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Abstract: To counter the impacts of climate change and urbanization, engineers have developed
ingenious solutions to reduce flooding and capture stormwater contaminants through the use of
Low Impact Developments (LIDs). The soil is generally considered to be completely saturated
when designing for the LIDs. However, this may not always be an accurate or realistic approach,
as the soil could be variably unsaturated leading to inaccurate designs. To analyse the flow under
variably unsaturated conditions, Richards’ equation can be used. To solve the Richards’ equation, two
nonlinear hydraulic properties, namely soil water characteristic curve (SWCC) and the unsaturated
hydraulic conductivity function are required. Laboratory and field measurements of unsaturated
hydraulic properties are cumbersome, expensive and time- consuming. Pedotransfer functions (PTFs)
estimate soil hydraulic properties using routinely measured soil properties. This paper presents a
comparison between the direct measurement obtained through experimental procedures and the use
of PTFs to estimate soil hydraulic properties for two green roof and three bioretention soil medias.
Comparison between the measured and estimated soil hydraulic properties was accomplished using
two different approaches. Statistical analyses and visual comparisons were used to compare the
measured and estimated soil hydraulic properties. Additionally, numerical modelling to predict the
water balance at the ground surface was conducted using the measured and estimated soil hydraulic
properties. In some instances, the use of predicted hydraulic properties resulted in overestimation of
the cumulative net infiltration of as much as 60 % for the green roof substrate, but was considered
negligible for the bioretention substrate. Design performance criteria for green roof and bioretention
facilities were examined using the measured and estimated soil hydraulic properties under extreme
precipitation analysis. Results indicate that there is a high level of uncertainty when using PTFs for
LID materials. A percent difference between the measured and predicted properties for the green roof
peak time delay under a 2-year storm can be as much as 300%. For the bioretention design criteria of
a 25-year storm, the surface runoff was overestimated by 14.7 cm and by 100% for the ponding time
percent difference.

Keywords: unsaturated hydraulic properties; low impact development; pedotransfer functions;
regression models; physicoempirical models; artificial neural network

1. Introduction

The use of pedotransfer functions is seen as a great advantage since measuring hy-
draulic properties, such as soil water characteristic curves (SWCCs) and hydraulic con-
ductivity, can be time-consuming and costly. Pedotransfer functions (PTFs) estimate soil
hydraulic properties using routinely measured soil properties, such as soil texture, bulk
density, particle size distribution, or porosity. By compiling and analysing a large quantity
of measured soil data, a relationship can be developed thus creating a PTF.

Historically, PTFs were established with natural, native soil in mind rather than en-
gineered substrates such as Low Impact Development (LID) substrates. Studies, such as
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Juliá et al. [1], have compared the use of PTFs to measured saturated hydraulic conduc-
tivities, where the PTF generally underestimated the saturated hydraulic conductivity of
native soil. Nevertheless, there are some studies that estimate rather than measure the soil
hydraulic properties for LID substrates. For example, Hilten et al. [2], Palla et al. [3], Metse-
laar [4], and Castiglia Feitosa and Wilkinson [5] have estimated the soil hydraulic properties
for green roof substrates. For bioretention substrates, He and Davis [6], Barbu [7], and Stew-
art et al. [8] have estimated the soil hydraulic properties. A majority of these studies use
the soil texture class to predict the unsaturated hydraulic properties. Hilten et al. [2] used
Rosetta Lite DLL [9], an artificial neural network utility, to estimate the hydraulic properties
for green roof substrate. Barbu [7] applied a physicoempirical method to estimate the soil
hydraulic properties of LID substrates.

Accurate measurement of soil hydraulic properties is crucial for developing precise
models of LID systems. While pedotransfer functions (PTFs) can provide estimates of
soil hydraulic properties based on easily measurable soil characteristics, such as texture
and organic matter content, it is important to validate their accuracy by comparing the
estimated properties with measured values. Currently, there is no in-depth analysis
of the use of measured and estimated soil hydraulic properties for the LID substrates.
Barbu [7] presented the measured and estimated soil hydraulic properties for four
filter media in their research. While the predicted curves were generally within an
acceptable range of prediction based on statistical analysis, the study did not demonstrate
the influence of errors transferred to a numerical model or what constitutes a truly
acceptable range of prediction for LID media. Therefore, further research is needed to
fully evaluate the accuracy of estimated soil hydraulic properties and their impact on
LID system modelling.

With rapidly changing climate [10–12], the need for accurately designed LID facilities
continues to grow. Accurate modelling of LID facilities is essential to develop effective
mitigation strategies for floodwater protection and stormwater contaminant control. By
examining both measured and estimated soil hydraulic properties, developers can assess
the uncertainties in their design and identify potential mitigation strategies. However,
currently, there is a lack of research examining the impacts of estimated soil hydraulic
properties on the performance criteria of LID facilities under long-term climate conditions
or during extreme events. Therefore, further research is necessary to investigate the
effects of uncertainties in soil hydraulic properties on the design and performance of LID
facilities in order to improve their reliability and effectiveness in mitigating the impacts of
stormwater runoff.

