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Abstract: In this paper, a study of the potential causes of the occurrence of high concentration of
Enterococcus Faecalis in surface water within urban areas in dry-weather conditions (DWCs) is
presented. Two hypotheses were formulated: (1) undersized sewer system; and (2) groundwater
infiltration into damaged sewer pipes. In both cases, more frequent combined sewer overflows
(CSOs) may occur discharging untreated sewage into surface water. To evaluate the first hypothesis,
a hydraulic model of a sewer was developed assuming a water-tight system. The simulation results
show that CSOs never occur in DWCs but a rain event of intensity equal to 1/3 of one-year return
period may trigger them. To evaluate the second hypothesis, a model combining sewer failure with
groundwater level was developed to identify the sections of damaged sewer below the water table
and, therefore, potentially affected by infiltration. The risk of infiltration exceeds 50% in almost
half of the entire network even at the lowest calculated water table. Considering 50% of infiltration
distributed throughout that part of the network, CSOs can occur also in DWCs.

Keywords: coastal cities; groundwater; infiltration; infrastructure; sewer; urban hydrology

1. Introduction

Since more than half of the global population resides in urban settings, providing safe,
reliable water to city populations is a challenge that defines the 21st century [1]. In the U.S. alone,
the share of urban residents has already grown to 80%, with the world population projected to
increase of 70% by 2050. Even in less developed countries, the majority of people will be living in
urban areas [2,3]. Urban surface water and groundwater may be increasingly required (or desired) as an
alternative to conventional, but less available, pristine water [4,5]. Therefore, the water quality should
be preserved by preventing contamination [6–8]. One of the major stressors on natural urban water is
the discharge of untreated sewage containing toxic and pathogenic contaminants into natural water
bodies, which cause a variety of diseases including diarrhea, the leading cause of illness and death
on a global basis [9]. Combined sewer overflows (CSOs) are one of the major causes of uncontrolled
discharges of untreated sewage during wet-weather conditions (WWCs). Studies of the impact of
sewage overflows on coastal water have shown that the discharge of wastewater can significantly
contribute to the accumulation of micro-pollutants (e.g., personal-care products and pharmaceuticals),
fecal bacteria, and viruses in the near-shore water and on the sediments, which negatively affect
the water quality and present health risks for the population [10–13]. Events of urban disruption
and contamination due to sewer overflows are occurring more frequently [14–18], suggesting the
emergence of a serious problem in big or rapidly growing cities. The study by Young et al. [15] reports
the occurrence of the antibiotic-resistant bacteria (heterotrophic bacteria resistant to tetracycline and
ampicillin) in the Hudson River Estuary near New York City metropolitan area and they ascribed
presence of the high concentration of these contaminants to CSOs. Similar observations were made by
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Edge and Hill [19], McLellan et al. [17], Donovan et al. [20], and Morgan et al. [18] who studied other
urban waterways.

In the United States, according to the U.S. EPA report [21], the majority of the current underground
utility infrastructure was built after World War II, making the average age of sewer systems in
the U.S. more than 40 years old. On the eastern part of the U.S., sewer systems are even almost
200 years old. According to the American Waterworks Association (AWWA) industry database,
there are approximately 1,483,000 km of municipal water piping in the U.S., making sewer replacement
and rehabilitation the most capital intensive issue in urban drainage [22]. Pipes have a lifetime that
can range from 15 to over 100 years varying considerably depending on soil conditions, pipe material,
climate, and capacity requirements. The U.S. EPA forecasts that by 2020 approximately 23% of the
sewer system will be in a very poor condition. Structural damages make the pipe pervious and
potentially affected by infiltrations of groundwater [23–28]. The consequences of the infiltration
are: the dilution of the wastewater with consequent malfunction of the wastewater treatment plant
(WWTP) units [29–31], the erosion of the soil surrounding the pipe with loss of supporting strength [32],
and more frequent CSOs with the discharge of untreated wastewater into surface water bodies [23,33].

