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Green roof systems could help reduce peak discharge and retain rainwater in urban
areas. The objective of this study was to investigate the hydrological behavior of a green
roof system by using the SEEP/W model. The rainfall-runoff relationship within the
green roof system was simulated and the results were compared with actual data from
a test bed for green roof systems to verify the applicability of SEEP/W. Then, the verified
SEEP/W model was used to simulate the green roof system by varying four factors (soil
type, rainfall intensity, substrate depth, and green roof slope) to explore the
hydrological performance through the peak discharge to rainfall intensity (PD/RI)
ratio and the rain water retention rate. The results show that the model presents
slightly faster and greater peak time and peak discharge values, respectively, as
compared to the observational data. This is attributed to the vegetation conditions
in the real green roof system. However, it is also shown that the SEEP/W model can be
used to design green roof systems and evaluate their hydrological behavior because of
its modeling efficiency. Thus, the SEEP/W model can be used to reliably design and
manage green roof systems by further considering the vegetation conditions and water
flow dynamics. Furthermore, it would be desirable to consider additional factors, such
as vegetation and an insulating pebble layer, in the design and management of green
roofs in future work.
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INTRODUCTION

The acceleration of urbanization has induced the stronger impermeability of the subsurface, as
farmland, green land, and forest have been replaced by buildings, roads, and pavement (Mentens
et al., 2006; Li et al., 2018; Yan et al., 2019). The main environmental problem caused by these
impermeable sub-surfaces is that urban hydrological systems should manage a highly fluctuating
runoff, which is significantly high during stormwater season (White, 2002). Conventional
stormwater systems have only been used for flood reduction and management, while the
environmental problems related to urbanization have not been considered (Carter and Fowler,
2008). However, green roof systems can be an effective and eco-friendly rainfall management tool for
problems related to uncertain water flows. In addition, green roof systems can also provide
environmental benefits such as rainwater retention, peak discharge reduction, and runoff delay
(Getter and Rowe, 2006; Feitosa and Wilkinson, 2016; Soulis et al., 2017; Shafique et al., 2018). They
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can also contribute to reducing the risk of overflow in runoff
drainage systems for urban areas (Mentens et al., 2006; Stovin
et al., 2017).

Previously, several studies have been conducted to explore
how green roofs can absorb rainwater in their planting media,
substrate, and drain layer (Scholz, 2004; Teemusk and Mander,
2007; Hilten et al., 2008; Fioretti et al., 2010; Ouldboukhitine
et al., 2012; Vijayaraghavan, 2016; Baryła et al., 2018). For
instance, Vijayaraghavan (2016) focused on green roof
components, such as vegetation, growth substrate, filter layer,
and drainage layer, for water absorption and Baryła et al. (2018)
investigated the role of substrate in limiting rainwater runoff by
assessing its absorption capacity. In addition, Ouldboukhitine
et al. (2012) reported that vegetated roof systems, which are a
type of green roof system, can reduce the total volume of runoff
and peak discharge and can delay the runoff peak time. This
helps to mitigate the potential risk of flash flooding, which can
be an impact of heavy rain in urban areas (Villarreal et al., 2004).
Green roofs have been shown to reduce the total volume of
runoff by 60–100%, depending on the type of green roof used
(Liesecke, 1998; Moran et al., 2003; Rowe et al., 2003; VanWoert
et al., 2005; DeNardo et al., 2005; Hathaway et al., 2008; Speak
et al., 2013). Furthermore, the runoff peak time can be delayed
by periods ranging from 95 min to 4 h, compared with bare
roofs (Liu, 2003; Moran et al., 2003; Simmons et al., 2008; Stovin
et al., 2012).

