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Abstract: Green roof systems represent an opportunity to mitigate the effect of natural soil loss due
to the development of urban infrastructure, which significantly affects natural processes such as
the hydrological water cycle. This technology also has the potential to reduce the indoor building
temperature and increase the durability of waterproof membranes, reduce run-off water and heat
island effects, create meeting places, and allow the development of biological species. However,
despite the described benefits, the use of this technology is still limited due to the costs and the
environmental impact from using non-renewable building materials. Therefore, this article presents
the hydraulic and thermal analysis of different semi-intensive green roofs using recycled (rubber
and high density polyethylene (HDPE) trays) and reused materials (polyethylene (PET) bottles) in
their drainage layers. Then, three roof systems were evaluated and compared to traditional drainage
systems made with natural stone aggregates. Results showed that some systems are more useful when
the goal is to reduce temperature, while others are more effective for water retention. Additionally,
this study presents evidence of the potential of reducing the dead loads and costs of green roofs by
using recycled and reused materials in drainage systems.

Keywords: green roofs; recycled and reused materials; drainage; thermal insulation; dead load

1. Introduction

In recent years, the use of green roofs has increased, not only for aesthetic reasons but also
to improve the environmental quality of the environment [1]. Plants can reduce heat through the
reflection of solar radiation and the generation of shade. They can also decrease heat through the
evapotranspiration process, which reduces the temperature inside and outside buildings [2]. In this
way, green roofs are considered a modern and ecological technology to face climate change and the most
common environmental problems in the urban environment [3]. Green roofs represent the opportunity
to expand the presence of vegetated surfaces by replacing conventional waterproofed surfaces,
generating thermal insulation, improving the internal environment of buildings, and consequently
causing a reduction in the energy consumption of such buildings [4,5].

Though green roofs have the benefits described above, their use in many countries is limited due
to costs and environmental impacts of using non-renewable materials, as well as the lack of formal
methods focused on their design, construction, and maintenance [6]. A growing trend regarding the
construction of green roof systems has been the use of recycled and reused materials in their drainage
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and substrate layers, which can generate environmental, technical, economic, and aesthetic benefits
while also providing the possibility of incorporating waste into the construction production chain.
Most of the existing works in the current literature regarding the use of recycled materials in green roofs
have sought to evaluate their hydraulic performance (drainage capacity and water retention) and the
response of vegetation growth compared to conventional green roof systems. Table 1 summarizes the
most relevant works concerning the use of recycled materials in green roofs. Recycled materials such
as rubber, glass, and construction waste have been widely studied in the last decade, demonstrating
that replacing conventional green roof materials is a feasible solution.

Table 1. Summary of works related to the use of recycled materials in green roofs.

Author Materials Scope Results
Good results depend on controlling the
y . mixing ration between the recycled glass

Chi-Feng et al. 2018 [7] Recycled glass Vegetation growth and organic substarices, as well as the
location of the glass in the substrate.
Improved water retention and plant growth

. when reducing the number of large
Eksi and Rowe 2016 [8] Recycle'd crushed Vegetation growth and particles. Additionally, porcelain provides
porcelain water retention

less embodied energy to construct a green
roof.

Pure crushed bricks or mixtures primarily
based on crushed bricks enabled the most

Recycled construction diverse ruderal plant assemblages. Ash

Bates et al. 2015 [9] Vegetation growth

waste from solid waste provided the worst
response.
Environmental The material provided a similar response
Rincon et al. 2014 [10] Recycled rubber compared to pozzolana, in addition to a
performance

lower environmental impact.

Mickovski et al. 2013 [11]

Recycled construction
waste

Vegetation growth and
drainage properties

Good response and properties compared to
conventional materials.

Pérez et al. 2012 [12]

Recycled rubber from
tires as the drainage layer

Potential Energy Savings

The material provided a similar response to
pozzolana in terms of hydraulic behavior.
The use of recycled rubber can be useful as
a potential energy-saving material for the

continental Mediterranean climate
during summer.

To contribute to these research efforts, the present study aimed to evaluate the performance of
green roofs with drainage layers made out of recycled and reused materials for reducing the impact on
virgin materials and assuring technical benefits such as temperature reduction, water retention, and
the regulation of rainwater. In addition, this study analyzed the reduction of dead load compared to
traditional green roofs, which is relevant in terms of building structures. The subsequent sections of
this paper are organized as follows: Section 2 summarizes the materials and methods employed to
conduct the experimentation and to analyze the hydraulic and thermal performance of the proposed
green roof systems. Results are presented in Section 3, while Sections 4 and 5 correspond to discussion
and conclusions, respectively.

2. Materials and Methods

This section describes the materials used to build the green roof prototypes and the methodology
for monitoring and measuring hydraulic and thermal performances. Measurement instruments,
constructive characteristics of each green roof prototype, and the rain simulation system are described
in detail as well. The dead loads of the green roof systems were determined as the approximate cost
per square meter.

Based on the characteristics, amount, and local availability, four materials were selected to develop
the drainage layer of green roof systems: (a) basalt gravel (typical material), (b) recycled rubber from
tires, (c) recycled polyethylene (PET) bottles, and (d) recycled high density polyethylene (HDPE) trays.



