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Abstract
Extensive green roofs are urban construction systems that provide thermal regulation and sound proofing for the buildings
involved, in addition to providing an urban heat island mitigation or water retention. On the other hand, policies towards
reduction of energy consumption, a circular economy and sustainability are core in the European Union. Motivated by this, an
experimental study was carried out to evaluate the environmental risk assessment according to release levels of polluting
elements on leachates of different green roof substrate mixtures based on recycled aggregates from construction and demolition
waste through (i) the performance in laboratory of two procedures: compliance and percolation tests and (ii) an upscaled
experimental leaching test for long-term on-site prediction. Four plots were built on a building roof and covered with autoch-
thonous Mediterranean plants in Córdoba, South of Spain. As growing substrate, four mixtures were used of a commercial
growing substrate with different proportions of a fine mixed recycled aggregate ranging from 0 to 75% by volume. The results
show that these mixtures were classified as non-hazardous materials according to legal limits of the Landfill Directive 2003/33/
CE. The release levels registered in extensive green roofs were lower compared to the laboratory test data. This shows how
laboratory conditions can overestimate the potential pollutant effect of these materials compared to actual conditions.
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Introduction

People living in urban areas accounted for 54% of the
world population in 2014. In 2050, it is estimated that this
figure will reach 66%. Taking into account the global pop-
ulation estimate at that date, this means that, in 2050, 6.5
billion people will be living in cities, two-thirds more than

in 2014 (United Nations 2014). This is a growing evidence
of the challenging problems attached to this matter, making
it crucial to tackle environmental issues in cities.

Green roofs are urban construction systems that are able to
provide multiple ecosystem services in order to protect not only
buildings involved but especially the environment. The rise of
green roofs due to their multiple benefits is widely studied
(Getter and Rowe 2006). Green roof benefits include runoff
water mitigation, water and air quality improvement, carbon
storage and sound proofing, but especially thermal regulation
of buildings and urban heat island mitigation. Extensive green
roofs are those which are partially or fully covered by a thin and
light layer with vegetation and a growing medium over a wa-
terproofing membrane (Santamouris 2014).

On the other hand, construction materials at the end of their
useful life become waste that can cause serious environmental
problems. The recycling and reuse of this construction and
demolition waste (CDW) as new materials contribute to sus-
tainability. These new materials are then called recycled
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aggregates (RA), which are mainly composed by concrete,
natural aggregates, bricks, and some lesser extent other con-
stituents such as gypsum, wood, glass and plastics. The most
common applications of these RA are in civil works such as
bases and subbases of roads and backfilling, and others such
as mortars, concrete and beds of pipes (GERD 2012). In terms
of RA nature, the two major RA from CDW are recycled
concrete aggregates, which are produced by crushing con-
crete, and mixed recycled aggregates (MRA), which contains
a significant percentage of masonry rubble. In Southern
European countries, many architectural interior building ele-
ments are ceramic. In Spain, MRA represents over 70% of the
total RA production (GERD 2012). In terms of RA particle
size, while each CDW treatment plant offers their own size,
three types are generally distinguished: fine, course, and the
most common, graded aggregate. In a study carried out in
Andalusia, Spain, it was found that the fine fraction was only
13.5% of the total RA produced (Public Works Agency of the
Regional Government of Andalusia 2015). This fine fraction
is underused and is disposed in dumps in the CDW treatment
plants in Spain or is used in pipe bending with low embodied
energy.

European Union policies towards a circular economy and
sustainability are core on taking a resource life cycle ap-
proach: to reducing the negative environmental impacts of
resource use and to increasing eco-efficiency. These have been
established through Directive 2008/98/EC, the legal frame-
work for waste, from generation to disposal, with emphasis
on re-use, recycling and other recovery in order to reach 70%
by weight of the CDW in these actions by 2020 in the
European member states.

The use of RA encompasses environmental risks, how-
ever. RA applied on-site in contact with external agents,
mainly rainwater, can contaminate ground and surface wa-
ter (Van der Sloot and Dijkstra 2004; Eikelboom 2006).
Total content of a pollutant is not the decisive factor but
rather its capacity to be incorporated into the water under
certain conditions. Therefore, leaching tests are the
established experimental procedures for assessing the envi-
ronmental risk (Townsend et al. 2003; Wahlström et al.
2000). The European Union Landfill Directive 2003/33/
CE, hereinafter called as LD, lays down criteria and proce-
dures for the acceptance of waste at landfills, and the limit
values established therein are used as reference for compar-
ison with the results obtained with leaching tests.

