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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
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 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.

Keywords: urban hydrogeology; rising groundwater levels; shallow aquifer; 3D geodatabase;
horizontal flow barrier; Milan; Italy

1. Introduction

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
is expected to live in urban areas by 2050 [4], urbanization can be defined as a world-wide
process [5]. Thus, it is reasonable to think that in the next few years a huge effort will be
allocated to research into urban hydrogeology [6].

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
parks, and subway lines [16-23]. Numerical GW flow modeling was widely adopted as the
main tool to evaluate the barrier effect of Uls to flow patterns, GW budget [14], 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 [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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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 1. (a) Geographical setting of the study area; (b) main hydrogeologic features (lowland
Scheme 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 wellg. {{o-
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respectively, due tolioca%lgeologlca 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
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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

wpe drained, quantifying the amount of water to be withdrawn to dry the infrastructurg. |
conceptual model of the adopted approach to simulate the underground infrastructures

network is represented in Figure 5.
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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
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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 bot-
tom 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.
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The conceptual model of the adopted approach to simulate the underground infrastruc-
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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].



WAl 90%2L 94 WROR PEER REVIEW

16 234

Water 2022, 14, x FOR PEER REVIE A

Hydraulic
Conductivity
{m/d)

235

205

175

145

115 x 1073

Qé6H¥y’daaﬂa1¢@@md\¢€mtyywéuﬁésfmﬂmﬁs(@)ll(b3)44&)l1](@(11)’&41’1%&3@@&61@1&&@%

Legend (m3/d)*m2 gure 7. Fi-
I Water Bodies (0) , while for
Bl Irrigational Areas (2.82 x 1079 - southern-

| GreenAreas (6.15 x 107%)
Natural Areas (6.15 x 1074

[ Urbanized Areas (0)

[] Model Domain

L.} Municipality of Milan

Figure 7 Areal distribution of the 3 rechargs 70Rss: HRA! Fechargs valuss ars providsd i s

With regard to the calibration, the calibrated model generally provided good statis-

tics (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
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Table 2. Model statistics for the considered head targets. Statistics refer to S1.
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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-¢) 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°/10~2 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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Table 5. Comparison of GW inflows into Uls (m3/d) for the initial scenario (S1-S3, intact walls) and

their corresponding final scenario (54-5S6, 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.

Thickness/  Volume x 10 Amount of Amount of Amount of

Type Name De Cth Z;s) ° “(mg) Infiltration Infiltration Infiltration
P (m3/d) (S1-S4)  (m®/d) (52-S5)  (m%/d) (S3-S6)

. ) 1.13 x 1077/ 1.12 x 107%/ 2.04 x 1074/

S Bisceglie (M1-a) 11.93 33.49 435 x 10-6 435 x 10-5 435 x 104
. . . 2.04 x 107/ 2.04 x 107%/ 430 x 1075/

T Bisceglie—Inganni (M1-a) 6.5 42.88 271 x 10-5 271 x 104 271 x 10-3
. 398 x 1077/ 3.98 x 1076/ 1.20 x 1074/

5 Inganni (Ml-a) 1052 26.77 1.14 x 1075 1.15 x 10~ 1.15 x 1073
1.75 x 1077/ 243 x 107°/ 1.81 x 1075/

T Bonola—Uruguay (M1-b) 6.5 42.81 405 x 106 450 x 10-5 3.94 % 104
9.92 x 1077/ 9.34 x 107°/ 934 x 107/

T QT8—Lotto (Ml-c) 65 71.89 1.06 x 10~° 1.77 x 105 117 x 1074
5.67 x 1076/ 5.67 x 1072/ 533 x 1074/

T Romolo—Porta Genova (M2-a) 7 55.77 237 % 10-5 237 % 10~ 271 % 10-3
T Porta Genova—Sant’ Agostino 7 37.05 534 x 1076/ 5.34 x 107/ 8.04 x 107/

(M2-a) ' 5.86 x 1072 5.86 x 1074 5.86 x 1073

, ) 8.24 x 1077 8.24 x 107° 2.64 x 1074
S Sant’Agostino (M2-a) 17.35 23.77 529 x 1075/ 529 x 1074/ 520 x 1073/
1.03 x 1070/ 1.03 x 1075/ 2.84 x 107/

T Lanza—Moscova (M2-b) 7 36.41 6.03 x 10-6 6.03 x 10-5 6.02 x 104

p Washington/ 20 60.38 1.72 x 1078/1.49 x 10
Piemonte
Water2022, 14, x FOREHRRE Didha 17 58.14 1.32 x 1078/4.82 x 1077 16 of 24
P betulle Est o) 20.U2 2.06 X 10 n/J.U4 X 10U 7
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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
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-
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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-Uls 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.

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-



Water 2022, 14, 4130

17 of 23

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
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.
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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
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
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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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