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ABSTRACT

The retention of rainwater is one of the main functions of green roofs in urban areas. One of the elements influ-
encing the variability of rainwater retention on green roofs is the configuration of the roof, i.e. the combination of
drainage and vegetation layers and plants. In the article, laboratory studies regarding the influence of the vegetation
layer of the green roof on the retention of rainwater were carried out, and the influence of changes in the initial
moisture content in extensive and intensive substrates on retention were compared. The analysis of seven random-
ly selected substrates showed that the runoff coefficients range from 0.59 to 0.71. In the case of the retention, statis-
tically significant differences were observed in terms of the rainfall volume as well as the initial moisture content.
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INTRODUCTION

Restoring natural hydrological processes in
urbanized areas requires the retention of rain-
fall in balance with the level prior to urbaniza-
tion (Burns et al. 2012, Tokarczyk-Dorociak et
al. 2017). In areas of forests and meadows, ap-
proximately 60-80% of rainfall is used for evapo-
transpiration and infiltration (Zhang et al. 2001),
whereas in urbanized areas, the surface runoff
constitutes such a percentage (Geiger and Drei-
seitl 1999). Green roofs are considered one of
the effective methods of managing rainwater in
urbanized areas (P¢czkowski et al. 2016, Baryta
et al. 2017). Such roofs have a high potential of
stopping runoff, as they can comprise as much as
half of the non-permeable area of cities (Mentens
et al. 2006). It is estimated that yearly rainfall re-
tention on green roofs can amount to anywhere
from 5 to 85% (Li and Babcock, 2014, Cipolla et
al. 2016, Elliott et al. 2016, Sims et al. 2016). The
variability in rainfall retention can be attributed
to, among others, the configuration of the green
roof (Berndtsson 2010, VanWoert et al. 2005a,
Speak et al. 2013). Construction-wise, green roofs
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are made up of three main elements: the vegeta-
tive/surface layer, the substrate, and the retention/
drainage layer (De Nardo et al. 2005, Teemusk
and Mander 2007, Getter et al. 2009, Fioretti ct
al. 2010, Gwozdz et al. 2016). In green roofs,
substrates are usually designed to retain rainwa-
ter and support plant growth; hence, the materi-
als characterized by specific physical, chemical
and biological properties are used (these are usu-
ally mineral-organic or mineral mixtures) (Karc-
zmarczyk et al. 2017). In accordance with DAFA
(2015 guidelines), the vegetation layer has to be
characterized by a stable structure and store per-
colating water, making it available to plants and
releasing only excess water to the drainage layer.
In order to ensure these properties, substrates are
made of absorbent materials such as perlite, vol-
canic lava, pumice, vermiculite and zeolite, from
loose salvaged materials, such as red brick and
slag, as well as from the materials obtained ar-
tificially, such as LECA or pollytag. Moreover,
roof substrates (mainly used on intensive roofs)
contain organic substances like peat (low moor
peat) or compost (Molineux et al. 2009, Kohler
and Poll 2010, Aslup et al. 2011, Toland et al.
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2012, Chen 2013). Over the course of their use,
the physical properties of substrates undergo
changes (Nagase and Dunnett 2011). By miner-
alization of organic substance, they decrease in
volume, and lose their porosity as well as water-
holding capacity, which influences the degrada-
tion of conditions for plant growth (Bogacz et al.
2013). Research has shown that the structure of a
green roof does not appear to be the only factor
influencing the rainfall runoff or retention. These
factors include the accumulation and intensity
of rainfalls (Carter and Ramussen, 2006, Sim-
mons et al. 2008), climatic conditions, seasonal-
ity (Mentens et al. 2006), preceding conditions
(Bengtsson et al. 2005, Denardo et al. 2005), as
well as — though to a lesser degree — the slope
of the roof (Villarreal and Bengtsson, 2005, Get-
ter et al. 2007). Despite the studies carried out in
many research centres, many questions regarding
the influence of different factors on the retention
capacity of green roofs still remain.