Leaching test results in laboratory conditions should not be
transferred directly to on-site conditions owing to the circum-
stances that surround the applied RA. These include the de-
gree of compaction, temperature, contact time with water, ag-
ing effect (carbonation) and others (Van der Sloot 2000). The
relation between laboratory and on-site leaching test results
has been studied by several authors (Schreurs et al. 2000;
Engelsen et al. 2012; Izquierdo et al. 2008).

Different studies (Galvín et al. 2012; GEAR 2012; Del
Rey et al. 2015) have been carried out in Andalusia, Spain,
about the environmental risk assessment of RA from dif-
ferent CDW treatment plants through leaching tests. They
found that chromium and sulphate were the most critical
elements according to the LD criteria. This was in
accordance with Butera et al. (2014) and Van der Sloot
(2000), who found that the most conflicting elements were
the aforementioned elements and chloride. Galvin et al.
(2014) evaluated the effect of compaction on leaching in
MRA, concluding that the levels of chromium and sulphate
were reduced in a newly designed leaching percolation test
under compaction compared to those in a conventional,
uncompacted leaching test.

The use of different inert recycled materials in extensive
green roof has been studied by several authors. Eksi and Rowe
(2016) studied the use of crushed porcelain obtained from
demolition projects including broken sinks, toilets, tiles and
dishes. It was processed in a crushing plant in order to be used
as aggregate concluding that its use could greatly reduce the
embodied energy required to construct a green roof and divert
waste from landfills. Krawczyk et al. (2017) studied the use of
silica waste, a by-product from metallic ferrosilicon alloys, as
a growth substrate, resulting in a positive impact on plant
growth. Molineux et al. (2009) studied the substitution of
the crushed clay brick, typically used in extensive green roofs
in United Kingdom as a part of the growing media of vegeta-
tion, by alternative recycled materials such as sewage sludge,
waste clay, fly ash, paper ash and quarry fines. These materials
were mixed with commercial compost in different propor-
tions: 15 and 25%, resulting in a pH decrease of 2.71 units
by average. In this research, it was found that the performance
of certain substrates could be as good as the crushed clay
brick. Their results support the principle that locally sourced
recycled materials can provide economically viable alterna-
tives. This leads to the idea that future green roof substrates
should be manufactured locally with suitable local secondary
materials. Molineux et al. (2015) mentioned that future studies
should monitor extensive green roofs using novel recycled
substrates. Mickovski et al. (2013) used as growing medium
for vegetation a mix of an aggregate from CDW (20%) with
inert loam and compost. This laboratory study found no proof
of contamination of the water drained through the designed
substrate and that green roof drainage water may be suitable
for non-potable purposes.

The aim of this research was to evaluate the release levels
of polluting elements (12 heavy metals and 3 anions, e.g.
sulphate) in leachates from extensive green roofs with fine
mixed recycled aggregate (FMRA) as growth substrate. This
assessment was made through (i) a compliance and percola-
tion test to verify the material behaviour and (ii) an upscaled
experimental leaching test for long-term on-site prediction.
Four plots were built on a building roof in Córdoba (south
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of Spain) (37°54′58.7″N 4°42′55.0″W) and planted with au-
tochthonous Mediterranean plants. As growth substrate, four
different mixtures with different proportions of a FMRA, from
a nearby CDW treatment plant, and a commercial substrate
(CS) were used. To the best of our knowledge, this is the first
upscaled experimental leaching study regarding the use of RA
in extensive green roof. This on-site verification test for long-
term prediction was motivated by the European Committee
for Standardization (CEN/TC 292). The percolation leaching
test results enable the use of these materials.

