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A B S T R A C T   

Green roof detention capacity is related to the steady-state infiltration rate, is, of the growing 
medium. With the aim to investigate short- and long-term modifications of the detention capacity 
of an extensive Mediterranean green roof, three mini-disk infiltrometer (MDI) measurement 
campaigns were conducted at construction, after one season and after five years of operation. A 
laboratory experiment was designed to separately measure is in the upper and the lower part of 
the substrate profile. During the first operating season, field is increased by a factor of 2.4 and 1.9 
for near-saturated (applied pressure head, h0 = − 30 mm) and quasi-saturated conditions (h0 =

− 5 mm), respectively. Similar rainfall height did not induce significant modifications in the upper 
layer of the laboratory columns, even if contribution of small pores to water infiltration tended to 
increase. Differently, is significantly decreased by a factor of 3.4–5.3 in the lower layer. After the 
simulated rainfall, the upper layer was less packed (mean bulk density, ρb = 1.083 kg m− 3) and 
the lower layer was more packed (ρb = 1.218 kg m− 3) as compared with the initial density (ρb =

1.131 kg m− 3) and the lower part enriched in small particles. Short-term modifications in the 
experimental plot were thus attributed to fine particles washing-off and bulk density decrease in 
the upper layer, yielding an overall more conductive porous medium. After five years of green 
roof operation, field is did not further increase thus showing that the washing/clogging mecha-
nism was complete after one season or it was masked by counteracting processes, like root 
development and hydrophobicity.   

1. Introduction 

Green roof hydrological performance depends on the water retention capacity, i.e. the rainfall volume stored by the growing 
medium that is lost via evapotranspiration, and the detention of runoff, i.e. the transient storage of rainfall which reduces and delays 
the peak outflow rate [1,2]. Control of green roof detention properties is required to reduce the risks associated with pluvial flooding 
and/or combined sewer overflows. However, detention process is difficult to characterize as it combines the effects of plant, substrate 
and drainage layers as well as their interactions [3]. 

For the scopes of stormwater management, it is generally assumed that the potential of a green roof to retain and detain runoff 
remains constant over time. However, similarly to other natural or artificial porous media, the growing substrate may undergo 
temporal changes due to various biological and physical processes [3]. Root growth can reduce pore volumes due to local compaction 
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and pore filling [4,5]. The decay of dead roots leaves channels which may increase pore spaces and act as flow paths, increasing 
hydraulic conductivity [6]. Accumulation of suspended solids on the surface or in the void spaces of the porous media is responsible for 
clogging that reduces infiltration capacity [7,8]. Self-filtration, i.e., the process of particle mobilization and re-deposition within the 
porous medium, may result in a more compacted and less conductive lower layer [9]. 

Despite it can be expected that the age of green roof would influence hydraulic performances, specific studies are limited mainly 
because natural climatic variations tend to mask any subtle changes in the underlying hydrological characteristics of the system [10]. 
Getter, Rowe and Andresen [11] found that the pore volume doubled (from 41 to 82%) and the water-holding capacity increased from 
17 to 67% after five years of usage. However, a review of data from 18 studies did not show any significant effect of green roof age on 
the annual runoff volume [12]. Seasonal variations of the detention performance of three different substrates were found to be more 
evident than annual trends due to time variable hydrophobicity of the substrate [13]. 

According to the conceptual model for green roof detention proposed by Kasmin, Stovin and Hathway [14], runoff occurs only 
when the field capacity of the substrate is exceeded. Thus, detention is basically controlled by the gravity driven flow through the 
interconnected larger pores of the growing medium that occurs for moisture content close to saturation. Monitoring the substrate 
steady-state infiltration rate under saturated or near-saturated conditions is therefore a potentially valuable tool for assessing modi-
fications of detention capacity due to aging. 

A relatively easy, rapid and inexpensive measurement of infiltration rate with a minimal disturbance of surface layer can be 
conducted by the MiniDisk Infiltrometer (MDI) [15]. Furthermore, field infiltration methods maintain functional connection of the 
conductive pore system with the surrounding medium [16]. Application of MDI allowed to investigate the seasonal variation in 
saturated and near-saturated hydraulic conductivity of the growing substrate of an extensive green roof plot established at the Uni-
versity of Palermo [17]. After only one growing season, the saturated hydraulic conductivity increased by a factor of 1.4 and the 
near-saturated hydraulic conductivity by a factor 3.0 compared to the initial values estimated on the new substrate at the time of green 
roof construction. The main cause of the observed differences was attributed to washing off of fine particles that accumulated in the 
lower layer. However, measurements of hydraulic conductivity in the lower layer of the growing medium were not conducted and the 
role of washing/clogging process was hypothesized on the basis of the observed modifications in particle size distribution and substrate 
bulk density. 

