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Abstract: The water storage capacity of a green roof generates several benefits for the building
conterminous environment. The hydrologic performance is conventionally expressed by the runoff
coefficient, according to international standards and guidelines. The runoff coefficient is a dimen-
sionless number and defines the water retention performance over a long period. At the scale of
single rain events, characterized by varying intensity and duration, the reaction of the green roof is
scarcely investigated. The purpose of this study is to highlight how an extensive green roof—having
a supposed minimum water performance, compared to an intensive one—responds to real and repet-
itive rain events, simulated in a rain chamber with controlled rain and runoff data. The experiment
provides, through cumulative curve graphs, the behavior of the green roof sample during four rainy
days. The simulated rain events are based on a statistical study (summarized in the paper) of 25 years
of rain data for a specific location in North Italy characterized by an average rain/year of 1100 mm.
The results prove the active response of the substrate, although thin and mineral, and quick draining,
in terms of water retention and detention during intense rain events. The study raises questions
about how to better express the water performance of green roofs.

Keywords: green roof; sustainably built environment; rain chamber; water management; water re-
tention; water detention; intense rain event; runoff coefficient; rain peak; peak discharge; cumulative
curve; soil sealing; NBS-nature based solutions

1. Introduction and Background

The growth of sustainable design has occurred in the last decades due to the achieve-
ment of significant energy savings, the reduction of carbon emissions and of the environ-
mental footprint in the building sector, reported by a wide range of papers in the scientific
literature [1-5], and has been more recently been coupled with the issue of climate change
and its impacts on the urban habit [6-10]. As evidenced by the Intergovernmental Panel on
Climate Change (IPCC) [11], the correlation between the increase of average temperature
and the recurrence of extreme weather events has been largely proven and many countries
have already experienced problems of water scarcity or massive flooding that has become
even more critical as a result of other very impacting phenomena, such as Urban Heat Is-
lands (UHI) and heat waves [12-15]. These events are often dependent on human activities:
the way cities and buildings are shaped, the design choices, the use of materials and, above
all, the very limited availability of green spaces within the built environment. This strongly
reduces the chance of benefitting from the capacity of the natural environment to mitigate
the intensity of weather events and climate conditions, and that is why the adoption of
Nature-Based Solutions (NBS) [16] are largely encouraged within the EU action framework.
Among the suggested solutions, the adoption of green roofs is nowadays a consolidated
option to contribute in several ways towards a green transition. Green roof technology
integrates vegetated soil with a traditional building roof while exploiting the very specific
behavior of the vegetation, particularly with reference to UHI mitigation [17,18], removal of
pollution [19,20], gas exchanges [21,22] and ecological networks in dense city areas [23-25].
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Furthermore, it is also a good solution to increase the thermal performance of the building
envelope, actively contributing to meeting energy efficiency and indoor comfort standards
both in new constructions and renovation actions [26-28]. The specific characteristics of
green roofs have been explored in the scientific literature, particularly focusing of the
following topics:

Thermal positive effects—The multi-layered configuration of a green roof can sig-
nificantly contribute to indoor space insulation [29-32] depending on its thickness and
vegetation typology, as well as levels of water absorption which in specific conditions
enable the system to operate as a heat extractor and shading/protecting surface [33-35].
Additionally, green roofs are comparable to traditional urban green spaces in terms of
capacity to reduce outdoor environmental hazards, such as UHI [36-39].

Removal of pollution—Although definitive research data are still not available, the
results of several studies confirmed that green roofs positively contribute to reducing
air pollution and absorbing fine dust [40], depending on plant species and dimensions.
Currie and Bass [41] estimated that a grass roof could remove between 5.92 x 1073 kg/ m?
of pollutants (O3, PMjp, SO;) per annum and, in the case of intensive green roofs (with
shrubs), this value increases to 6.58 x 1073 kg/m?. Yang et al. [42] calculated that the
annual removal of air pollutants by 19.8 ha of green roofs in Chicago is 1.675 kg.

CO; sequestration—Many studies demonstrated that green roofs, if widely adopted, can
be considered a promising technology for the CO, sequestration in plants and soils [43—45].
Indeed, a noticeable concentration decrease of CO, can be found on closed green roofs.
Kuronuma et al. [46] discovered that the energy savings of the grass green roofs, considering
both the CO, reduction and energy saved, is 1.703 Kg-COp-m~2-yr~! with a LAI (Leaf
Area Index) of 2.21 and 1.889 Kg-CO,-m~2-yr~! with a LAI of 3.71.

Ecological network and bio-diversity—Green roofs are largely adopted to support
biodiversity by providing an alternative naturalized habitat for generic but also some
rare species [47-51]. Moreover, green roofs offer a habitat for many bee species [52]
with positive impacts on pollinator conservation, which is a key element in natural and
urban biodiversity.

Runoff regulation—The capacity to contribute to rainwater management can be
counted among one of the most relevant benefits of green roof technology [53-56]. One
of the main features is indeed the ability to retain part of the rainwater for the vegetated
surface, becoming a collector at a roof level that reduces the amount of water directly
impacting the ground level. This is where a compromised hydrological cycle is often
unable to effectively drain due to the widespread paved surfaces and soil sealing that often
affect the urban environment [57,58].

