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Abstract

Alternative materials exist for green roof layers: secondary resources:like:coarse or fine recycled aggregates may be
used as a substitute to natural materials. For using these new _types of materials, it is needed to assess their heat
resistance which is performed according to 1SO 9869-1 standard. Moreover, the initial hygrothermal conditions of
unsaturated substrate and drainage layers have also.to be modelled and.assessed for optimizing the layers’ thickness. In
this study, the green roofs with unsaturated substrate and‘drainage layers incorporating coarse recycled materials were
tested and assessed. The hygrothermal conditions of unsaturated substrate and drainage layers were simulated using
WUFI software. A small difference (4.2%) was observed between the Rc-value of the green roofs with and without
coarse recycled materials, confirming that-these materials provided a sufficient thermal resistance, similar to soil
particles for the substrate layer. Considering a constant thickness for the substrate layer (15 cm), a 6-cm drainage layer
with coarse aggregates was considered as the optimum design for green roof systems. Besides, 18-cm unsaturated
substrate layer was the optimum design when the drainage layer’ thickness was considered constant (5 cm). The 6-cm
drainage layer and 18-cm unsaturated substrate layer were definitely the best design for the roofing systems with the

simultaneous change in the substrate and drainage layers’ thickness.

Keywords: Thermal transfer modelling; parametric study; substrate; drainage layer; coarse recycled materials.

1. Introduction

The rapid urbanization growth in the developing world has raised a series of intractable
challenges over the environment with the overuse of natural resources to provide the internal
thermal comfort in buildings, accounting for nearly 40% of the worldwide energy consumption [1-
4]. The energy demand of dwelling houses in urban regions is highly dependent on the building
envelope components such as exterior walls and roofs [4-9]. Specially for poorly insulated
rooftops, replacing the conventional flat roofs with the extensive green roof has drawn the attention
of researchers [9-13]. As a nature-based solution, the extensive green roof has lower weight and
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shallower depth compared to the intensive green roof and the former is able to play a fundamental
role in improving the energy efficiency of houses and rooftops [7,14,15].

From the top of the green roof to its bottom, its layers are composed of vegetation, substrate,
filter, drainage and insulation layers [16,17]. Since the green roof’s thermal resistance was found to
be dependent on the materials’ physical characteristics used for its layers including the substrate
and drainage layers [18], the influence of different types of materials over the green roof layers’
performance has been highly regarded by researchers [18-20]. For instance, the polyethylene
modular panel and natural gravel have been used for the drainage layer [21-25]. The influence of
the aforementioned materials over the green roof systems’ performance was compared to each other
by Wanielista and Hardin [26]. As a result, the water flowed away from the bottom.of green roof
system had nearly the same quality either with the natural gravel aggregate or with the polyethylene
modular panel as the drainage layer. A study by Parizotto and Lamberts [27] demonstrated that the
diffusion characteristics of substrate and the drainage layer of pebble and gravel aggregates
improved the heat retention capacity of green roof systems by generating the thermal mass at the
rooftops, contributing to increasing the heat transfer resistance of ‘green roof layers and
subsequently decreasing the diurnal temperature change.

Due to the dependence of the heat flux on the water content of substrate and drainage layers, the
hygrothermal performances of green roof layers has already been investigated by researchers
[18,28-32]. Yang and Wang [33] showed that the thermal performance of green roof systems was
highly dependent on the hygrothermal properties of the substrate layer. Ouldboukhitine et al. [28]
showed that the thermal properties of the soil effectively influenced the energy balance at the
substrate surface. Besides, the internal thermal ‘comfort was improved by replacing the classical
roof (concrete slab) with the green roof due to lower temperature of soil medium and better
reflection of solar radiation from the substrate surface. A study by Sun et al. [34] showed that the
thermal performance of the green-roof was noticeably influenced by the substrate layers’ moisture
and the incoming solar radiation, while the effect of the relative humidity on the thermal resistance
of green roof layers was not'so.much..He et al. [35] showed that the soil water content remarkably
affected the evapotranspiration phenomenon and the green roof’s thermal performance was
improved by increasing. the,soil moisture level owing to increasing the evaporated water during the
summer period. Vertalet al. [36] simulated the initial hygrothermal conditions of green roof layers
using WUFI software and then they assessed their heat and moisture performance. According to the
results, the roof membrane’s temperature was affected by the substrate’s water content. Moreover,
the roof structure’s life cycle increased owing to the participation of the substrate’s water content
for decreasing the membrane temperature as well as the heat flux across the roof. This process
prevented overheating in buildings during the summer season. Fabisni et al. [37] demonstrated the
thermal properties of substrate and drainage layers was influenced by their water content. As a
result, the raining processes increased the substrate’s thermal conductivity up to triple. According
to a study by He et al. [38], the green roof decreased the heating and cooling loads of buildings by
6.2% and 3.6%, respectively. More importantly, increasing the substrate’s water content increased
the green roof’s cooling effect.