Experimental details, materials and test
methods

Experimental details of the extensive green roof plots

In this experimental extensive green roof study, four
plots were built on a building roof (Fig. 1); each one

occupied 14.78 m2 and a thickness of the growth sub-
strate of 10 cm. Each plot was covered by a waterproof-
ing and root barrier membrane, an egg-cup shaped
drainage layer, a nonwoven filter fabric and a coir-
based erosion control blanket. Twelve autochthonous
Mediterranean plants selected by their adaptation to
withstand drought stress, intense lighting and extreme
heat, shallow and poor substrates due to harsh condi-
tions in urban Mediterranean ecosystems, were distrib-
uted to almost 16 plants/m2, following the recommen-
dation of the German Guideline of green roof execution
and maintenance (FLL 2008). A drip irrigation system
was installed to supply approximately 4 l per m2 for all
the plots equally, during the summer (May/June to
October). While the details about plant emergency and
survival are the subject of ongoing research, all sub-
strates are suitable for plant growth. As can be seen
in Fig. 1, an acceptable vegetative cover was reached
in all plots after 6 months.
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Footnote:Mixtures S100, S75, S50 and S25 are described in Table 3. 
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Fig. 1 Extensive green roof plots
set up on the University of
Córdoba building



Materials

As growth substrate, four mixtures with different proportions of
a fine mixed recycled aggregate (FMRA), from a nearby CDW
treatment plant, and a commercial growth substrate (CS) were
used. The properties of both materials are summarised in
Table 1. Physical properties are similar to those studied by
Graceson et al. (2014), who used mixtures of inorganic sub-
strates and composted green waste as growth substrate in their
extensive green roofs. They presented a maximum size of
4 mm. The granulometric analysis is plotted in Fig. 2.

Four mixtures were elaborated: one composed by CS on its
totality, called S100, and others with different percentage of
substitution in volume of CS by FMRA: 25% (S75), 50%
(S50) and 75% (S25).

To fill the plots with the corresponding amount of growth
substrate, the amount of CS and FMRA in the mixtures was
determined previously (Table 2). The initial moisture of the
materials CS and FMRA were 100 and 6%, respectively. The
material of each, oncemixed, was not pressed down in anyway,
but levelled by hand to ensure a substrate thickness of 10 cm.

Leaching test methods

The four substrate mixtures were subjected to three different
leaching test methods: two of them performed in laboratory
and one leaching test implemented in field.

First, the two raw materials (before mixing) were subjected
to the Spanish standard NLT 115/1999 (1999) and the stan-
dard UNE-EN 1744–1 (2013) to determine sulphate and chlo-
ride content (byMohr method). Next, the four mixed substrate
materials, obtained from mixing different proportions of the
rawmaterials, were subject to laboratory and field testing. The
two tests carried out in the laboratory were the Compliance
Test (UNE-EN 1744–1 2013) and the Percolation test (NEN
7343: 1994). The test performed in the extensive green roof
plots was an upscaled experimental percolation leaching test
described below. Thanks to this setup, percolation test results
carried out under laboratory and field conditions could be
compared and discussed.

The Compliance laboratory leaching test (UNE-EN 12457-
3: 2003) procedure consists of a two-step batch leaching test
resulting in two liquid/solid ratios (L/S). The dry mass used of
the material is 175 g with a particle size < 4 mm. The first step
is carried out by stirring for 6 ± 0.5 h with an L/S of 2 l/kg the
solution of the material dry mass plus 350 l of deionised water.
During the second step, deionised water is added to establish
an L/S of 10 l/kg, and the solution is then stirred for another
18 ± 0.5 h. After each step, the samples were filtered (0.45 μm
membrane filters), and a subsample of 40 ml of eluate is col-
lected for testing.

The percolation laboratory leaching test (standard NEN
7343: 1994) is designed to simulate the leaching behaviour
of a material by relating the accumulated pollutant release
(expressed as mg/kg leached) to the L/S ratio. The procedure
consists of a seven-step batch leaching test, but in this case, six
L/S ratios (0.1, 0.2, 0.5, 1, 2 and 5 l/kg) were carried out. The
column (inner diameter of 5 cm and length of 20 cm) is filled
with the test material (maximum particle size of 4 mm) and the
dry mass used is measured. The deionised water quantity for
each step is calculated from the dry matter and the L/S rela-
tionship. In the first step, a peristaltic pump (flow rate of
18 ml/h) fills the column with deionised water until the mate-
rial is saturated, the eluate passes through two filters (a 1.5-μm
prefilter and a 0.45-μm filter) to prevent entrainment of fine
particles, and a collection flask picks up the leachate

Table 1 Physical properties (obtained by UNE-EN 1097–06:2014
Standard), pH and conductivity of the used materials

Properties CS FMRA

SSD density (g/cm3) 1.5 2.6

Dry density (g/cm3) 1.1 2.5

Dry bulk density (g/cm3) 0.3 1.4

Water absorption (%) 41.3 3.6

pH 7.3–7.7 10.8

Electric conductivity (mS/cm) 2 1.7

Environ Sci Pollut Res (2018) 25:36024–36034 36027

0

20

40

60

80

100

0.010.1110

%
 P

as
si

n
g
 

Particle size (mm)

CS

FMRA

Fig. 2 Particle size distribution of
the used materials



corresponding to each L/S ratio. From each flask, a sample of
20 ml of eluate is collected for testing. Conductivity and pH
were measured at 22.5 °C (± 2.5 °C).