The hydrologic performance of a green roof is typically expressed by the runoff
coefficient (Y or C) [59,60]. The runoff coefficient is a dimensionless value resulting from
the ratio between the runoff (drained water) and rainfall (intercepted water) by a surface.
In the case of green roofs, according to the FLL Green Roof Guidelines [61] (pp. 58-59;
pp- 129-130), it is measured after a block rain of 27 L/m? intensity during a time of 15 min
preceeds soaking irrigation and drains within 24 h. The runoff coefficient is typically
measured in a laboratory without considering the role of plants, and this usually leads
to underestimated data. If this can be theoretically discussed, it does not have a negative
impact in practical conditions because it is during intense or extreme events that green
roofs may quickly become saturated and a greater detention capacity is more suitable [62].
The reaction of the green roof to rain is influenced by an interaction of several parameters
dealing with the roof layers’ characteristics: number of plants, dimension of plants, water
content in the substrate, thickness and composition of the substrate, structure of drainage
layers, water accumulation and slope. All these elements also interact with the climatic
boundary conditions, such as air temperature and humidity, that affect the evaporation-
transpiration process [63—66].

Since the runoff coefficient describes the hydric performance of the green roof as
a constant—which does not happen in real conditions—it is particularly interesting to
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investigate how the green roofs perform during real meteoric events, especially in the case
of intense or extreme events, whose duration and intensity are, of course, various. In order
to achieve this purpose, different rain events have to be simulated in a rain chamber in order
to properly monitor all the involved variables and possibly register differences and address
more promising design choices. However, this approach has been rarely reported in the
scientific literature due to the difficulties in properly considering the climatic variables and
the resources required to perform a time-consuming process within the rain chamber (that
usually serves to test technical options investigating specific issues). The paper focuses on
this specific field of research, assuming that a long-term evaluation based on real meteoric
events characterizing a territory (selected on a statistical basis) is not commonly performed.
Furthermore, an appropriate interpretation of the runoff coefficient (\p) can be considered of
relevant interest especially after it was introduced in the technical international standards
and manuals some years ago. As Table 1 summarizes, 1\ values of the green roofs are not
even homogeneous in the main scientific standards and guidelines documents, evidencing
a gap in the understanding of the hydrological performance of green roofs within this
specific field of research.

Table 1. Comparison of runoff coefficient (\p o C) per thickness of bulk materials, in different standards.

Thickness of ~ FLL Green Roofing UNI 11235:2015 Maltese Standard SM
Bulk Material Guidelines 2018 Italian Green Roof 3700:2017
Standard Green Roofs

6-10 cm 0.50 0.60 0.5

10-15 cm 0.45 0.45 0.4

15-25 cm 0.40 0.35 0.3

25-50 cm 0.30 0.25-0.20 0.3-0.2

>50 cm 0.1 0.1 0.1

2. Scope

The study reported in this paper is aimed at investigating the behavior of green roofs
in real raining condition to achieve a better understanding and interpretation of the runoff
coefficient, according to a case of real rain event trends. Thus, a methodological approach
including an experimental campaign with the use of a rain chamber was defined and
carried out on different green roof options.

The main objective of the study was to analyze the effects of rainfall in a given
test-bed site particularly focusing on duration, frequency and distribution of intense
meteoric events during the year. This evaluation campaign, on a statistical basis, is used
for comparing heavy rains values in real conditions, with the peak value used to calculate
the runoff coefficient 1 (i.e., 9 mm of rain in 5 min for 15 min, according to FLL Green
Roof Guidelines [61]) and understanding if it is properly characterizing intense rains or
if it is underestimating/overestimating the effects and, in that case, which is the entity of
deviation from the real behavior. The intention to explore the hydrological response and the
properties of an extensive green roof in high stress conditions, when the retention capacity
reaches the maximum level and at the same time water collectors of the city network are
critically solicited due to intense or extreme weather events, led to the need to identify an
appropriate test-bed site for simulation purposes. On the one hand, it was required that
the case study would be representative of a quite acceptable range of recurring situations,
but on the other hand the specific characterization and climatic profile of any territory was
to be accepted as a structural part of the study. The adoption of a case study was needed to
compare the simulation input and output with monitored values in real conditions with
the purpose to clearly define possible gaps.
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3. Methodology

The behavior of a green roof during and after intense meteoric events (that normally
last for a short period of time) depends on a number of interrelated variables which are
quite difficult to fix in the natural environment. That is why a laboratory test is a viable
and a preferable solution to select the varied parameters and those assumed to be fixed
or constant during the experimental session. This approach generally ensures objective
and commensurable data in a relatively short time. It is very important to remark that the
laboratory test provides different results from the one carried out on test roofs in outdoor
spaces which is addressed to monitor variations in the mid-long term. Green roofs are wet
systems and the water content continuously varies due to the evapotranspiration process
(evaporation from the substrate, transpiration of plants), thus in outdoor conditions it is
very hard to define the water content when a meteoric event starts. Consequently, the
interpretation of results may become difficult, leading to approximated outcomes.

A laboratory test allows to adequately control the involved parameters, especially
if the test roof is designed to make the differences more evident. For the purposes of
this study, a quite basic and conventional solution, in terms of technical layers in the roof
section, was adopted to describe the water performance assumed as the “minimum” to
define the “basic” water control capacity. The properties expected from the investigated
system, together with the simulation of intense meteoric events, should correspond to
largely precautionary values of the hydrological response of an extensive green roof, which,
by its own definition, is a typology characterized by a low water inertia compared to
semi-intensive or intensive roofs.