Enterococci Faecalis are Fecal Indicator Bacteria (FIB) whose determination is recommended by the
U.S. EPA to monitor sewage contamination in waterways [34–36]. Their concentration in waterways
near some of the most populated areas in the U.S. can exceed the EPA guidelines for water quality
after a minor rain event, or even unexpectedly in dry-weather conditions. Documented cases in
the U.S. are along, e.g., the Malibu Coastline (CA) near Los Angeles [37], the coastline in Santa
Barbara (CA) [38], the Delaware River within Philadelphia [39], the Charles River within Boston [40],
and the estuary of the Hudson River near New York City [41]. Similar observations were made in,
e.g., Australia [42], China [43], Germany [44], Mexico [45], and UK [46]. Two hypotheses are formulated
to explain the observed large concentrations of FIB. The first hypothesis proposes that the sewer
system is undersized. The second hypothesis states that groundwater infiltrates into damaged sewer
pipes. In both cases, more frequent CSOs may occur, with discharge of contaminants into surface water
bodies [10–13]. Wolf et al. [47] studied the groundwater–sewer interaction in the City of Rastatt (Germany).
They combined a sewer defect database and hydrogeological information to understand the potential
negative impact of leakage (or exfiltration) of damaged sewer pipes. Recently, Yap and Ngien [31]
estimated the amount of infiltration and inflow to be between 17% and 21% of the flow. This parasitical
water reduced the capacity of the sewer pipes and increased the inflow to sewerage treatment plant.
The work by Wittenberg and Aksoy [26] shows that intruded groundwater flows show recessions and
seasonal variations correlated to baseflow in neighboring rivers. Therefore, it is critical to account for the
natural surface water bodies nearby the sewer system of interest.

In this paper, the two hypotheses listed above were analyzed on a selected urban catchment of
the City of Hoboken (NJ). To evaluate the first hypothesis, a hydraulic model of sewer flow was
implemented assuming a water-tight system. To test the second one, a model combining sewer failure
with a groundwater level was developed to calculate the risk of infiltration of sewer sections under
various conditions of the water table.

2. Material and Methods

Sewer and groundwater flow simulations in conjunction with the determination of risk of
failure and infiltration were performed with the model described in this section. Simulations using
a hydrologic model of the sewer flow in dry weather were run to verify the first hypothesis regarding
the FIB events in DWCs, i.e., the sewer network is undersized and therefore there are CSOs in DWCs.
Then, simulations to determine the groundwater table were run. Upon the assessment of the damaged
pipes across the network using a failure model, the results of the groundwater flow model were used to
compute the risk of infiltration. Finally, considering the sections of the sewer at high risk of infiltration,
sewer flow simulations were carried out and the minimum level of infiltration required for the CSOs
to occur in DWCs was determined.
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2.1. Study Area

The city of Hoboken was chosen as urban laboratory because of its geographical location along
a coast, its compact urban structure, accessible natural water systems, documented problems of
groundwater infiltration into the sewer system by the local Water Authority, and dry-weather
FIB events. Figure 1 shows the FIB concentrations as a function of rainfall four days prior the
measurements for locations at the estuary of the Hudson River, namely, in the City of Hoboken (NJ)
and in New York City (NYC). The Rainfall 4 Days Prior indicates the total rain four days prior to the
FIB concentration measurement.

Hoboken is located in northeast New Jersey and has a land area of approximately 3 km2

with approximately 53,635 inhabitants [48]. The land use of the city is predominantly urban with
some greenspace and open ground. The city is bounded on the east by the Hudson River and
on the west by steep slopes upwards leading to Jersey City heights. Lidar data from New Jersey
Department of Environmental Protection (NJDEP) were used to identify the topography of the area
and the street elevations [49]. The topography of the modeled area ranges between 0.5 and 30.7 m
(i.e., between 1.8 and 100.7 ft) based on North American Vertical Datum of 1988 (NAVD 88). Hoboken is
predominantly underlain by the Stockton rock formation with significant portions of Serpentine and
Manhattan Schist in the regions bordering the Hudson River. The more superficial soil consists of
rahway-till, deltaic, and estuarine/salt-marsh deposits with some outcrops of fractured bedrock
(i.e., fractured serpentine).

Figure 1. (a) Locations of water sampling along the Hudson River at four locations within the
New York City metropolitan area; (b–e) FIB concentrations recorded between May 2014 and September
2016 [41]. The red line indicates the beach action value (BAV) concentration of 60 cells/100 mL of water,
regulated by the U.S. EPA. The grey area in parts (b) through (e) indicates the dry-weather condition,
i.e., rainfall less than 0.0063 m. The City of Hoboken is highlighted with a black contour.