Coatings 2020, 10, 525 30f19

In this case, the basalt gravel was considered as a reference material, since it is commonly used as a
typical drainage layer of green roofs. The other three materials are conventionally considered waste
from other human activities.

2.1. Green Roof Materials

This study considered five layers to construct the roof prototypes: (i) the roof structure, (ii) the

geotextile, (iii) the drainage layer (using materials aforementioned), (iv) the substratum layer, and (v)
the vegetation layer. Figure 1 describes the distribution of layers in the proposed green roof prototypes.
Each layer is described as follows:

1.

Roof structure: This consists of a box made of galvanized steel (gauge 20) and thermally isolated
through polyethylene foam.

Geotextile membrane: This is a high resistance geotextile membrane. Reference T2400 PAVCO,
manufactured by Mexichem®.

Drainage layer: This is designed to facilitate water drainage during and after rain conditions. In
this study, four different drainage layers were analyzed: (a) basalt gravel, (b) recycled rubber
from tires, (c) recycled PET bottles, and (d) recycled HDPE trays.

Substratum: This consists of organic and inorganic materials, with the former consisting of organic
soil (70 v/v percent) and rice husks (30 v/v percent). In the case of PET bottles, the substratum
was added into each cell (bottle section) as well as the vegetal layer.

Vegetal layer: This consists of a high resistance grass denominated Stenotaphrum Secundatum,
also named San Agustin grass. This vegetation provides resistance to high temperatures and
human traffic.

San Agustin Grass San Agustin Grass
(Stenotaphrum Secundatum) (Stenotaphrum Secundatum)
:5 cm [ 5cm
10cm 10cm
Natural Aggregates (Basalt Gravel) 10cm Recycled Rubber From Tires 10cm
Geotextile Membrane (T2400 PAVCO) Geotextile Membrane (T2400 PAVCO)
Roof Structure (Galvanized Steel Gauge 20) Roof Structure (Galvanized Steel Gauge 20)
San Agustin Grass San Agustin Grass
(Stenotaphrum Secundatum) (Stenotaphrum Secundatum)

PET bottles
HDPE tray 15¢cm

Geotextile Membrane (T2400 PAVCO) Geotextile Membrane (T2400 PAVCO)
Roof Structure (Galvanized Steel Gauge 20) Roof Structure (Galvanized Steel Gauge 20)

Figure 1. Cross sections of the green roof prototypes made out of recycled or reused materials.

A detailed description of each one of the selected materials for the drain layer is summarized in

Table 2, including details of appearance, shape, and typical composition.
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Table 2. Description of materials selected for drainage layers.

Material

Sample Photo

Appearance and Shape

Composition

Basalt Gravel: natural
stone, traditionally used
as a drainage layer in
green roofs.

Large, irregularly shaped particles
with a rough, porous, and
vesicular surfaces, preserving
traces of bubbles produced by
expanding water vapor generated
during the cooling and
solidification of lava.

45%-54% silica and
generally rich in iron and
magnesium [13].

Recycled Rubber:
recycled elastic polymer
used to replace basalt
stone in the drainage
layer in the green roof
systems.

Coarse particles in the form of
rectangular prisms and granules
of fine angular black particles.
Obtained from recycled car tires.

Rubber 45%, carbon
black 21%, metal 20%,
textiles 4%, additives 8%,
zinc oxide 1%, and sulfur
1% [14].

Cells of 4 x 4 bottles split in half
(eight halves with mouths and

Recycled PET Bottles: eight halves with bottoms), each Polvmer molecules
polymer denominated as with five perforations of 3 mm con}: rised of carbon
polyethylene diameter, arranged in a reticular p !
L - hydrogen, and oxygen.

terephthalate PET way, and joined by galvanized (Cyo Hy Oy)
or PETE. wire staples located at the height 10578 H4/n

of 7.5 cm. Smooth texture,

translucent light green.

Dark material. 60 cm X 60 cm x 10

cm, consisting of nine containers

or concavities of cylindrical,
f{?;i”;ls}fi P}(:_lggz;tTrays conical and round shapes that Polymer molecules

. Y allow for the retention and storage ~ comprised of carbon,

polyethylene obtained

from recycled product
containers.

of water.

Additionally, trays have diffusion
holes that allow for air and water
vapor circulation, as well

as drainage.

hydrogen, and oxygen.
(C2 Hy)n

2.2. Green Roofing Prototypes

Figure 2 shows the full prototype and the cross-section of the four proposed roof systems. The
dimensions of the four roof structures were 1.20 m x 0.60 m (W X D). Height varied according to the
type of roof, using 0.15 and 0.20 m for drainage with recycled PET bottles and HDPE trays and for
basalt gravel and recycled rubber, respectively. Inside the roof structure, a drainage point was installed

”

using a 5" galvanized pipe towards the center of the structure using a 2% slope.

(b) (©) (d)

Figure 2. Cross-section detail of roofing prototypes: (a) Prototype 1: basalt gravel. (b) Prototype 2:
recycled rubber. (c) Prototype 3: recycled polyethylene (PET) bottles. (d) Prototype 4: recycled high
density polyethylene (HDPE) trays.
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2.3. Rain Simulator Installation

The rain simulator system was designed to provide controlled and homogeneous drip irrigation
under the effective area of the roof prototypes, guaranteeing water flow and the optimization of
water consumption. Figure 3 shows the rain simulation full assembly. Water retainers were installed
on the roof prototypes to avoid water losses and to provide a better approximation of natural
precipitation conditions. Figure 4 summarizes the instruments and materials used to calibrate the rain
simulation system.