The runoff coefficient 1V of the test roof is then calculated according to [61]. The runoff
coefficient 1 is universally measured according to the German procedure, therefore, in
the experimental session it is assumed as the reference value to which data regarding the
hydrological response of the investigated green roof are compared.

The scope of the testing session is to measure the water detention and the consequent
reduction and delay of the runoff peak, describing the decrease in the intensity with which
the gravitational water is supposed to reach the urban drainage networks during the
occurrence of intense and repeated events.

This represents the most significant parameter expressing the behavior of a solicited
green roof. Accordingly, the different hydrological response of flat and sloping green roofs
was explored.

For validation purposes, the testing session is then addressed to verify the hydrolog-
ical response of the investigated green roof, comparing the runoff coefficient \ with the
outflows of real intense meteoric events, selected in a given area according to a statistical
evaluation among different locations.

3.1. Methodological Structure and Phases

The proposed research activity required some operational steps corresponding to the
main phases of the process:

Phase 1—Preliminary analysis—Once a specific test-bed site was selected, a statistical
analysis of the meteoric events was performed on periodic datasets with the purpose to
obtain a description of the intensity, the duration and recurrence of phenomena.

Phase 2—Input data—According to the framework obtained during the first phase,
a set of meteoric events was selected in order to recreate their characteristics during the
testing sessions.

Phase 3—Green roof design—A green roof solution was then chosen, fixing the specific
technical features of all the layers included in the typical cross section to keep the related
parameters constant and possibly under control during the whole testing process. It has to
be remarked that the green roof is prepared for testing in dry conditions at the beginning of
the cycle using a new and packaged vegetation stratum (substrate). Any possible moisture
content can be considered negligible with reference to the scope of the experimental session.
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Phase 4—Testing session—The experimental session was carried out in a rain chamber
which allows for control of the whole set of involved parameters correlated to input data,
being the technological solution appropriately designed and the meteoric events to be
simulated specifically selected.

Phase 5—Output data—Once the testing session was completed, the collected output
data were analyzed and compared to be further discussed.

Figure 1 provides a graphical flow chart of the main phases of the methodology. The
following subsections describe in detail the envisaged activities applied to a selected case
study according to the defined methodological structure.

PHASE 1 PHASE 2

PROCESS
STATISTICAL INPUT DATA

ANALYSIS OF
l 5(1

METEORIC EVENTS
TESTING SCENARIOS

ENVIRONAMENTAL
AGENCY DATASETS
IN RAIN CHAMBER

PHASE 3
JEEN ROOF / ;

uVF N‘R 0! TESTING OUTCOMES VALIDATION OUTDOOR TEST
DESIGN SESSION (SETS 1; 2; N) ROOF DATA

NOT COHERENT

PHASE 4 PHASE 5

Figure 1. Flowchart of the proposed methodological approach.

3.1.1. Phase 1—Preliminary Analysis

In order to evaluate the overall behavior of green roofs in dynamic conditions and
to particularly investigate the relationship between the runoff coefficient 1p and the hy-
drological response of the system during intense meteoric events, the conditions of the
experimental session to be performed on a selected green roof solution has to be compara-
ble with the measurements of real meteoric events in natural conditions. After a number
of different locations were considered, a representative location of the northern-east Italy
meteoric trends was identified in Quinto Vicentino (in the middle of Veneto Region) and
rain data were analyzed over 25 years (1992-2016). Figure 2 shows that if the whole central
belt of the region is considered, the average annual rainfall is 1100 mm. As it can be noted
in Figure 3, and differently from other Italian areas, winter is the least rainy season, while
rainfall during spring and summer is almost equal and autumn is the rainiest season.

Given that the water retention value, expressed by the runoff coefficient 1, is obtained
through a simulation process on a testing roof according to [61], the experimental session
requires significant input data regarding the meteoric events to be simulated if they are
properly provided. That is why a specific location has to be selected for testing purposes,
even if violent showers and storms may have a similar intensity in geographical areas
characterized by different rainfall regimes. A different distribution and recurrence may
influence the outcomes of the study and therefore a contextualization is required to perform
a correct input data extraction.
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Sistema ci rierimento; Gauss Boaga - Firso Ovest
Figure 2. Isoiete of annual average rainfall [mm] between 1992-2016 in Veneto Region. Source:
ARPAV-Agenzia Regionale per la Prevenzione e Protezione Ambientale del Veneto (tr. Regional
Agency for Environmental Protection and Prevention of Veneto). Elaborations by Maria Federica
Checchetto, ARPAV.
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Figure 3. Isoiete of seasonal average rainfall [mm] between 1992-2016 in Veneto Region. Source:
ARPAV. Elaborations by Maria Federica Checchetto, ARPAV.

Once the location is selected and a proper description of its climatic profile is com-
pleted, an accessible and reliable data source must be identified. With regard to the specific
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case study, data are made available by Arpav (Regional Agency for Environmental Protec-
tion and Prevention of Veneto) meteorological station of Quinto Vicentino (Vicenza). Data
records from 1992 to 2016 were statistically processed to obtain:

e  the 5 highest annual values referring to intense rains in a time interval of 5 min among
a corresponding set of 125 events.

e the 2 periods (of ten days each and precisely from 8 to 17 September 1994 and from 4 to
13 August 2002) in which the highest concentration of heavy rains occurred during
the analyzed 25 years.

e the rainfall values, recorded on a 5 min interval basis, for each of the two periods
describing the progression of meteoric events.