To perform an upscaled experimental percolation test, in a
similar way to standard NEN 7343: 1994, a system was
installed to collect the leachate from the different green roof
plots in different tanks based on a free drainage system in
order to allow quick drainage of excess percolation water from
each plot (Fig. 3). Pipes, 40 mm in diameter, were connected
to the tanks. The analysed samples were extracted from these
tanks. The first five liquid to solid ratios of the column test:
0.1, 0.2, 0.5, 1 and 2 l/kg were sampled and analysed. The
amount water needed to reach these L/S is given in Table 3.
Samples of 20ml of eluate were extracted from each tank (Fig.
3), in similar way than in percolation test (standard NEN
7343: 1994), for testing. Conductivity and pH were measured
at 22.5 °C (±2 .5 °C).

The samples extracted from compliance, percolation and
long-term upscaled experimental percolation tests were kept
under cooling conditions before being analysed by inductively
coupled plasma mass spectrometry (ICP-MS) using a Perkin
Elmer ELAN DRC-e spectrometer for quantifying the 12
heavy metals specified by the LD: Ni, Cr, Sb, Se, Mn, Hg,
As, Pb, Cd, Cu, Ba and Zn. The sulphate, fluoride and chlo-
ride anion contents were obtained by ion chromatography
according to the requirements of standard UNE-EN ISO
10304-1: 2009. These group of metals are the ones specified
by the Landfill Directive (LD), and the legal limits are

indicated in Table 4, where waste is classified as inert (I),
non-hazardous (NH) and hazardous (H).

Results and discussion

Comparison of the laboratory data with Landfill
Directive limits

The acceptance criteria of waste at landfills according to LD
limits based on the potential contamination, as determined by
leaching behaviour, in relation to the Compliance Test and the
first eluate of the percolation test (Co) is shown in Table 4.

Table 5 shows the results of the compliance test and the
first eluate of the percolation test (Co) for the different sub-
strate mixtures. Values exceeding LD limits are shown in bold.
Cd, Hg and Pb content were below the detection limit, so they
were not shown. All mixtures were classified as non-
hazardous materials. The high level of sulphate in the test
results may come from the gypsum and ceramic content in
MRA (Del Rey et al. 2015; Sanchez and Alaejos 2009) and
from substrate (Vijayaraghavan et al. 2012). Regarding the
metal chromium, it has already been detected at high levels
in other RA of similar characteristics, specifically MRA
(Martins et al. 2015). It has been demonstrated in previous
studies that the ceramic particles (mainly bricks and tiles)
are the origin of this element in the leachates (Galvín et al.
2013; GEAR 2012). In relation to the chloride content, Butera

Table 2 Proportions and mass of the materials used in the substrate mixtures

Plots CS FMRA CS dry
mass

FMRA dry
mass

Total dry
mass

CS mass
natural moisture

FMRA mass
natural moisture

Total mass
natural moisture

(%) (%) (kg) (kg) (kg) (kg) (kg) (kg)

S100 100 0 443 0 443 887 0 887

S75 75 25 333 488 821 665 517 1182

S50 50 50 222 976 1198 443 1035 1478

S25 25 75 111 1464 1575 222 1552 1774
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et al. (2014) and Van der Sloot (2000) found the chloride
content as a conflicting element in RA. However, in S100
(100% of CS), the chloride content in compliance test is
higher than in the rest of the mixtures, indicating that the
origin of the chlorides comes from CS.

Figure 4 shows the release (according to the compliance
test) of the most conflictive elements registered: chromium
(Fig. 4c), chloride (Fig. 4a) and sulphate (Fig. 4b). Also, the
inert limits of the LD are plotted. In the case of the chloride
content, LD limits were not complied by the S100 and S75
mixtures (and in all samples for percolation test, see Table 3).
In relation to sulphate levels, none of the mixtures comply
with any of the limits imposed by the LD. The same happens
for the percolation test. Respect to chromium content, the
higher levels were measured for the first leachant of the per-
colation test on S50 and S25 mixtures. Therefore, none of the
mixtures, including the prepared with 100% of CS, can be
classified as inert but as non-hazardous materials.