The rain simulator was calibrated using a pluviometer and by running several preliminary tests
to verify the proper functionality of the system. According to the preliminary tests, it was possible
to identify that the outer roof prototypes (1 and 4) received a flow rate of 0.58 L/m, while the inner
roof prototypes (2 and 3) received a flow rate of 0.61 L/m. Due to restrictions of the experiment, each
simulation was carried out on sets of two roofs, always in the same way, prototypes 1 and 2, and
prototypes 3 and 4. Then, given the average flow rate per nozzle of 0.6 L/min, the total flow rate in two
nozzles corresponded to 1.2 L/min. Based on these flows, it was found that 0.6 min was required to
obtain 1 mm of precipitation on each roof. In this way, the time necessary to simulate each rain was
calculated. Then, this value was multiplied by the number of millimeters.

Finally, the approximate cost for each prototype (USD per square meter) is summarized in the
Appendix A at the end of this manuscript. The cost was directly estimated from the materials employed
in the green roof construction (labor not included).

Figure 3. Cont.
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(d)

Figure 3. Rain simulator system: (a) Overall picture of rain simulator and water supply tank. (b)
Floating irrigation system. (c) Water retainers. (d) Spatial orientation of the rain simulation experiment
with respect to cardinal points.

Figure 4. Calibration and rain simulation monitoring elements: (a) calibration test tube, (b) micro-spray
nozzle, (c) timer, (d) submersible pump, (e) chronometer to measure drainage performance, and (f)
tank for water supply for pumping.
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2.4. Method

This subsection describes the definition of experimentation parameters, as well as the procedure
followed to perform and monitor the rain simulation for each roof prototype.

2.4.1. Definition of Experimental Conditions

The conditions to simulate precipitations were established according to the geo-climatic
characteristics (altitude, temperature, radiation, and geographic location) of Valle del Cauca, Colombia,
more precisely in the city of Santiago de Cali. We used the official data record from the weather station
of the Universidad del Valle—located at the latitude (3°22"39.66”), longitude (76°32’05.26”) coordinates
of the WGS 84 system—Dbecause it is the closest station to the study area with official data [15].

A review of rainfall records was necessary to define the quantity and characteristics of precipitations
in the study zone. Data from 1966 to 2015 were considered to define the most relevant precipitation
cycles or scenarios. Based on these, three main types of precipitation were considered.

Typical rainfall: This consists of a cycle of several consecutive days of rain, the intensity of which
corresponds to the wet season of the periodic cycles presented in the geographical study area. The
criteria used for the selection were:

(a) Minimum five days in a row of rainfall;

(b) Not having days without precipitation between the chosen days;

(c) The chosen cycle must start and end on a day without precipitation;

(d) Incremental trend;

(e) Rainy months of the city of Santiago de Cali (April, May, June, October, and November);

IFD (intensity—frequency—duration) curves were not considered in this rainfall scenario due to the
fact that the capacity of the spray system per roof prototype was 1.2 L/min. Rainfall for the five days
were simulated as follows: precipitation of 4 mm in a single period of 2.4 min (2 min and 24 s); 12 mm
precipitations in two periods of 3.6 min (3 min and 36 s); 50 mm precipitation in three periods, the
first two of 9 min (15 mm) and the last of 12 min (20 mm); 51 mm precipitation in three periods, the
first two of 9 min (15 mm) and the last of 12.6 min (21 mm); and finally, 1 mm precipitation over 36 s.
The time between each period was thirty minutes for each measurement, and the data employed to
estimate typical conditions were taken from 23 to 29 October 1987 (See Appendix A—Figure Ala).

Intense rainfall: This was considered under the variables of intensity, frequency, and duration.
It was selected the one with historical data higher than 30 mm/h that would have occurred in those
atypical events and under the effects of La Nifia phenomenon. It was also important as a requirement
to have an IFD curve. The selected parameters were the total precipitation (49.70 mm) and a duration
of 1 h (intensity: 49.7 mm/h).

Considering the need to simulate intense rain in the closest way to the IFD curve and taking
into account the capacity and restriction of the irrigation system, this precipitation was simulated
in four periods seeking to represent ten-minute intervals of distribution of the IFD curve. For this
reason, the 17.9 mm precipitation that took a time of 10.74 min was joined with the second 10 mm
precipitation, thus generating continuous precipitation of 16.74 min (16 min and 44 s). The second
period corresponded to a 10 mm precipitation in a period of 6 min, the third to an 8 mm precipitation
in 4.8 min (4 min and 48 s), and, finally, the fourth to a 3.8 mm precipitation in of 2.28 min (2 min and
16 s). Periods two, three, and four started every 10 min. Recorded data for intense rainfall conditions
were taken from 2 June 1995 (see Appendix A—Figure Alb).