3.1.2. Phase 2—Input Data

Observing the value distribution and the peaks average, the trend of intense rains
in the case study area can be drafted in a more comprehensive way. As represented
in Figure 4, the analyzed rain intensity peaks show an average value of 6.81 mm. The
monthly distribution of peaks reported in Figure 5 highlights that the totality of the peaks
of maximum rain intensity was distributed in the months ranging from May to September,
with a higher distribution in July and August (60 peaks out of 120). The distribution of
the highest values and the daily rainfall referred to the peaks were observed to choose the
value to be recreated for the testing purpose. As Figure 6 highlights, the highest peak is
equal to 17.2 mm, followed by nine values greater than 10 mm. Of all these, the ones chosen
are the highest, namely those occurring in September 1994 and the peak in August 2002.

Annual average values of the first 5 rainfall peaks At = 5 min
1992 - 2016

rain [mm)

1980 |
ne nz
1696 g a0 696 716 gy

2 e g2 660
e su ua 536
432
400
00 I
000

1992 1993 14 1995 lnl |n1 n- 1990 2000 2001 2002 :oax 2004 2008 mol 2007 2008 2000 2010 2011 2012 2013 2014 2015 2016 '

Figure 4. Annual average values of the first 5 rainfall peaks At = 5 min [mm] between 1992-2016.

Monthly distribution of rainfall peaks At =5 min
1992 - 2016

36

rain [mm]
S

jan feb mar apr may Jjune July aug sept oct nov dec
month | n® peaks

Figure 5. Monthly distribution of rainfall peaks At = 5 min [mm] between 1992-2016.
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Distribution of peak values At =5 min in range of 2 mm
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Figure 6. Distribution of peaks values At = 5 min [mm] between 1992-2016 in a range of 2 mm.

The choice to use the highest peak values instead of their average can be explained
with their frequency over the years, as reported in Figure 7, demonstrating the relevant
differences with relation to the distribution trends. Although a probabilistic analysis of
intense meteoric events capable of providing the return times is not available, the simple
statistical distribution in 25 years of measurements reports that peaks over 10 mm occur
with a regular frequency every two or three years. For the testing session purposes, the me-
teoric events occurred on 8 September 1994 and 4 August 2002 were chosen, including the
peak values of 13.0, 11.0, 9.2, 8.0 and 5.4 mm, all during the rain events of the 8 September
1994, and 17.2 mm during the rain events of the 4 August 2002.

Annual distribution of rainfall peaks At = 5 min
1992 - 2016

13.0

11.4 1.0
10.6 10.§

10.4

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
year

Figure 7. Annual distribution of rain peaks of the first five rainfall peaks At = 5 min [mm] between
1992-2016.



Sustainability 2021, 13, 3078

9 of 23

3.1.3. Phase 3—Green Roof Design

The tested green roof (sample roof) belongs to the so-called extensive typology.
A green roof is classified as “extensive” when its vegetation is “largely self-sustaining
and evolving. Plants with special adaptation to extreme site conditions and high regenera-
tion capacity are used.” [61] (p. 22). This choice is also related to the fact that the extensive
segment is the leading type of the product in the green roofs sector for several reasons:

e extensive green roofs are easier to maintain due to the high resistance, small dimen-
sions and high adaptation capacity of installed plants;

e they are lighter in terms of weight: the build-up layers above the waterproofing
membrane are thinner and drain more. The weight of extensive green roofs varies
considering a range of 30-200 kg/m? instead of 300/1.500 kg/m? for the intensive
green roofs; Lightweight is a suitable characteristic in cases of upgrade, renovation
and refurbishment actions, because the structure of the existing building does not
allow a significant load increase;

e due to the structural characteristics, they are cheaper and that is why, in the case of
polices and incentives, extensive green roofs are largely preferable.

The sample roof can be defined as a typical extensive green roof, built according to
the Italian Standard UNI 11235 on green roofs [67]. Its system is 15 cm thick, without
vegetation (which is omitted for the testing purpose), and it includes the following layers:

1.  Vegetation stratum (substrate): it is a bulk material of mineral aggregates with a low
percentage of organic material. This type of substrate is used for extensive green roofs.
It is 10 cm thick and the expected water performance is high drainage and low water
storage. Table 2 lists the characteristics of the vegetation stratum;

2. Filter layer: it is a geo-textile sheet in polypropylene (0.6 mm thick) installed in a
separate operation on the drainage (not prefabricated as part of the drainage mat);

3.  Drainage layer: it is a shaped rigid plastic panel, in recycled polypropylene, 4 cm
thick, characterized by a water storage capacity of 4 L/m? as effect of the retention
cups shaped for both functions of drainage and water accumulation. The plastic
panels are widely used for extensive green roofs because, compared to aggregates,
they are lighter, easier to assemble and cheaper;

4.  Protection against damage to waterproofing/root barrier layer: it is a synthetic mat in
recycled polypropylene 5 mm thick.

Table 2. Substrate characteristics of the vegetation stratum (substrate) used in the sample green roof.

Property Unit Value
Apparent density—dry material Kg/m3 980
Apparent density—maximum water storage capacity | Kg/m3 1.390
Porosity % Volume 63
Maximum water storage capacity % Volume 40
Air content at maximum water storage capacity % Volume 23
Organic matter content % Mass 3.2
pH 7.7

3.1.4. Phase 4—Testing session

In order to perform the testing session, a rain chamber was used to recreate the
meteoric conditions of the selected events on the designed green roof solution with the
purpose of observing its behavior and measuring the corresponding runoff coefficient (1)
according to the different situations.