Several studies have conducted climate analyses of LID facilities by incorporating
Darcy’s equation into their models [13,14]. However, since Darcy’s equation assumes
saturated conditions, its use may lead to inaccurate results such as ponding or overflow
within the soil media [15]. In reality, unsaturated flow typically dominates in both green
roof and bioretention systems, rather than a saturated flow. Although bioretention systems
are designed for ponded conditions, it is noted that unsaturated conditions are more
prevalent since individual rainfall events are generally smaller than the design storm of
about 25 mm [15,16]. Conversely, green roofs are not designed for ponded conditions, as
this can lead to additional loading to the building’s structure [17,18]. Therefore, green
roof substrates are designed to have a hydraulic conductivity greater than peak intensities,
which reduces the likelihood of saturated conditions and avoids ponding.

This study aims to evaluate the performance of PTFs in estimating the soil hydraulic
properties of different LID substrates, specifically green roof and bioretention media
sourced from local suppliers in southern Ontario, Canada. The SWCC for five LID
substrates, two green roof and three bioretention substrates, were measured using a
device that employs the simplified evaporation method [19]. Laboratory testing included
measurement of the organic content [20], specific gravity [21], particle size distribution
using both the sieve test [22] and hydrometer test [23], and the saturated hydraulic
conductivity using the constant head test [24]. Regression models, physicoempirical
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models, and artificial neural network were the three types of PTFs used to predict the
hydraulic properties for the LID substrates. To compare the measured and predicted
SWCC, statistical analysis was carried out by calculating the coefficient of determination,
mean square deviation, and mean absolute deviation. To confirm the validity of the
statistical analysis, a visual examination was also completed. Numerical modelling was
carried out using the HYDRUS software [25] to evaluate the performance of the predicted
hydraulic properties to the measured hydraulic properties for long-term conditions and
performance under extreme precipitation events. The soil atmosphere boundary which
is a system-dependent boundary to simulate the soil atmosphere interaction was used
in the modelling effort. Thirty years of measured historic climate data for the city of
Toronto, Canada was used in the model for long-term analysis. For extreme precipitation
analysis, 48-h design storm data was used.

2. Theory

Richards’ equation [26] is utilized to describe the uniform flow of water under un-
saturated conditions. Equation (1) shows the Mixed Form of Richards’ equation for one-
dimensional vertical flow,

∂θ

∂t
=

∂

∂z

[
K(ψ)

(
∂ψ

∂z
− 1
)]

(1)

where θ is the volumetric water content, ψ is the soil water pressure, K(ψ) is the unsaturated
hydraulic conductivity which is the function of the soil water pressure. Also, z is the vertical
coordinate distance and t represents time.

In order to solve the Richards’ equation, two nonlinear hydraulic properties are re-
quired. These are the soil water characteristic curve (SWCC) and the unsaturated hydraulic
conductivity function. The SWCC is a relationship between water content and soil water
pressure. Whereas the unsaturated hydraulic conductivity function presents a decrease in
hydraulic conductivity with increasing unsaturated conditions.

Once a series of water content and pressure data point are measured for a porous
medium, analytical functions such as van Genuchten [27], Brooks and Corey [28], and
Fredlund and Xing [29] can be fitted to the data to represent the SWCC mathematically.
The van Genuchten function can be described as:

Se =
θ − θr

θs − θr
=
[
1 + (α|ψ|)n]−m (2)

where Se is the effective saturation, θr and θs are the residual and saturated water contents,
respectively, α is a fitting parameter related to the inverse of the air-entry pressure head,
and n and m are fitting parameters with m = 1 − 1/n.

3. Methodology

Experimental testing was completed to determine the physical and hydraulic soil
properties of the five different LID substrates. The predicted soil hydraulic properties for
the LID substrates were determined using regression models, physicoempirical models,
and an artificial neural network utility. Statistical analysis was carried out to evaluate the
performance of the predicted hydraulic properties to the measured hydraulic properties.
Finally, numerical modelling was completed to further assess the performance of predicted
to measured hydraulic properties for LID media.

3.1. Physical Soil Properties Measurement

The LID media used in this research were sourced from local suppliers. The two green
roof substrates were provided by LiveRoof Ontario and Gro-Bark. Gro-Bark also provided
two bioretention substrates, one of which contained glass sand. The third bioretention
substrate was provided by EarthCo Soil Mixtures. Overall, two green roof media (GR1,
GR2) and three bioretention media (BR1, BR2, BR3) were used in experimental testing and
numerical modelling. The five substrates are shown in Figure 1. Visual inspection indicated
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that, the green roof materials were coarser in comparison to the bioretention materials. The
bioretention materials have a more uniform appearance with sand and wood chips being
the most distinct constituents.
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Figure 1. Two green roof and three bioretention substrates examined.