Additionally, in order to determine the origin of the
sulphate and chloride content, the standards NLT 315/99
and UNE EN 1744-1, respectively, were performed on
the original materials constituting the substrate mixtures.
FMRA and CS presented a percentage of chloride of
0.011 and 0.086% and a percentage of sulphate 3.47
and 1.31%, respectively. It means that CS presented a
chloride content nearly 8 times greater than FMRA. On
the other hand, FMRA presented a sulphate content near-
ly three times greater than CS, which can be expected
based on previous research. These have shown how in
FMRA, sulphate originates from gypsum and ceramic
particles (Del Rey et al. 2015; Barbudo et al. 2012;
Jang and Townsend 2001). Additionally, the detection
of high levels of sulphate due to the presence of other
CDW compounds such as mortar particles has been con-
firmed by authors such as Sanchez and Alaejos (2009),
Ledesma et al. (2014) and De Juan and Gutiérrez (2009).

Table 3 Water amount needed to
reach the corresponding L/S ratio
of percolation test

Liquid to solid ratio

Fraction volume

L/S = 0.1

L/S = 0.1

L/S = 0.2

L/S = 0.1

L/S = 0.5

L/S = 0.3

L/S = 1

L/S = 0.5

L/S = 2

L/S = 1
Plots Total dry mass Fraction volume

(kg) (l) (l) (l) (l) (l)

S100 443 44 44 133 222 443

S75 821 82 82 246 410 821

S50 1198 120 120 359 599 1198

S25 1575 157 157 472 787 1575

Table 4 Limit levels regulated by the LD

Compliance test UNE EN 12457-3 Percolation test NEN 7343, Co

I≤ NH H I≤ NH H I≤ NH H
L/S = 2 (mg/kg) L/S = 10 (mg/kg) L/S = 0.1 (mg/l)

As ≤ 0.1 0.1–0.4 0.4–6 0.5≤ 0.5–2 2–25 ≤ 0.06 0.06–0.3 0.3–3

Ba ≤ 7 7–30 30–100 ≤ 20 20–100 100–300 ≤ 4 4–20 20–60

Cd ≤ 0.03 0.03–0.6 0.6–3 ≤ 0.04 0.04–1 1–5 ≤ 0.02 0.02–0.3 0.3–1.7

Cr ≤ 0.2 0.2–4 4–25 ≤ 0.5 0.5–10 10–70 ≤ 0.1 0.1–2.5 2.5–15

Cu ≤ 0.9 0.9–25 25–50 ≤ 2 2–50 50–100 ≤ 0.6 0.6–30 30–60

Hg ≤ 0.003 0.003–0.05 0.05–0.5 ≤ 0.01 0.01–0.2 0.2–2 ≤ 0.002 0.002–0.03 0.03–0.3

Mo ≤ 0.3 0.3–5 5–20 ≤ 0.5 0.5–10 10–30 ≤ 0.2 0.2–3.5 3.5–10

Ni ≤ 0.2 0.2–5 5–20 ≤ 0.4 0.4–10 10–70 ≤ 0.12 0.12–3 3–12

Pb ≤ 0.2 0.2–5 5–25 ≤ 0.5 0.5–10 10–50 ≤ 0.15 0.15–3 3–15

Sb ≤ 0.02 0.02–0.2 0.2–2 ≤ 0.06 0.06–0.7 0.7–5 ≤ 0.1 0.1–0.15 0.15–1

Se ≤ 0.06 0.06–0.3 0.3–4 ≤ 0.1 0.1–0.5 0.5–7 ≤ 0.04 0.04–0.2 0.2–3

Zn ≤ 2 2–25 25–90 ≤ 4 4–50 50–200 ≤ 1.2 1.2–15 15–60

Cl− ≤ 550 550–10,000 (1–1.7)∙104 ≤ 800 800–15,000 (1.5–2.5)∙104 ≤ 460 460–8500 8500–15,000

F− ≤ 4 4–60 60–200 ≤ 10 10–150 150–500 ≤ 2.5 2.5–40 40–120

SO3
= ≤ 560 560–10,000 (1–2.5)∙104 ≤ 1∙103 1000–20,000 (2–5)∙104 ≤ 1500 1500–7000 7000–17,000
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Comparison between percolation tests: laboratory
versus long-term upscaled experimental conditions

In order to evaluate the effect of analysing the pollutant behav-
iour under actual conditions against laboratory conditions, both
experimental methodologies are compared. Thus, Figs. 5, 6, 7
and 8 show the comparison between the obtained levels of
cumulative release for chromium, sulphate, chloride and pH,
respectively. In addition, LD limits are plotted on these figures.