Most of the previous studies on this topic have rarely
considered water flow behavior within green roof systems.
Several studies have focused on the numerical modeling of
green roof systems while considering water flow behavior. She
and Pang (2009) established a model that calculates the water
content of medium from rainfall using the Storm Water
Management Model (SWMM). However, the SWMM is
limited in that it does not simulate the detailed physical
processes of green roofs. In addition, Kroes et al. (2000)
applied the Soil-Water-Atmosphere-Plant (SWAP) model to
simulate the influencing factors of green roof systems, but this
application was limited to monolithic green roofs, without
drainage or storage. Radcliffe and Simunek (2010) developed
the HYDRUS model for simulating physical soil changes;
however, it was not able to account for green roof water
storage structures well. It should be noted that the design of
modern green roof systems can permit the storage of rainwater
during dry time periods and can allow for rapid drainage during
heavy rainfall events.

Thus, the objective of this study was to investigate the
hydrological behavior of a green roof system by using the
SEEP/W model for design and management purposes. The
SEEP/W model was used to simulate water flow behavior
within green roofs, considering the physical processes of water
flow in a medium and simulating a transient steady state, which
presents the difference between inflow and outflow. The
simulation results were compared with observational data
from a test bed for green roofs established at Nanyang
Technological University (NTU) in Singapore. The
methodology is presented in the next section, followed by a
case study, analyses and discussions of results, and conclusions.

MATERIALS AND METHODS

SEEP/W Model
The SEEP/W model was designed to calculate water flow in both
saturated and unsaturated porous materials. It uses the finite
element method (FEM) for numerical analysis (Thieu et al., 2001;
Krahn, 2004; Chu-Agor et al., 2008). In this numerical analysis,
the modeling geometry is primarily created to perform grid
generation by defining the element size and shape (e.g.,
rectangular). Then, the material properties are determined by
adopting the soil type (e.g., saturated/unsaturated silt or clay).
This step defines the particle size and distribution, which together
affect the volumetric water content. Notably, the particle size
distribution, which can be represented via pore size distribution,
determines hydraulic properties such as the soil-water
characteristic curve and permeability (Zhai et al., 2019).
However, pore size distribution has been rarely used for
hydraulic conductivity estimation (Zhai et al., 2018). In this
study, the geometric grid generation step is used to represent
the pore size distribution, even though it cannot entirely
represent the actual pore size distribution. In addition,
volumetric water content, which is a function of the material’s
moisture content, is reflected. Then, the hydraulic conductivity
function defines the permeability with respect to the material
moisture content of each element, including the residual water
content. For the volumetric water content and hydraulic
conductivity, the functions are set to estimate water flow. The
volumetric water content, which is significantly affected by
particle size and distribution, describes the portion of pores
that are filled with water. When setting the volumetric water
content, is important to specify the hydraulic conductivity of the
porous materials that have unsaturated pores. In addition, there
are options in the SEEP/W model for material properties and
boundary conditions. The model considers two sets of partial
differential equilibrium equations and the first governing
equation for soil mass is described as follows:

zσ ij

zxi
+ ρgj � 0 (1)

where σij represents the components of the total stress tensor, ρ is
the total mass density, and gj is jth component of the gravitational
acceleration vector. The second governing equation for water
flow is expressed as follows:

zqx
zx

+ zqy
zv

+ zqz
zz

+ zθw
zt

� 0 (2)

where qx, qy, and qz are the flow velocities of the solid matrix in
the x, y, and z directions, respectively. θw is the volumetric water
content and t is time. Using Darcy’s law, flow velocities, qi, can be
estimated from the following relationship:

qi � −ki z
zxi

( uw

ρwg
+ z) (3)

where ki is the unsaturated permeability in the i direction, uw is
the pore-water pressure, ρw is the water density, g is the
gravitational acceleration constant, and z is the vertical
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coordinate. Then, the initial condition that specifies the pore
water pressure distribution is determined. For the green roof test
bed simulation, the ground water table is set at the bottom of the
drainage layer, and an unsaturated condition, which generates a
negative pore pressure, is considered for the substrate. However,
as the maximum pore pressure is only 0.25 kPa because of the
shallow substrate depth (25 cm), the substrate is set as fully
saturated in this study. Finally, the boundary conditions are
determined to set the head or total flow rate, which provide a
driving force of water flow with the water pressure head at the
outlet of the green roof system. More detailed information for the
physics in terms of soil water content, hydraulic conductivity,
total head, and pore pressure can be found in GEOSLOPE
International Ltd. (2017).