Table 1 shows the measured organic content and specific gravity of the 5 substrates.
The organic content was determined by placing the sample in a muffler oven set to 550 ◦C
for approximately 2 h [18,20]. The amount of organics within the sample was determined by
taking the difference in mass before and after the dry combustion. The addition of organic
material acts as a lightweight component and is beneficial in decreasing the load on the
green roof [30]. Moreover, the organic material provides a large water storage volume [31]
and helps deliver nutrients for plant growth [30].

Table 1. Organic content and specific gravity of the five tested LID substrates.

Substrate Organic Content (%) Specific Gravity

GR1 7.03 2.02
GR2 5.16 2.24
BR1 5.06 2.80
BR2 6.80 2.70
BR3 7.81 2.36

Furthermore, it is noted that the addition of organic material also assists in the reduc-
tion of the soil density [30]. As shown in Table 1, the specific gravities of the green roof
media are smaller compared to the bioretention media. The specific gravity was determined
using the pycnometer method [21].

To determine the particle size distribution curve (PSD), the sieve test [22] and hydrom-
eter test [23] were performed. The PSD of all five substrates is shown in Figure 2. From the
PSD, both green roof media contains a large percentage of gravel (>2 mm) in comparison
to the bioretention media, which is consistent with the visual inspection done initially. The
bioretention materials contain a large percentage of sand (0.05–2 mm), with BR3 having 97%
sand. All the substrates analyzed were quite coarse and are expected to have high saturated
hydraulic conductivity values leading to good drainage during flooding conditions.

3.2. Measured Hydraulic Properties
3.2.1. Saturated Hydraulic Conductivity

To determine the saturated hydraulic conductivity, the constant head test was per-
formed. In order to successfully measure the saturated hydraulic conductivity for these
very coarse substrates, preparation of the sample was the key. For this test, two side ports
were installed into a compaction permeameter in order to attach the two open manometer
tubes. The height of the compaction permeameter is 18.0 cm and the diameter is 15.2 cm.
The distance between the two side ports is 7 cm.
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Figure 2. Particle size distribution curve of the five measured LID substrates.

Each LID media was then packed within the permeameter to the dry bulk density of
1 g/cm3. A dry bulk density of 1 g/cm3 was used as alternative studies have obtained sam-
ple cores from live sites and used a dry bulk density of approximately 1 g/cm3 [15,18,32,33].
The oven dried sample was split using a splitter into four different bowls to help reduce the
sample bias. To reduce particle segregation, water was added so that the sample reached a
gravimetric water content of 2%. A packing procedure was adopted to avoid horizontal
layering. When packing, the first lift was poured in and gently compacted. The top of the
layer was then lightly scraped before pouring in the next lift to avoid horizontal layering of
the sample. Once the permeameter was filled, the geotextile and metal mesh were placed
at the top and then were sealed with an appropriate cover (Figure 3c).
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Carbon dioxide was passed though the permeameter to assist in flushing out the air.
Once the sample has been flushed with CO2, the permeameter was attached to a water
reservoir and two manometers. In order to reduce air entrapment in the system, de-aired
water was used. The saturated hydraulic conductivity was determined by measuring the
volumetric flowrate by maintaining a constant head.

3.2.2. Measurement of SWCC

A popular method to measure the SWCC is the simplified evaporation method [19]. To
measure the SWCC, the HYPROP measurement system [34] which employs the evaporation
method was used.

With the exception of the packing procedure, the measurements were made following
the procedure as described by the manufacture [34]. For sample packing, a procedure
similar to the one described for the hydraulic conductivity measurements was used. The
sample was packed in three lifts. In order to reduce particle segregation during packing,
the sample was wetted to a water content of 2%. The first lift is poured into the silver
sample ring that is provided with the HYPROP equipment. The sample is compacted
with 10 blows using a round shear box extruder and the side of the sample ring is tapped
5 times. The top of the layer was lightly scraped to avoid horizontal layering. Following
a similar procedure, the second lift is poured into the sample ring. For the third lift, the
excess sample at the top of the sample ring is scraped off with a straight edge (Figure 4a).
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3.3. Pedotransfer Function

In total, 19 different pedotransfer functions were considered for each of the LID
substrates. Regression models, physicoempirical models, and the use of an artificial neural
network utility were the three types of PTFs that were used to predict the SWCC.