The aim of the study was: 1. To confirm that
the vegetation layer of a green roof is a signifi-
cant factor influencing the retention of rainwater;
2 to compare the changes in the moisture content
(drying up) in extensive and intensive substrates,
as well as its influence on the retention capacity

MATERIALS AND METHODS

The comparison of retention as well as the
influence of the drying out of substrates on the
amount of leachate was determined in a labora-
tory experiment. Seven columns, 144 mm in di-
ameter, were filled with substrates labelled S 1-7,
which had been collected randomly from a local
market (Fig. 1). S1 is a substrate of an intensive
type, used for the construction of multi-layer
roofs. The substrate was taken in the year 2015
from a green roof in the area of Warsaw, built in
2012. The composition of the substrate is: washed

Table 1. Characteristics of substrates used in the study

sand, mineral grits (chalcedonite, brick, LECA),
low moor peat and compost. S2-S4 (intensive
type) and S6 (extensive type) are fresh substrates
taken from newly-built green roofs or from “large
bags”, prior to the application. S2 is an intensive
substrate that is to be used under lawns or small
shrubs; it contains an artificial aggregate (LECA),
amineral aggregate, sand, compost and low-moor
peat, as well as a fertilizer. S5 is a growing me-
dium sampled from a fresh prefabricated Sedum
mat (Xelo Flor moss-sedum-herbs XF317). Sub-
strates S1-S4 are mixtures of mineral and organic
compounds, whereas S6 is a 100% mineral mix-
ture of crushed red brick, gravel, lime and sand.
In the case of substrates S3-S4, no specification
could be obtained; the only available informa-
tion is that they conform to FLL (2008) or DAFA
(2015). S7 is a substrate created from crushed red
brick. The characteristics of the analysed sub-
strates were compiled in Table 1. All columns
were filled with 4 cm layers, regardless of the sub-
strate type (Fig. 1). The application of different
thicknesses for intensive and extensive substrates
would have changed the retention abilities, and
thus decrease the runoff volume, making it more
difficult to compare the results of the experiment.

Prior to the start of the experiment, the col-
umns were irrigated, with the substrates later be-
ing watered with the water from the water supply
network for 200 days, in doses and according to
a schedule developed based on the atmospheric
precipitation observed in a nearby weather station
(coordinates 52°16°07.16”N, 21°04°89.84”E) in
2013. The volume of runoff was measured by
hand after each simulated rainfall. The measure-
ments of the change in moisture and temperature
of the substrates were carried out with a WET
probe prior to each watering. In the case of min-
eral substrate S6, it was not possible to carry out
the measurements of the moisture contents and
temperature, and thus, only the amounts of run-
off were measured. The organic matter — OM (%)

Substrate Sl S2 S3 S4 S5 S6 S7
Type intensive intensive intensive intensive extensive extensive extensive
Age 3 years fresh fresh fresh fresh fresh fresh
Composition mineral- mineral- mineral- mineral- no data mineral mineral
organic organic organic organic
pH 7.50 7.31* 7.19* 7.60* 8.03* 774* -
OM content [%)] 1.9 10.4* 7.0* 7.4* 7.2¢ 0* 0
Bulk density [kg/m?] 1083.6 1054.8™ 105.1* 983.4* 1145.6* 1498.7* 1103.1
* Karczmarczyk et al. 2018.
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Intensive substrates S1-S4

Extensive substrates S5-S7

Fig. 1 Set up of column experiment

content was defined as the loss of mass following
the incineration of samples at a temperature of
550°C. For pH, the PN-ISO 10390:1997 standard
was used, which specifies an instrumental method
for the routine determination of pH using a glass
electrode in a 1:5 (v/v) suspension of soil in wa-
ter. The pH was measured by means of a Volcraft
pH-212 pH meter.

Rainfall retention in individual trays was cal-
culated in accordance with the formula:

R:P;PQ-H)O% 0

where: R is the runoff retention rate (%);
P is the rainfall volume (mm);
Q is the runoff depth of green roof (mm).