Figure 2 shows the maps of the city plan, the geology [50], the elevation, the sewer network,
and the location of the groundwater monitoring wells. All the visualization of the thematic maps
was done using GIS software ArcGIS [51]. Additional details about the area are provided in the
Supplementary Materials.

The exact age of the sewer is not known but best information is the major network was built
prior to 1916 and no rehabilitation of the sewer mains have been done over the years. The system
is combined and the material of the pipes varies between: brass, bricks, iron, concrete, clay, PVC,
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and wood. Both circular and egg-shape pipes are present and foundations are mainly made of piles.
As the sewer system was built long before the current wastewater treatment plant (WWTP), the sewer
pipes run directly to the Hudson River. Around 1956, when the WWTP was built, an interceptor sewer
was constructed along the river, which collects the flow from the various parts of the sewer network.
At each point, a regulator with outfall was also built. The outfall was needed to direct combined
sewage beyond the capacity of the system out to the river. There are currently five regulators with
outfall in Hoboken (Figure 2b). A scheme of the regulator is reported in Figure S7b. Between regulators
4 and 5, an inline lifting plant is present that raises the wastewater from −2.3 to 8.8 m. Outfalls 4 and
5 are located at, respectively, −2.3 and 0.3 m (i.e., −7.4 and 1.0 ft) with respect to NAVD 88 datum.
It has been an information from a personal correspondence with NHSA that the sewer system in
Hoboken is affected indeed by large amount of infiltrations. A recent document [52] published by the
authority reports measured infiltration that can be as large as 100% of the dry weather flow.

Figure 2. Maps of the study area showing: (a) the city plan with the shallow geology and the
elevation [50]; (b) the sewer network with the outflows; and (c) the locations of the groundwater
monitoring wells. The datum in parts (a) and (c) is NAVD 88. The map of the sewer system was
provided by the North Hudson Sewerage Authority (NHSA).

Cracks along joints, within the bricks and at the connections, have been observed and CCTV
images/movies also show infiltration of water (Figure 3).

Figure 3. CCTV images of damaged pipes within the sewer network of Hoboken. (a,b) egg-shape
conduit in bricks; (c,d) circular conduit in clay.
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2.2. Sewer Flow Modeling

The flow in the sewer network was described using the U.S. EPA Storm Water Management
Model (SWMM) [53], which is a hydrodynamic rainfall–runoff and urban drainage model widely
used to simulate the hydrologic and stormwater components in urbanized areas [53–57].

The hydrologic module was used to determine from the rainfall the run-off, using the Manning’s
equation, and infiltration into the ground, using the curve number method. In this work, the full
dynamic wave flow routing option was used to account for the complex backwater effects and
pressurized flow phenomena. The investigated area was approximately 3 km2 and it was partitioned
into 126 sub-drainage areas. As the southern part is characterized by large population density and
low ground elevation, the sewer network in that area was described with a resolution higher than
in the northern part of the city where a single conduit per sub-catchment was considered, instead.
Figure 4 shows the scheme of the simulated sewer network. This approach with dual-resolution is not
expected to affect the accuracy of the prediction of the total volumetric flow, as reported in the earlier
work by Goldstein et al. [58].

Figure 4. Sewer network of the City of Hoboken as implemented in SWMM [53].

Dry-weather inflow was assumed only from residential areas and was averagely distributed to
all of the manholes inside a sub-catchment. The flow rate in DWCs was calculated from the water
consumption data within the city of Hoboken provided by the local Water Authority [59], as a total
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annual consumption of 5.7 million m3 in 2016. The population in Hoboken was estimated to be
54,379 in 2016 [60] and, therefore, the average water consumption resulted to be equal to 11.90 L/h per
inhabitant. The daily DWCs water consumption pattern was estimated by the indoor residential daily
water usage pattern based on AWWARF residential end uses in the water report published in 1999 [61].
As 59% of the developed areas in the City of Hoboken is high density residential area with average
garden size per unit less than 500 m2 [62] (Figure 5a), no other water usage patterns were applied in
the model. Figure 5b shows the resulting dry-weather flow pattern. The dry weather flow rate in each
manhole Qm was determined as,

Qm = fh
ADsQa

nm
, (1)

where fh is the factor of time pattern varies with hour, A is the area of sub-catchment, Qa is the water
consumption per capita per hour, nm is the number of manhole in a sub-catchment, and Ds is the
population density of a sub-catchment, which was converted from 2010 US census grid data [48].