Saturation rainfall: This consisted of finding the number of precipitation millimeters required for
simulating over the area of the roofs (average condition). In such a way, precipitation generated an
effect close to the ground saturation. The way to find this was to drop the total capacity of the sprinkler
system on the roof, taking a rain gauge as a measurement reference. Then, when the evacuation flow
was similar in volume to the water entering to the system, the reference volume of the rain gauge was
taken, giving a value of 10 mm over 6 min.
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2.4.2. Rain Simulation

The rain simulations on the green roof prototypes were performed in three cycles that included
the three types of rainfall chosen (typical, intense, and saturation). These considerations were included
to obtain data with technical guidelines for the standardization and validation of the methods used
and to guarantee the following aspects:

1.  To get consistency between the independent results obtained with the same method, the same
test material, the same conditions were used (same operator, same apparatus, and after short
time intervals);

2. Measurement repeatability to provide very similar indications to each other for repeated
applications and under the same measurement conditions;

3. To assure reproducibility of the experiment and the quality of the obtained data;

4. The cycles carried out in the experiment are described in Table 3 below:

Table 3. Simulated precipitation cycles.

CYCLE1 CYCLE 2 CYCLE 3
(Post-Sowing) (Post-Drought) (Stable Cycle)
4 dljy day.s Saturation rainfall Typical rainfall
Saturation rainfall
2 dry days 4 dry days
1 dry day ) . . .
. . Typical rainfall Saturation rainfall
Typical rainfall
4 drv da 4 dry days 4 dry days
y days Intense rainfall Intense rain

Intense rainfall

8 dry days (prolonged drought simulation period) 4 dry days 2 dry days

2.4.3. Monitoring of Performance Parameters

This subsection describes, in detail, the three main variables analyzed in this study: hydraulic
performance, thermal performance, and dead load (Figure 5). Each one of these aspects is described in
detail as follows:

Methods Variables
Materials Retention Coefficient & Dr'alnage.Cap'acny:
Hydraulic Performance parameters evaluated during typical, intense
( ) Section 2.4.3.1 and saturation rainfalls
Green roof prototypes with

different drainage systems:

(a) Basalt gravel (reference) 4 ) (. . D
Difference between environmental temperature
Thermal Performance

. X and temperature below green roof prototypes
(b) Recycled rubber from tires \ Section 2.4.3.2 L p 8 p yp )

(c) Reused PET bottles

(d) Recycled HDPE trays ( ) ( )
\. 7 Dead Load Weight (dry and wet) from green roof prototyes

\ Section 2.4.3.3 ) \ .

Figure 5. Main variables monitored on the green roof prototypes.

Hydraulic Performance: Retention Coefficient and Drainage Capacity

The benefits of green roofs related to hydraulic performance were evaluated by analyzing the
retention coefficient and drainage efficiency. Retention is defined as the volume of water that a green
roof can store during and after a rain event. Such a volume of water can be calculated through the
equation V =P X A x C, where P is the precipitation (mm), A is the area of the green roof, and Cis a
measure of the water storage of the roof system which varies between 0 and 1.0, with being 1.0 the
maximum retention value [16]. Since the objective was to compare the retention capacity (storage),
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variable C (retention coefficient) of such equation was solved to find C = V/(P X A). Considering
that the post-sowing cycle is a cycle that only occurs once after the installation of the green roof, the
post-drought and stable cycles were those taken for the analysis, they should occur permanently during
the lifespan of green roofs.

In addition to the water retention capacity, there is a variable that is related to the delivery of water
flows, ultimately used for the design of urban rainwater drainage systems, which on cities serve on a
large scale to regulate the evacuation times of rainwater to public sewerage systems. Such capacity
mitigates the risk of possible flooding or stream formation in extreme events, and reduces the demand
for large conduction drainage systems.

The performance of the drainage from the green roofs made with recycled and reused materials
is determined by the concept of efficiency, and it is interpreted in an inverse way when the time
variable is associated. Usually, a green roof is considered more efficient than those which demand less
resources. In the drainage study, on the contrary, the efficiency in the performance of a green roof was
recognized as the one that delivers the water flow using the highest amount of time, demonstrating
that no associated side effects, such as an intolerable increase in weight or excessive saturation of the
systems due to the presence of water, were generated. This condition of efficient performance was
identified by having higher flow delivery times, avoiding the collapse of city collection systems for
the evacuation of rainwater. For this analysis, the accumulated in milliliters of the drained water was
taken for each time interval, which was directly measured on the drainage of green roof prototypes.

The volume of drained water collected in plastic containers was measured and subsequently
measured in a 1000 mL cylinder for each rainfall simulations. The collection of retention and drainage
information was manually carried out at the same time when precipitation was simulated. These
conditions varied for each type of rainfall. In the case of intense rainfall, data were collected every 10
min for one hour, making a consistent relationship with the precipitation intervals of the IFD curve.
For typical rain, the frequency of data collection was every 30 min. A pluviometer, chronometer, plastic
containers, and a test tube were employed to measure water retention and drainage capacity.

Temperature

Temperature data were taken from the environment or project site that corresponded to the
space under the tent and at the bottom of the support that contained each green roof prototype, with
constant measurement of 24 h every thirty minutes. It is important to clarify that the temperature
under the tent was higher than the environment temperature due to the local greenhouse effect caused
by the tent. However, all the green roof prototypes were exposed to the same temperature conditions.
The temperature was monitored and recorded through an data logger (HOBO ONSET—H08-004-02).
One day of temperature monitoring was divided in four periods (morning, noon, sunset, and early
morning), and data were collected in the following dates (mm/dd/yy): 07/14/15 for morning and sunset
periods and 07/24/15 for early morning period. Therefore, the obtained results were comparatively
satisfactory and consistent.

