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Abstract. Green Roofs (GRs) are a promising solution for the reduction of flood-
ing risk in urban areas. Reproducing on the traditional roofs the drainage pattern
typical of natural soils, these infrastructures are able tomitigate the stormwater dis-
charged into sewers. Their retention capacity depends on both climate and design
variables, among which the substrate and drainage materials seem to play a funda-
mental role in the enhancement of the efficiency of the roof. This research aimed
at analyzing the hydrological behavior of five 15-cm GRs modules, characterized
by different substrate and drainage layers soil composition and thickness, using
CHEMFLO-2000. Specifically, among the substrate materials particular attention
was paid to the biochar, a fertilizer known for its ability to filter pollutant, to assess
its effect on the green roof retention capacity. Simulations under different rainfall
inputs were carried out to compare the performance of each system.
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1 Introduction

Worldwide, integrated approaches involving Sustainable Drainage Systems (SuDS) are
increasingly spreading to support traditional infrastructures in the urban flooding man-
agement [1]. Among the types of SuDS, green roofs (GRs) allows making the best use
of the roofs waterproof surface, reproducing the drainage pattern typical of natural soil
and reducing stormwater runoff [2–4]. It is widely known that technological features
affect the performance of these systems. Specifically, researchers worldwide agree in
recognizing the influence of the GR substrate and drainage materials on the ability of the
roof to retain and detain stormwater, consequently reducing peak flows and discharged
volumes [5, 6]. However, the variety of soils that make up green roofs with their different
characteristics, thickness and disposal may lead to a great variety of findings.
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Hence, this study aims at investigating the hydrological performance of five GRs
stratigraphic models of 15-cm height, characterized by different substrate and drainage
layers soil composition and thickness. In particular, the analyses focused on the assess-
ment of the biochar, a carbonaceous material commonly used as fertilizer and renowned
for its ability tofilter pollutants and improving the quality of stormwater discharged [7, 8].
The purpose is to understandweather this material, if implemented in GRs, alsomanages
achieving significant results in term of reduction of stormwater quantity as stated by sev-
eral studies [9–11]. To this end, CHEMFLO-2000 simulations helped quantify the hydro-
logical response of the mentioned GR configurations, two of which involving biochar,
under four rainfall inputs, characterized by different durations and designed according
to the mean precipitation extremes registered at the University of Salerno campus, Italy,
where a GR experimental site was set up in 2017. Simulation results were compared in
terms of retention capacity.

2 Materials and Methods

2.1 Case Study

The hydrological response of five GR types to four different precipitation inputs was
compared in the present study. In general, a green roof is made up of several overlapping
layers. In the basic configuration, the system consists of four components including,
from the top to the bottom, a vegetation layer, a substrate to support plant growth, a non-
woven filter fabric that prevent substrate dropping into the underlying drainage layer
and a drainage/storage layer with the function of detaining rainwater (Fig. 1).

Fig. 1. The composition of a GR system

The five GR configurations selected in the present study differ in terms of composi-
tion and depth of the substrate and storage layers (Fig. 2) even if, in each case, the total
thickness of the roof is set on 15 cm. In details, they consist of:

1) 10 cm depth loam substrate with an underlying 5-cm depth expanded clay storage
layer (GR1);

2) 10 cm depth loam substrate with an underlying 5-cm depth sand storage layer (GR2);
3) 15-cm depth loam substrate (GR3);
4) 5 cm depth loam and 5-cm depth biochar substrate with an underlying 5 cm depth

expanded clay storage layer (GR4);
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5) 7 cm depth loam and 3-cm depth biochar substrate with an underlying 5 cm depth
expanded clay storage layer (GR5);

GR1     GR2           GR3             GR4            GR5      

Legend
Expanded Clay
Sand
Loam
Biochar

Fig. 2. Composition and depth of the layers of the five GR systems. In the figure, the metric unit
of length is centimetre.

In this study, the vegetation, whose role is not so decisive during the precipitation
event as during the inter-storm period, was not examined.

2.2 Description of CHEMFLO-2000, Initial Setting and Input Data

Among the several software used tomodel the behavior of theGRs [12, 13], CHEMFLO-
2000 was chosen in the present work to simulate the hydrological response of the five
different GR configurations (Fig. 2) to several rainfall events. CHEMFLO-2000 [14]
is an interactive software for simulating water and chemical movement in unsaturated
soils developed by the Department of Plant and Soil Sciences of the Oklahoma State
University. The governing equation used in this software to describe the one-dimensional
water movement in the soils is the partial differential equation proposed by Richards in
1931 [15] that can be expressed as:

∂θ

∂t
= ∂

∂x

[
K(h)

(
∂h

∂x
− sin(A)

)]
(1)

Where θ = θ(h) is the volumetric water content, h = h(x, t) is the matric potential, x
is the position coordinate parallel to the direction of the flow; t is the time; sin(A) is the
sine of the angle A between the direction of flow and the horizontal direction; K(h) is
the hydraulic conductivity of the soil at matric potential h; and C (h) is the specific water
capacity. In this study, to simulate the vertical flow with x increasing in the downward
direction an angle A equal to 90° was chosen.



