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Abstract: A typical infiltration system (IS) consists of an urban sub-catchment that works in synergy
with an engineered pervious sub-catchment (e.g., a trench). ISs for sustainable urban drainage meet
multiple design objectives: returning water resources to the environment (circularity) and reducing
hydraulic risk. ISs, by necessity, are realized in the public spaces which belong to historical city
centers, industrial zones, densely populated urban areas or areas of recent urbanization. Available
space conditions the shape of impervious drainage sub-basins and downstream trenches that hold
and release runoff volume to the subsoil. Catchment shape and rainfall intensity have received
relatively less attention in the designing and decision-making processes than rainfall volume. A
hydrodynamic model (HM) offers the opportunity to systematically investigate the efficiency of ISs as
shape and rain intensity change, overcomes the limits of the widespread bucket modelling approach,
which is narrowly focused on rain volume, trench storage capacity and exfiltration capacity, and links
the shape of IS to its efficiency and to the residual risk that occurs when events of intensity greater
than the design event occur. The results of a systematic sensitivity analysis, conducted by the use of
HM, suggest new criteria for evaluating whether ISs are suitable for achieving the design objectives,
within the constraints of the available urban public space.
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1. Introduction

Cities represent one of the greatest planetary challenges for the 21st century, where
opportunities and critical issues emerge as the population becomes increasingly concen-
trated in urban areas [1]. Climate, urban development, engineering practices and other
socio-economic factors increase water infrastructures’ vulnerability to natural hazards [2].
Urban water management should be based on the urban water cycle, to design sustain-
able and resilient infrastructure [3]. Urban growth in Italy is characterized by non-linear
dynamics [4]. Between 1960 and 1970, densely populated municipalities located in the
hinterland of many historic centers sprung up as a result of economic growth [5] and only
recently have urban drainage systems begun to slowly shift from combined to separate
sewers [6], although the environmental risk of uncontrolled spills is still widely spread
across the territory.

Right at the beginning of the 2000s, with changes in patterns of rainfall variability [7]
and the increasing risk of flood [8,9], awareness of sustainable urban growth [10] and
resources management [11] translated into the principles of circular economy [12].

Nature Based Solution (NBS) [13] have been largely promoted as instruments to
mitigate the negative anthropogenic footprint on the environment [14,15] and to achieve
a range of co-benefits that are less easily quantified at the socioeconomic level [16,17].
NBSs improve urban drainage system performance [18] by meeting one or more of the
following objectives: water quality volume treatment, channel protection, extreme flow
protection [19]. The design objective dictates the return time of the design rainfall [20].
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Among NBS for sustainable urban drainage, Infiltration Systems (ISs) [21] are defined
here as the combination of an impervious sub-catchment and a pervious infiltration sub-
catchment (e.g., an infiltration trench), following the approach of the LID (Low Impact
Development) module of the United States Environmental Protection Agency’s Storm
Water Management Model (SWMM) [22].

Static design of ISs focuses on a single rain event with predefined duration and
depth [23]. Probabilistic analysis [24,25] focusses on multiple rain events considering the
probability that storage capacity may be only partially available when two rainfall events
occur without fully restoring storage capacity by exfiltration in the interval between the two.

Static [23] and probabilistic [25] design focus on trench storage capacity, exfiltration
capacity and rain volume, and therefore are insensitive to any change in rainfall duration
that is expected to shorten and challenge drainage systems with high intensity rain events
as the climate changes [26,27]. The focus of design and modelling ISs cannot be restricted
to the size of the infiltration sub-catchment (a trench in the examples discussed here) and of
the storage capacity of the underlying engineered soil, as runoff production influences the
depth of water above the pervious and the impervious sub-catchments [28], and therefore,
the dynamics of the infiltration process and the capacity of the IS to reduce runoff water
volume and hydraulic risk [18,29]. There is a gap related to the response of the drainage
catchment to intense rainfall events and the synergy with the trench.

Circularity is often invoked to curb the reduction of natural capital scarcity. ISs help to
close the hydrological cycle in the urban environment by restoring the connection between
surface and groundwater bodies, therefore restoring environmental water resources. The
definition of IS efficiency proposed here is based on the principles of circular economy and
considers the ratio of infiltration volume to runoff volume [30].

