Water 2022, 14, 4130 23 0f 23

102. Lyu, HM.; Shen, S.L.; Zhou, A.; Yang, J. Perspectives for flood risk assessment and management for mega-city metro system.
Tunn. Undergr. Sp. Technol. 2019, 84, 31-44. [CrossRef]

103. Du, H; Du, J.; Huang, S. GIS, GPS, and BIM-based risk control of subway station construction. In Proceedings of the ICTE 2015,
the Fifth International Conference on Transportation Engineering, Dalian, China, 26-27 September 2015; pp. 1478-1485.

104. Bayer, P; Attard, G.; Blum, P.; Menberg, K. The geothermal potential of cities. Renew. Sustain. Energy Rev. 2019, 106, 17-30.
[CrossRef]


http://doi.org/10.1016/j.tust.2018.10.019
http://doi.org/10.1016/j.rser.2019.02.019

	Introduction 
	Urban Conceptual Model of the Study Area 
	Materials and Methods 
	Numerical Model 
	Grid Discretization 
	Boundary Conditions 
	Further Modeling Aspects 

	Decision Management Support 

	Results 
	Model Calibration and Statistics 
	Modeling Scenarios 

	Discussion 
	Modeling Scenarios 
	Considerations of the Adopted Modeling Approach 
	Decision Management 

	Conclusions 
	References