Dead Load

The variable of dead load was determined by the weight per square meter of each roof system,
and its interpretation was that the less weight it has for each area unit, the more efficient the system
was because of the lower structural requirements. To consider the weight of the substratum in a
water-saturated state, as suggested by County Flat Roofing (2005) [17] and according to what has been
established by the NSR-10 (Known as “Norma Sismo Resistente de Colombia from 2010”or Colombian
building code 2010), wet soil weighs approximately 1750 kgf/m3. Both saturated and unsaturated
loads were determined in this study.
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3. Results

3.1. Hydraulic Performance

The results obtained in the different types of simulated rainfall conditions are shown below.

3.1.1. Retention Coefficient C

Figure 6 shows the response of the four green roof prototypes under typical rainfall conditions.
The rainfall simulation followed the pre-defined five-days sequence of precipitation (4, 12, 50, 51, and
1 mm). On the other hand, Figure 7 summarizes the behavior of the green roof prototypes for the
intense rainfall condition (simulating a precipitation rate of 49 mm/h).

1
0.9
0.8
0.7
06
05
04
0.3
0.2
ikl <l
5 a
4mm

12mm 50mm 51mm 1mm
Precipitation

Retention Coefficient

mBasalt gravel ®Recycled rubber Recycled PET bottles mRecycled HDPE trays

Figure 6. Average behavior of the retention coefficient (C) for typical rain conditions between
post-drought and stable cycles.

045
04
0.35
0.3
0.25
0.2
0.15

Retention Coefficient

0.1
0.05

Basalt gravel Recycled rubber Recycled PET Recycled HDPE
bottles trays

Precipitation rate 49mm/h

Figure 7. Average behavior of the retention coefficient for intense rain condition between post-drought
and stable cycles.

3.1.2. Drainage Capacity

Drainage capacity was measured for both typical and intense rainfall conditions. Figures 8 and 9
show the graphical results according to the predefined simulation parameters.
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Figure 8. Average behavior of drained water (mL/min) for typical rain conditions between post-drought
and stable cycles.
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o
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m Basalt gravel  mRecycled rubber Recycled PET bottles  m Recycled HDPE trays

Figure 9. Average behavior of drained water (mL/min) for intense rain conditions between post-drought
and stable cycles.

3.2. Temperature

Temperature data from the four moments of the day are summarized in Figure 10. From left
to right: morning, noon, sunset, and early morning. In the first segment, a change between the
environment and the sunrise effect was observed. In the second, a notable difference was observed due
to the high-temperature condition that occurred in the city of Cali and the decreasing contribution of
the roofs. In the third segment, again, a change was observed between the roofs and the environment
due to the arrival of night. Finally, the condition of lower environment temperature in the night and
early morning hours was observed.
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Figure 10. Temperature behavior during the day for roof prototypes and the environment.
3.3. Dead Loads

Weight was measured during the experimentation process for each green roof prototype (see
Table 4). The results showed that both unsaturated and saturated conditions provided the following
order of efficiency in terms of weight: (1) PET bottles, (2) HDPE trays, (3) rubber, and (4) gravel.
Likewise, it was observed that in both conditions, the green roof with a traditional drainage layer
(gravel) showed higher values than roofs made from recycled or reused materials, which provided
weight reductions between 33% and 72%.

Table 4. Weight per area for each roofing system proposed. Value for 1 m?.

Description Roof 1 Roof 2 Roof 3 Roof 4
Tipt Basalt Gravel Recycled Rubber  Recycled PET Bottles  Recycled HDPE Trays
No saturated system kgf/m? 174.6 117.7 493 70.0

Percentage difference in the unsaturated

state, of the weight of the systems,

made with recycled and reused 0.0% 32.6% 71.8% 60.0%
materials, concerning the conventional

green roof system (gravel).

Saturated system kgf/m? 183.3 126.5 53.3 753
Percentage difference in the saturated

state of the weight of the systems made

with recycled and reused materials 0.0% 31.0% 71.0% 58.9%
concerning the conventional green roof

system (gravel).

Table 5 summarizes the weight of each component per area for the four green roof systems
analyzed in this study. Figure 11 illustrates the graphical distribution of layers through pie charts.

Table 5. Weights per area (m?) for components of the studied green roof systems.

Roof 1 Roof 2 Recycled Roof 3 Recycled Roof 4 Recycled
Description Basalt Gravel Rubber PET Bottles HDPE Trays
kgf/m? kgf/m? kgf/m? kgf/m?
San Agustin grass 16.7 16.7 7.5 16.7
Substratum 39.2 39.2 38.3 48.8
Drainage layer 118.2 61.3 29 4.0
Geotextile 0.6 0.6 05 0.5

Total 174.6 117.6 49.3 70.0
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Geotextile _San Agustin Geotextile _San Agustin
0.35% h - Grass 0.52% Grass
9.54% 14.16%
_ Substrate
S 22.43%
Drainage |
layer _ Substrate
Drainage _ 52.04% 33.28%
layer
67.68%
(a) (b)
. i i San Agustin
Drainage Va G‘:";‘;’;:'e D'}Z';,]:rge ~ - Ggo;ezhle Grag .
layer ' - San Agustin 576% 23.82%
5.92% B Grass
15.22%
Substrate
Substrate 69.67%
T77.79%
(c) (d)

Figure 11. Weight distribution for each green roof prototype. (a) basalt gravel, (b) recycled rubber, (c)
recycled PET bottles, and (d) recycled HDPE trays.