This study was conducted to fill the gap of knowledge on the processes underlying the short-term modifications of green roof 
detention capacity. A laboratory MDI experiment was designed to detect modifications in steady-state infiltration characteristics of the 
growing substrate as a consequence of particle self-filtration operated by rainfall. Laboratory data were compared with field data 
obtained by Alagna, Bagarello, Concialdi, Giordano and Iovino [17] during the first year of operation of the extensive green roof plot. 
Furthermore, with the aim to investigate green roof aging at a longer temporal scale, in-situ MDI tests were replicated in the same full 
scale plot after five years of operation. 

2. Materials and methods 

2.1. Field experiments 

The extensive green roof experimental plot at the Department of Agricultural, Food and Forest Sciences of University of Palermo is 
planted with Sedum sediforme and covers a plane surface of 18 m2 (3 m wide by 6 m long). The green roof was constructed with the 

Fig. 1. Experimental setup.  
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“Mediterranean green roof system” supplied by HARPO Verdepensile (Trieste, Italy) that consists of a 3-cm-thick drainage and 
accumulation layer and a growing substrate (approximately 8 cm high) made by a mixture of 80% mineral fraction (lapillus, pumice 
and zeolite) and 20% organic fraction (peat and compost). According to the technical specifications released by the manufacturer, 
substrate dry bulk density, ρb, is 850–1000 kg m− 3, saturated hydraulic conductivity, Ks, is larger than 1200 mm/h and field capacity (i. 
e., water content at 100 cm suction), θfc = 0.30–0.45 m3m-3. 

Field infiltration experiments were conducted at the surface of the experimental plot in December 2017 (T0), at the time of green 
roof construction, and then in October 2018 (T1) at the end of the first growing season [17]. In summer 2022, i.e. after five years of 
green roof operation, the experimental plot was sampled again (T2), following the same experimental procedure, to assess long-term 
variations of the infiltration characteristics. A Minidisk Infiltrometer (MDI) manufactured by Decagon (Decagon Devices, Inc., Pull-
man, WA) having a disk diameter of 4.5 cm was applied by imposing pressure head, h0, values of − 30 and − 5 mm (Fig. 1). The former 
value of h0 was established to explore near-saturated conditions given that, according to the capillary law, only pores having an 
equivalent diameter, de, smaller than approximately 1 mm contribute to water flow whereas larger pores are empty. The latter value of 
h0 was set to explore saturated (or quasi-saturated) conditions. A slight negative value of h0 was selected to exclude the artefact due to 
porous plate resistivity on the assessment of infiltration rate when h is set to zero. In theory, a value of h0 = − 5 mm activates pores with 
equivalent diameter up to 6 mm therefore allowing assessment of substrate transmission properties closely related to the saturated 
condition. At each sampling date, 18 randomly selected sites were sampled for each of the two considered h0 values. The surface layer 
of the experimental plot was also sampled at each measurement site to determine the initial gravimetric water content, Ui (g g− 1), after 
oven-drying at 105 ◦C for 24 h. 

During time interval between T0 and T1, 638 mm rainfall occurred that is very close to the average year precipitation for the area of 
Palermo (from 637 to 755 mm in the period 2002–2018, depending on the rain gauge location). From T1 to T2, 1432 mm rainfall 
occurred mainly concentrated in fall-winter months. During the considered time interval (T0 - T2), no irrigation was performed and the 
vegetation was fed only by natural rainfalls. 

For each of 108 infiltration experiments forming the considered dataset (18 locations x 2 pressure heads x 3 campaigns), the steady- 
state infiltration rate, is (mm h− 1), was estimated from the slope of the regression line fitted to linear portion of the cumulative 
infiltration, I (mm), vs. time, t (s), curve. A minimum of five consecutive I vs. t data was considered for regression and the maximum 
relative error between the estimated and measured I values in the linear portion of the infiltration curve was calculated. 

2.2. Laboratory experiments 

Nine soil columns were prepared by packing new substrate into plexiglass tubes (internal diameter, D = 5.5 cm; height L = 10 cm) 
made by two separate halves to split the soil sample into an upper (UP, 0–5 cm depth) and a lower (LW, 5–10 cm depth) part. A wire 
mesh (diameter 0.5 mm) and a nylon cloth was put at the bottom of the column to replicate a lower boundary condition similar to that 
of the experimental plot. The sample preparation was conducted following a repeatable procedure that consisted in filling the tube in 
four successive layers (each approximately 2.5 cm high) and compacting the sample by tapping it 10 times from a height of 2–3 cm. The 
mean dry bulk density (ρb = 1.13 g/cm3, CV = 5.47%) was larger but not far from the one reported for the full scale green roof by 
Alagna, Bagarello, Concialdi, Giordano and Iovino [17]. 