Limited space can be an obstacle to the implementation of NBSs in urban areas,
especially in the inner city where land is a scarce and expensive resource [31]. Available
urban surfaces constrain the shape of the IS to be placed there. Long and narrow infiltration
trenches are often built along highways or major roads [32], while in urban areas the shape
can be of various types [33]. Whether the public space available in an urban area is suitable
for the implementation of efficient IS is still a question that deserves an answer not yet
found in the literature.

To evaluate shape-dependent efficiency of ISs (environmental objective) and resid-
ual risk resulting from non-design rainfall events (socio-economic objective), a simple
hydrodynamic model (HM) based on three water balance equations was implemented:
the first balance equation concerns the volume of water standing on the impervious sur-
face, the second the volume of water on the trench surface, and the third the volume of
water infiltrating within the engineered porous medium below the trench surface. The
HM approach is here counterposed to the widespread bucket modeling approach that
is based on available storage volume and rainfall volume. The HM was implemented
by using Matlab (2010) [34] and allowed the code to simulate the behavior of the IS for
a large number of shape factors and rainfall intensity values (it was precisely to do this
that Matlab programming was deemed appropriate). Conceptually, the HM resembles the
hydrodynamic approach of SWMM'’s LID module [35], but it can easily be used to perform
sensitivity analysis on shape and rain intensity that SWMM is not intended for. The HM
for rectangular ISs and uniform rain intensities has allowed us to systematically investigate
the relationship between shape, rainfall intensity, and efficiency and, in doing so, it fills the
gap related to the response of the drainage basin to intense rainfall events and the synergy
with the trench.

2. Material and Methods

In this section, static and dynamic modeling approaches are juxtaposed. The two
modeling approaches are based on bucket modelling (the former) and hydrodynamic
modeling (the latter). These are two established and well-known approaches, which are
compared in the context of a sensitivity analysis to changes in IS’s shape and rain intensity.
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The schematic representation of the IS adopted here is shown in Figure 1. The IS comprises
an impervious sub-catchment with surface S which transforms precipitation into runoff
and a pervious sub-catchment with surface B-L where infiltration occurs. Two definitions of
efficiency in the circular economy framework applied to urban water drainage are provided,
one for each modeling approach.
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Figure 1. Schematic representation of the infiltration system.

2.1. Static Design

The detention volume provided by an infiltration trench is evaluated by considering
a maximum ponding depth 1 over the trench surface, and assuming that during rainfall
water exfiltrates from the trench to the surrounding soil according to the effective infiltration
rate f accounting for flow occurring at the bottom and laterally. The rainfall water volume
is h-(S + BL) where h is design rainfall depth, S is the impervious surface of the drainage
catchment and BL is the trench surface. Based on the design objective, the return time (RT)
is assigned to the design rain depth h.

Infiltration trenches should be designed to empty within a maximum draw down time
Tinax = 48 h [23]. Therefore, the maximum allowable trench depth Hy,y is:

T, _
Hmux = W (1)

and the minimum allowable surface area of the trench is:

h-S

(BL) in = F T —

)
If the rainfall is uniform, 7 is its duration and trench depth is Hy,;;, by placing the
rainfall volume equal to the retention volume, the trench surface area results:

Sh

BL = 3
”Hsoil+y0+fT_h ()

In Equation (3), n is the porosity of the engineered soil.
This widespread static design method does not discriminate among ISs with different
shapes, which means with diverse shape factors Ry = %

2.2. Hydrodynamic Model

Below the pervious sub-catchment, the engineered soil layer has storage capacity
n H-B-L, where n is the porosity of the engineered soil. Exfiltration to the surrounding
natural soil occurs with rate f. A spillway diverts excess flow to the drainage system or to
a water body. The design rainfall is uniform with intensity j and duration 7. The scaling
factor of lengths is the water depth h = j-7. The rainfall duration 7 is used as time scale
and the product j-S is used to scale flow.

The hydrodynamic model (HM) implemented here consists of three water balance
equations, which describe the temporal variations of the volumes S-ys over the impervious
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sub-catchment, BLy over the infiltration surface and BLZn within the engineered soil; ys, y
are the water depths over the impervious sub-catchment and over the trench, respectively;
Z < Hg,j is the depth of the wetting front during infiltration and the water depth within
the trench during exfiltration, after rainfall H,; is the trench depth.