Guber and Pachepsky [35] have developed a computer program, named CalcPTF, that
utilizes regression equations to predict the unsaturated hydraulic properties from routinely
measured soil properties. Routinely measured soil properties include the percentage of
sand, silt and clay, the organic content and the dry bulk density. CalcPTF contains numerous
PTFs, where some estimate the Brooks and Corey [28] parameters and the others estimate
the van Genuchten [27] parameters. Table 2 provides the details of the soil inputs required
for the various PTF in CalcPTF.
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Table 2. Soil inputs required for selected PTFs in CalcPTF [35].

# PTF Model Sand
%

Silt
%

Clay
%

Organic
Content

%

Dry Bulk
Density
g/cm3

1 Saxton et al., 1986 [36] BC 1 + + +
2 Campbell and Shiosawa, 1992 [37] BC + + +
3 Rawls and Brakensiek, 1985 [38] BC + + +
4 Williams et al., 1992a [39] BC + + +
5 Williams et al., 1992b [39] BC + + + +
6 Wösten et al., 1999a [40] VG 2 + + +
7 Varallyay et al., 1982 [41] VG + +
8 Vereecken et al., 1989 [42] VG + + + +
9 Wösten et al., 1999b [40] VG + + + +
10 Tomasella and Hodnett, 1998 [43] WH 3 -> VG + + +
11 Rawls et al., 1982 [44] WH -> VG + + + + +
12 Gupta and Larson, 1979 [45] WH -> VG + + + + +
13 Rajkai and Varallyay, 1992 [46] WH -> VG + + + +
14 Rawls et al., 1983 [47] WH -> VG + + + + +

1 BC—Brooks and Corey [28] model; 2 VG—van Genuchten [27] model; 3 WH—water content at fixed capil-
lary pressure.

The physicoempirical models utilize the particle size distribution to predict the SWCC
as they are based on the similarity of shape. The two physicoempirical models selected to
be analyzed for this research are the Arya and Paris [48] model and the Modified Kovacs
Model developed by Aubertin et al. [49].

Arya and Paris [48] presented one of the first physicoempirical model and is especially
preferred in practice as it works well with various soil types [7,50]. The Arya-Paris (AP)
model divides the particle size distribution curve into fractions, where the larger particle
sizes relate to a larger soil water content. The AP model estimates the volumetric water
content by estimating the pore volume and determines the soil pressure by converting pore
radii using the capillary theory [48].

The other physicoempirical model analyzed is the Modified Kovacs (MK) Model [49].
This model has been shown to work well with tailing materials, granular and cohesive
soils [50]. As the LID material is highly granular, it was of interest to see if this model
would work well for LID materials. The major difference between the MK model and
the AP model is that the MK model only uses the coefficient of uniformity (Cu) from the
particle size distribution, rather than directly using all of the points measured in the PSD.

The third PTF type analyzed uses neural network predictions. Rosetta Lite DLL
(Dynamically Linked Library) is included within the HYDRUS software [25] to help predict
the van Genuchten [27] parameters and saturated hydraulic conductivity [9]. Rosetta’s
predictive capabilities rely on textural class, textural distribution, bulk density, and one
or two water retention points as inputs. While the inclusion of additional input data
generally leads to improved accuracy, soil information may be limited in some cases. In
such scenarios, Rosetta adopts a hierarchical approach to estimate SWCC and Ks values,
using either a limited or more extensive set of input data. This approach is reflected in
the five available models, each calibrated on the same dataset. The simplest model uses a
lookup table to provide average hydraulic parameters for each soil textural class (e.g., sand,
silty load, clay loam). In contrast, the other four models rely on neural network analysis [9]
and employ additional input information such as the percentage of sand, silt, and clay
(SSC), dry bulk density (BD), and the water content at 33 kPa and 1500 kPa suction values.
By incorporating this hierarchical approach, Rosetta can make accurate predictions with
limited input data, while also allowing for more detailed predictions when additional
information is available.

3.4. Statistical Analysis

The measured and predicted SWCC are compared using statistical analyses and visual
inspection. To confirm the validity of the statistical analysis, a visual inspection of the
predicted to the measured data is recommended by Schunn and Wallach [51], as they can
provide non-overlapping information. The coefficient of determination (R2) is a statistical
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measure to assess how well the trend in the predicted data matches the measured data.
Obtaining a R2 of 1 refers to 100% of the predicted data matches the trend of the measured
data. Nevertheless, a R2 of 1 does not necessarily mean the predicted data matches the
measured data. Thus, to determine the deviation from the actual value of the measured
data, both the mean square deviation (MSD) and the mean absolute deviation (MAD) are
estimated. Lower MSD and MAD values indicate less deviation between the predicted and
the measured values. The R2, MSD and MAD are calculated as follows:

R2 =

 n∑n
i=0
(
θmθp

)
i −∑n

i=0 (θm)i∑
n
i=0
(
θp
)

i√{
n∑n

i=0

(
θm)