Infiltration tests were performed by a MDI at the same imposed pressure heads of − 5 mm and − 30 mm at the soil surface. A small 
amount of 2-mm sieved substrate was spread onto the sample surface to fill the small depression and ensure a full hydraulic contact 
between the porous plate and the infiltrating surface. Given the dimension of the infiltration source was very close to the sample 
diameter, the hypothesis of one-dimensional (1D) water flow into the substrate was assumed. Water flow under laboratory conditions 
was therefore different form the field one. In the latter, a three-dimensional (3D) flux is expected due to the contribution of lateral 
capillarity as a consequence of unconfined infiltration [16]. However, the use of 1D infiltration experiments seemed appropriate as, 
under field conditions, the hypothesized self-filtration process activated by rainfall is a vertical process. 

Similarly to field experiments, the steady-state infiltration rate, is (mm h− 1), was determined from the slope of the linear regression 
line fitted to I(t) data. A minimum of five consecutive I vs. t data was considered for regression and the maximum relative error between 
the estimated and measured I values in the linear portion of the infiltration curve was calculated. 

To simulate the effect of particle washing off operated by rainfalls, the following experimental procedure was followed (Fig. 1). 
After sample preparation, a first MDI run was performed on the sample surface with the pressure head h0 = − 30 mm applied first and 
h0 = − 5 mm after 24 h redistribution (non-washed columns, NW). The soil columns were then washed with 1500 cm3 water applied in 
three steps of 500 cm3 in three consecutive days to simulate the effect of a cumulative rainfall height of 650 mm, that is very close to 
the total rainfall amount recorded between T0 and T1. Soil columns were allowed to dry under laboratory conditions until an initial 
soil water content value close to the initial one was reached. A second MDI run was performed on the sample surface with the pressure 
head h0 = − 30 mm applied first and h0 = − 5 mm after 24 h redistribution (washed columns, W). Then, the soil columns were dis-
assembled and dried to the same initial soil moisture content under laboratory conditions. A third MDI run was conducted on the 
surface of the lower part on the column following the same procedure (i.e., infiltration at h0 = − 30 mm followed by infiltration at h0 =

− 5 mm after 24 h redistribution). Soon after the end of the MDI experiments, the upper (UP) and the lower (LW) parts of the soil 
columns (each having a thickness of 5 cm) were weighted and dried at 105 ◦C to determine final soil gravimetric water content and 
bulk density. Crushed samples were then sieved through a series of eight sieves (9.53, 6.0, 5.0, 4.0, 2.8, 2.0, 0.85, 0.25 mm) and the 
particle size distribution of both the total and the UP and LW parts of the columns determined. 
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2.3. Statistical analyses 

The statistical frequency distribution of is data obtained from field and laboratory experiments was checked with the Lilliefors [18] 
test (P = 0.05), considering both a normal (NO) and a ln-normal (LN) distribution. For the field dataset, both the NO and LN distri-
bution hypotheses were rejected for the second sampling date (T1) independently of the applied pressure head value. The LN dis-
tribution hypothesis was also rejected for experiments conducted at h0 = − 30 mm at third sampling date (T2). Therefore, the 
non-parametric Mann-Whitney U test [19] was applied to compare is data collected at the different field sampling dates (P = 0.05). A 
pairwise approach was applied to establish comparisons between is data in accordance with other investigations focused on sampling 
soil properties at different dates [20]. 

Both the NO and LN distribution hypothesis were never rejected for the steady-state infiltration rate collected at the two applied 
pressure heads on the laboratory repacked soil columns. Statistics of is were therefore calculated according to a NO distribution. 
Comparison between mean is values collected in the UP part of the column before and after simulated rainfall and between UP and LW 
parts of the column after water treatment were therefore conducted according to a paired t-test (P = 0.05). 

A NO distribution was also assumed for Ui values measured at the three sampling dates in the experimental plot and statistical 
comparisons conducted by F-test and unpaired two-tailed t-test (P = 0.05). 