(a) (b)
Figure 5. Information required for dry-weather flow calculations: (a) distribution of the land use;
and (b) daily residential water discharge per capita.

The inputs in WWCs was based on the properties of the sub-drainage areas, which connect to
the rest of the network through inlets. The imperviousness and average slope of the drainage areas
was determined on the basis of the NJDEP land use dataset and NJDEP digital elevation model
(DEM) [49,62,63]. The data of rain events were taken from the NASA database [64]. Further details
regarding the sewer network and its implementation are reported in the Supplementary Materials.
The model was validated in wet-weather conditions using measurements at five regulators [65]
optimizing the CSO geometry and the pump curve. The damage of the sewer was not considered in
the validation. Figure 6 shows the results. As it is possible to see, the model agrees very well with
the data.
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Figure 6. Validation of the sewer model in WWCs. The diagrams report the hydraulic head of the
water within the pipe (solid lines) and precipitation depth. The measurements were carried out at five
regulators indicated in the insets, from 17 May 2011 to 20 May 2011 [65]. (a–e) show the comparison of
simulations with the measurements for, correspondingly, regulators 1 through 5.

2.3. Groundwater Flow Model

Groundwater flow simulations were carried out using the open-source software MODFLOW [66]
with the interface provided by the Groundwater Modeling System (GMS) [67]. MODFLOW is
a three dimensional (3D) finite difference model developed by the U.S. Geological Survey (USGS).
The software was used to simulate the evolution of the water table within the study area of Hoboken.
Four boundaries were identified of which three were inland and one at the shore. Data for the boundary
conditions consist of the measurements of the: (1) water table at the observation wells; and (2) river
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level at the tide measuring station [68]. Surface infiltration during wet weather may become a recharge
for the shallow aquifer. However, the urban surface has an imperviousness exceeding 80% of its total
extension, therefore, this recharge was neglected in this study.

The hydraulic conductivity (K, m/s) of the unconfined aquifer was determined using the
one-dimensional hydraulic diffusivity equation [69,70] and resulted to be 0.63 ± 0.60 m/s. This value
falls in the range of the typical hydraulic conductivity values for gravel [71]. However, the soil within
the modeled aquifer is characterized predominantly by silty sand and fine gravel. Such a large value of
the hydraulic conductivity could be due to the significant heterogeneity of the urban subsurface,
where utilities and foundation are present. The domain shown in Figure 7 includes one single layer of
19,116 cells, of which 14,237 are active. The top of the layer corresponds to the ground morphology
and the bottom is located at −13 m below datum, which corresponds to the deepest level at which
geological information were available. Each cell has variable depth due to the variable altitude of the
ground and a square flat base with a side of 15 m. For the boundary conditions (BCs), measurements of
the water table of the shallow aquifer provided by the Municipality of Hoboken for the period between
September 2015 and March 2016 were used The measurements were performed in several monitoring
wells within the city and along its boundary. Figure 8a shows the location of the wells and parts b
through d report the corresponding dataset along the inland boundaries (purple, red, and black lines)
upon averaging. Figure 8e shows the variation of the water level of the river during the period of
the water table measurements. These data were downloaded from the public website of the National
Oceanographic and Atmospheric Administration (NOAA) and correspond to the water level of the
Hudson river at the Battery Park in New York City [68]. Each dataset at the inland boundaries was
fitted by a Fourier series. The resulting functions were then used to describe the boundary conditions
for the groundwater simulations. All data used for the boundary conditions are also shown in Figure S1.
Further details regarding the geology, and the calculations of the hydraulic conductivity are provided
in the Supplementary Materials.

Figure 7. Domain of the aquifer of the City of Hoboken as implemented in MODFLOW [66].