2
i − [∑n

i=0( θm)i ]
2
}{

n∑n
i=0 ( θp

)2
i −

[
∑n

i=0
(

θp
)

i

]2}


2

(3)

MSD =
∑n

i=1[( θp
)

i − ( θm)i]
2

n− 2
(4)

MAD =
∑n

i=0 Abs
[(

θp
)

i − ( θm)i]

n
(5)

where n is the number of data points, θm and θp are the measured and predicted volumet-
ric water content, respectively. The difference between the MSD and MAD measure of
goodness-of-fit is that the MSD squares the deviation, thus placing emphasis on points
that do not fit the measure data well in comparison to points that do fit well. The MAD
estimation is a more simplistic approach that puts equal weight on all deviations and is
therefore suitable for relatively noise-free data. A MAD estimation of 3 represents that, on
average, each value is off by 3 from the mean, thus presenting a more direct measure of
the data.

3.5. Numerical Analysis

The impact of measured versus predicted hydraulic properties on the performance
prediction of LID systems was assessed using HYDRUS 1D software [25]. HYDRUS is
a modelling software used in the analysis of water flow and solute transport in variably
saturated soils. Various studies have demonstrated that HYDRUS provides good accuracy
in predicting the hydraulic response of different LID systems [8,15,52–54]. In order to set-up
the numerical model, the material properties, climate data, geometry, initial conditions and
boundary conditions are required. The material properties used for the analysis are the
measured soil properties and the predicted van Genuchten [27] parameters from the PTFs.

The models for the bioretention media were simulated with a 100 cm deep soil profile
overlaying 300 cm of loamy sand. A 15 cm soil profile was simulated for the green
roof substrates, which corresponds to an extensive green roof [55]. The lower boundary
condition of the models was set to free drainage. The upper boundary condition was set
to atmospheric boundary condition with a surface layer, where the green roof substrate
was restricted to 0 cm of surface head. Thirty years of daily records of precipitation and
potential evaporation values for Toronto, Canada constituted the atmospheric boundary.

Toronto historical climate data between 1981 to 2010 was collected from Environment
and Climate Change Canada portal [56]. The dataset comprises of the daily values of
precipitation, relative humidity, temperature, wind speed, and net radiation (Figure 5).
The compiled climate datasets were statistically analyzed to compute historical averages,
maximum and minimum values, and other pertinent information for various climate vari-
ables over the 30 years [57–59]. In order to estimate the potential evaporation, Penman [60]
method was used. In total, 8250 active days were modelled, where the active period rep-
resents the time when the ground is thawed thus allowing water to infiltrate into the soil.
The concept of active days has been introduced by Fredlund et al. [50] and has been used
in various studies [58,61,62].
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Figure 5. Historical climate data for Toronto (Data from [56]).

For extreme precipitation events, historical intensity-duration-frequency (IDF) curves
were collected from Environment and Climate Change Canada [63]. Figure 6 presents the
IDF curves for Toronto. For this study, the 48-h storm duration was used as it provides
meaningful analysis of a greater quantity of water entering the LID system compared
to the other storm durations. With the acquired IDF data, synthetic design storms were
developed using the method proposed by Kiefer and Chu [64], also known as the Chicago
design storm.

The allowable ponding was taken as zero for the green roof. On the other hand, biore-
tention facilities are designed for ponded conditions as they cater to a greater catchment
area in addition to precipitation that directly infiltrates the system. According to Credit
Valley Conservation and Toronto and Region Conservation Authority [55], the maximum
ponding depth should be between 15–25 cm. Therefore, the allowable surface ponding was
set to 20 cm in the models that were representative of bioretention facilities.
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Figure 6. Historic intensity-duration-frequency curves for Toronto (Data from [63]).

The amount of stormwater runoff is dependent on the catchment area and degree
of imperviousness of the area for the bioretention system [65]. A ratio known as the
Impervious to Pervious ratio (I/P) combines these two factors in the following relationship:

Vi = dAB

(
I
P
+ 1
)

(6)

where Vi is the volume of the influent, d is the precipitation depth, and AB is the area of
the bioretention system. As HYDRUS 1D treats additional precipitation in units of depth
rather than volume, the equation can be rewritten as follows [66]:

di = d
(

I
P
+ 1
)

(7)

where di is the depth of the influent. If the percentage of the catchment area was 10% and
the percentage of impervious area was 60%, the I/P ratio would be 6. This would result
in a depth of influent 7 times greater than the precipitation depth. It is suggested that the
bioretention system should have an I/P ratio of 5 to 20 [55]. An I/P ratio of 6 is used for
this research for the bioretention systems. For the green roof system, there is no additional
stormwater entering the system other than the precipitation directly entering the system.
Therefore, the green roof system would have an I/P ratio of 0.