The effect of the substrate and drainage layers’ thickness on the green roof’s thermal
performance has gained much attention in recent years. Sun et al. [39] demonstrated that the water
content stored on the thin substrate layer evaporated faster, leading to reducing the
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evapotranspiration phenomena at the rooftops and subsequently decreasing the green roof’ thermal
performance. On the other hand, the use of a thicker substrate layer caused to absorb more moisture
by its bottom section, preventing the soil water content from participating the evapotranspiration
phenomenon at the rooftop. This process resulted in decreasing the green roof’s thermal resistance.
In general, the insulation performance of the green roof with a thick substrate layer was better than
that of the green roof with a thin substrate layer, even though it was recommended to find the
substrate layer’s optimum thickness somewhere in the middle. According to a study by He et al.
[40], the substrate layer’s thickness had a remarkable effect on the heat flux through the green roof
system either in winter or in summer. This effect was more in the latter. Besides, increasing the
substrate’s thickness positively influenced the delay time of heat flux wave and subsequently
improved the insulation performance of the green roof; however, the positive effect of the substrate
gradually decreased by increasing its thickness, demonstrating the fact that there was a demand to
determine an optimum thickness for the substrate layer. The use of rubber crumbs and pozzolana as
the drainage layer for green roof systems was tested and assessed by Coma et al. [9,41] in the
Mediterranean climate. They showed that increasing the substrate and drainage layers’ thickness
might compensate low thermal performance of green roof,” mainly .in the winter season.
Subsequently, Kazemi et al. [18,19] simulated the green roof layers including the substrate and the
drainage layer of rubber crumbs and pozzolana to assess the layers’ thickness effect on the roofing
system’s thermal performance during the cold and warm periods. Since the WUFI software has
been known as one of the best modelling tools to simultaneously stimulate the thermal and moisture
transfer processes through green roof layers [36,42,43], it was used by Kazemi et al. [18,19] for
modelling the heat and moisture distribution through substrate and drainage layers. Note that the
materials' thermal insulation performance has been referred to some indicators, depending on the
temperature [19,44,45]. Considering this, Kazemi et al. [18,19] assessed the temperature fluctuation
within green roof layers to evaluate the roofing systems’ thermal resistance. The results
demonstrated that increasing the substratecand drainage layers’ thickness improved the thermal
performance of the roofing system either for winter or for summer period, even though there were
no differences between the: results of thicker layers. Thus, after the optimization of green roof
layers’ thickness, the model with 8-cm drainage layer of pozzolana and 10-cm substrate was found
to provide a sufficient thermal performance for the roofing systems.

In general, there is.a demand for optimizing the green roofs’ layers owing to the thermal
performance sensitivity of roofing systems to the substrate and drainage layers’ thickness
[9,18,19,41], because no information was reported by European standards about the optimum
thickness of green roof layers, mainly made with different types of materials [46,47]. Additionally,
it is questionable whether the use of coarse recycled materials was able to provide a sufficient
thermal resistance for the green roof layers, because these materials might affect the hygrothermal
conditions of substrate and drainage layers due to their great porosity [48-55]. In light of the
foregoing background, in this study, green roofs with the unsaturated substrate incorporating coarse
recycled materials and the drainage layer of recycled coarse aggregate were tested and assessed
following ISO 9869-1 [56]. Later on, the hygrothermal conditions of unsaturated substrate and
drainage layers were translated into the WUFI software and the modelling outputs were compared
with green roof specimens’ results. Considering the fact that the thermal insulation performance
was related to the temperature distribution through the depth of materials [19,44,45,57], the
temperature variation within green roof layers was evaluated, where the substrate and drainage
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layers’ thickness was changed to achieve an optimum design of green roof systems with an
adequate thermal performance.

2. Methodology

The reference green roof specimen was composed of the unsaturated substrate without coarse
recycled materials and the drainage layer of natural coarse aggregate (Figs. 1(a) and 1(b)): the
substrate will act as a support for growing plants and the drainage layer will play an important role
beneath the substrate for evacuating water. Besides, the alternative green roof specimen considered
unsaturated substrate with recycled tiles and bricks and the drainage layer of recycled coarse
aggregate (Figs. 1(c) and 1(d)).

Fig. 1. The unsaturated substrate without coarse recycled materials (a); the natural coarse aggregate
for the drainage layer (b); the unsaturated substrate containing recycled tiles and bricks (c); the
recycled concrete coarse aggregate for the drainage layer (d).

The minimum coarse aggregate size is 5 mm according to EN 12620 [58]. On the other hand,
the use of aggregates.with. very big size is not suitable for the thin depth of the drainage layer (5
cm), Therefore, since the water flux should easily pass through the drainage layer [25,26], the size
of 7. mm was considered for the natural and recycled coarse aggregates.

The total thickness of green roof specimens was 20 cm, where the substrate and drainage layers’
thicknesses were considered to be 15 cm and 5 cm, respectively (Fig. 2(a)). A thin filter layer was
used to separate the substrate and drainage layer from each other as shown in Fig. 2(a). The green
roof including substrate and drainage layers were put in a 40 x 40 x 20 cm experimental mould and
then, they were placed in the centre of thermal transfer measurement device between the cold and
hot plates ((Fig. 2(b)), where the surrounding area of the mould was insulated using the
polyurethane foam. After that, the mould mentioned above was compressed between the hot and
cold plates and their bottom and top were exposed to the temperatures. The thermal conductivity
value was automatically measured using the device by means of a sensor installed in the hot plate.



(b)

Fig. 2. Thermal transfer measurement device.

Fig. 3(a) shows a sketch of the control and the proposed green roofs with substrate and drainage
layers (NCA5-SC15 and RCA5-SP15). The NCA and RCA were referred to the natural (N) and
recycled (R) coarse (C) aggregates (A). Moreover, the substrate layers without and with coarse
recycled materials. were the. control (SC) and the proposed (SP) substrate layers. A cross-sectional
view for the 15-cm unsaturated substrate without and with coarse recycled materials (SC15 and
SP15) is shown in Fig. 3(b). The unsaturated substrate layers were put in a 40 x 40 x 15 cm
experimental mould and they were separately placed in the centre of the thermal transfer
measurement device to obtain their thermal resistance. Fig. 3(c) presents the 5-cm natural and
recycled coarse aggregates as the drainage layers (NCA5 and RCA5S). These layers were separately
put in a 40 x 40 x 5 cm experimental mould. After that, they were placed in the centre of the
thermal transfer measurement device to assess their thermal performance as the drainage layer. In
brief, after the heat resistance measurement of green roof layers following ISO 9869-1 [56], their
thermal resistance was compared to each other.
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.\ anTom these temperatures, the air relative humidity at the top and
imens was introduced to the top and bottom of green roof models as
as measured using two relative humidity sensing wires installed at

s used to validate the modelling outputs with experimental results.

s e validation of green roof models, since the materials' thermal insulation performance
16 has been related to some indicators depending on the temperature [19,44,45], the temperature
17 distribution within green roof models was evaluated for the optimization of green roof layers.
18  Indeed, by increasing the thickness of the substrate and drainage layers, the optimum design of
19  green roof layers could be determined when no change in the temperature through green roof’s
20  depth was observed.