The dimensionless water balance over the impervious sub-catchment is

) o
S5 =1 Quusifj#0 @
) o
S5 = —Qusifj=0 (5)

The dimensionless outgoing flow Q,,; s is evaluated according to the Manning

flow equation
1 L ,
Qout s = *yg/:a]*s\/l (6)

m

where i is the slope of the impervious sub-catchment and m is the Manning coefficient.
In the case studies presented below, m = 0.033 m=3s. Ponding over the trench surface
can occur up to a maximum water depth y5. When ponding depth is y > y, overflow

Qout begins.
The dimensionless water balance equation over the NBS is

) i
Y o1 S gy - Quitj £0 7)
) i
Y 1= S gy - Quitj =0 ®
whereRa:%
Qout:()ifoéygyo )

. N\3/2
Qout = C(y]y];)) 1fy > Yo (10)
where C is the discharge coefficient.

Within the trench, the dimensionless water balance equation during filling time is

naa—f = Qin, wheny > 0and Z < Hgyy (11)
0Z )

ng = Qin — Qinf if Z = Hgpjy and Qj, < Qinf (12)

or else 57
n=y = 0if Qin = Qiny (13)

where dimensionless Q;,,r = j%
Ky+Z

Qin = 7% (14)

is the dimensionless flow infiltrating the engineered soil. Q;, is estimated according to
the Green-Ampt model (see e.g., [35]). Conservatively, the initial suction head inside the
engineered soil was set as atmospheric (zero value); K is the saturated conductivity of the
engineered soil.

During exfiltration, the mass balance within the trench is reduced to:

0Z

ng = _Qinf (15)
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2.3. Efficiency

Efficiency Ep,cke according to a static approach can be evaluated as the ratio of the
storage capacity of the trench (y + nHg,;; ) BL to rainfall volume h-(S + BL)

(yO + anoil)BL

Epucker = h(S i BL) (16)

Efficiency E is evaluated, according to the principle of HM, as the ratio of infiltration
volume to precipitation volume as follows

E— f()T Qin dt

i TR (17)
a

where T is the simulation time (the sum of infiltration and dry-out time).

3. Results
3.1. Case Study 1

An infiltration trench is designed to retain runoff produced on the runway of Verona
Catullo Airport. The impervious sub-catchment S = 18 ha is rectangular, 3000 m long and
60 m wide, with slope i = 1% toward the trench.

Maximum annual rainfall depths recorded at the rain gauge located in San Pietro
in Cariano (VR) (45.505435, 10.898913) from 2 December 1991 to 14 December 2021 were
statistically processed [36] to obtain Depth Duration Frequency (DDF) curves for different
return times:

h (t,RT) = at" (18)

where h (7, RT) is the maximum annual rainfall depth with return time RT and duration
7; a and n are fitting parameters, reported in Table 1. Rain intensity was derived from (18)
as j(t,RT) = at"~!, assuming that j and & have the same RT.

Table 1. Efficiency E (Equation (17)) of the two technical solutions proposed in Figure 2, evaluated
for different rainfall intensity and duration with return time RT = 20.

T E E j h
[min] Case 1 Case 2 [mm/h] [mm]
10 100 100 150 25.3
30 75.96 100 93 46.5
60 81.31 100 55.9 55.9
Case 1 Case 2
Trench Width B m 1.4 60
Trench Length L m 3000 70
Surface Area A m? 4200 4200
Depth Hsoi m® 2 2
Porosity n - 0.4 0.4
Seepage mm/h 1 1
Water Ponding Yo m 0.1 0.1
Shape Factor Rs 4.7 104 1.16

Figure 2. Two realizable ISs with same area ratio R, = 43 and different shape factors Rg = 4.7 x 104
(left) and Rg = 1.16 (right).

The exfiltration rate is f = 10~3m/s. The saturated conductivity of the engineered
part is K = 0.005 m/s. Maximum allowed ponding depth over the trench is: yo = 0.1.
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The design rainfall is h = 46.5 mm with duration T = 30 min and RT = 20 yrs. Based
on the static design criteria (3), for Hy,; = 2 m in (Equation (3)), BL = 3714 m? was
evaluated and set conservatively at BL = 4200 m? with area ratio R, = 43. The infiltration
trench fulfills the condition on the draw down time and empties within T,y = 48 h
(Equations (1) and (2)).