3. Results and discussion 

3.1. Field experiments 

The experimental plot was sampled under different conditions of initial gravimetric water content (Table 1). The lowest mean Ui 
was measured for the summer sampling (T2) whereas the highest value corresponded to the T1 sampling that was conducted in 
October a few days after 40.8 mm rainfall occurred. Fall sampling was also characterized by the lowest spatial variability of Ui values. 
The winter (T0) and fall (T1) samplings showed similar maximum and minimum values but means differed by a factor of 1.36. It is 
worth noting that the maximum initial substrate water content in summer (Ui = 0.019 g g− 1) is far below the minimum value measured 
for the former two campaigns (Ui = 0.136 and 0.153 g g− 1 for T0 and T1, respectively) thus showing the very dry conditions that may 
occur in the growing substrate during the summer season. The relatively high variability of Ui is line with the general guidelines 
proposed by Warrick [21] and other field investigations conducted on natural soils (e.g., Refs. [22,23]). However, further in-
vestigations need to be conducted to assess if the sampled substrate volume at each site (approximately 200 cm3) can be considered 
representative for estimating the moisture content in heterogeneous media characterized by a large coarse fraction (52.3% by mass of 
particles were larger than 9.53 mm in size). 

Independently of the sampling date, infiltration tests conducted at h0 = − 30 mm were on average 2.75 times longer than the 
corresponding tests conducted at h0 = − 5 mm. Following the theory, the infiltration rate was generally maximum at the initial stage of 
infiltration and then approached a steady-state condition [16]. A clear detection of a steady-state phase was always possible as showed 
by the single R2 values that were always greater than 0.9848 (mean R2 values equal to 0.9993 and 0.9992 for h0 = − 5 and − 30 mm, 
respectively) and the low values of Emax (mean Emax equal to 1.2% and 1.5% for h0 = − 5 and − 30 mm, respectively). Bagarello, Iovino 
and Reynolds [24] assumed a relative error of 2% between estimated and measured cumulative infiltration as a criterion to establish 
the onset of the steady-state stage but values up to 5% were considered acceptable [25]. In this investigation, the threshold of 2% was 
exceeded in 21 out of 108 experiments and the threshold of 5% never exceeded. Therefore, steady-state unconfined infiltration flux 
was always achieved during the experiments. Due to contribution of the pores with de > 1 mm, the mean steady-state infiltration rate 
for quasi-saturated conditions (h0 = − 5 mm) was on average 4.8 times larger than under near-saturated (h0 = − 30 mm) conditions. 

For 3D infiltration into homogeneous soil, is depends on both soil hydraulic conductivity and sorptivity [26]. The former controls 
gravity flow whereas the latter, that depends on the initial soil water content, accounts for lateral expansion of the wetted bulb due to 
capillarity. The relative influence of the gravity over capillary flow can be detected from the shape of the cumulative infiltration curve, 
I(t), in the initial transient stage on the infiltration process. A downward concavity indicates that the process is influenced by capillarity 
whereas a I(t) curve that is linear with time indicates that the process is mainly driven by gravity, with limited or no influence of 
capillarity [16], and is therefore essentially 1D. An upward concavity of the I(t) curve can occur in particular cases as for infiltration in 
water repellent soils [27–29]. In order to establish a comparison between field and laboratory infiltration tests, the influence of lateral 
capillary flow on the field measured infiltration process was preliminarily assessed by calculating the ratio between the mean 

Table 1 
Statistics of initial gravimetric water content, Ui (g g− 1), measured at the green roof plot for the different 
sampling dates.   

T0 T1 T2 

N 18 18 18 
min 0.136 0.153 0.007 
max 0.304 0.316 0.019 
mean 0.178 b 0.234 c 0.012 a 
CV 23.3 14.7 25.4 

Values followed by the same letter are not significantly different (P = 0.05). 
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infiltration rate, im, and the steady-state infiltration rate, is. An im/is ratio close to one identifies a cumulative infiltration curve that is 
linear with time. An im/is > 1 identifies a downward concavity whereas im/is < 1 an upward concavity. 

The im/is ratio ranged from 0.94 to 1.39 with a mean value of 1.16 for the lower applied pressure head value (h0 = − 30 mm) and 
from 0.90 to 1.48 with a mean value of 1.14 for h0 = − 5 mm (Fig. 2). For a given sampling date, the set of im/is values collected under 
near-saturated and quasi-saturated conditions were not significantly different thus indicating that, under similar initial water content, 
the contribution of capillarity was not influenced by the applied pressure head. For both near-saturated and quasi-saturated conditions, 
Fig. 3 shows the normalized cumulative infiltration (I at any given time/cumulative infiltration at the end of the run, If) curves cor-
responding to the maximum (downward concavity) and the minimum (upward concavity) im/is values. The case of an infiltration curve 
with im/is = 1 (i.e., I(t) curve linear on average) is also showed. 