An initial condition of −100 cm of head was assumed for the modeling domain. As
the simulations were carried out using thirty years of climate data, the initial conditions
do not greatly impact the overall results over the long term. Running the thirty years
of data, then applying the final conditions as the new initial conditions did not impact
the overall results from the numerical simulations. On the other hand, incipient soil
moisture conditions at the start of the storm could play a significant part in design storm
analysis. A substrate with wet initial conditions would lead to a greater runoff or ponding
depth in comparison to drier initial conditions. Daily soil water saturation data from the
30-year Toronto historic climate data simulation was analyzed in detail and average soil
pressure conditions corresponding to 50th percentile saturation was extracted as the initial
conditions for the design storm simulations.
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4. Experimental Results & PDF Estimations
4.1. Hydraulic Properties

Averaged saturated hydraulic conductivities (Ks) for the five LID media as well as the
error bars are shown in Figure 7. Overall, the Ks measured for the green roof materials is
one order of magnitude higher than the bioretention materials. These results are consistent
with the PSD, which indicated that the green roof materials are coarser compared to the
bioretention materials.
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GR1 has a greater percentage of gravel in comparison to GR2, resulting in slightly
higher Ks due to the increased void space assisting the water mobility. On the other hand,
the bioretention media is designed to undergo ponding and assist in the reduction of storm
water pollutants in addition to flood prevention. Thus, to capture the contaminants whether
through sorption, volatilization, or filtration, a lower Ks in comparison to the green roof
media is preferred [67].

Predictions for Hydraulic Conductivity

Pedotransfer functions are also used to estimate saturated hydraulic conductivity.
Rosetta provides estimates for Ks in addition to estimates for water retention. Devlin [68]
has developed a program, called HydrogeoSieveXL, to estimate Ks from grain-size distribu-
tions curves using 15 different methods. Figure 8 presents the estimated Ks from Rosetta
and eight methods [69–76] included in the program by Devlin [68]. Some methods included
within HydrogeoSieveXL were excluded as the material failed the criteria required for that
Ks estimation model.

Overall, both Rosetta and the methods found in HydrogeoSieveXL underestimate the
measured Ks for the LID materials considered in this study. In general, the methods under-
estimate Ks values for the green roof substrates by a magnitude of two and the bioretention
materials by a magnitude of one. BR3 obtained the closest estimates, demonstrating that
uniform-graded materials perform best when estimating using physicoempirical methods.
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Figure 8. Estimation of hydraulic conductivity of (a) green roof media, (b) bioretention media [25,68–76].

4.2. SWCC Experimental Results

The SWCC for the five LID materials were measured and are illustrated in Figure 9.
Figure 9 also demonstrates how good the fit is between the experimental values and fitted
curved using van Genuchten [27] equation. The fitted van Genuchten [27] parameters to
the measured SWCC data are presented in Table 3.
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Table 3. Fitted van Genuchten [27] parameters.

Media θs (cm3/cm3) θr (cm3/cm3) α (1/cm) n

GR1 0.43 0 0.24 1.21
GR2 0.47 0 0.09 1.31
BR1 0.49 0.21 0.03 5.23
BR2 0.43 0.16 0.11 1.73
BR3 0.50 0.13 0.04 5.75

The air entry value (AEV) is the suction value at which air first enters the saturated
soil resulting in the start of desaturation. From Figure 9, it can be observed that BR1 and
BR3 have a larger AEV compared to the other substrates. From Table 3, the α parameter in
the van Genuchten [27] equation is approximately equal to the inverse of the AEV. The α
parameter is smaller for the bioretention materials in comparison to the green roof materials,
with the exception of BR2.

The n parameter presented in Table 3 correlates with the pore size distribution. A high
n value signifies a narrow pore size distribution, leading to a steeper SWCC as the water
content drains over a narrow suction range. As observed in Figure 9, both BR1 and BR3
have steep curves, thus a greater n value. Note that BR1 and BR3 are also classified as
poorly graded according to the soil classification using USCS. The green roof substrates
have a smaller n value which allows the system to retain water over a greater suction
range. Both green roof substrates are classified as well-graded according to the USCS
soil classification.