Factors in the SEEP/W Model
Numerical simulations using the SEEP/W model are useful for
scheme selection, as one factor can be adjusted while the other
factors remain constant. This approach can be used to estimate
the most influential factor by simulating the water flow behavior
within green roof systems. Through the simulation results, the
degree of influence of each factor on the hydrological
performance of green roofs can be estimated. Different values
for each factor can be applied to evaluate the impact of changing
each factor on the runoff characteristics in the SEEP/W model.

This study considers four factors: soil type, rainfall intensity,
substrate depth, and green roof slope. These factors have been
found to be sensitive to the hydrological performance of green
roof systems, and can be adjusted by changing their geometry,
material properties, volumetric water content, hydraulic
conductivity, and boundary conditions. The properties and
parameters used in the simulations are summarized in
Table 1. First, the silt and clay soil types were selected for the
evaluation of the material properties effects. Note that the green
roof soil type that has been generally used is silty clay because of
its significant influence on infiltration, water retention, and plant
survival in dry conditions (Eksi et al., 2020; Liu et al., 2020). The
hydraulic conductivity of silt and clay was set to 5e-05 and 1e-
06 mm/s, respectively. It is worth noting that the hydraulic
conductivity of silt is typically larger than 1e-05 mm/s and
that of clay is typically less than 1e-05 mm/s (Reynolds and

Zebchuk, 1996; Chandel and Kumar, 2016). Secondly, the
rainfall intensities were set to 2.5 and 15 mm/min to consider
changes in the volumetric water content. Substrate depths of 100
and 300 mm were adopted to determine the impact of water
storage on flow rates. Finally, the green roof slopes were set to be 0
and 10 degrees, relevant to the effect of the head and flow rates,
which determine the hydraulic conductivity.

CASE STUDY

Green Roof Systems
For conventional roofs, heavy rain induces a large amount of
runoff, as the roof instantaneously releases the rainwater during a
rainfall event. Green roof systems, however, gradually release
rainwater over a period of time, as they can store the rainwater
through infiltration into the substrate and drainage layers. In
particular, they alleviate potential damage from heavy rainfall by
delaying the peak time of runoff, temporarily retaining rainwater
through infiltration, reducing peak discharge of runoff, and
storing water in the substrate and drainage layer, owing to the
absorption capacity of soils.

Green roof systems are basically composed of the substrate
and drainage layers, which can mitigate problems from dramatic
runoff after heavy rain in urbanized areas. The substrate layer
retains water, and the drainage layer discharges the infiltrated
water flow. Green roofs can be divided into either extensive or
intensive systems with respect to the depth of the substrate layer.
Extensive systems have substrate layers with depths of less than
100 mm and can be incorporated on sloped surfaces with angles
up to 45degrees (VanWoert et al., 2005; Kosareo and Ries, 2007).
In addition, extensive systems can be used on the roofs of
buildings that are limited by weight restrictions. Conversely,
the intensive system used in this study had a substrate depth
of more than 100 mm, and it can only be used on slopes with
angles of less than 10 degrees (Kosareo and Ries, 2007).

Test Bed in Singapore
Green roof systems have been promoted as a method to manage
rainwater in urbanized countries such as Germany, Japan,
Belgium, and Singapore (Osmundson, 1999; Wong et al., 2003;
Dunnett and Kingsbury, 2004). In this study, a test bed of a green
roof was considered to evaluate the numerical results of the SEEP/
W model from observational data located at Nanyang
Technological University (NTU) in Singapore. Figure 1 shows
an overall layout of the green roofs at NTU and shows a design
concept of its main frame. The dimensions of the green roof
system were 2°m × 2°m, comprising four plant boxes, each 1°m ×
1°m. It had an angle of 5 degrees. It is worth noting that previous
studies demonstrated that a green roof covering over 70% of the
rooftop allows stormwater quantity management (Carter and
Fowler, 2008). The dimensions of the green roof in this study are
limited owing to the lack of rooftop coverage; however, the test
bed is installed for the prototype chamber test.