No im/is value lower than 1.0 was observed for the first two sampling dates (T0 and T1) (Fig. 2) and the slope of the regression line 
between im/is and Ui was not significantly different from zero, thus confirming that the initial moisture contents did not influence the 
contribution of lateral capillary flux for Ui > 0.13 g g− 1. Overall, the im/is values close to one indicate that the concavity of the 
measured infiltration curve was generally moderate and most of the infiltration curves showed steady-state conditions from the very 
beginning of the run. It was concluded that the lateral capillary flow had limited influence on the steady infiltration flux under un-
confined field conditions. The steady-state infiltration rate can be therefore considered mainly dominated by gravity flow thus making 
it reasonable to compare the field MDI 3D tests conducted during the first operating season (T0 and T1 sampling dates) and the 
laboratory MDI 1D tests on repacked columns. 

At the time of green roof construction (T0), the median steady-state infiltration rate was 37.5 mm/h under near-saturated con-
ditions (h0 = − 30 mm) with an interquartile range (IQR) of 0.1 mm/h. For quasi-saturated conditions (h0 = − 5 mm), a median is =
147.8 mm/h was detected with an IQR of 35.2 mm/h (Table 2). Assuming the ratio between IQR and median value as a measure of the 
relative spatial variability of is, it was 0.003 at h0 = − 30 mm and 0.452 at h0 = − 5 mm. Field MDI experiments thus showed that initial 
packing of substrate resulted in a highly uniform distribution of pores with equivalent diameter, de, lower than 1 mm whereas relative 
spatial variability of larger pores (de > 1 mm) was two orders of magnitude higher. As documented by Alagna, Bagarello, Concialdi, 
Giordano and Iovino [17], following one operating season (T1), the steady-state infiltration rate significantly increased by a factor of 
2.4 at h0 = − 30 mm and a factor of 1.9 at h0 = − 5 mm. Spatial variability increased for both small pores (IQR to median ratio = 0.395) 
and large pores (IQR to median ratio = 0.548). Therefore, during the first ten months following construction, the active pores un-
derwent a rearrangement that yielded a more conductive growing substrate with increased spatial variability. Increased infiltration 
capacity for both near- and quasi-saturated conditions is expected to affect the detention capacity of the green roof as rainfall will flow 
more rapidly through the growing medium with increased outflow peak rate and reduced delay between rainstorm and runoff. 

The field campaign conducted after five operating seasons yielded a median is value of 51.9 mm/h under near-saturated conditions 
(h0 = − 30 mm) and 267.7 mm/h under quasi-saturated conditions (h0 = − 5 mm) (Table 2). Compared to the values collected at the 
end of the first growing season (T1), median infiltration rate significantly decreased by a factor of 1.71 at h0 = − 30 mm but was 
practically unaffected under quasi-saturated conditions (i.e., is decreased by a not significantly factor of 1.02). At T2 sampling date, the 
maximum spatial variability of the considered monitoring period was observed, with a ratio between IQR and median values of is equal 
to 0.943 and 0.715 for h0 = − 30 and − 5 mm, respectively (Fig. 4). 

At h0 = − 30 mm, the long-term (T2) median is value was intermediate between the initial (T0) and the short-term (T1) median 
values. However, the maximum is at T2 was close to the maximum is value observed at T1 and around 28% of the is data collected at T2 
were lower than the minimum value observed at T0 (Fig. 3). At h0 = − 5 mm, the long-term (T2) and short-term (T1) median is values 
coincided and 22% of long-term is data were higher than the maximum value observed at the end of the first operating season. In 
summary, long-term modifications increased variability but did not increased the average infiltration rate of the growing substrate as 
could be expected if the washing off process suggested by Alagna, Bagarello, Concialdi, Giordano and Iovino [17] had continued to 

Fig. 2. Ratio between the mean infiltration rate and the steady-state infiltration rate, im/is, vs. initial gravimetric moisture content, Ui, of the 
experimental plot for field experiments conducted at the two pressure head values (h0 = − 30 and − 5 mm). 
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operate in the spell from T1 to T2. The long-term detention capacity of the green roof is therefore relatively unaffected by aging and it 
should be expected that, following the decay of the first operating season, the hydrological performances will preserve with time. 
However, the increased heterogeneity of infiltration characteristics at T2 should be considered with caution given that, in specific spots 
of the vegetated roof, the detention properties could be severely jeopardized as a consequence of extremely high values of is under 
quasi-saturated conditions (Fig. 4). 