The article attempts to identify the environ-
mental factors which may play an important role
in maintaining the retention of rainwater on a
green roof. Two parameters were tested as ex-
planatory variables for the retention of rainwater
on green roofs, R (%), i.e., the rainfall volume

Table 2. Experimental data of column leaching experiment

and the initial moisture content of the substrate.
In order to assess the differences between individ-
ual substrates, the analysis of variance (ANOVA)
was carried out, allowing for testing the signifi-
cance of differences between the average values.
Next, Tukey’s (HSD) multiple comparison test
was carried out (P<0.05). STATGRAPHICS Cen-
turion XIV computer software was used for com-
parisons and statistical analyses.

STUDY RESULTS

Over the course of 200 days, each of the
columns was watered with a dosage of 774.41
mm water from the water supply network
(Table 2). A total of 80 rainfall events were sim-
ulated, the maximum and minimum dosage of
which amounted to 48.47 mm and 3.1 mm, re-
spectively. In the experiment, 48 rainfall events
did not exceed 10 mm, 24 fell in the range of
10.1-20.00 mm, 4 in the range of 20.1-30 mm,
and 2 events each simulated in the ranges of

Substrate Sl S2 S4 S5 S6 S7
Observation oeriod (days) 200

Precipitation P [mm] 774.41

Volume of leachate Q [mml 470.58 490.77 455.31 482.45 456.32 553.00 478.40
Retention R [%]: mean 55.13 52.35 53.60 49 54 55.56 47.02 51.14
(min—-max) (8.30-100) | (6.67—100) | (6.30-100) | (6.67—100) | (2.12-100) | (1.21-100) | (2.50-100)
Moisture [%]: mean (min— 6.83 13.71 12.33 13.27 8.62 _ 9.71
max) (2.0-18.4) | (2.7-24.7) | (2.1-22.9) | (2.0-21.6) | (2.2-15.8) (2.2-21.6)
Substrate temperature T 21.81 21.17 20.74 20.57 20.42 _ 20.36
[°C]: mean (min—-max) (19.6-25.7) | (19,6—24,5) | (19.0-24.5) | (18.8-24.2) | (18.7-24,4) (18.5-24.5)
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30.1-40 mm and 40.1-50.0 mm. The value of
average retention in the individual trays was
similar: S5(55.6%) > S1(55.1%) > S3(53.5%) >
S2(52.4%) > S7(51.1%) > S4(49.3%) > S6(47.0).
ANOVA showed that there are no statistically
significant differences between the groups of
retention values obtained for individual col-
umns — F .= 0.73; p>0.05. The Tukey’s test
which was carried out additionally did not reveal
any statistically significant differences between
the groups (Fig. 2a).

The initial moisture content varied within
the range from 6.83% to 13.13% (Table 2). The
lowest average moisture value was noted for S1
substrate. This may be connected with the min-
eralization of organic substances, which often
increases along with the age of the substrate
(substrate after 3 years of use). ANOVA showed
that there are statistically significant differences
between the average initial moisture values in
the individual columns — Fs 467):28.61 at 95.0%
level of confidence. In order to determine which
groups differed statistically from each other, mul-
tiple comparisons using Tukey’s test were carried
out. On the basis of the test, similarities in S2-S4
columns (fresh intensive substrates) and between
S5 and S7 columns (extensive substrates) were
confirmed (Fig. 2b). The S1 substrate (intensive
substrate after 3 years of use), on the other hand,
did not reveal similarities to the remaining col-
umns and was characterized by lower average
values (Fig. 2b). Despite the obtained differences

0 a) —  Lower-Upper limit
<  Mean
60 e
S 1 |
g
50 —
= 1
40
30 I I I I I

0 1 2 3 4 5 6 1 8

Retention [V]

IVean

in the initial moisture values in the individual
trays, such a relationship was not observed in the
case of retention.