The test bed of the green roofs was elevated 400 mm from the
ground, in order to have a sufficient height to measure the flow
rate. Figure 2 shows that each plant box was filled with soil and

TABLE 1 | Material properties and parameters used in the SEEP/W model.

Property Value

Unsaturated (residual) water content [%] 0.05
Saturated water content [%] 0.3
Permeability of silty clay [mm/s] 5e-05
Permeability for clay [mm/s] 1e-06
Water pressure head at water outlet 0
a-parameter a � 1

Ψ (2
1
m − 1)(1−m)

(Sp > 1)
m-parameter m � 1 − 0.5755

Sp + 0.1
Sp2 +

0.025
Sp3 (0 < Sp < 1)

Rainfall intensity [mm/min] 2.5 15.0
Substrate depth [mm] 100 300
Slope [degrees] 0 10
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plants (cuphea with grass) to a depth of 250 mm, and those plants
were placed above the substrate layer. The bottom filtration tray,
which had a depth of 50 mm filled with pebbles, was located
beneath the substrate layer to allow rainwater drainage. In
addition, two tanks were prepared to collect the infiltrated

water discharge from the surface runoff and the base flow,
including the leachate.

RESULTS AND DISCUSSION

Interface of the SEEP/W Model
The SEEP/W model numerically simulated the hydrological
behavior of the green roof systems, as shown in Figure 3,
which presents typical models of green roof systems with 300-
mm-thick substrate layers with slopes of 0 and 10 degrees. The
upper and right-side boundaries were set to be permeable,
whereas the bottom and left-side boundaries were set to be
impervious, to simulate the interface conditions of the green
roof systems. In addition, the colors of the substrate zones
represent the water head within each specific section. The
water flows from the left side to the right side because of the
head difference during rainfall, and the black arrows indicate the
direction of water flow during runoff processes. Here, the size of
each black arrow represents the amount of runoff discharge.

Simulation Results of Green Roofs at NTU
The SEEP/Wmodel simulated the actual green roof system at the
test bed at NTU, Singapore. The set values of factors for the SEEP/

FIGURE 1 | Green roof test bed at NTU in Singapore: (A) overall layout; (B) design concept of a main frame.

FIGURE 2 | Structural components of the green roofs at NTU (Qin et al.,
2012).

FIGURE 3 | Interface of the SEEP/W model for the simulation of green
roof systems: (A) without a slope; (B) with a slope of 10 degrees.

FIGURE 4 | Rainfall-runoff relationship of the simulated results from the
SEEP/W model and the observed data of the green roof system at NTU.
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W model followed the actual data from the green roofs at NTU,
which have a slope of 5 degrees. The substrate layer, shown in
yellow in Figure 3, was filled with soil, and the additional layer in
green represents the infiltration tray beneath the soil substrate.
Furthermore, the arrows in blue and black represent the rainfall
on the green roof and the runoff through the outlet at the right-
hand side bottom corner, respectively. Figure 4 summarizes the
comparison between the simulated and experimental rainfall-
runoff relationship results.

Due to the rainfall event shown in Figure 4, the peak time and
peak discharge from the SEEP/W simulation were calculated as
92 min and 99.79 cm3/s, respectively, while those from the
observation data were 102 min and 89.5 cm3/s, respectively.
Specifically, the increase of runoff discharge starts at 85 min in
the simulation, while it starts at 86 min in the observational data.
The increasing trend continues in both until approximately
91 min. Thereafter, the difference in peak discharge between
the simulation and the observational data is 10.29 cm3/s.
Finally, the direct runoff from the test bed ended at ∼ 150 min
in the simulation case, which was approximately 50 min earlier
than in the observational data.