The rain chamber includes the following components:

a. A chamber of 5 x 1 x 1 m where the base (flooring) is a waterproof pitch on which
the green roof layers (sample roof) lie. The four vertical sides of the room are enclosed



Sustainability 2021, 13, 3078 10 of 23

by transparent glass walls while on the top side the rain-simulator is installed. One
end of the roof pitch is open and equipped with a gutter to collect the water.

b. A rain simulator that is basically an irrigation system equipped with 60 nozzles/m?,
corresponding to 300 nozzles for the entire room surface (Figures 8-10).
c.  Two flow meters for measuring the water entering the rain chamber through the rain

simulator and leaving the rain chamber.
A valve and a pressure gauge for regulating the water flow inlet.
e. A computer connected to the flow meters for data collection.

Figure 8. Rain simulator above the rain the chamber.

WATER IN
(RAIN)

d. PRESSURE GAUGE \b
¢. FLOW-METER AND VALVE

b. RAIN SIMULATOR

= €. DATA COLLECTION
S
O 0 SN
a. CHAMBER WITH
GREEN ROOF SAMPLE MR l
WATER OUT
(RUN-OFF)

Figure 9. Rain chamber diagram.
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Figure 10. The rain chamber.

The rain chamber operation diagram is represented in Figure 9.

Simulations were carried out over a period of four days and scheduled with 18 h
inter-events for each session except for the FLL-Green Roof Guidelines [61] test in which it
was extended to 24 h in accordance with German regulations.

The rain chamber was located in a laboratory in Germany, at ZinCo Green Roof
Systems laboratory, and was not heated. The tests were conducted in February and the
temperature of the laboratory was between 4 and 12 °C. Table 3 summarizes the sequence
of the experimental sessions.

Table 3. Tested rain events and scheduled experimental sessions in the rain chamber.

Data of the Green Roof Duration of The = Duration of the Value of the
Simulation [n]  Day of Test [n°] Rain Event Pitch [%] Rain Event Inter-Event Rain Peaks
[dd/mm/yyyy] cls [Hour h—min’] [Hour h—min’] [mm]
la 1° 04/08/2002 2% 1h 35 3h 00 17.2
1b 1° 04/08/2002 2% 1h 35 18 h 30/ 17.2
2 2° 18/09/1994 2% 5h40 24h 00/ 13.00;11.00;9.2;
8.0;5.4
3 3° FLL Test 2% 15 24 h 00’ 9.0
o o / 13.00; 11.00; 9.2;
4 4 08/09/1994 9% 5h40 8.0; 5.4

Simulation 1.a was considered of particular interest as the humidity starting conditions
of the substrate were exactly known. The substrate was arid, allowing an assessment of the
maximum water storage capacity of the roof sample. The simulated meteoric event was
the one of 4 August 2002 during which a peak of 17.2 mm was recorded.

Simulation 1.b was conducted reproducing the same meteoric event of simulation 1.a,
3 h after it was completed.
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Simulation 2 recreated the meteoric event from 8 September 1994 characterized by
a repeated series of peaks. This simulation was started after an inter-event of 18 h from
simulation 1.b.

Simulation 3 was carried out to calculate the runoff coefficient (1), thus reproducing
an intensity peak of 9 mm for the duration of 15 min, as envisaged by FLL-Green Roof
Guidelines [61]. Finally, during simulation 4 the meteoric event of simulation 2 was
repeated on the same roof sample but using a 9% inclined plane. This allowed an evaluation
of the difference between the hydrological response of a flat roof and a sloping roof.

3.1.5. Phase 5—OQutput Data

During simulation 1.a, the roof had 170 L of water, however, only 6.5 L were released,
corresponding to 3.8% of the water totally introduced during this session.

The cumulative curve of intercepted water, corresponding to the meteoric event, is
represented by the blue curve in the upper part of the graph in Figure 11, while the amount
of the outflow is represented by the red curve in the lower part. The beginning and the end
of the single meteoric events are highlighted, in both cases, by points indicating the values,
expressed in liters, of both the single meteoric event and the cumulative one, respectively
represented by the number to the left and right of each point. The very low proportion
of gravitational water was due to the arid condition of the substrate at the beginning of
the simulation. In this phase no intense peak of runoff was therefore conferred, in fact
the maximum recorded runoff value was 1.6 mm/5 min. The substrate managed to retain
163.5 L of water. Accordingly, the maximum storage capacity was calculated in 32.7 L per
square meter (Table 4).

Simulation 1.2
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Figure 11. Simulation 1.a.

In simulation 1.b, carried out 3 h after the end of simulation 1.a, the water-saturated
roof sample responded with a delay of about 3 min. After this time interval, a slight
increase in the outflow was registered. After 8 min and 45 s, the green roof began to release
significant volumes of water. However, the intensity was lower than that of introduced
water: 11.6 mm/5 min of outflow versus 14 mm/5 min of rain. This can be clearly observed
in the slopes of the two curves of Figure 12. It should also be emphasized that intense
outflows are characterized not only by a delay, but also by a shorter duration compared to
heavy rain (Table 5).
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Table 4. Simulation 1.a: Summary of input and output data.