The model was validated using transient dataset. For the simulations, the hydraulic conductivity
was changed within its interval of uncertainty. The calculations were performed using the Time
Variance package, which implements the stochastic parameter randomization. Figure 9 shows the
results. In particular, the figure reports the calculated water table at the three observation wells within
the domain, namely, GW 3, GW 8, and GW 9, located as shown in Figure 2. The shaded area in Figure 9
is bounded by the maximum and the minimum envelops of the the calculated water table. As it is
possible to see, the data fall within the interval of variation of the simulated water table, indicating
that the measurements and the model agree well. Upon validation, groundwater flow simulations
were performed for a total time of 190 days with a time interval of half-day and with initial head taken
as steady state. The lowest river level for the initial state, i.e., 0.18 m above datum, was considered.
The results were used to identify the location of water table of the unconfined aquifer underneath the
City of Hoboken.
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Figure 8. (a) Locations of the monitoring wells and identification of the boundaries for the groundwater
model (datum NAVD 88); (b–d) values and interpolation of the water table data; and (e) Hudson River
level at the Battery Park in New York City [68].

Figure 9. Validation of the groundwater model through stochastic simulations of the water table at
three observation wells in Hoboken: (a) GW 3; (b) GW 8; and (c) GW 9.

2.4. Model of Risk of Failure and Infiltration

The sewer system is subjected to a significant structural stress because of aging, soil settlement,
traffic load, tree roots, and extreme weather events [72,73]. Structural damages make the pipe pervious
and potentially affected by infiltrations of groundwater, thereafter. In addition, infiltration may weaken
the soil surrounding the pipe because of erosion [24].

In this section, a model combining risk of failure and risk of infiltration in a sewer network was
developed. The failure risk model accounts for key influence factors of structural damage, as listed
in Table 1, together with the corresponding coefficients of risk of failure (i.e., x) and relative weights
(i.e., w). The values of x change between 0 and 1, with the largest value corresponding to the highest
risk of failure. Figure 10 shows the thematic maps for each influence factor.

For each j-pipe, the risk of failure (RF) was determined as,

RFj =
N=7

∑
i=1

wixi,j, (2)
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where the subscript i refers to an influence factor. The results of the sewer failure model using
Equation (2) are shown in Figure 10h.

Table 1. Influence factors of structural damage of a sewer. The symbols x and w are the likelihood of
failure and the relative weight coefficients.

Influence Factor x Description w

Ductility 0 Flexible material. 0.21
0.5 Rigid material.
1 Unknown material.

Foundation/geology 0 Rock. 0.18
0.5 Rahway-till.
1 Deltaic and estuarine deposit.

Gradient 0 0 < slope < 1.23. 0.07
0.5 −0.0063 < slope < 0.
1 slope < −0.0063, slope > 1.22.

Joints 0 On-site built sewer. 0.05
0.5 Pre-built elements or wood.
1 Unknown

Traffic load 0 Low. 0.15
0.5 Medium.
1 High.

Groundwater (xg) 0 Upstream and downstream manholes above the water table. 0.24
0.5 Only one manhole is above the water table.
1 Upstream and downstream manholes below the water table.

Size and shape 0 Egg-shape pipes. 0.10
0.5 Circular pipes with D ≤ 0.38 m.
1 Unknown or circular pipes with D > 0.38 m.

Including: ductile iron, PVC, and wooden pipe; Including: brass, brick, concrete, reinforced concrete, and vitrified clay pipe;
Here, the reference is the shallow geology map. Pipes laying in two different geology formations are rated with the highest
likelihood of failure; The distribution of the slopes of the conduits follows a normal distribution of mean value equal to
−0.0063 ± 1.2345 with 95% confidence; Pipes in brick and wood were built on-site and they are continuous with joints
only at the manhole; Pre-built elements of brass, concrete, reinforced concrete, ductile iron, PVC, and vitrified clay can
have several joints within two manholes; No public transportation; Single public transportation route; Multiple public
transportation routes; For the failure risk model the water table was considered equal to the average calculated level.

The risk of failure was combined with the results of the water table calculations to determine the
risk of infiltration (RI) for a j-pipe as,

RIj = xg,jRFj, (3)

where xg,j is the likelihood of failure referring to groundwater influence factor (Table 1). RI was
determined for each pipe within the network of Hoboken considering the shallowest and the deepest
calculated water table.