5. Performance Evaluation of PTFs for SWCC

To compare the performance of various PTFs to the measured SWCC, the R2, MSD and
MAD values were calculated. Figure 10 presents a scatterplot of the computed R2, MSD,
and MAD values for the green roof and bioretention substrates. From Figure 10, it can be
observed that the trend relative magnitudes are captured well for both green roof substrates
in comparison to the bioretention substrates. On average, both of the green roof substrates
(GR1 & GR2) have an R2 value greater than 0.90, with the exception to the MK method that
had an R2 value less than 0.30. Whereas the bioretention substrates have low R2 values, in
some cases reaching a low R2 value of 0.30. In addition, there is a lower deviation observed
between the measured and predicted SWCC for the green roof substrates in comparison to
the bioretention substrates. The MSD value for the green roof substrates generally have a
value less than 4, with an average of 1.8 without the MK method. Whereas the bioretention
substrates have MSD values exceeding 10, with an average of 3.9. The MAD estimation,
as stated earlier, presents a more direct measure of the data where a value of 0.5 means
that the volumetric water content of the predicted model is, on average, off by 0.5 from the
mean of the measured data. As shown in Figure 10, the bioretention substrates presents a
larger deviation in MAD and MSD values compared to the green roof substrates. A visual
examination is required to assess where the predictions are most problematic.

After examining the statistical analysis of the predicted to the measured SWCC, it
can be concluded that some of the PTF methods work better for certain substrates com-
pared to the others. In general, the PTFs from the CalcPTF program and from Rosetta
performed better for the green roof materials considered for this research in comparison
to the bioretention materials. On the other hand, the AP method performs relatively well
for the bioretention materials. Overall, the MK model is observed to perform poorly for
all substrates considered in this research. Upon closer investigation, it can be concluded
that CalcPTF and Rosetta show poor performance for materials that contain the larger
percentage of sand. This leads one to the conclude that, for the most part, PTFs perfor-
mance is largely dependent on the percentage of the certain particle sizes. Nevertheless,
it is important also to note that both the CalcPTF program and Rosetta do not take into
consideration the percentage of gravel within the substrate.
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Figure 10. Statistical evaluation of the green roof substrates (a) and bioretention (b) substrates [25,36–47].

5.1. Validity of the Statistical Analysis through Visual Examination

Visual inspection of the measured and predicted SWCCs was carried out to determine
which core features of the SWCC is not predicted well. The core features of the SWCC
include the saturated and residual water contents, air entry value, and pore size distribution.
Figure 11 presents the five substrates and compares the measured versus predicted SWCC
for four different PTFs. As there is a large number of estimations that were considered
from the CalcPTF program, the PTFs that provided the best comparison from a statistical
perspective are presented in Figure 11. The selected PTFs from the CalcPTF program
produced an R2 value closer to 1 and a lower MSD and MAD value.

From Figure 11, it can be observed that the predicted curves capture the slope of the
measured SWCC fairly well. The predicted curves for BR2, GR1 and GR2 follow a gradual
sloped curved, with some exceptions such as the MK method. Whereas the measured
SWCCs for BR1 and BR3 have steep SWCCs which is indicative of the fact these materials
drain over a narrow suction range compared to the other measured SWCCs. The predicted
curves for BR1 and BR3 present a steep SWCC, similar to the measured SWCCs. Thus,
the slopes of the predicted curves presents a good fit to the measured curves. The AEV
of the predicted SWCCs rarely overlap with the measured AEV, as shown in Figure 11.
Predicted curves that underestimate the AEV present a relatively better fit compared to
the predicted curves that overestimate the AEV. For example, the AP method presented in
Figure 11c for BR1 overestimates the AEV, leading to an extremely poor fit. Choosing a PTF
that overestimates the AEV wrongfully estimates the substrate’s ability to stay completely
saturated over a greater suction period and would result in erroneous designs.
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Most of the predicted SWCCs overestimate the saturated water content, some by as
much as 10%, which implies that the storage of the substrate is greater than expected.
There are some PTFs that use the particle density and dry bulk density to estimate the
porosity. This porosity value is then assumed to be equal to the saturated volumetric
water content. This tends to overestimate the saturated volumetric water content as
shown in Figure 11. However, it should also be noted that it is somewhat difficult to
achieve complete saturation during the experimental measurements. This is even after
leaving the substrate core in a water bath for 24 h. It is possible that when transferring
the substrate core from the water bath to the HYPROP apparatus, gravitational drainage
occurs thus emptying the macropores within the porous substrate or the sample never
gets completely saturated due to the air entrapment. Currently, there are no mechanisms
available in the equipment to ensure no air entrapment. It should be noted that even if
another measurement method, such as pressure plate extractor, is to be employed and
a complete saturation via vacuum or carbon dioxide flush is to be attained, complete
saturation in field condition is never possible. Therefore, it can be argued that attainment
of complete saturation under laboratory conditions is perhaps not the best representation
of field conditions and overestimation by PTF can potentially grossly overestimate the total
available storage in LID systems.
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5.2. Numerical Modelling Results

The water balance at the ground surface describes the amount of water that moves
across the soil-atmosphere boundary. Through the assessment of a water balance, relevant
components such as water storage capacity, infiltration or drainage can be quantified.
This assists in the analysis and design of the substrates performance when used in LID
applications. Components of the water balance at the ground surface include precipitation
(P), potential evaporation (PE), actual evaporation (AE), transpiration (T), surface run-off
(RO), and net infiltration (NI). The NI refers to the amount of water that enters the soil
surface overcoming the evaporation and surface runoff. It can be described as:

NI = P− AE− RO (8)

The AE is also dependent on prevailing water quantity in the near surface soil layer
and is therefore always less than the PE, if the surface does not remain saturated. HYDRUS
estimates AE by using a system-dependent atmospheric boundary condition at the top
of the modeling domain. The potential flux is dependent on external conditions, such as
precipitation and evaporation, while the actual flux depends on the external conditions as
well as the transient soil moisture conditions.