In Fig. 5, it can be observed that chromium content is related
to the percentage of substitution of CS by FMRA in the mix-
tures. CS was not a substantial source of this metal, in accor-
dance with Berndtsson et al. (2009). Del Rey et al. (Del Rey
et al. 2015) studied the performance of FMRA, among other
RAs, in percolation tests. They concluded that the LD limit for

the first extraction was not met, in agreement with the results
presented here for the S25 mix in laboratory, which contained
the greater amount of FMRA. Their data also agrees with the
total release of this metal in the S25 mixture. More importantly,
a general reduction of leachate contents under on-site condi-
tions was observed compared to laboratory conditions. It can
also be observed that the first extraction of the percolation test
in the S25 mixture was exceeded under laboratory conditions
but not under on-site conditions. That is consistent with find-
ings described by Galvin et al. (2014) which report that the
effect of controlled conditions during laboratory leaching tests
affects the release of contaminants. This increases the differ-
ences with tests performed under conditions closer to on-site
scenarios and makes it difficult to extrapolate data from labo-
ratory tests (Schreurs et al. 2000).

Table 5 Leachate concentrations (mg/kg) from the materials used and LD limits

S100 S75 S50 S25

Compliance test Co Compliance test Co Compliance test Co Compliance test Co

L/S = 2 L/S = 10 L/S = 0.1 L/S = 2 L/S = 10 L/S = 0.1 L/S = 2 L/S = 10 L/S = 0.1 L/S = 2 L/S = 10 L/S = 0.1
mg/kg mg/l mg/kg mg/l mg/kg mg/l mg/kg mg/l

As 0.013 0.067 0.011 0.023 0.076 0.009 0.010 0.027 0.015 0.008 0.017 0.015

Ba 0.370 0.839 0.171 0.192 0.452 0.168 0.136 0.378 0.237 0.118 0.426 0.156

Cr 0.011 0.033 0.007 0.018 0.042 0.011 0.070 0.130 0.125 0.151 0.222 0.187

Cu 0.019 0.032 0.293 0.007 0.005 0.107 0.013 0.025 0.102 0.013 0.024 0.280

Mo 0.007 0.014 0.003 0.033 0.149 0.016 0.115 0.227 0.074 0.143 0.239 0.084

Ni 0.014 0.012 0.014 0.004 0.001 0.008 0.004 0.008 0.015 0.005 0.004 0.017

Sb 0.002 0.002 0.002 0.011 0.034 0.008 0.008 0.036 0.005 0.015 0.049 0.009

Se 0.006 0.006 0.005 0.011 0.003 0.016 0.010 0.004 0.036 0.011 0.013 0.035

Zn 0.176 0.140 1.690 0.019 0.071 0.754 0.012 0.047 0.186 0.010 0.035 0.716

Cl− 2889 1617 519 662 870 1534 440 500 3226 340 300 1706

Fl− < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1 < 1

SO4= 6366 9380 2202 4516 13.180 3296 4110 12.570 3006 5156 12.240 2063

Value limits exceeded are given in italics
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Figure 6 shows the cumulative release of sulphate compar-
ing data under laboratory and on-site conditions, and inert LD
limits. Del Rey et al. (Del Rey et al. 2015) and (Galvín et al.
2014) obtained for fine mixed recycled aggregate values for
total release at L/S = 10 above 10,000 mg/kg. These results
are in agreement with the laboratory data presented here. This
demonstrates the effect of ceramic particles of FRMA on re-
lease levels of mixtures. However, according to the results,
again a lower cumulative release was observed in all mixtures