21 3. Materials properties and characteristics
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3.1. Thermal heat transfer (ISO 9869-1)

The thermal conductivity value (A) was automatically measured by the thermal transfer
measurement device (Fig. 2(b)). The lower value of thermal conductivity indicates the higher
ability of materials to resist the heat flow [59]. Eq. (1) presents the difference between the top and
bottom surfaces of specimen (AT):

AT=Tn-Te (1)
Where Ty, and T, are the temperatures in the thermal device's heating and cooling sides, respectively
(K).

According to Fourier's law, the density of heat flow rate (q) with the unit of W/m? was calculated

using Eq. (2):

AT
q=r— )
Where | is the thickness of green roof layers (m).

Eq. 3 was used to evaluate the convergence of R.-value (m*K/W) using the.Average Method
given by ISO 9869-1 [56]. The higher amount of R-value demonstrates the more thermal resistance
and better insulation performance of materials [56,60].

_ Ii,ATt
Re= Yitoat ®)
Where t is the time interval, and m is the minimum required measurement period (h).

To report an acceptable Rc-value based to the Average Method, three main criteria to fulfill and
stop the measurement have to be considered as mentioned in the following:

e The measurement period should take at least 72 h.

e The value calculated at the end.of the data set should not deviate more than £5% from the
respective value obtained 24 h'before.

e The resulting value whenapplying.the method to the first 67% of data should not deviate by
more than £5 % from the respective value when analyzing the last 67% of the data.

To converge Rc-value using the Average Method given by ISO 9869-1 [56], it has been
recommended that the difference between exterior and interior surface temperature should be at
least 5-10 °C when using the Average Method [56,61,62]. Therefore, the top and bottom of green
roof specimens were subjected to 16.5°C and 23.5 °C, respectively, resulting in the surface
temperaturedifference.of 7 °C.

3.2. Green roof layers’ properties

Table 1 presents the properties of the substrate and coarse aggregates. To model the green roof
layers using WUFI software, it was required to obtain the specific capacity of materials in the dry
condition. To dry the substrate and coarse aggregates, they were kept in the 40°C oven for 7 and 2
days, respectively. After that, their specific heat capacity was measured using the Calorimetric
method based on ASTM D4611-16 [63]. This parameter for the dry substrate without and with
coarse recycled materials was 880 J/kg K and 810 J/kg K, respectively. The specific heat capacity
for recycled and natural coarse aggregates was obtained 730 J/kg K and 770 J/kg K, respectively.
The aforementioned values were nearly within the specific heat capacity ranges given for the dry
soil and dried aggregate [64,65]. To consider the moisture content effect of green roof layers on
their thermal conductivity values, it was required to measure this parameter for the substrate and
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coarse aggregate layers in both dry and unsaturated conditions according to ISO 9869-1 [56] using
the thermal transfer measurement device. Therefore, the relationship between water content of
materials and their conductivity could be automatically generated as described in the section 3.2.5.

Table 1. Green roof layers’ properties.

Materials Substrate without coarse Substrate with coarse Natural coarse Recycled coarse
recycled materials recycled materials aggregate aggregate
Bulk density, ps (kg/m®) 1075.23 1000.95 1436.56 1164.47
Porosity 0.482 0.4863 0.4167 0.4956
Specific heat capacity, Dry (J/kg K) 880 810 770 730
Thermal conductivity, Dry, A (W/m-K) 0.15 0.17 0.114 0.11
Water vapour diffusion resistance factor, p 3.62 3.35 1 1
Reference water content, Wgg (kg/ms) 10.31 2.73 1.159 3.321
Free water content (kg/m°) 380.95 285.71 42.86 122.76
Water absorption coefficient, A; (kg/m?.s°®) 0.47 0.22 0.0256 0.072
Typical Built-in moisture (kg/m®) 125.46 87.35 4.21 14.34

The moisture properties, porosity, water vapour diffusion resistance factor, and water absorption
coefficient of substrate and coarse aggregates were measured in the laboratory as described in the
following sections:

3.2.1. Water content

The unsaturated substrate and coarse aggregates’ water contents were measured using the
gravimetric analysis following NF 1SO 16586 [66] in which they were put and kept inside of the
oven at 105°C for 48 h to become completely dried out.

The free water content (W) is the ability of materials for holding the water content. Indeed, this
parameter is dependent on the capillary action of materials, trapping the water molecules within
their pore structure at a relative humidity of 100%. However, due to the trapped air in the porous
structure, the value of free water content is lower than the maximum water content (Wmax). In fact,
the latter can be measured by the materials’ porosity [67]. Therefore, a method for measuring the
free water content of soil and coarse aggregates was used as suggested by other researchers [68,69].
In this method, a specific volume of the dry soil was put inside of the funnel in which a cotton wool
in its neck was used.to prevent washing soil particles away as shown in Fig. 4. After that, the
specific amount of water was added to the dry soil using the measuring beaker to assess its water-
holding capacity. By subtracting the collected water in the measuring cylinder from the water added
using the measuring beaker, the trapped water by the dry soil was measured. Therefore, the free
water content (Ws) for a specific volume of soil medium was obtained. As presented in Table 1, the
W value for the substrate without coarse recycled materials was obtained 380.95 kg/m? ,which was
close to the value for the conventional soil as obtained by other researchers [36].
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Collected water _&" 2 :
Fig. 4. Determining water-holding capacity of soil.
3.2.2. Porosity

To obtain the porosity of the drainage layer, the aggregate was first added to the beaker with a
volume 900 cm?® as shown in Fig. 5. Then, the water was added to the same beaker to fill all voids
among aggregates. Obviously, some water could be absorbed by pores of aggregates. The water
absorption for recycled course aggregates was more than that for natural course aggregates as
expected. To ensure that the aggregates’ pores were fully filled with water, the beaker was closed
and kept for 24 h after adding the water. Later on, the surface of water in the beaker with natural
coarse aggregates remained constant. After 24 h, the water surface slightly decreased in the beaker
with recycled coarse aggregates due to their high porosity. Therefore, a few amount of water was
added to the beaker with recycled coarse.aggregates to return its surface to 900 cm®. According to
the results, to fill all void spaces and pores of recycled coarse aggregates in beaker with the volume
of 900 cm?, it was required.to add 446 cm®. The corresponding value for natural course aggregate
was 375 cm®. Considering the density of water of 1 g/cm?® the porosity of drainage layer of
aggregates was calculated using Eq. 4. This value for recycled and natural coarse aggregates was
obtained 49.56 %-and41.67%, respectively. It is noteworthy that the aforementioned method was
also used by other researchers [70] in which the aggregates can be submerged in the water for 24 h
(the saturated surface-dry condition) to make them fully saturated.