4. Discussion
4.1. Retention Coefficient—C

4.1.1. Typical Rainfall

In Figure 6, it can be seen that on the days when the precipitation was less, the roof prototypes
had a higher retention capacity. In roofs with drainage layers of granular materials (gravel and rubber),
the performance in low-intensity rainfall provided a retention coefficient of 1.0. In the case of 1 and
4 mm rainfalls, it ranged from 0.84 to 0.94, respectively. Meanwhile, the roofs whose drainage layers
consisted of the container type system i.e., bottles and trays, showed retention coefficients of 1.0 and
0.78, respectively, for 1 mm rainfall. In the case of 4 mm rainfalls, they presented retention coefficient
values that oscillated between 0.53 and 0.46.

In the case of intermediate intensity rain (12 mm), it was observed that the granular-type roofs
presented a decrease in the coefficient concerning their performance in low-intensity rain and an
inverse effect of the container-type roofs, which improved their performance with the same type of rain.
Despite this effect in intermediate intensity rain, the best performing granular types continued with an
average value of 0.61. When the intensity of the rain increased to 50 and 51 mm, the behavior of all
roofs showed significant reductions, oscillating their retention coefficient in average values between
0.08 and 0.29, respectively.

The described above behaviors during the typical simulated rain cycles, with significant differences
between the granular roof system (gravel and rubber) and the container-type roof systems (bottles and
trays), showed that the first ones started with almost a total retention that later abruptly decreased
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with the increase in the intensity of the rain. In contrast, the second ones on less intense days did
not present good behavior, but they later stabilized and provided acceptable retention performances.
This was because container types with drainage systems that used bottles and trays had holes in their
design that allowed for water flow, which in low-intensity rain made drainage faster and, therefore,
higher compared to granular-type roofs in which, due to the size, distribution, and specific surface of
its rubber and gravel particles, water had to travel longer distances and take more time to move than
due to gravity. In some cases, it was not even possible to evacuate, showing a retention coefficient of
1.0. As simulated rain intensified (and due to the same design conditions), the effects were reversed
due to the storage capacity of the container-type roofs—especially tray roofs, which conserved water
up to a certain level, thus allowing for the improvement of the retention coefficient. The opposite was
evident in the granular-type roofs, which suffered a saturation effect in the presence of intense rain,
and the incoming water came out in similar amounts as a consequence of gravity.

4.1.2. Intense Rainfall

In terms of intense rainfalls, it was observed that in both cycles, the behavior of the green roof
prototypes in regards to retention capacity was similar, with average values ranging between 0.30
and 0.42. The roof prototype with the highest efficiency in rain retention was the tray-type, with an
average value of 0.42. In contrast, the least effective was the bottle-type, with an average value of
0.30. The lowest retention capacity of the roofs was obtained in the PET bottle arrangements due to
the existing spaces inside the cells that comprised the system, allowing for the direct flow of water
through the roof system. However, it was found that although the percentage of voids per square
meter between the bottles was 6%, the impact on the retention coefficient was very low compared to
the other systems studied.

To summarize, the results from the retention coefficient (C) were comparable to conventional
intensive green roofs, showing even better performance for typical rainfall conditions. The literature
has shown that C values for conventional green roofs can range, for example, from 55% to 75% [18],
from 39% to 43% [19], and from 43% to 61% [20]. This study demonstrated that is possible to obtain
values close to 1.0 in the case of low intensity rainfalls and close to 60% in the case of intermediate
intensity rainfalls (for granular type-roofs). To provide better results using recycled materials, it is
necessary to characterize all physical properties and preferable geometries to arrange materials in
detail. It is important to clarify that this study was limited to use recycled materials without additional
processing or modifications.

4.2. Drainage Capacity

4.2.1. Typical Rainfall

The behavior of the roofs in typical rain, related to the flow of evacuated water, was similar to that
presented in the retention coefficient. It was observed that in the first two days of the cycle with rain of
4 and 12 mm (Figure 8), the roof prototype of recycled trays presented higher levels in milliliters per
minute than the others. In the same way, it was observed that roofs of gravel and rubber presented
deficient levels, showing better performance during the first days. This allowed us to conclude that for
rain events equal to or less than 12 mm, the roof system that delivers lower flow rates was the gravel
roof, followed by that made out of recycled rubber.

Figure 8 shows that on the third day, when the simulated rainfall was 50 mm, the condition of the
roofs was the opposite, and the tray roof was the one with the highest efficiency because it showed the
lowest levels of water evacuation. It was observed that the difference between the tray roof and the
others was enlarged over time. This was a consequence of the maturity of the vegetal layer, which
improved self-regulation and reduced flow delivery times.