The temperature of the substrates in the trays
ranged, on average, from 20.36°C to 21.81°C,
not showing any large changes over the course
of the experiment (Tab. 2). The retention ability
of S1-S7 substrates decreased along with an in-
crease in rainfalls (Fig. 3), which confirmed the
studies of other authors (Carter and Rasmussen
2006; Teemusk and Mander 2007). Teemusk
and Mander (2007) showed 85.7% retention at
a rainfall of 2.11 mm. On the other hand, at the
rainfalls of over 12 mm, the runoff from green
roofs was comparable to that from the refer-
ence roof. In Southfield, Michigan (roof thick-
ness of 100 mm), Carpenter and Kaluvakolanu
(2011) obtained 98.6% retention for small events
(i.e. <12.6 mm), 90.2% retention for medium
events (i.e. 12.7-25.4 mm) and 52.7% in the case
of big events (i.e.>25.4 mm).

The obtained negative values of correlations,
i.e. S1 (-0.53), S2 (-0.60), S3 (-0.59), S4 (-0.48),
S5 (-0.47), S6 (-0.54), S7 (-0.61), for p<0.05, in-
dicated an average relationship between the rain-
fall volume (mm) and retention ability. The lin-
ear model between rainfalls and retention ability
explained from 16 to 30% variance in retention
ability in rainfall function (Fig. 3).

The obtained regression coefficients indicate
that along with an increase in initial moisture con-
tent, the retention ability of substrates decreases.

b)

. EE

0 1 2 3 4 J 6 7 8
Moisture [%]

Fig. 2 Result of comparing averages a — left) retention, b — right) initial moisture content in columns with
Tukey’s interval at 95% level of confidence
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Fig. 3 Relationship between retention R [%] and rainfall P [mm]

Negative correlation coefficients in the linear re-
lationship between retention and moisture con-
tent, were lower than in the relationship between
the retention and rainfall volume. The calculat-
ed correlation coefficients were: S1(-0.42), S2
(-0.32), S3 (-0.53), S4 (-0.53), S4 (-0.56), S7
(-0.46), which signifies an average relationship.
For each pair of variables, statistically significant
linear correlations at a significance level of 5%
were determined.

The linear model of relationships between
initial moisture content and retention ability ex-
plained from 16 to 31% variance (Fig. 4).
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CONCLUSION

The hydrological efficiency of green roofs is
influenced by many factors, including the char-
acteristics of rainfalls (rainfall depth, duration
and intensity), the roof structure (type and depth
of substrate, slope and age of green roof, drain-
age, and type of vegetation), the length of the dry
period, fertilization and maintenance work, local
sources of contamination, climate, and seasonal
variability (Berndtsson et al. 2006, Morgan et al.
2013, Zhang and Guo 2013, Buffam et al. 2016).
Therefore, the results of water retention by green
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Fig. 4 Relationship between retention R [%] and initial moisture content 6 [%].
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roofs are characterized by large differences. The
authors carried out laboratory studies (controlled
environment) on the differences and values of the
retention abilities of intensive and extensive sub-
strates characterized by different physical proper-
ties. The obtained results confirmed that the veg-
etation layer plays a significant role in the reten-
tion of rainwater. The analysis of seven randomly
collected substrates showed that the runoff coef-
ficients ranged from 0.59 to 0.71. Fresh intensive
S2-S5 substrates were found to have higher water
retention abilities than S6 substrate characterized
by a mineral composition. This may stem from
the fact that over a longer course of use mineral
substrates will be exhibit lower moisture reten-
tion abilities, as confirmed by studies carried out
by Stovin et al. 2015 and Baryta et al. 2017. In the
case of retention, statistically significant differ-
ences were observed when it comes to the rainfall
volume and initial moisture content. Attention
should be drawn to the fact that shallow, exten-
sive systems of green roofs may decrease the risk
of flooding, even in the case of torrential rain. De-
spite all of the analysed substrates showing good
retention ability for normal rainfall events, in the
case of rainfalls exceeding 20 mm, the maximum
observed retention was 39%.
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