Volume of void spaces and pores of aggregates filled with water content 00 (4)

Porosity of drainage-layer =

Total volume (including volume of void spaces,aggregates and their pores)

Natural coarse
aggregate and water

Beakers with a volume
of 900 cm®

Fig. 5. Beakers filled with aggregates and water.
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By measuring the volume of void spaces among soil particles, the porosity of substrate was
calculated using Eq. 5. For this purpose, the volume of dry substrate was determined. Considering
the density of water of 1 g/cm®, the dry substrate with the same volume was fully saturated by water
to fill all void spaces among soil particles. Thereafter, the saturated soil was kept in an oven at 105
°C for 48 h to measure the water content in the sample using the gravimetric method in accordance
with the NF ISO 16586 [66]. As per the results, the porosity of the substrate with coarse recycled
materials was obtained 48.63%. The corresponding value for the substrate without coarse recycled
materials was 48.2%.

Volume of void spaces among soil particles
p g p 00 (5)

Porosity of substrate = . - . . -
Total volume (including volume of void spaces and soil particles)

3.2.3. Water vapour diffusion resistance

The p-value is the water vapour diffusion resistance factor, representing the ratio of the diffusion
coefficients of water vapour in air (Dyg) and in the building materials (D) as shown in Eq. 6. Due
to very low diffusion resistance of porous materials like coarse aggregate layers, the p-value was
assumed to be close to 1, while higher amounts of this parameter should be measured and
calculated for the materials with more diffusion resistance [71].

p= (6)

Dw
According to DIN 52 615 [72], in the physics of building materials, the vapour diffusion
coefficient in air was calculated using an empirical equation given by Schirmer [73] as presented in
Eq. 7:
Duo = 2.3x10°x £ x (27:15)1'81 (7)
Where Py was the standard pressure in Pa (101325 Pa), P, was ambient atmospheric pressure in
Pa (for Liége city = 102300 Pa), and T was absolute temperature in K (295.15 K). Considering

2
these values, the vapour diffusion coefficient in air, Dyo, was obtained 2.62 x 10 mT

As mentioned by Togkalidou et al. [74], assuming the isothermal conditions and the ideal gas
behavior of water vapour, the water vapour diffusivity (Dw) can be attributed to the water vapour
permeability (D,) as shown in Eqg. 8:

D, = 2281 @®)

2 2
Where Dy, is the water vapour diffusivity in mT D, is water vapour permeability in mT R is molar
gas constant in'm? kg s K™ mol™ (8.3144598 m? kg s K™* mol™), T is temperature in K, and M is
the water vapour molecular weight in I:—g (0.01801528 %).

ol

According to 1SO 12572 [75] and EN 1015-19 [76], the cup test method can be used for
obtaining the water vapour permeability (Dy). In this method, the testing samples should be sealed
on the open mouth of cups in which the water vapour pressure is kept constant at appropriate levels
by means of saturated salt solutions. The cups are placed in a temperature controlled environment
with a constant water vapour pressure different from that inside the cups. The rate of moisture
transfer is determined from the change in weight of cups under steady state conditions. As per EN
1015-19 [76], the water vapour permeability (D,) can be obtained by multiplying the water vapour
permeance (A) by the thickness of specimen (¢) as presented in Eq. 9:

10
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Where the units of water vapour permeance (A) and thickness of specimen ({) are . and m,
respectively.
Eq. 10 can be used for obtaining the water vapour permeance (A):
1

A6 ~Ra
Bt

Where A is the area of the open mouth of the test cup in m? (0.02 m?) based on EN 1015-19 [76],
Ra is the water vapour resistance of the air gap between the specimen and the salt solution (0.048 x

2
109 Fam=s per 10 mm air gap), % is the water vapour flux in ks—g, which can be obtained using the

cup test method, and AP is the difference in water vapour pressure between the ambient air and the
salt solution. Eq. 11 is proposed by BS 5250 [77] for the calculation of the pressure, P (Pa).

17.269 %6

P=¢ x610.5x ¢237376 (11)

Where ¢ is the relative humidity (unitless), and 8 is the temperature in °C.

Based on the above equations, cup test method was used for measuring the water vapour
transmission rate (EN 1015-19) [76]. To calculate the water vapour permeance (A) using Eq. 10, it

was required to obtain some parameters’ including A, Ra, AP, and % Concerning this, cubic

specimens with a thickness of 4 cm were prepared- (Fig. 6(a)). The area of the open mouth of the
test container (A in Eq. 10) was 0.02 m? (0.14x0.14 m). The thickness of air layer (Fig. 6(a)) was
equal to 10 mm used for determining Ra in Eq. 10. To obtain the AP, the pressures inside and
outside of the container (P;, and P,.) were.calculated using Eqg. 11. The container was placed in a
conditioning chamber with a Heating Ventilation and Air Conditioning (HVAC) system (Fig. 6(b)),
where according to the EN-1015-19 [76], the relative humidity and temperature were required to be
50 £ 5% and 20 + 2 °C, respectively. The outside relative humidity (¢) and temperature (6) in the
conditioning chamber were equal to 0.51 and 22 °C, respectively. Considering these values in Eq.
11, Poyt was obtained 1347.63 Pa. Inside of the container (22°C), a saturated solution of potassium
nitrate KNOg guaranteed a relative humidity of 93.2% as proposed by EN 1015-19 standard [76].
So, the inside relative humidity (¢) and temperature (6) in Eq. 11 were equal to 0.932 and 22 "C,
respectively. Based on these values, Pi, was obtained 2462.73 Pa. Hence, AP value was equal to
1115.1 Pa. Another parameter in Eg. 10 was %, representing the water vapour permeability rate.
This parameter could be defined as a function of the amount of water vapour, passing through the
soil specimen’s surfaces. As shown in Fig. 7, % values were determined from the graphs of