Below, two IS-type technical solutions (Figure 2) are proposed for comparison. The
first corresponds to a long trench with shape factor Rg = 4.7 x 10~*, while the second
consists of a nearly square area made downstream of the runaway, with shape factor
Rg = 1.16.

For rainfall durations T = 10, 30, 60 min the efficiency E of the proposed solutions
(Equation (17)) is shown in Table 1.

The volume and intensity of rainfall both influence E, therefore the static approach
is only partially valid. From a circular economy perspective, where the purpose is to
maximize the amount of runoff water that infiltrates, long, narrow trenches are less efficient
than square trenches, demonstrating the relevance of the IS’s form, to which the static
model is insensitive.

For h = 46.5 mm, T = 30 min and RT = 20 yrs, the depth of water on the runoff and
infiltration trench was estimated numerically by integrating the HM. The results are shown
in Figure 3.

Casel Case 2

Trench water depth y

—_ =----Catchement water depth ys

t [hrs]

Figure 3. Estimated water depth on the runaway and over the infiltration trench as a function of time,
generated by the design rainfall intensity j = 93 mm h~! with duration T = 30 min and return time
RT = 20 yrs, for the two proposed technical solutions.

The time dependent water depth y; over the runaway and the trench (y) are shown in
Figure 3 for Rg = 4.7 x 10~ (left) and Rg = 1.16 (right) corresponding to E = 75,96% and
E = 100% (see Table 1), which means that the volume of runoff infiltrating is much larger
in the nearly square infiltration trench, at the expense of a long lasting ponding depth
(Figure 3) which facilitates the infiltration process but turns the IS system into a hybrid IS
and detention system. Obviously, ponding should be avoided near a drainage area where
drainage is expected to occur as quickly as possible.

3.2. Case Study 2

An IS is designed to treat the water quality volume produced by a rain event with
RT = 2 yrs. The design rain depth is & = 27.8 mm and the duration is T = 30 min. The IS is
consistent with the schematic representation shown in Figure 1 with i = 0.1%, 9 = 0.1 m,
n = 0.3 and H,;; = 1 m. According to the static design criterion (Equation (3)), the trench
area must be BL = 370 m?.

In the following examples, the shape of the IS is changed in the range 0 < Rg < 1.6.
As B increases, L decreases and both the drainage catchment and the trench become more
elongated, since the length of the drainage basin is evaluated as % The ratio Rg = £
assumes the significance of the shape factor of the entire IS.

In Figure 4 efficiency E (Equation (17)) is evaluated as a function of Rg for three
different area ratios: R, = 75, 60, 50, corresponding to B-L = 400 m?2, 500 m? and 600 m?,
while the surface of the impervious drainage sub-catchment is kept constant: S = 3-10* m?.
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Figure 4. Efficiency as a function of shape factor for three different trench surfaces Ra: 50, 60 and 75.
Symbols represent efficiency evaluated with the LID module of SWMM.

Efficiency increases with Rg up to a maximum which is achieved for a threshold Rg.
Less efficient trenches with higher R, (lower B-L) reach maximum efficiency for a higher
threshold R, suggesting that shape may compensate for the lack of available infiltrating
surface area.

IS designed to treat water quality volumes may provide co-benefits in terms of reduc-
tion of hydraulic risk that are evaluated by estimating E as a function of shape factor Rg, for
rain events with RT = 5, 10, 20, 50 yrs, namely: 1 = 34.8, 40.8, 46.5 and 53.9 mm, based
on DDF curve (Equation (18) with parameters in Table 1). Results are shown in Figure 5.

100

90

il Nk ]

80

70
Rain event 40.4 mm

------ Rain event 48.7 mm

E [%]

60 .
= = Rain event 56.7 mm

— - - -Rain event 67.1 mm
SWMM 40.4mm
SWMM 48.7mm
SWMM 56.7mm
SWMM 67.1mm

!
50 I
----Rs=0.1

Rs=0.45
40

H ¢ > o

—:— Rs=13

prmotmmm e s s gl = S

30 |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Rs

Figure 5. Efficiency as a function of shape of IS and frequency of rain event. Rainfall duration is kept
constant at T = 30 min. Symbols represent efficiency evaluated with the LID module of SWMM.

The threshold Rg which separates solutions with shape-dependent efficiency from
those with maximum efficiency increases with i. When /1 = 67.1 mm, maximum efficiency
is achived by trenches with threshold Rg > 1.