When the simulated precipitation was 51 mm, the trend of less flow evacuated by the tray roof
continued, and at the same time, it was observed that the gravel roof ended with the highest values.
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This was because in the first two intervals (30 and 60 min), its evacuation was lower because in the first
moments of rain, it retained better; at the end, however, it increased the evacuation quantities.
Finally, it was observed that for 1 mm precipitation, the only roof system that showed water
delivery was the tray roof, which demonstrated a high sensitivity to the initial moments of rain, in
which it did not demonstrate acceptable performance. It should be noted that due to the design of
the drainage layer, it was possible to store water in such a way that it was able to self-regulate flow
evacuation and improve retention capacity in more extended and demanding periods of rain.

4.2.2. Intense Rainfall

It was observed that the flow behavior was similar for the four green roofs, with the best
performance being the tray roof and the lowest performance being the one made up of bottles. The
key factor of the trays was their operation based on their modular design, while in systems with
granular-type drainage, in addition to the size and distribution of particles, specific surface area and
absorption of the material also had influence. The low performance of the bottle system roof was
because it was made up of isolated units that formed cells and not a consolidated and consistent layer
structure that facilitated the retention, self-regulation, and homogeneous life of the vegetation.

It was observed that tray roof delivered one of the highest flows at the beginning due to its design.
However, this situation was later found to be the opposite, and it was the roof that, over time and in
the presence of higher precipitation, behaved more efficiently in self-regulation because it evacuated
the drained water more slowly. The above was reflected in lower volumes for each calculated time.

Between minute ten and minute twenty, the drainage curves showed a noticeable increase in
the amount of water drained concerning the following intervals; this was because the IFD curve (see
Appendix A—Figure A1lb) of the selected intense rain (49.7 mm/h), as it was intended to perform in
the most precise way. Therefore, and according to the conditions of such curve, in the interval of the
first twenty minutes, 27.9 mm were simulated continuously over 16 min and 44 s. From minute twenty,
the flows were more regulated according to the conditions of the selected IFD, which generated the
stability of the drainage curves. The gravel and recycled rubber roofs behaved similarly, delivering
little water at the beginning compared to the others, but they stabilized over time, and despite showing
good performance, they were surpassed by the tray roof system.

The results showed that the proposed green roof systems provided good performance in terms
of water drainage. In the case of bottle system and tray roofs, an intrinsic ability to self-regulate was
evident, which is highly desirable. Responses in respect to the reference green roof made of gravel
demonstrated that all considered recycled materials provided similar responses under the same rainfall
conditions. Further modifications regarding the arrangement of layers and systems (e.g., bottles and
trays) have to be studied to analyze the drainage response and optimize area and material distribution.

4.3. Temperature

In all the analyzed intervals, the behavior of the roofs tended to preserve the ideal conditions
of thermal comfort, which ranged between 21 and 25 °C according to the Colombian Sustainable
Building Code. However, it was not possible to reach this value in some analyzed segments. However,
it was possible to mitigate the effect of external temperature, reducing the intense use of active cooling
systems. The following observations were obtained from the temperature behavior obtained from the
four different green roof systems:

(@) In the first half-hour of the morning for all the analyzed days, it was generally observed, as
shown in Figure 10, that environmental temperature was lower than the temperature of the four
roof systems, presenting a change due to the sunrise, where the condition was contrary and
the roofs had the lowest temperatures. Before reversing this condition, the roof systems with
container type drains (trays and bottles) presented lower temperatures compared to those with a
granular type drainage layer (gravel and rubber). The difference between the highest and lowest
temperature roof did not exceed, in any case,1°C.
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(b) Between 11:00 a.m. and at 2:00 p.m. for all the analyzed days, it was generally observed that the
temperature of the environment was notably higher than the temperature of the roofs. In this
analysis in which the sun radiated more intensely, the benefits of lowering the temperatures of the
green roof systems and the effectiveness of using recycled and reused materials in their drainage
layer were demonstrated. The most extreme case of the difference between the environment
value and the lowest roof was 11.7 °C. Likewise, it was observed that the smallest difference was
2.8 °C between the environment and the tray roof.

(c) At the end of the afternoon, it was observed that the environmental temperature was higher
than the roof temperature until between 4:30 p.m. and 6:00 p.m., when the condition was
the opposite and the green roofs were the ones with a higher temperature, demonstrating the
benefits of lowering temperatures at critical moments that were opposite to the night. However, a
temperature inversion was observed one hour earlier between the roofs and the environment.

(d) According to Figure 10, in the early morning hours, when the temperature was lower compared
to other times of the day, the temperature of the environment was lower than the temperature of
the roofs (in some cases the differences reached up to 2 °C). Moreover, the behavior between roofs
showed that the gravel and trays roofs provided the highest and lowest temperatures, respectively.

Regarding temperature, the results showed the same behavior with minimum variations with
respect to the reference green roof system (basalt gravel). Therefore, the use of recycled materials,
as proposed in this study, is suitable from the perspective of environmental temperature reduction.
The next step in this research direction is the analysis of different vegetation layers (growing and
development) using recycled materials that can provide better responses with respect to temperature
and CO, reduction.

4.4. Dead Load

According to Figure 11, the drainage layer was the most representative component when analyzing
the variable weight. In green roofs with granular materials, values of 52% for rubber and 68% for
gravel were found (these were related to the sum of all green roof components), while, on the contrary,
the percentage of this layer only represented 6% for both cases of roof systems with a container-type
drainage layer. In these, the most representative component was the substratum, with percentages of
78% for bottles and 70% for trays, in terms of the sum of all their components.