substrate specimens, regardless of lines' negative slope. It is noteworthy that the lateral faces of
plastic container were waterproofed with epoxy resin to prevent passing the moisture transfer from
its edges as shown in Fig. 6(b); moreover, a stainless steel woven mesh at the bottom of the
container of specimen was holding the sample in place.After obtaining all parameters in Eq. 10, the
water vapour permeance (A) was calculated. Later on, the water vapour permeability (D,) was
calculated using Eq. 9. After that, the water vapour diffusivity of specimen (D,,) was obtained using

11



1 Egq. 8. Finally, the water vapour diffusion resistance Factor (i) was calculated using Eq. 6.
2 Therefore, the p-value of the substrate with and without coarse recycled materials was obtained
3 3.35 and 3.62, respectively. These values were nearly within the ranges given for soil materials
4 [36,78,79].
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3.2.4. Water absorption coefficient

A cross-sectional view of capillary test is shown in Fig. 8 (a). According to EN 1925 [80], the
soil specimens were put in the right circular cylinder with a diameter of 50 £ 5 mm and then, they
were immersed in 3 + 1 mm of water on one of their sides. As indicated in Fig. 8 (b), the specimens
were hung from the bottom of the weighing scale to record their weight over time by sucking the
water from their bottom side. The water absorption coefficients for the substrate and coarse
aggregates are shown in Fig. 9. Depending on the type of materials, this coefficient varies
remarkably. For instance, the water absorption coefficients of the substrate with and without coarse
recycled materials were obtained 0.22 kg/m”s’° and 0.47 kg/m?s®°, respectively, which were
within the ranges given by Soudani et al. [81] for soil materials.
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Fig. 8. A cross-sectional view of capillary test (a); testing setup in lab (b).
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Fig. 9. Water absorption coefficients for the materials used for the green roof layers.
3.2.5. Modelling green roof layers parameters

In this study, the WUFI simulation software was implemented for modelling and optimizing the
green roof layers’ thickness. To reliably validate the numerical models with the roofing systems’

13



~ w0 N P

ol

© 0o N o

10
11
12
13
14

15
16
17
18

19

20
21
22
23
24

25
26
27
28
29
30
31

32

33
34

results, the green roof layers were automatically meshed using the fine grids available in the WUFI
software. After introducing the free water content (Ws) to the software, the moisture storage
function (Eqg. 12) could be automatically used by WUFI [71,82] to obtain the moisture storage
graphs of substrate and coarse aggregates as shown in Fig. 10 (a).

- (b-1).0
W = Wi == (12)

3
Where W is the moisture content corresponding to relative humidity (k%), and b is the

approximation factor that can be empirically specified by recognizing the moisture content of
substrate and coarse aggregates in equilibrium at a relative humidity of 0.8 [83]. Thisfactor ranges
from O to 1 and it is close to 1 for free water saturation [84]. Note that the typical built-in moisture
was the moisture corresponding to the materials’ relative humidity of 0.8 [71,82]. This parameter
for the substrate and coarse aggregates was calculated using Eq. 12 as.presented in Table 1.
Moreover, to obtain the moisture storage graphs of materials in WUFI software, the reference water
content, Wgo, was calculated using Eq. 12 when the relative humidity of materials should be
assumed 0.8 [71,82].

Another parameter was the moisture-induced heat conductivity supplement (b;), which could be
defined as the percentage increment in thermal conductivity per the percentage increment in
moisture content. To calculate b, the values of bulk density, thermal conductivity of materials with
a specific amount of water content were substituted into Eq. 13 [85].

- A _1yxps
w

Where the A(w) and A, are the thermal conductivity of materials in moist and dry conditions,

respectively (W/m-K). After introducing b; values to the WUFI software, a linear relationship

between the thermal conductivity and the normalized water content could be automatically

generated using Eq. 13 as shown in Fig. 10 (b) [36,85,86]. The normalized water content was the

ratio of the water content (kg/m®) to the maximum water content (kg/m?®).

(13)

The capillary uptake of water for the fully saturated materials can be defined as a parameter in
WUFI software, namely the liquid transport coefficient for suction (Dws). The liquid transport
coefficient for redistribution (Dww) represents the spread of the imbibed water when the fully
saturated condition is finished. This process is associated with the beginning of the water
redistribution through the material’s depth without uptaking the water [67,71] . The Dws parameter
could be related to the normalized water content using Eq. 14 after introducing the materials’ water
absorption coefficient to the WUFI software as shown in Fig. 10 (c) [71,87,88].

o)1

Dus(W) = 3.8 (222 10007 (14)
i

Where A; is the water absorption coefficient. As shown in Fig. 10 (d), the Dy, parameter was
automatically identical to the Dys parameter using the WUFI software for simplicity [36,71,89].
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Fig. 10. Moisture storage graph (a); thermal conductivity versus materials’ water content (b) ;
liquid transport coefficientfor the capillary suction (Dws) (c); liquid transport coefficient, for the
capillary redistribution (Duw) (d).

3.2.6. Green roofs’ geometrical characteristics

Table 2 presents the green roof layers’ geometrical characteristics. After validation of the control
and the proposed green roof models with 15-cm substrate and 5-cm coarse aggregate layers (NCA5-
SC15 and RCA5-SP15), their thicknesses were numerically changed using the WUFI software to
achieve an optimum design of roofing systems. First, the drainage layer’s thickness was changed
from 5 cm to 4, 6, 7, and 8 cm when the substrate layer’s thickness was kept 15 cm for both the
control and the proposed green roof models. Later on, the substrate’s thickness was changed from
15 cm to 12, 18, 21 cm when the drainage layer’s thickness was kept 5¢cm for both the control and
the proposed green roof models. After that, as presented in Table 1, the substrate and drainage

layers’ thickness was simultaneously changed by keeping the ratio of substrate to drainage layer
constant (3).
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Table 2. Green roofs’ geometrical configurations.