Trying to explain the increased spatial variability of infiltration characteristics at T2, two possible phenomena could be invoked. 
One is the root growth that resulted in an uneven occlusion of conducting pores [5,30]. Another, is the onset of hydrophobicity due to 
vegetation exudates and decomposing materials [31,32]. Indeed, the characteristic upward concavity of the cumulative infiltration 
curve was observed only in four out of 36 infiltration runs conducted at T2 (Fig. 2). Both phenomena (i.e., root development and 

Fig. 3. Examples of normalized cumulative infiltration (I/If) curves corresponding to maximum, minimum and unity values of the ratio between the 
mean and the steady-state infiltration rates (If = cumulative infiltration corresponding to final time tf); a) pressure head, h0 = − 30 mm, b) pressure 
head, h0 = − 5 mm. 

Table 2 
Statistics of steady-state infiltration rate, is (mm h− 1), for the different sampling dates and applied pressure heads.   

h0 = − 30 mm h0 = − 5 mm 

T0 T1 T2 T0 T1 T2 

N 18 18 18 18 18 18 
min 34.2 71.1 12.6 61.3 135.6 75.5 
max 40.4 150.9 150.8 298.7 327.9 602.3 
median 37.5 a 89.2 c 51.9 b 147.8 a 274.3 b 267.7 b 
IQR 0.1 35.2 49.0 66.8 150.2 191.4 

For a given pressure head value, values followed by the same letter are not significantly different (P = 0.05). 

Fig. 4. Empirical frequency distributions of steady-state infiltration rate, is, determined at the two pressure head values (h0 = − 30 and − 5 mm) for 
the three sampling dates; a) h0 = − 30 mm, b) h0 = − 5 mm. 
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hydrophobicity) can concur to reduce infiltration rate in smaller pores as they can be more easily occluded by roots and more affected 
by hydrophobicity than the large pores [33,34]. 

3.2. Laboratory experiments 

The different initial water content of the soil columns affected the duration of the experiments. Near-saturated infiltration tests (h0 
= − 30 mm) were conducted under substrate dry conditions as the initial gravimetric water content ranged from 0.019 to 0.024 g g− 1 

with a mean value of 0.022 g g− 1 (coefficient of variation, CV = 5.47%). Average duration of the experiments was 1.35 h but a high 
variability was observed with a range between minimum and maximum duration of 4.10 h. Infiltration experiments at h0 = − 5 mm 
were conducted under much wetter conditions (mean Ui = 0.342, CV = 5.43%) and the total volume of the MDI reservoir (approx-
imately 85 cm3) took from 0.03 to 0.93 h to completely infiltrate into the soil column (mean duration 0.21 h). Independently of the 
applied pressure head at the column surface, a clear steady-state infiltration condition was always detected following a more or less 
prolonged transient stage. Coefficients of determination for the regression between measured and estimated I(t) data were always 
greater than 0.9937 (mean R2 = 0.9986). The average maximum relative error between the regression line and the measured I values 
was 2.1% and the threshold of 5% for Emax was exceeded only in two out of 54 infiltration experiments. The estimated is values can thus 
be considered representative of the steady-state 1D infiltration process in the repacked soil columns. 

For both near-saturated (h0 = − 30 mm) and quasi-saturated (h0 = − 5 mm) conditions, the slope of the regression line between 
mean infiltration rate, im, and steady-state infiltration rate, is, was not different from unity (P = 0.05) and the mean ratio im/is was 1.24 
and 1.22, respectively. Notwithstanding the different initial moisture content, the two mean im/is values were not statistically different 
thus confirming that the influence of capillarity was generally negligible for the substrate under study. The condition im/is < 1, 
indicating occurrence of hydrophobicity, was observed for a relatively high number of experiments (18 out of 54) mostly conducted 
under quasi-saturated conditions (h0 = − 5 mm). In particular, hydrophobic conditions (im/is < 1) were observed in 7 out of 9 ex-
periments on non-washed (NW) samples. 

The mean steady-state infiltration rate for the non-washed columns was 29.4 mm/h under near-saturated conditions (minimum is 
= 1.9 mm/h, maximum is = 134.5 mm/h) and 717.3 mm/h under quasi-saturated condition (minimum is = 107.2 mm/h, maximum is 
= 1569 mm/h) (Table 3). Increasing the surface pressure head from − 30 to − 5 mm thus determined, on average, more than one order 
of magnitude increase of the steady-state infiltration rate. Following simulated rainfall, the mean is increased by a factor of 1.50 at h0 =

− 30 mm whereas it decreased by a factor of 1.25 for h0 = − 5 mm. In both cases differences were not significant. 
Boxplot of is data estimated at h0 = − 30 mm for non-washed conditions (Fig. 5) highlighted the presence of an outlier, that is a 

single is data point that was more than twice the upper quartile value. When this outlier was disregarded, the mean is for UP-NW 
reduced to 16.3 mm/h and the difference between mean is values measured in the upper layer before and after washing resulted 
significant. Therefore, as a consequence of rainfall washing off, small pores contribution (de < 1 mm) tended to increase whereas large 
pores (de > 1 mm) contribution was practically unaffected (Fig. 5). This finding was not surprising given it is likely that prolonged 
leaching of samples mobilized the fine particles of the upper layer while the coarse ones, that are less mobile, remained in-situ. In 
agreement with this interpretation, variability of near-saturated is reduced (CV decreased from 141% to 87%) but remained almost the 
same for quasi-saturated is (Table 3). 