2.5. Modeling Groundwater Infiltration into the Sewer System

The infiltration into the sewer was determined on the basis of the vertical distance of the invert
level of the pipe and the water table, the surface area of the pipe, and the degree of damage of the
pipe [74]. Infiltration (I) as excess water with respect to the dry weather flow (DWF) was considered
for a certain portion of the sewer and 0 otherwise. The amount of infiltration was assumed within
values reported in the literaturem as listed in Table 2. In the sewer model implemented in SWMM,
the infiltration flow was added as direct inflow tp the downstream manhole of each conduit with
an infiltration risk of at least 50%.
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Table 2. Summary of previous works where infiltration into a sewer network was quantified.
The symbol I indicates the excess of water with respect to the dry weather flow.

Location System Type I

Belhadj et al. [75] Nante (France) Separated 0.73
De Bénédittis and Bertrand-Krajewski [23] Lyon (France) – 0.2
Eiswirth and Houtzl [76] Rastatt (Germany) Separated 1.08
Kracht et al. [77] Zurich (Switzerland) Combined 0.39
Karpf et al. [78] Dresden (Germany) Separated 0.33
Prigiobbe and Giulianelli [25] Rome (Italy) Combined 0.14–0.50
Beheshti and Sægrov [79] Trondheim (Norway) Separated 0.75

Figure 10. (a–g) influence factor distribution across the sewer network; and (h) results using
Equation (2).
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3. Results and Discussion

In this section, the results of the sewer and groundwater simulations in conjunction with the
determination of risk of failure and infiltration are reported and discussed. First, the simulations from
the hydrologic model of the sewer flow in dry weather were analyzed to verify the first hypothesis
regarding the FIB events in DWCs, i.e., the sewer network is undersized. The dry-weather sewer
flow simulation are performed without the presence of infiltration. The simulation results show that
there is no flow at the CSOs (Figure S8) and no flooding at any catchments, which indicates the sewer
system is not undersized under DWCs. Second, the calculations from the groundwater model are
described and used to determine the risk of infiltration across the network. Finally, considering the
sections of the sewer at high risk of infiltration, sewer flow simulations were run and the minimum
level of infiltration required for the CSOs to occur in outfall 5 (Figure 2) was determined.

3.1. Sewer Flow Modeling

The results of the sewer flow simulations are reported in Figure 11 for the five outfalls and they are
expressed as flow rate (Q) over time during a 72-h dry-weather period. The river level was considered
equal to 0.13 m (0.44 ft) with respect to datum. This number corresponds to the average river level
measured during the periods dry weather of the FIB events (i.e., between May 2014 and September
2016, shown Figure S1). As it is possible to see in Figure 11, no CSOs occur during DWCs, indicating
that the sewer system in the City of Hoboken is not undersized.

Figure 11. Flow rate as function of time at the five outfalls of the city of Hoboken in DWCs and
DWCs with infiltrations. The simulated infiltration rate was set equal to 50% and 100% of the average
dry-weather flow. The river level was fixed at 0.13 m above datum.

Simulations show that CSOs can activate upon a rain event with a hourly intensity equal to 1/3 of
the intensity of one-year return period (Figure S8). This may explain the high FIB concentrations in
Figure 1 after even a minor precipitation event.

3.2. Groundwater Modeling

The groundwater model was used to identify the location of the water table of the unconfined
aquifer underneath the City of Hoboken. The simulations were run using the average calculated
value of K, which is equal to 0.63 m/s and considering the lowest river level for the initial state, i.e.,
0.18 m above datum. The boundary conditions were assumed as reported in Section 2.3. Figure 12
shows the results expressed as the smallest, the average, and the largest hydraulic head of the shallow
aquifer. Here, it is possible to notice that the water table has a negligible change at the inland
boundaries, varying 0.01–0.2 m with respect to datum. On the contrary, along the shore, the water
table varies much more significantly changing between 0.7 and 1.5 m with respect to datum.

These results were combined with the failure risk model for the sewer network to identify the
sections of the system with the largest risk of groundwater infiltration.
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Figure 12. Simulation results of the water table of the unconfined aquifer underneath the City of Hoboken:
(a) the deepest; (b) the average; and (c) the shallowest calculated levels with respect to datum.