Thickness (cm)

No.  Specimens ID

Drainage layer Substrate
1 NCA?24-SCP15 4 15
2 NCA5-SC15 5 15
3 NCAB6-SC15 6 15
4 NCA7-SC15 7 15
5 NCA8-SC15 8 15
6 NCA5-SC12 5 12
7 NCA5-SC18 5 18
8 NCA5-SC21 5 21
9 NCA4-SC12 4 12
10  NCA6-SC18 6 18
11  NCA7-SC21 7 21
12 RCA4-Spd15 4 15
13  RCA5-SP15 5 15
14  RCA6-SP15 6 15
15  RCAT7-SP15 7 15
16  RCAS8-SP15 8 15
17  RCA5-SP12 5 12
18  RCA5-SP18 5 18
19  RCA5-SP21 5 21
20  RCA4-SP12 4 12
21  RCA6-SP18 6 18
22  RCAT7-SP21 7 21

# Natural coarse aggregate

P Substrate without coarse recycled materials (control substrate)
° Recycled coarse aggregate

9 Substrate with coarse recycled materials (proposed substrate)

4. Results
4.1. Heat transfer measurement using the ISO-conversion method

The thermal conductivity and Rc-values of green roof layers are presented in Figs. 11 and 12,
respectively. The heat flux measurements were based on the Average Method’s criteria given by
ISO 9869-1 [56].
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Fig. 11. Green roof layers’ thermal conductivity.
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According to the first requirement given by the ISO-conversion method, the measurement period
should take at least 72 h. Table 3 presents all specimens’ test durations. For the control and the
proposed green roof specimens (NCA5-SC15 and RCA5-SP15); the last 118 h of the test duration
was considered for assessing their Rc-value convergence..The last 76 h of the test duration for the
natural and recycled coarse aggregate layers (NCA5 and RCAS5) was supposed to assess their Rc-
value convergence. The last 73 h of the test duration for the unsaturated substrate without and with
coarse recycled materials (SC15 and SP15).was considered.as their convergence duration.

Table 3. Green roof layers’ thermal properties.

Specimens 1D NCA5 "'RCA5" SC15 SP15 NCA5-SC15 RCA5-SP15
Test duration (h) 101 101 122 122 166 166
Convergence duration (h) 76 76 73 73 118 118
Thermal conductivity unsaturated, (W/m-K) 0.114 0.11 0.31 0.32 0.27 0.28
Re-value (m?K/W) 0.44 0.446 0.48 0.46 0.75 0.72

As per the second requirement given by 1SO 9869-1 [56], the value calculated at the end of the
data set should not deviate more than +5% from the respective value obtained 24 h before.
Concerning this, 24 h before the end of the data set, the Rc-values for NCA5-SC15, RCA5-SP15,
SC15, SP15; NCA5, .and RCA5 were 0.743, 0.713, 0.481, 0.462, 0.443, and 0.44 m2K/W,
respectively. The resulting values at the end of the data set were 0.75, 0.72, 0.48, 0.463, 0.443, and
0.446 m2K/W, respectively. Therefore, the difference between the Rc-values at the end and 24 h
before the end of the data set was not more than 1.4%, satisfying the second requirement given by
ISO 9869-1 [56].

Based on another requirement of the 1SO-conversion method, the resulting value when applying
the method to the first 67% of data should not deviate by more than +5 % from the respective value
when analyzing the last 67% of the data. The results showed that the average Rc-values for the first
67% of the convergence duration for NCA5-SC15, RCA5-SP15, SC15, SP15, NCA5, and RCA5
were 0.748, 0.715, 0.481, 0.461, 0.441, and 0.449 m°K/W, respectively. The corresponding values
for the last 67% convergence duration were 0.746, 0.724, 0.48, 0.462, 0.44, and 0.446 m?K/W,
respectively. According to the results, the difference between the obtained Rc-values for the first
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and the last 67% of the convergence duration was not more than 1.3%. In general, the results of
heat transfer measurements met the 1ISO-conversion method’s requirements.

4.2. Validation of the models with the roofing systems
The air relative humidity variations at the top and bottom of the control and proposed green
roofs as well as temperature fluctuations through their depths are shown in Figs. 13(a) and 13(b).

For the validation of the models, the temperature fluctuations through their depths were compared
with those of roofing systems (NCA5-SC15 and RCA5-SP15).
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Fig. 13. Experimental results and modeling outputs for the control green roof specimen, NCA5-
SC15, (a) and the proposed green roof specimen, RCA5-SP15, (b).

As expected, the temperature distribution at the top and the bottom of green roof models had the
same trend as observed for the roofing systems. Based on the results of the control green roof
specimen during the convergence period, the average temperatures of 19.64 °C and 21.56 °C were
attained in the middle of the substrate and between the substrate and drainage layer, respectively.
The corresponding temperatures for the control model were 19.6 °C and 21.5 °C, respectively.
According to the proposed green roof specimen’ results during the convergence period, the average
temperatures of 19.1 °C and 20.84 °C were attained in the middle of the substrate and between the
substrate and drainage layers, respectively. The corresponding temperatures were equal to 19.05 °C
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and 21.19 °C for the proposed model. Consequently, the general trend of the temperature
distribution through the models’ depth was nearly the same as observed for the roofing specimens.
Moreover, the difference between the modelling and experimental specimens’ temperatures through
the layers’ depth was no more than 1.7%.

4.3. Effect of layers’ thickness
4.3.1. Thickness of drainage layer

By changing drainage layer’s thickness, the average temperature values within green roof layers’
depth were obtained during the convergence duration of Rc-value (the last 118 _h of the test
duration) as presented in Fig. 14.
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Fig. 14. Effect of drainage layer’s thickness onthe average temperature value in the models’ depth.