The peak time in the SEEP/W simulation result was faster than
the equivalent value in the observational data, while the simulated
peak discharge was greater than the observational value. This
difference may result from the modeling interface, which
simulates only water flow through the substrate layer and does
not consider the vegetation in the green roof system. In the actual
green roof system, the vegetation can absorb rainwater and
hinders the flow of infiltrated water from the surface to the
substrate layer. The vegetation may delay the peak time and lower
the peak discharge from the observational data, compared with
that from the numerical results of the SEEP/W model. However,
the simulated and observational runoff discharge trends over time
are similar.

The simulation results of the green roofs at NTU show that the
SEEP/W model can be used for the design and management of
green roofs despite the vegetation consideration limitation. It can
therefore contribute to improving the current understanding of
flow dynamics within green roof systems. As the SEEP/W model
can also describe the hydrological behavior of green roofs under
different conditions, and can quantify flow responses at the outlet
of the system, the effectiveness of green roofs can be evaluated
from the results of its numerical modeling, with respect to storm
water mitigation, as a measure for rainwater management in
urban areas.

Sensitivity Analysis in Hydrologic Modeling
This study explores the impacts of different factors in the SEEP/
Wmodel, regarding the hydrological performance of a green roof
system according to four factors, soil type, rainfall intensity,
substrate depth, and green roof slope. In the SEEP/W model
simulation, the initial conditions depend on material properties
and the interface setting. Two soil types, clay and silty clay, were
considered in the sensitivity analysis. The hydraulic conductivity
of clay and silty clay were 5e-05 and 1e-06 mm/s, respectively.
Additionally, rainfall duration in the simulation was set to
10 min. Two indicators were considered to evaluate the effect

of each factor in the SEEP/W model, these indicators were the
peak discharge to rainfall intensity (PD/RI) ratio and the
rainwater retention rate. The PD/RI ratio is calculated as the
peak discharge divided by rainfall intensity, and the rainwater
retention rate is the ratio of rainfall that does not run off the green
roof to potential runoff of total rainfall (Getter et al., 2007).
Figure 5 provides a comparison between the results of various
groups, depending on the values of the factors considered.

First, the mean PD/RI ratio value of clay (groups 1–8) was
approximately 24.6% of that of silty clay (groups 9–16), and the
mean rainwater retention rate value of clay was approximately
261.5% of that of silty clay. The PD/RI and rainwater retention
values indicate that the hydrological performance of clay was
better than that of silty clay. The hydraulic conductivity
determined the drainage characteristics, which is a function of
soil properties, such as particle size, particle distribution, and
chemical composition. The hydraulic conductivity of clay is
typically less than 1e-05 mm/s, and it tends to be
impermeable. Silt and silty clay, however, typically have a
hydraulic conductivity between 1e-05 and 1e-03 mm/s
(Chandel and Kumar, 2016). In addition, the negative ionic

FIGURE 5 | Results of the sensitivity analysis of different factors to
assess the hydrological performance of green roof systems: (A) PD/RI ratio;
(B) Rainwater retention rate. Note: red-clay and blue-silty clay; circle-2.5 mm/
min and square-15.0 mm/min; open-300 mm and closed-
100 mm; small-0 degrees and large-10 degrees.
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characteristics of the clay particle’s surfaces may generate
hydrogen bonding with water molecules (Barshad, 1952). For
this reason, the chemical composition of clay particles mean that
they absorb water and form double-layer water, which is one of
the reasons for the observed water retention. Thus, the lower
hydraulic conductivity and chemical composition of clay may
have resulted in the observed lower PD/RI ratio and greater
rainwater retention in clay compared with silty clay.

Second, the mean PD/RI value under a rainfall intensity of
2.5 mm/min (groups 1–4 and 9–12) was approximately 88.7% of
that under a rainfall intensity of 15 mm/min (groups 5–8 and
13–16). Conversely, the mean rainwater retention value of the
groups with relatively lower rainfall intensities were
approximately 116.2% of that of the other groups. This is
consistent with the results of Teemusk and Mander (2007),
who identified the volume and intensity of rainwater as
important factors determining the amount of water that is
retained in a green roof system. Even though the rainfall
intensity, which can be a source of water retention, is high,
the water retention rate becomes lower if the rainfall intensity
is extremely high, as in the case of storm events (Carter and
Rasmussen, 2005;Moran et al., 2005). Thus, the green roof system
design should provide practical alternatives, such as selection of
clay materials for the substrate, for delaying and attenuating
runoff discharge at source.