When analyzing the behavior of the drainage layers made with recycled and reused materials
compared to the traditional gravel, the second one had a higher weight in all cases. For example, the
recycled rubber drainage layer weighed 48% less than the gravel layer. In the case of the layers of
bottles and trays, these weighed 98% and 97% less than that of gravel, respectively. Likewise, the low
weight of the drainage layers of the PET bottle and HDPE tray systems must be highlighted, since,
in addition to reducing the weight more than significantly, they facilitated handling at the time of
construction, reducing mechanical risk factors associated with the installation work.

When analyzing the total weight of green roof systems, it was found that the system whose
drainage layer was composed of gravel presented a higher percentage of weight than the systems
consisting of rubber, bottles, and trays (33%, 72%, and 60% respectively), which made it a more
demanding system when designing the structures of buildings due to the required increase of loads.

The composition of the weight inside the roofs showed that in the case of systems with a gravel
and rubber drainage layer, the highest proportion was determined by the drainage layer, while the
bottle and tray roofs showed the highest representative weight or load.

With respect to the overall sustainability of the proposed green roof prototypes from recycled
material, it is important to clarify that this study did not cover the lifecycle assessment of materials
involved in the construction of the systems. Therefore, the environmental impacts of materials were out
of the scope of this article. Hydraulic and thermal performances were included and widely analyzed.
Dead loads and initial cost were also calculated as additional parameters for the proposed green
roof prototypes.
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In terms of initial cost, it is important to mention that recycled materials provided a cost reduction
per square meter that was greater than 10% (in the case of HDPE trays) compared to basalt gravel
(Table A1). Maintenance and another lifecycle cost were not included in this article.

5. Conclusions

In this article, scale prototypes of three semi-intensive green roof systems with different types
of drainage systems made out of recycled and reused materials (rubber, trays, and bottles) were
successfully evaluated and compared to a traditional green roof system that used natural aggregates of
(gravel) as its drainage layer.

In terms of hydraulic performance, the behavior of the systems using trays, bottles, rubber, and
gravel (reference) was analyzed in different precipitation regimes (typical and intense). The results
showed that for “typical precipitations,” the granular drainage systems (gravel and rubber) were
very efficient because they retained all the precipitation (retention coefficients close to 1.0), while the
systems composed of module containers (bottles and trays) retained approximately half of the water
supplied at that level of precipitation (retention coefficients close to 0.5). For the “intense precipitation,”
the coefficients reached values close to 0.3 for all roof systems, except for the gravel system, which
reduced its water storage capacity to almost zero (0.08). In general, this study demonstrates the
enormous potential of all the green roofs analyzed in this study to reduce the maximum flow of runoff
water volumes, as they could increase retention time when they are implemented in large areas at the
urban level.

With respect to the thermal behavior, it was possible to verify the effect of temperature reduction
of all the roofing systems. During days when the ambient temperature was very high (approximately
50 °C), a reduction in temperature that ranged from 10.6 to 11.7 °C was found for the investigated
green roof systems. This makes it evident that the use of green roof systems with drainage layers made
out of recycled and reused materials have, like gravel roofs, the potential to reduce the consumption of
electrical energy in buildings derived from artificial cooling.

Finally, a reduction from 33% to 72% in weight per area (dead load) of the green roof was observed
when using recycled and reused materials compared to natural materials in the drainage layers. This
is significantly important because the ease and costs of implementation of green roofs depends on
the structural condition of the building. Therefore, for the load capacity of an existing building, the
dead and live loads must be assessed in order to verify whether, with the increase in the dead load
generated by the weight of the green roof, the building can withstand the loads added to it without
affecting its resistance, as well as if it complies with the specifications of the building construction code.
Otherwise, a structural reinforcement must be designed to guarantee safety.

For new buildings, a structural calculation must be made according to all the loads that act on the
structural system and that come from the weight of all the permanent elements in the construction (dead
loads), the occupants and their belongings (live loads), environmental effects, differential settlements,
and dimensional change restriction following current regulations. The last indicates that due to the
relatively lower density and lower absorption capacity of the recycled and reused materials evaluated
in this research, the implementation of green roof systems, both in existing and new buildings, would
be easier and cheaper.

Future research works will be oriented to evaluate the sustainability and economic performance
of green roofs based on recycled or reused materials. Considering environmental impacts in terms of
material lifecycle and lifecycle costs derived from installing, maintaining, upgrading, and disposing
constructive components. All those parameters need to be included to generate holistic evaluations to
facilitate the decision-making during green roof design and construction.
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Figure Al. Data employed to estimate typical and intense rainfall conditions. (a) Typical rainfall
conditions (from 23 to 29 October 1987). (b) Intensity—frequency-duration (IFD) curve for intense
rainfall (data from 2 June 1995).

Table A1. Approximated costs for each roofing system proposed (Value for 1 m?).

N° Green Roof System Approximated Costs USD
1 Recycled HDPE trays $93.71
2 Recycled PET bottles $97.59
3 Recycled rubber $103.16
4 Basalt gravel $104.49
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