By increasing the drainage layer’s thickness, its optimum design could be determined when no
change in the temperature through green.roof’s depth was observed. The temperature between
substrate and drainage layer for the control models with different thicknesses of drainage layer was
ranging from 21.2 °C to 21.82 °C. It can be stated that there was a mild decrease in temperature
when the thickness of drainage layer of natural coarse aggregate increased. However, the average
temperature value for 6-cm drainage layer was found to be nearly the same as 7- and 8-cm drainage
layer (21.2 °C):"The same result was observed in the middle of substrate layer, where the
temperature_for the models with 6-, 7- and 8-cm drainage layer was near to 19.2 °C. On the other
hand, the temperature of 21 °C was observed between substrate and drainage layer for the proposed
models with 6-;.7-, and 8-cm drainage layer. Moreover, the temperature in the middle of substrate
layer for the proposed models was about 18.9 °C.

4.3.2. Thickness of the substrate layer

The average temperature values within green roof layers’ depth were obtained during the
convergence duration of Rc-value (Fig. 15) when the unsaturated substrate layer’s thickness was
changed.

19



24 _| ® Middle of substrate B Between substrate and drainage layer I_

23

22

21

20

Temperature (°C)

19

18

17
o ;& 6&9\% & S
& ¥ g g SR S

Fig. 15. Effect of substrate layer’s thickness on the average temperature value in the models’ depth.

The optimum design of substrate layer was ascertained by increasing. its thickness when no
change in the temperature was observed through green roof’s depth. For.the control models, the
middle of the substrate's temperature for green roofs with 12-, and 15-cm'substrate layer was 19.28
°C and 19.5 °C, respectively. Besides, the average temperature value for 18-cm substrate layer was
nearly the same as 21-cm substrate layer (19.7 °C). The same result was obtained between the
substrate and drainage layer, where the temperature for. the control models with 18-, 21-cm
substrate layer was near to 21.9 °C. On the other hand, the temperature value of 19.32 °C was
obtained in the middle of substrate for the propesed model with 18- and 21-cm substrate containing
coarse recycled materials. Similar to‘this, the temperature between the substrate and drainage layer
for the proposed model with 18-cm substrate was obtained near to the same as the propose model
with 21-cm substrate (21.9 °C).

4.3.3. Thickness with constant ratio of substrate to drainage layer

By simultaneously changing the. substrate and drainage layers’ thickness, the average
temperature values within green roof layers were attained as shown in Fig. 16.
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Fig. 16. Effect of substrate and drainage layers’ thickness on the average temperature value in
the models’ depth.
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As per the modelling outputs, no remarkable difference was observed in the middle of the
substrate's temperature when the substrate and drainage layers’ thicknesses were simultaneously
changed. As an example, the aforementioned temperature for the control models ranged from
19.4°C to 19.5 °C. The range of 19.1-19.2 °C was obtained for the proposed models. On the other
hand, a moderate temperature increment between the substrate and drainage layer was observed for
both control and proposed models by increasing green roof layers’ thickness. However, this
temperature for the model with 18-cm substrate was obtained near to the same as the model with
21-cm substrate. For instance, this temperature for the proposed models with 18-, and 21-cm
substrate (RCA6-SP18 and RCA7-SP21) was about 19.2 °C. The control models’ corresponding
temperature for the same designs of substrate layer was about 19.4 °C.

5. Discussion
5.1. Green roof layers’ thermal performance

Table 3 presents the thermal conductivity and Rc-value of roofing systems™ layers following the
ISO-conversion method. The aforementioned parameters can be used for the materials’ thermal
transmission and resistance [18,19,90,91]. The thermal conductivity of 0.11 W/m-K and Rc-value
of 0.44 m?K/W were obtained for both the natural and recycled.coarse aggregate layers (NCA5 and
RCAD5) as presented in Table 3. Although natural coarse aggregates’ properties were different to
that of the recycled coarse aggregates, the thermal performance of the layer including either the
natural coarse aggregates (NCAS) or recycled coarse aggregates (RCAS5) were found to be similar
to each other. It is noteworthy that the building materials’ heat resistance can be improved by
trapping the air-voids among their particles [18,19,92-94]. Therefore, similar thermal performance
of NCA5 and RCAS could be attributed to the air-voids among coarse aggregates and indeed, their
Rc-values were more affected by air-voids than coarse aggregate types.

The materials used for the soil medium play a key role for improving the heat resistance of green
roof systems. Therefore, the thermal sensitivity of substrate with different types of materials should
be assessed [18,36,38]. As per the modelling outputs, no significant difference was observed
between the thermal conductivity of unsaturated substrate layer without coarse recycled materials,
SC15 (0.31 W/m-K) and the unsaturated substrate layer with coarse recycled materials, SC15, (0.32
W/m-K). Following this, the. Rc-value of the former, 0.48 m?K/W, was close to that of the latter,
0.46 M?K/W, demonstrating less than 4.3 % difference between their thermal resistances. It can be
stated that the substrate layer’s thermal performance was not changed so much with the presence of
coarse recycled materials. Therefore, they created a sufficient thermal resistance and water retention
capacity like soil particles for the substrate layer. In brief, both the control and the proposed
substrate layers (SC15 and SP15) provided a sufficient thermal mass for the roofing systems,
similar to the conventional substrate layers used by other researchers for green roofs [27,95].

The difference between the control and the proposed green roof systems (NCA5-SC15 and
RCA5-SP15) showed a narrow difference between their Rc-values (4.2%). This small difference
was due to the effect of coarse recycled materials on the substrate layer, even though it was
negligible. The recycled coarse aggregate for the drainage layer and coarse recycled materials for
the substrate layer of green roof systems was able to provide a sufficient thermal resistance. Note
that the thickness of substrate layer was three times more than that of coarse aggregates as the
drainage layer, while the Rc-value of the former was 9% more than that of the latter at the most. It
is worth bearing in mind that the coarse aggregate layer’s thermal resistance could be better than
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that of the unsaturated substrate layer by considering an equal thickness for both of them owing to
air-voids among aggregates, generating high heat resistance for the drainage layer.