How Substrate and Drainage Layer Materials 257

Among the different possibilities given by themodel, vanGenuchten [16]mathemat-
ical equations were chosen to describe soil water content θ(h) and hydraulic conductivity
K(h):

θ(h) =
{

θs −θr

(1+(α|h|)n)m + θr ifh < 0 and m = 1 − 1/n

θs if h ≥ 0 (2)

K(h) =
⎧⎨
⎩

{
1−(−αh)n−1[1+(−αh)n]−m

}2
[1+(−αh)n]m/2 ifh < 0 and m = 1 − 1/n

Ks if h ≥ 0
(3)

Where θr [v/v] is the residual water content, θs [v/v] is the saturated water content, Ks
[cm/h] is the saturated hydraulic conductivity and α [1/cm] and n [-] are both empirical
constant representative respectively the inverse of the air-entry suction and the pore-size
distribution.

In this modeling study, the upper boundary condition at the beginning of the sim-
ulation was controlled by the rainfall rate (cm/h). Subsequently, in order to study the
water movement since the end of the precipitation, a new condition was established with
a constant flux density equal to zero. A free-drainage was chosen to describe the bot-
tom boundary conditions. Initial values of uniform volumetric water content (cm3/cm3)
(SWC) of 0.10, 0.15 and 0.25 were set in each model to test the effect of this variable
on overall performance of the GR configurations. These values, never below residual
water content θr [v/v] and never exceeding saturatedwater content θs [v/v], were selected
among the soil moisture contents in-between the wilting point and the field capacity of
the substrate layer, thus simulating the best condition for plant growth.

The van Genuchten functions parameters (Table 1) for modeling loam and sand used
in this study are those suggested by Carsel and Parrish (1988) [17] and they are the
default parameters of CHEMFLO-2000 for van Genuchten functions. The parameters
for the expanded clay and Biochar were respectively provided by [18] and [19].

Table 1. The used van Genuchten model parameters

Soil name θr θs A n Ks

[-] [-] [1/mm] [-] [mm/h]

Biochar 0.07 0.66 0.0124 1.82 444.6

Expanded
clay

0.045 0.43 0.0145 2.68 6.3

Loam 0.078 0.43 0.0036 1.56 10.4

Sand 0.045 0.43 0.0145 2.68 297

For eachGRconfiguration, themodelwas runusing four precipitation inputs different
for duration, intensity and cumulative rainfall. The durations selected are representative
of the rainfall events registered at the University of Salerno campus, Italy, where an



258 R. D’Ambrosio et al.

experimental GR was set up in 2017, having the same soil layer composition as the GR1
of the current study. This site is equippedwith ameteorological station. From a statistical
analysis of precipitation records observed since 2017, rainfall duration according to the
maximum, the mode, the mean and median durations were taken into account (respec-
tively 76 h, 1 h, 10 h and 6 h). Cumulate rainfalls corresponding to the selected durations
are reported in Table 2. Intensity-duration-frequency curves characteristics of Fisciano
in Southern Italy were used to estimate intensities and rainfall amounts associated to the
mentioned durations (Table 2).

Table 2. Rainfall characteristics

R1 R2 R3 R4

Duration (h) 1 6 10 76

Cumulate rainfall (mm) 26.50 47.78 56.52 110.2

2.3 Retention Capacity of the GR Configurations

The output file of each of the 60 simulations (5 configuration under 4 rainfall scenarios
and under 3 Initial Soil Water Contents) was analysed specifically investigating the
cumulative flux (runoff) at x = 15 cm at 24 h from the rainfall end. For each modelled
GR configuration, the hydrological performance in term of retention capacity (RC) was
then computed as follows [20]:

1 − C∗ = RC (4)

Where C* is the discharge coefficient, computed as the ratio between the cumulative
observed runoff depth and the cumulative observed rainfall depth at the event scale.