For comparison purposes, E of a limited number of solutions was also evaluated
with the LID module of SWMM [35] (Figures 4 and 6, symbols). There is good agreement
between the results of SWMM and those of our model. Both show that the efficiency is
strongly influenced by the form factor and rainfall intensity.
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Figure 6. Efficiency as a function of trench’s depth for sandy and loamy surrounding soils after two
rain events with same rain volume and different duration (low and high intensity of rainfall).

3.3. Case Study 3

The last case study involves two trenches documented in the literature by Wang and
Guo [25], designed for drizzle rain withh = 19 mmand T = 10h; S = 20 m?, B =1m,
L =2mand R, = 15 [25]. Following the static design approach, Ep,c.; (16) is evaluated as
a function of shape factor for two different exfiltration rates: f = 5-107° and 5-10~7 m/s to
simulate a sandy and a loamy surrounding soil respectively. Duration of rainfall is also
set equal to T = 30 min, to simulate moderate rainfall with the same depth, and therefore
invariant Epcget-

Efficiency evaluated with the static design approach Ey,,.k.; (16) and with HM, E (18)
are shown in Figure 6. As rainfall duration is reduced to T = 30 min, rain intensity increases
by a factor 20 and E drops to values that are between 25% and 75% in loamy soils and
between 40% and 80% in sandy soils, for Hy,;; between 0.5 m and 1.6 m. The static design
criterion always overestimates efficiency.

4. Discussion

The HM-based approach demonstrates that the shape of IS, influences its efficiency.
Fast drainage of runoff is a design goal that belongs to traditional drainage systems;
infiltration achievement is the circular economy design principle applied to urban drainage
systems [12]. Fast drainage and circularity are complementary objectives. The efficiency
of IS, according to the circular economy perspective, increases when the fast drainage of
runoff declines and water tends to pond on permeable and impermeable surfaces (Figure 3).
From a circular economy perspective, where the purpose is to maximize the amount of
runoff water that infiltrates, long, narrow trenches are less efficient than square trenches; in
contrast, from a traditional design perspective, long, narrow trenches drain water promptly.

Two conceptual approaches (bucket and hydrodynamic modelling) were discussed
here and the interrelation between efficiency and shape was explored by implementing
a HM in Matlab programming language [33] which fits the scope of sensitivity analysis
more than SWMM [35]. The results match the solutions obtained with SWMM in a sample
of cases (Figures 4 and 5) and definitely overcome the limitation of a bucket approach
as rain intensity increases (Figure 6). The volume and intensity of rainfall both influence
efficiency, but the bucket modelling approach, just focusing on rain volume, neglects IS’s
shape. The iterated application of the HM for a large number of shape factors allowed
us to define thresholds’ shape factors and delimit the range of shape factors that lead to
efficient drainage in terms of circular economy. Low shape factors are associated with
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shape-dependent efficiency and fast drainage, and high shape factors with solutions where
circularity is achieved, allowing ponding (Figures 4 and 5).

5. Conclusions

IS shape, along with design rainfall intensity, has not received the same attention as
area ratio and rainfall volume in IS design [19]. “Bucket” models that reduce ISs to retention
structures with storage and exfiltration capacity [37] are insensitive to variation in rainfall
intensity [18] and shape. The HM emphasizes the relevance of rainfall intensity for proper
design, with the awareness that, under climate change scenarios, the frequency of intense
rainfall events is expected to increase [26] and that urbanization restricts available urban
space. A systematic HM sensitivity analysis defines the range of shape factors associated
with low and shape dependent efficiency and the shape factors leading to maximum
efficiency from a circular economy perspective.

By HM, long and narrow ISs placed along impervious surfaces with predominant
development in the direction transverse to runoff flow resulted in less efficiency from a
circular economy perspective [38] but are effective in fast linear drainage and disposal.
They are generally implemented along highways or major roads [39]. Drainage efficiency
and effectiveness (limiting ponding on drainage surfaces and accelerating runoff times
after rainfall events) are opposite goals, as are circular and linear economies [13], both of
which may become priorities in different socio-economic contexts.

The shape of IS is often dictated by the shape of the available public space [40]. The
concept of efficiency as a function of form facilitates the decisions of urban policymakers
planning the implementation of IS in constrained public spaces, according to the goal to be
achieved in any socio-economic context.
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