SUMMARY OF INPUT DATA
Duration of the Rain Event [hour h—min ‘] Max1‘mum Intensity of the  Total Intercepted Rain Green Rooof Pitch
Rain Peak [mm/5 min] 1 [%]
1h22 18.0 170.0 2

HUMIDITY OF THE SUBSTRATE AT THE BEGINNING OF THE SIMULATION
Arid substrate
SUMMARY OF OUTPUT DATA

Water Storage Runoff Delay Runoff Maximum Delay of Runoff Peak Total Runoff [1]
Capacity [L/m?] [hour h—min ‘] Intensity [mm/5 min] [min’ sec”]
32.7 1h 23 1.6 No runoff peak occurred 6.5
Simulation 1.b
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8
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Figure 12. Simulation 1.b.

Table 5. Simulation 1.b: Summary of input and output data.

SUMMARY OF INPUT DATA
Duration of the Rain Event Maximum Intensity of the Rain Peak Total Intercepted Rain Green Roof Pitch
[hour h—min ‘] [mm/5 min] 11 [%]
1h22 14.0 170.0 2
HUMIDITY OF THE SUBSTRATE AT THE BEGINNING OF THE INTER-EVENT FROM PREVIOUS RAIN EVENT
SIMULATION [hour h—min ]
Substrate left minimum volume of runoff, 3h 00
inferiors to 0.4 L/min
SUMMARY OF OUTPUT DATA
Runoff Delay Runoff Maximum Intensity Delay of Runoff Peak Total Runoff
[hour h—min ‘] [mm/5 min] [min’ sec”] 1
3 11.6 8’ 45” 124.5

Simulation 2 recorded the presence of gravitational water from the cover after 1 h and
27 min from the beginning of the first meteoric event and after 3 min from the beginning
of the second meteoric event. With the substrate reaching and exceeding the maximum
saturation capacity 18 h earlier, it was not able to properly retain the water when the new
simulation started, realizing the received water more quickly than in simulation 1.a. During
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the entire 5 h session, in which several events of varying intensity were simulated, high
runoff peak values—almost equal to rain—were recorded. Nevertheless, even in these
extreme stress conditions, the sample roof was able to reduce the total flow rates and to
delay the outflow and the peaks (Table 6, Figure 13(1)—(3)).

Table 6. Simulation 2: Summary of input and output data.

SUMMARY OF INPUT DATA
Duration of the Rain Event Maximum Intensity of the Rain Peak Total Intercepted Rain Green Roof Pitch

[hour h—min ‘] [mm/5 min] 11 [%]

5h 05 12.0 357.0 2

HUMIDITY OF THE SUBSTRATE AT THE BEGINNING OF THE INTER-EVENT FROM PREVIOUS RAIN EVENT
SIMULATION [hour h—min ‘]
Substrate at the little less maximum water capacity 18 h 30’
SUMMARY OF OUTPUT DATA
Runoff Delay Runoff Maximum Intensity Delay of Runoff Peak Total Runoff

[hour h—min ‘] [mm/5 min] [min’ sec”] (1

1h28 11.6 7' 45" 313.0

Simulation 3 provided the water retention coefficient (¥) of the designed and adopted
green system that represents a major outcome of the testing session. This value corresponds
to 0.68 and is the ratio between the runoff and the water intercepted by the roofing system
when exposed to a meteoric event of the intensity of 9 mm/5 min for 15 min. The obtained
value is lower than expected and consistent with the values of equivalent roof systems
with the same thickness described in the standards [Table 1].
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Figure 13. Cont.
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Figure 13. Simulation 2 (1). Simulation 2 (2). Simulation 2 (3).

Table 7 compares the obtained value with other coefficients of different surface typolo-
gies [68]; a green roof of 10 centimetres should have a coefficient between 0.4 and 0.5, while
the one from the performed simulation is close to values typical of flat roofs covered with
a layer of gravel. This can be explained not only by the mineral nature of the substrate,
but also by the exceptional amount of water to which the sample roof was exposed during
the previous three-day sessions. Since there are no regulatory requirements regarding the
humidity state of the substrate during the 24 h before the test occurs, the obtained value
can be considered appropriate with relation to the entire experimental activity.

It can be observed that also during the third day of simulations, a delay of 3 min
from the beginning of the outflow is registered and its intensity reaches to the one of the
meteoric event after 8 min from the beginning (Table 8, Figure 14).

Simulation 4 repeats simulation 2 with a 9% pitch roof. The difference between the
hydrological response of the flat and the sloped roof is less significant than expected.
The two curves describing the simulations are quite similar except for an advance in the
generation of outflows by the inclined one of about 20 s compared to the flat one. Peak
outflow occurred after 7 min and 30 s in both cases and intensities were nearly identical.
This demonstrates that a particularly draining substrate does not significantly alter its
behavior with relation to the different conditions, respectively a 2% and 9% slope (Table 9,
Figure 15(1)—(3)).
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Table 7. Runoff coefficients of drainage surfaces.

Type of Surface Runoff Coefficient
Asphalt or pavement with sealed joints 0.85-0.90
Porphyry with sealed joint 0.75-0.85

Porphyry with unsealed joint 0.30-0.70

Sports facilities with synthetic material 0.60

Pitched roofs > 3% 0.90-1

Pitched roofs < 3% 0.80

Roof with gravel ballast 0.70

Intensive green roof (substrate = 25 cm) 0.30

Natural land 0.10

Table 8. Simulation 3: Summary of input and output data.