Independently of the applied pressure head, after simulated rainfall the mean steady-state is of the bottom half of the columns was 
significantly lower than the upper one. The differences between the upper and the lower parts of the column were more pronounced for 
the experiments conducted under near-saturated conditions for which the steady-state infiltration rate decreased by a factor of 5.3 
whereas under quasi-saturated conditions is decreased by a factor of 3.4. This result is also reasonable as it shows that small pores are 
more prone to the clogging phenomena determined by the fine particles washed off from the upper layer. 

Seasonal modifications of green roof infiltration characteristics were more pronounced under field than laboratory conditions. In 
the time interval from T0 to T1, surface roof is increased by a significant factor of 1.9–2.4 depending on the applied pressure head 
(Table 2). Application of similar rainfall depth on the laboratory soil columns did not reveal significant changes in is or it suggested an 
increase on near-saturated is by neglecting a single data point (Table 3). Two counteracting factors likely contributed to the different 
findings for laboratory and field experiments: i) the mechanical compaction operated by rainfall; ii) the presence of plants. The total 
seasonal rainfall was applied in only three steps on laboratory soil columns thus promoting mechanical compaction of substrate that 
did not occur under natural rainfall. As a matter of fact, a small but significant change of ρb that increased from 1.13 to 1.15 kg m− 3 (i. 

Table 3 
Statistics of steady-state infiltration rate for the upper (UP) and lower (LW) part of the substrate columns before (NW) and after the sample washing 
(W).   

near-saturated conditions h0 = − 30 mm quasi-saturated conditions h0 = − 5 mm 

UP–NW UP–W LW - W UP–NW UP–W LW - W 

N 9 9 9 9 9 9 
min 1.9 6.2 2.5 107.2 150.4 15.2 
max 134.5 129.7 24.3 1569.2 1265.7 384.3 
mean 29.4 b 44.1 b 8.3 a 717.3 b 575.2 b 170.8 a 
CV 140.7 86.6 78.3 75.8 69.8 90.8 

For a given pressure head value, values followed by the same letter are not significantly different (P = 0.05). 
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e., by a factor of 1.02) was observed for laboratory columns (Table 4). The substrate compaction, and the subsequent reduction of 
porosity, could have masked the effects of self-filtration thus yielding nearly stable or little variable is values in the upper layer of the 
columns. Conversely, under field conditions, plant canopy likely shielded the soil surface while roots contributed to maintain more 
conductive conditions in the upper layer of the growing media. Alagna, Bagarello, Concialdi, Giordano and Iovino [17] reported that 
the final bulk density of the upper layer was 0.85 times the bulk density at the time of roof construction thus showing that compaction 
due rainfall was not effective under field conditions. As a consequence, the self-filtration process was more effective in increasing the 
infiltration rates of field substrate. 

Nevertheless, simulated rainfall modified the vertical distribution of substrate ρb with the upper layer of the soil column that was 
less compacted (mean ρb = 1.083 kg m− 3) and the lower layer that was more compacted (mean ρb = 1.218 kg m− 3) than the unwashed 
one (mean ρb = 1.131 kg m− 3) (Table 4). The observed changes in ρb were in agreement with changes in steady-state infiltration rate 
highlighting an increase of fine particle in the bottom layer and a decrease of fine particles in the upper layer. 

Comparison of the relative proportions of the particles in a given texture class in the two halves of the columns (Fig. 6) showed that, 
after the simulated rainfall, the lower part of the sample enriched in small particles. Assuming that, for a given texture class, the initial 
vertical distribution of particle was uniform (i.e., 50% by weight of the particles in the upper part of the column and 50% in the lower 
part), the percentage of the fine particles tended to increase in the lower layer and decrease in the upper layer. This finding confirmed 
that the finest particles were mobilized from the upper layer and settled in the lower layer following the process referred to as self- 
filtration [9]. The phenomenon was particularly noticeable for particles with diameter smaller than 0.5 mm which likely were 
more mobile along the profile. For these fractions, the relative proportion in the lower layer increased up to 16%. Settling of fine 
particle determined phenomena of pore clogging in the lower layer of the soil columns that were considered the main cause of the 
observed reductions in steady-state infiltration rate. 