Third, the mean PD/RI value in substrate layers with depths of
300 mm (groups 1–2, 5–6, 9–10, and 13–14) was approximately
95.0% of that when the depth was 100 mm (groups 3–4, 7–8,
11–12, and 15–16). The mean rainwater retention rate value of
the first group was approximately 107.3% of that of the other
groups. During a rainfall event, one of the key hydrological
mechanisms in a green roof system is storage and infiltration
in the substrate layer (Stovin, 2010). This process is directly
related to the retention capacity of the soil in a green roof system,
and the shape of the hydrograph at the outlet is determined from
the relationship between the rainfall characteristics during a
storm event and the potential absorption rates in the soil
column. Even though there was no significant difference in
hydrological performance between the two different substrate
layers considered in this study, previous studies have shown that
rainfall-runoff relationships in green roof systems can be
significantly affected by the substrate layer depth over a long
time period (Mentens et al., 2006).

Finally, the mean PD/RI value of green roofs with a slope of 0
degree (groups 1, 3, 5, 7, 9, 11, 13, and 15) was approximately
98.7% of that of green roofs with slopes of 10 degrees (groups 2, 4,
6, 8, 10, 12, 14, and 16). The mean rainwater retention rate value
of the first group was approximately 102.7% of that of the other
groups. The decrease in slope of a green roof is slightly beneficial
in terms of decreasing the PD/RI ratio and increasing the
rainwater retention rate. However, the slope of a green roof
was found to have less of an impact on its hydrological
performance than the other factors (Liesecke, 1998; Mentens
et al., 2006).

CONCLUSION

The objective of this study was to investigate the hydrological
behavior of a green roof system by using the SEEP/W model,
for design and management purposes. The interface of the
SEEP/W model was set to simulate a green roof, and its
geometry, material property, volumetric water content,
hydraulic conductivity, and boundary conditions were
explored. A green roof test bed was installed at NTU to
measure actual hydrometeorological data, including rainfall
and runoff data. The actual data were compared with the
simulated results from the SEEP/W model to evaluate the
applicability of the model to green roof design and
management. For the simulations, different values for four
factors (soil type, rainfall intensity, substrate depth, and green
roof slope) were considered in order to determine their impact
on the hydrological performances of green roofs. The
hydrological performance was estimated via the PD/RI ratio
and the rainwater retention rate. The main findings of this
study are as follows:

1) Comparing the simulation results and observational data
revealed that the simulated peak time and peak discharge
values were slightly faster and greater than those of the
observational data, which is attributed to the vegetation
conditions in the real green roof system. However, the
results show that the SEEP/W model can be used in green
roof design because of its effectiveness in terms of modeling
the hydrological behavior of a green roof system, while
considering water flow dynamics. In future work,
additional factors, such as vegetation and an insulating
pebble layer, should be considered for the design and
management of green roofs. In addition, it should be noted
that this study can be further extended to the design,
construction, rehabilitation, operation, and maintenance of
low-impact development or green infra systems, which are
being widely used for critical infrastructure elements in water
sensitive urban design.

2) The decrease in the PD/RI ratio and increase in the rainwater
retention rate denote a better hydrological performance of
the green roofs. The simulation results revealed that the
hydrological performance was better for clay than for silty
clay because of the lower hydraulic conductivity of the
former, and the effects of chemical composition. In
addition, a lower rainfall intensity and a thicker substrate
layer were shown to result in a better hydrological
performance, as they mainly determine the rainfall-runoff
relationship. The slope of the green roof, however, was
shown to have no significant effect on the hydrological
performance, resulting in a negligible difference in the
PD/RI ratio and rainwater retention rate. In conclusion,
the water flow characteristics are primarily dependent on
soil type, which in turn determine the hydrological
performance of a green roof system.
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