SUMMARY OF INPUT DATA
Duration of the Rain Event Maximum Intensity of the Rain Peak Total Intercepted Rain Green Roof Pitch
[hour h—min ‘] [mm/5 min] [11 [%]
15/ 9.0 135.0 2
HUMIDITY OF THE SUBSTRATE AT THE BEGINNING OF THE INTER-EVENT FROM PREVIOUS RAIN EVENT
SIMULATION [hour h—min ‘]

Substrate at the little less maximum water capacity. According to the FLL

/
Green Roofing, 24 h before, the substrate was saturated and generated runoff 24h 00
SUMMARY OF OUTPUT DATA
Runoff Coefficient ¥ Runoff Maximum Intensity Total runoff
[n] [mm/5 min] 11
0.68 9.6 92.0
Simulation 3
§ 80
§
&
60
a0 |
Gk
> = - Time |:\m:n| i R ke
——Raln Run-off

Figure 14. Simulation 3.
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Table 9. Simulation 4: Summary of input and output data.
SUMMARY OF INPUT DATA
Duration of the Rain Event Maximum Intensity of the Rain Peak Total Intercepted Rain Green Roof Pitch
[hour h—min ‘] [mm/5 min] 11 [%]
5h 05 12.8 mm 351.0 9

HUMIDITY OF THE SUBSTRATE AT THE BEGINNING OF THE

INTER-EVENT FROM PREVIOUS RAIN EVENT

SIMULATION [hour h—min ]
Substrate at little less maximum water capacity 18 h 00
SUMMARY OF OUTPUT DATA
Runoff Delay Runoff Maximum Intensity Delay of Runoff Peak Total Runoff
[hour h—min ‘] [mm/5 min] [min’ sec”] (1
1h22 12.8 8 00” 305.0
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Figure 15. (a) Simulation 4 (1); (b) Simulation 4 (2); (c) Simulation 4 (3).

4. Outcomes Discussion

The performed 4 days of simulations with the use of rain chamber led to the following
results describing the behavior of the green roof solution under investigation, demon-
strating the consistency of the assumptions with real operational conditions which were
carefully recreated for testing purposes.

The runoff coefficient (1) of the roof was 0.68, consistent with anticipated expectations
and the literature. This coefficient represents an “upper limit value” (lower for performance)
of the water retention capacity of an extensive green roof. The green roof retained 20% of
the water collected during all the simulations carried out.

Holding volumes in humid conditions close to the maximum storage capacity were
registered and critically analyzed.

The average reduction in the intensity of outflows was equal to 15% of the intensity of
meteoric events.

The delay in conferring rain intensity peaks had an average duration of about 3 min.

The reduction in flow rates, meaning the reduction of water drained from the green
system during intense and prolonged meteoric events, was approximately equal to 13% of
the intercepted water.

The hydrological response tested in the reported experimental activity can be con-
sidered precautionary in relation to the occurrence of real intense events. There are some
additional comments regarding input data used and the temporal sequence adopted dur-
ing the simulations that can be of help in clarifying the overall experience. The recreated
meteoric events followed one another in a very short period of time. The tested green roof
received 1589 L of water (meaning 318 mm of water, a value equal to 1/3 of the average
annual rainfall of the location assumed in the case study) concentrated over only four days,
releasing a total of 1271 L.

Comparing these data with the statistic records of the wettest months in the period
between 1992 and 2016 in the city of Quinto Vicentino and those referring to the flood of
November 2010, it is clear that the conditions created during the testing sessions were more
severe than all extreme situations. The water introduced into the rain chamber during the
sessions (Table 10) was higher than the highest statistical values recorded (second column),
and even slightly higher than the values recorded during the flood of November 2010
(Table 9, sixth and seventh columns).
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Table 10. Comparison between the rainfall values of the simulations and the highest daily rainfall values of Quinto Vicentino
(34 m a.s.l.) and Asiago (35 km beeline from Quinto V. 1026 m a.s.1.).

. . . Quinto Vicentino Asiago .
n° of Consecutive Quinto Vicentino Flood 2010 Flood 2010 Ra.l n Cha.m ber
Days [mm] [mm] [mm] Simulations
[dd-dd/mm/yyyy] [dd-dd/mm/yyyy] [dd-dd/mm/yyyy] [mm]
1 113.6 49.8 110.6 108.0
7 November 2005 31 October 2010 31 October 2010 ’
1232 98.8 202.2
2 05-06 N ;rlb £ 2005 31 October 2010-01 31 October 2010-01 179.4
ovembe November 2010 November 2010
156.6 135.0 242.6
3 15-17 Se teénber 2006 31 October 2010-02 31 October 2010-02 249.4
P November 2010 November 2010
156.6 135.0 242.6
4 15-17 Se terﬁber /2006 31 October 2010-03 31 October 2010-03 318.0
P November 2010 November 2010

Given the due proportions with the real events described, it is possible to observe
that the tested extensive green roof offered a significant active contribution. Over the four
testing days, the substrate was constantly brought to the conditions of maximum storage
capacity, obtaining appreciable reductions in the flow rates. The overall hydrological
response of the extensive green roof tested during this study, specifically design with a
draining substrate, was be positively evaluated in relation to retention values even in the
case of particularly intense events.