4. Conclusions 

Following artificial rainfall that mimicked the cumulative seasonal rainfall having occurred between the T0 and T1 sampling dates, 
the steady-state infiltration rate of the upper layer of the soil columns was not significant different from the initial one. In the field, the 
steady-state infiltration rate increased by a factor of 2.4 for near-saturated condition and by a factor of 1.9 for quasi-saturated con-
dition. In agreement between the laboratory and the field experiments, signs were detected that, following simulated rainfall, 
contribution of small pores to water infiltration tended to increase as a consequence of prolonged leaching that mobilized the fine 
particles of the upper layer while the coarse ones, that are less mobile, remained in-situ. 

A possible motivation of the observed differences between field and laboratory measurements of the upper layer is, may rely in the 
different combinations of compaction and self-filtration induced by natural and simulated rainfalls. Specifically, under field condition, 
plant canopy likely protected substrate surface, thus preventing compaction of the upper layer, and decay of dead roots improved the 
ability of the porous medium to transmit water. In this case, washing off of fine particles was particularly efficient in promoting the 
increase of porosity as confirmed by final bulk density (T1) that was 0.85 times the initial (T0) one. For laboratory columns, the two 
processes, i.e., mechanical compaction and washing of fine particles, played a counteractive role thus influencing the infiltration 
characteristics exclusively for the small pore system. 

Simulated rainfall significantly affected the steady-state infiltration rates of the lower part of columns that were 3.4–5.3 times lower 
than the upper ones with larger reductions associated to the pore class that are activated for near-saturated condition (de < 1 mm). The 
hypothesized self-filtration process was confirmed by modifications in particle size distribution as the percentage of the fine particles 
tended to increase in the lower layer and decrease in the upper layer. It was concluded that rainfall can influence short-term infiltration 
characteristics of the green roof as a consequence of the detachment of fine particles from the top layer and clogging in the bottom 
layer. The detention properties of the green roof may be severely hampered as rainfall will flow more rapidly through the growing 

Fig. 5. Boxplot of steady-state infiltration rates collected for: a) near-saturated (h0 = − 30 mm) and, b) quasi-saturated (h0 = − 5 mm) conditions in 
the upper (UP) part of the columns before (NW) and after (W) simulated rainfall and in the lower (LW) part on the columns after simulated rainfall. 
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medium due to increased steady-state infiltration rate close to saturation. Compared to the initial hydrological performance of the 
green roof, the outflow peak rate will be increased and delay between rainstorm and runoff reduced. 

However, the field campaign conducted after five year of operation also showed that degradation of hydrological characteristics did 
not continue after the first growing season. Indeed, long-term modifications did not increase the average infiltration rate as could be 
expected if the self-filtration process had continued year after year. The lack of increases in is for quasi-saturated condition, or even the 
decrease for near-saturated one, was attributed to occlusion of small pores due to root development and onset of hydrophobicity due to 
vegetation exudates and decomposing materials. Uneven occurrence of both these phenomena explained the increased variability in 
infiltration characteristics. 

Monitoring of infiltration characteristics is crucially important to detect modifications in green roof detention properties that could 
jeopardize most of their environmental benefits. Indeed, apart from the reduced ability to mitigate stormwater runoff, washing off of 
fine particle also reduces the retention properties of the growing medium thus hampering its ability to store water between two 
successive rainfalls. Therefore, plant water supply can be problematic for non-irrigated conditions. Also thermal properties of the 
vegetated roof may be affected with negative effects on building energy consumption. The simple and inexpensive MDI method proved 
to be effective in detecting both short- and long-term modifications of green roof hydrological properties directly in-situ and has the 
potential to be proposed as a routinely technique for temporal monitoring of aging phenomena that could compromise the benefits of 
the vegetated green infrastructures. A hydraulic characterization of the porous medium limited to its surface is not enough to properly 
describe its hydrological behaviour even if the thickness of the substrate is small. 
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Table 4 
Statistics of the dry bulk density of the substrate columns before (NW) and after the simulated rainfall (W) and for the upper (UP) and lower (LW) 
parts following simulated rainfall.   

NW W UP-W LW-W 

N 9 9 9 9 
min 1.025 1.059 0.994 1.091 
max 1.227 1.243 1.174 1.320 
mean 1.131 a 1.151 b 1.083 A 1.218 B 
CV 5.47 4.94 6.89 6.68 

Values followed by the same lowercase or uppercase letter are not significantly different (P = 0.05). 

Fig. 6. Relative fractions of the particles in each considered diameter class after simulated rainfall.  
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