3 Results and Discussions

Overall, under 10% initial soil water content (SWC), retention capacity assessment con-
firm reasonably good performances of all the GRs configurations, achieving an average
value of 64.07%. Values range from a minimum of 23.28%, reached in GR2 under the
highest intensity rainfall (26.50 mm/h), to a maximum of 99.83%, reached in GR3 under
the lowest intensity rainfall (1.45 mm/h). The good efficiency of the modelled grs strati-
graphic columns ismainly due to the low initial soil moisture content, close to thewilting
point of the loam and set in CHEMFLO-2000 equal to 10%. Looking at Table 3 it is
possible to observe that GR4 and GR5, both characterized by the presence of biochar,
reached the highest retention performances (69.15 and 66.90% on average respectively).
These results proved the potential of this fertilizer, already experienced for improving
water quality, in the reduction of stormwater volumes. GR2, characterized by 10-cm
loam soil layer and 5-cm sand drainage layer, showed the worst retention performance,
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still achieving an average retention performance of 55.05%. Comparing this result with
those reached by GR1 (65.29% on average), which differ from the previous one just
for the drainage material (clay), it is clear that the drainage layer characteristics play a
fundamental role in the retention performance of the roof, as stated by several authors
[21]. In particular, as it can be observed from Table 1, expanded clay (parameterized
according to literature) and sand just differ for ks, saturated conductivity, substantially
lower in the first drainage material.

Table 3. RC (%) of different GRs configurations under 10% soil moisture content

R1 R2 R3 R4 Mean

GR 1 10loam + 5clay 99.82 70.73 59.79 30.83 65.29

GR 2 10loam + 5sand 97.99 53.24 45.70 23.28 55.05

GR 3 15loam 99.83 67.59 58.90 29.48 63.95

GR 4 5loam + 5biochar + 5clay 99.82 78.58 65.49 32.70 69.15

GR 5 7loam + 3biochar + 5clay 99.82 73.60 62.23 31.93 66.90

Mean 99.46 68.75 58.42 29.65 64.07

Moreover, the relation between Retention Capacity and rainfall amount was investi-
gated (Fig. 3) to understand weather and to what extent rainfall severity could affect the
behaviour of each of the observed GR configurations. Examining Fig. 3 it appears that
the GRs retention capacities decrease as the rainfall amount increase. The regression
analysis, in fact, found a negative linear relationship between the retention coefficients
and the rainfall cumulative.

y = -0.7713x + 111.77
R² = 0.9277

y = -0,7832x + 102,24
R² = 0,7925

y = -0.778x + 110.83
R² = 0.9158

y = -0.7781x + 116.03
R² = 0.9711

y = -0.7687x + 113.21
R² = 0.9471
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Fig. 3. Relation between retention coefficient and rainfall intensity for each of the observed GR
modules with 10% initial soil moisture content
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With the increase of the initial SWC to 15% and 25%, a decrease of the retention
performance of the GR configurations can be observed with average values of 54.73%
and 33.29% respectively. Even if the negative linear relationship betweenRC and rainfall
cumulative still exists, a larger scattering of the values and consequently lower coeffi-
cients of determination can be pointed out (Fig. 4 and Fig. 5). Moreover, the assessment
foundGR2muchmore sensitive than the other configurations to the initial SWC changes
with an average RC decrease of 24.48% and 78.11% switching from 10% SWC to 15%
and 25% respectively.

The analysis of the runoff delay, representative of the time at which the runoff starts,
failed to achieve successful results. Specifically, even if GR2 appears characterized by
the lowest delay time and so characterized by a faster stormwater runoff occurrence,
no great differences between the configurations under varying rainfall inputs can be
detected. The reason behind this can be ascribed to the limits of the software, whose
numerical models assume a strictly one-dimensional water flow in the soil.
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Fig. 4. Relation between retention coefficient and rainfall intensity for each of the observed GR
modules with 15% initial soil moisture content
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Fig. 5. Relation between retention coefficient and rainfall intensity for each of the observed GR
modules with 25% initial soil moisture content

4 Conclusions

In this paper, the performance of five 15-cm GR modules different for substrate and
drainage layer characteristics was investigated under varying rainfall inputs and ini-
tial SWC to understand how technological parameters and rainfall characteristics could
affect their hydrological performance. Even if all the configurations achieved good per-
formances (64.07% on average under 0.10 SWC), soil characteristics seem to play a fun-
damental role in the enhancement of GRs performance. Specifically substrate involving
the fertilizer biochar reached the highest values of retention capacity (69.15 and 66.90%
under 0.10 SWC) confirming that this material, already known for the enhancement of
water quality, could be a valid solution also for the reduction of stormwater volumes.
Moreover, drainage layers made by expanded clay are for sure preferable to those made
by sand, exceeding of about the 10% their RC. In addition, the results of the modeling
assessment showed that the total rainfall amount seem to affect GRs RC that decrease
with the increase of precipitation amount.

The implementation of multi-dimensional models in the future analyses is essen-
tial for simulating a more realistic water movement in the soil. Moreover, the possible
occurrence and effect of a capillary barrier between the substrate (finer material) and the
drainage layer (coarse material) should also be investigated. Several studies borrowed
from other scientific fields, in fact, demonstrated that when a capillary barrier effect acts,
there is an inhibition of deep drainage and an increase in water storage [22].

Nonetheless, additional research supported by experimental studies is foreseen
to confirm the model-based results obtained so far and to improve the hydrological
performance investigation of the GRs.
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