It has to be remarked that the testing activity was carried out without the vegetal layer,
as prescribed by FLL-Green Roof Guidelines [61], which is expected to positively contribute
with its capacity to use the water contained in the substrate. Together with the lack of all
the natural conditions that usually contribute to the evapotranspiration in the external
environment (i.e., solar radiation or wind), the hydrological response of the tested roof
can be considered partially underestimated. This is coherent with a prudential approach
to design activity, but it has to be adequately considered when the overall performance
potential is globally evaluated.

5. Conclusions

Very intense rain events, with peaks up to 17.2 mm/5 min, were simulated in a rain
chamber on an extensive green roof layering during four consecutive days. The sample
green roof was 15 cm thick, the substrate was 10 cm thick and composed prevalently by
miner aggregates, according to the FLL Green Roof Guidelines [61] (the organic content
was the 3% of the substrate mass). The estimated runoff coefficient was equal to 0.68;
this value was lower than the runoff coefficient of extensive green roofs reported in green
roof standards and guidelines, most likely due to the high water content in the substrate
determined by previous days of rain simulations on the sample.

The experiment, providing the cumulative curves of rain and runoff, clearly shows
the behavior of the sample roof under the simulated intense rain events.

Observing the cumulative curves of rain events and runoff, it is detectable that the
sample green roof released a total amount of 80% intercepted water during the four days
of intense rain events.

In the first simulation of the first day—in the condition of a dried substrate—the water
performance was obviously excellent, because the water released was just the 4% of the
intercepted rain. It is important to note that the second simulation of the first day, after an
inter-event of just 3 h, registered a consistent release of water, equal to the 73% due to the
high water content in the substrate.

Although the water performance of this extensive green roof was low, all the cumu-
lative curves registered a reduction of the total amount of released water and a delay in
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the water release. A reduction of the peak intensity of the released water was detected just
in the first day of the experiment, when the rain simulations started in a condition of dry
substrate. In the next days, the peak intensities of the released water was equal to the peak
intensities of the intercepted water or slightly superior. This means that:

1.  after days of intense rain events, the sample extensive green roof was no more able to
perform due to the repetition of the saturation process of the substrate;

2. possibly, inside the layering, the permeability did not exactly grow from the higher
layers to the lower layers of the green roof (like it should be).

This study demonstrates that during and after a rain event green roofs have a miti-
gation capacity which is related to the water content of the substrate at the beginning of
the rain event, besides the variable intensity of the rain event and the characteristics of the
green roof layering.

The experiment points out a relevant observation: the water performance of green
roofs were classified through the runoff coefficient (1\p). The runoff coefficient was obtained,
with one value of intense rain (9 mm/5 min for 15 min with an inter-event of 24 h with
runoff), without vegetation and in undetermined climatic elements. This possibly generated
a precautionary assessment in terms of runoff and evapotranspiration amounts, but not a
description of the green roof behavior under rain events.

The performed experimental session did not consider the water emptying time of
the system, which is an interesting but not easily approached investigation issue. The
evapotranspiration process was influenced by many parameters, which are partially forced
or fixed according to the purpose of the study and to pre-determined ranges of input
data of the green roof samples (in particular thickness and composition of the substrate,
and others), the climatic factors (air temperature and humidity), and the rain events,
so a separate testing session is suggested for this scope. Repeating rain simulations on
different green roofs layering, with different input data, would help to analyze the water
performance of this technology in real and dynamic contexts. In this framework, the use of
a rain chamber to simulate real rain events would be very useful to evaluate the positive
contribution of green roofs on the urban water management and also on the thermal effects
on environment and the building due to the evapotranspiration. As most of draining
surfaces with a high retention rate, green roofs can positively contribute to mitigating
heatwaves and urban heat island effect due to the change of water state from liquid to
vapor using latent energy.

Although several studies tried to investigate and estimate the potential capacity of
green roofs to mitigate runoff and urban heat island effect, the main research gap still
deals with the correlation between the scale of phenomena and the diffusion of green
roofs within the urban environment. Predictive scenarios regarding the impact of green
roofs (possibly associated to other types of drainage surfaces and nature base solutions)
should be developed based on the diffusion rate properly taking into account the different
capacities according to the available green roofs typologies. Future studies on this topic are
therefore encouraged.

As required by FLL Green Roof Guidelines [61], rain simulations were tested without
including the vegetation in the sample roofs, however, it is relevant to point out that the
contribution of vegetation can positively influence the overall behavior, further reducing
the runoff during and after rain events while increasing evapotranspiration.

So far it possible to state that—among the green roof typologies—the intensive ones
are the highest performing due to the higher water retention capacity, however its diffusion
is lower than the extensive ones, mostly as a consequence of their higher maintenance and
operating energy costs.

The adopted methodology can be replicated in different conditions and contexts to
possibly implement and refine the achieved outcomes. The value of the methodology lies
in exploring the green roof capacity when correlating its characteristics with real local rain
conditions. Considering that local climates can largely influence the seasonal rainfall events,
it is particularly relevant to access reliable input data to properly tailor the study of the
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roof behavior and the transfer of water within its layers according to regional conditions.
This would be helpful in addressing specific policies to support green roof adoption at
local and regional scale in the test-bed sites as the experimental approach adopted in the
case study evidenced.

Deeper knowledge of the drainage behavior of green roofs under real rain events
would significantly help in understanding the potential response in case of extensive adop-
tion within the urban environment, and possibly guide future planning actions according
to more reliable performance-oriented design criteria.
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