3.3. Risk of Failure and Infiltration

The risk of failure (RF) was determined for the sewer network using Equation (2) and the results
are shown in of Figure 10h. As it is possible to see, more than a half of the system has at least 47%
likelihood of significant structural damage. As expected, these highly damaged pipes are located in
the western side of the investigated area, where they are embedded in the weakest soil and below
the average level of the groundwater. The risk of groundwater infiltration (RI) was calculated using
Equation (3) by combining the results of the risk of failure with the results of groundwater model
simulations. Figure 13 shows the distribution of RI across the network. Under the assumption of
the shallowest water table, half of the network has more than 50% risk of infiltration. This is because
a larger fraction of the network is submerged by the unconfined aquifer. Considering the deepest
level of the water table (Figure 13b), the results do not change, because the portion of the submerged
network is not significantly influenced by the tidal variation of the water table.

Figure 13. Map of the risk of groundwater infiltration (RI) considering: (a) the shallowest water table;
and (b) the deepest water table.
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3.4. Determination of the CSOs

To verify our second hypothesis of FIB events in DWCs, sewer flow simulations were performed
considering infiltration occurring in the parts of the network with RI ≥ 51%. Infiltration was
considered as an excess of water with respect to the dry-weather flow and the values were changed
within the overall interval reported in the literature, as listed in Table 2. In Figure 11, it is possible to see
that an amount of infiltration as large as 50%, which is much lower than the values measured by the
Water Authority of the City of Hoboken [52], already activates outfall 5 in DWCs. Outfall 5 is located
at the sampling location where FIB events in DWCs were observed (Figure 1c). This suggests that the
FIB events in dry weather could indeed have been determined by the presence of additional water
within the network entering the system through the damaged pipes submerged by the groundwater.

4. Conclusions

In this paper, a study of the potential causes of the occurrence of Fecal Indicator Bacteria
(FIB) events in dry-weather conditions (DWCs) is presented. A hydraulic model of a sewer was
implemented to understand if the sewer was undersized and a model combining sewer failure with
groundwater level was developed to identify the sections potentially affected by infiltration. The results
show that the risk of infiltration exceeds 50% of probability in almost a half of the entire network even
at the lowest calculated water table. Considering 50% of infiltration distributed throughout that part
of the network, CSOs can indeed occur also in DWCs.

Overall, this paper presents a study analyzing an emerging issue in coastal urban areas where
sewer infrastructure is aging and low quality of surface water is observed in the nearby waterways.
Considering the scenarios of sea-level rise [80–82], low-lying coastal areas may become even more
vulnerable to groundwater infiltration into aging sewer systems in the near future. The paper provides
a method to prioritize the renovation of sewer parts that not only are in an advanced stage of
deterioration but also contribute to discharge untreated sewage into urban waterways.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/2073-4441/10/12/
1774/s1. Figure S1: (a) Dataset of Fecal Indicator Bacteria (FIB) concentration (Enterococcus Faecalis count per
100 mL) in the Hudson River at the two locations in Hoboken (NJ) as indicated in parts b and c of Figure 1 in
the manuscript. (b) Rainfall depth. (c) Tidal river and water table elevations with respected to NAVD 88 datum.
Figure S2: (a) Drainage areas built in detailed in SWMM. (b) Example of the location of the boundaries of the
sub-catchments and their relationship with street blocks and surface runoff inlets. Figure S3: (a) Imperviousness
as provided by NJDEP 2012 land use data. (b) Raster imperviousness converted from panel (a). (c) Average
imperviousness assigned to the sub-catchments from the raster imperviousness layer. Figure S4: (a) Digital
elevation model (DEM); (b) Slope rate calculated from DEM; (c) average slope rate assigned to sub-catchments
from the raster slope layer. Figure S5: (a) Outfall; (b) Front view of the regulator. Figure S6: Flow rate as function of
time at the five outfalls of Hoboken in both dry weather and wet weather conditions. The wet weather condition
was selected as the minimum rain event at which CSOs occur, which corresponds to a 72–h rain event with peak
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the domain with boring log locations; (b) stratigraphy along the section A–A.
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