tested under on-site conditions. This behaviour further confirms
the effect of experimental test conditions on the release of ele-
ments. In part, this can be attributed to the significant differ-
ences between the physical conditions of materials in on-site
and laboratory conditions, such as permeability, material densi-
ty, liquid-solid contact, temperature or composition of the water
phase (Van der Sloot and Dijkstra 2004, Tiruta-Barna et al.
2004). In addition, the confinement effect on the columns
(which does not occur in the plots) and the application of water
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Fig. 5 Cumulative release curves
of chromium. Comparison
between laboratory, long-term
upscaled experimental
percolation test for S100 (a), S75
(b), S50 (c) and S25 (d), and the
limits imposed by LD
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Fig. 6 Cumulative release curves
of sulphate. Comparison between
laboratory, long-term upscaled
experimental percolation test for
S100 (a), S75 (b), S50 (c) and
S25 (d), and the limits imposed
by LD



by a peristaltic pumpwith a constant flow rate are increasing the
contact of material and the leachant liquid, which could further
contribute to explain the higher release levels observed (Galvín
et al. 2014).

One notable exception was observed, however. As can be
seen in Fig. 7, which shows the cumulative release of chloride
comparing data under laboratory and on-site conditions, and
inert LD limits, after L/S = 1 l/kg, the on-site release curve

was above the laboratory curve. This implies that the cumula-
tive release of chloride did not depend on the conditions of the
leaching test. This could be supported by the high mobility of
chloride, due to its high solubility (Engelsen et al. 2012). Butera
et al. (2014) stated that leached chloride tended to coincide with
the chloride total content, confirming the availability control as
the main release mechanism. The total cumulative chloride
content release in the mixtures varied in L/S = 2 ratio between
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Fig. 7 Cumulative release curves
of chloride. Comparison between
laboratory, long-term upscaled
experimental percolation test for
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420 and 1060 mg/kg, with the maximum corresponding to the
S100 and the minimum to the S25. These values are consistent
with observations by other authors (Butera et al. 2014; Hyks
and Astrup 2009; Izquierdo et al. 2008).

Figure 8 shows the evolution of pH levels as a function of
L/S for the four substrate mixtures and compares both labora-
tory and on-site conditions. As expected, the material S25
made of 75% of FMRA and 25% of CVS gave the most
alkaline solutions. The trend of pH of the mixtures indicates
that the greater incorporation FMRA was that the higher pH
was observed, because of the portlandite Ca(OH)2 in FMRA
concrete particles (Engelsen et al. 2012). Molineux et al.
(2009) found a decrease in pH for crushed red bricks (9.7)
after mixing with a commercial compost (7.6–7.8), in agree-
ment with the results obtained.

Conclusions

In this research, the percolation leaching behaviour of the fine
mixed recycled aggregates (FMRA) from CDW was studied
in order to make a risk assessment for the use of this material
as growth substrate for extensive green roofs. In total, four
different substrates were analysed, with substitution levels of
FMRA for traditional growing substrate ranging between 0
and 75%. According to the experimental methodology de-
scribed, the release levels in leachates of polluting elements
(12 heavy metals and 3 anions) were evaluated and the fol-
lowing conclusions were drawn:

& The four mixtures analysed as growth substrate were clas-
sified as non-hazardous materials by the compliance lab-
oratory leaching test, being the most conflictive elements:
chloride and sulphate anions in all mixtures and chromium
in two of them (S25 and S50).

& Comparing the release data obtained by the percolation
leaching test performed in laboratory and the test per-
formed in the extensive green roof plots, the leaching pat-
tern of cumulative release levels of chromium and sul-
phate were in all materials lower in the upscaled experi-
mental percolation test in plots (closer to actual scenario)
compared to those obtained by the laboratory leaching
test. It can also be observed that the LD limit of the first
leachant of the percolation test was exceeded for chloride
and sulphate content in all the mixtures for laboratory
conditions, but not for upscaled experimental conditions.

This study about environmental assessment by percolation
leaching tests of extensive green roofs with FMRA demon-
strated the significant differences between the release data of
polluting elements obtained according to leaching tests in lab-
oratory, and the release levels of the upscaled experimental
leaching percolation test carried out. The results obtained in

this research show how laboratory conditions can overesti-
mate the potential pollutant effect of recycled aggregates.

Extensive green roofs with substitution of CS by FMRA
from CDW up to 75% by volume were feasible from the point
of view of release of polluting elements to leachates. Thus, this
type of application could have an important environmental-
friendly potential in the extensive green roof market, contribut-
ing to the circular economy and urban sustainability.
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