5.2. Parametric study

Assuming a constant thickness for the substrate layer (15 cm), no change was observed among
the green roof models with 6-, 7- and 8-cm coarse aggregate layers. This result was observed for
both the control and the proposed green roof models, due to the fact that their thermal performance
was dominated more by the air-voids among aggregates than the coarse aggregate types. That’s
why the Rc-value of green roofs either with the natural coarse aggregates or with the recycled
coarse aggregates as the drainage layer was obtained nearly the same as presented in Table 3. Based
on the above, the presence of air-void among coarse aggregates with 6-cm drainage layer
sufficiently provided the thermal performance for green roofs. Therefore, the NCA6-SC15 and
RCAG6-SP15 models were the optimum designs of the roofing systems, while a constant thickness
of 15 cm was assumed for the substrate layer.

Increasing the unsaturated substrate layer’s thickness contributed to. improving the thermal
resistance of the models, similarly to what Sun et al. [39] concluded.. However, considering a
constant thickness for the drainage layer (5 cm), no difference was seen between the green roof
models with 18- and 21-cm substrate layer. It can be said that the positive influence of the
unsaturated substrate layer gradually decreased by increasing its thickness as observed by other
researchers [40]. This may be due to the fact that more moisture could be absorbed by one side of
the thicker substrate (21 cm), leading to decreasing the participation of the soil’s water content for
reducing the heat flux through the substrate layer as revealed by Sun et al. [39]. So, it was required
to determine the unsaturated substrate layer’s eptimum thickness somewhere in the middle (18 cm)
[18]. As a result, the NCA5-SC18 and RCA5-SP18 models were introduced as the optimum designs
of the roofing systems, while a constant thickness of 5 cm was assumed for the drainage layer.

By simultaneously changing the substrate and drainage layers’ thickness and keeping constant
their thickness ratio, the models with 6-cm drainage layer and 18-cm unsaturated substrate layer
(NCAG6-SC18 and RCA6-SP18) were introduced as optimum designs of the roofing systems. Note
that the use of lightweight roefing systems for the rooftops has been suggested by researchers
[18,19]. Therefore, the proposed green roof (RCA6-SP18) was suggested to be employed in this
regard owing to.its lower weight than the control green roof (NCA6-SC18).

In general; for the, control models, a separate increase in the substrate and drainage layers’
thickness resulted in‘the introduction of NCA5-SC18 and NCA6-SC15 as the optimum designs of
the roofing. systems, while NCA6-SC18 was assumed as the optimum design by simultaneously
changing the substrate and drainage layers’ thickness. Therefore, a simultaneous increment in the
unsaturated substrate and drainage layers’ thickness contributed to creating better thermal
performance for the green roofs. Of all optimum designs for the control models, the lowest weight
was obtained for NCA6-SC15 (247.48 kg/m?) by considering the materials’ density values in Table
1. Among all optimum designs for the proposed models, RCA6-SP15 had the lowest weight
(220.01 kg/m?). In brief, it is recommended to use the coarse recycled materials for the roofing
systems’ layers owing to their low weight and sufficient thermal performance.
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6. Conclusions

This study experimentally assessed the thermal resistance of green roof layers with coarse
recycled materials following 1SO 9869-1 standard. The initial moisture and thermal properties of
the layers were simultaneously simulated and their thickness was optimized. Based on the
experimental and modelling outputs for the roofing systems, the following conclusions can be
considered:

On the basis of ISO 9869-1 standard, the Rc-value of the drainage layer either with the
natural coarse aggregates or with recycled coarse aggregates was the same (0.44
m2K/W). It means that drainage layer’ thermal resistance was mainly influenced by the
air-voids among coarse aggregates and not by the porosity of recycled aggregates.

A small difference (4.3 %) appeared between the Rc-value of the control substrate layer
(SC15) and the proposed substrate layer (SP15). Therefore, considering the fact that the
substrate layer’ thermal performance was dependent on soil moisture content, the coarse
recycled materials provided an adequate thermal resistance, similar to soil particles for
the substrate layer.

A small difference (4.2%) was observed between the Rc-value of the control and the
proposed green roof systems (NCA5-SC15 and RCA5-SP15), owing to the presence of
coarse recycled materials in the substrate layer of the latter. However, this negligible
difference demonstrated a sufficient thermal performance of the proposed green roof with
coarse recycled materials.

The substrate layer’s thickness was three times higher than that of coarse aggregates for
the drainage layer, while its Rc-value was mostly 9% higher. Considering an equal
thickness for the aforementioned layers, the coarse aggregate layer’s thermal resistance
could be better than that of the unsaturated substrate layer.

After translating green roof layers’ initial hygrothermal properties into WUFI software,
the thermal performance of the models with and without coarse recycled materials was
reliably validated with that of roofing systems. Besides, a stable distribution of
temperature.through green roof models’ depth was observed, similarly to what occurred
for the lab-scale green roof specimens, where the difference between the modelling and
experimental specimens’ temperatures through the layers’ depth was no more than 1.7%.

Considering a constant thickness for the substrate layer (15 cm), 6-cm drainage layer
either with natural coarse aggregates or with recycled coarse aggregates represents the
optimum design for the roofing system. The 18-cm unsaturated substrate layer with and
without coarse recycled materials was considered as an optimum design for the rooftops,
while a constant thickness of 5 cm was considered for the drainage layer.

A simultaneous change in the substrate and drainage layers’ thickness showed that 6-cm
drainage layer and 18-cm unsaturated substrate layer (NCA6-SC18 and RCAG6-SP18)
were the best design to provide a sufficient thermal resistance for the roofing systems.

Finally, the proposed green roof models with optimized thicknesses can be recommended to be
used for the green roof systems, owing to the importance of choosing lighter materials with an
adequate thermal performance for the rooftops.
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