As shown in Equation (8), if the actual evaporation is high, the NI decreases accord-
ingly. Higher precipitation intensities might result in exceeding the infiltration capacity of
the soil resulting in surface run-off, thus decreasing the NI. Generally, a higher soil water
retention and low saturated hydraulic conductivity (Ks) tends to increase the AE, thus
decreasing NI. A lower Ks and higher air entry value implies that it would take longer for
water to move deeper into the soil, thereby allowing evaporation to occur as the water
remains near the surface.

5.2.1. Long-Term Analysis

The HYDRUS 1D software was used to evaluate the performance of the hydraulic
properties from PTFs to the measured hydraulic properties using thirty years of Toronto’s
historical climate data. The water balance at the ground surface using the measured and
predicted soil hydraulic parameters is presented in Figure 12 for GR2 and BR2. Note that
the water exiting the system is assumed to be negative while the water entering the system
is considered positive. Table 4 contains the van Genuchten [27] parameters used in the
numerical simulations for GR2 and BR2′s water balances. As there were many regression
equations contained within CalcPTF, the equation that produced a better comparison
from a statistical perspective (high R2, low MSD and MAD) was chosen. Additionally,
no surface runoff was observed for any of the substrates as they have a high saturated
hydraulic conductivity.

Table 4. van Genuchten [27] parameters used in measured versus predicted numerical simulations
for GR2 and BR2.

Substrate PTF Source θr θs α (cm−1) n

GR2 Measured van Genuchten [27] fitted 0.00 0.47 0.09 1.31
CalcPTF Vereecken et al. [42] 0.12 0.48 0.08 1.29
Rosetta SSCBD [9] 0.05 0.48 0.04 1.67

AP Method Arya and Paris [48] 0.01 0.48 0.96 1.34
MK Method Aubertin et al. [49] 0.02 0.47 0.13 3.48

BR2 Measured van Genuchten [27] fitted 0.16 0.43 0.11 1.73
CalcPTF Vereecken et al. [42] 0.13 0.48 0.20 1.44
Rosetta SSCBD [9] 0.05 0.48 0.05 1.90

AP Method Arya and Paris [48] 0.00 0.43 0.21 1.35
MK Method Aubertin et al. [49] 0.02 0.55 0.04 4.29
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Figure 12. Water balance of measured and predicted SWCC for 30-year Toronto historic climate data
for (a) GR2 and (b) BR2.

From Figure 12a, it can be observed that the PTFs overestimate the NI for green roof
material. The difference in NI calculated from measured and estimated (MK method)
hydraulic properties is 500 cm at the end of the 30-year period. This comes out to be
167 mm every year on average. This is consistent with the statistical analysis for GR2,
where the MK model performs poorly in comparison to CalcPTF. The difference between
CalcPTF and the measured hydraulic properties for NI is 50 cm, which is quite small in
comparison. The greater NI results in a greater bottom flux (BF) leading to overdesign for a
green roof. The BF describes the outflow at the bottom of the substrate as free drainage was
assumed at the bottom boundary. During a storm event, it is ideal to mitigate the water
travelling out of the green roof. As reducing peak flow during storm events is a key design
criterion for LIDs, a decreased BF for green roofs is preferred.

Figure 12b presents the water balance for BR2. The water balance of the predicted
and measured hydraulic properties presents somewhat similar results. Whereas the PTFs
overestimated the NI for GR2, the PTFs for BR2 underestimate the NI, with the exception
of the MK model. CalcPTF has the closest results to the measured simulation, with a NI
difference of 165 cm at the end of the 30-year simulation. The MK model performs poorly
compared to the other models, with a NI difference of 587 cm from the measured. The
performance of the PTFs is consistent with their ability to predict hydraulic properties.
Similar observations were made for BR1 and BR3, where simulations using predicted and
measured hydraulic properties resulted in relatively close NI values. Therefore, it can
be concluded that the NI estimates are less sensitive to soil hydraulic properties for LID
systems that accept a large quantity of water.

To further analyze the water balance results, the percent difference for each PTF and
the cumulative NI, AE, and BF are examined and shown in Figure 13. The cumulative
values for NI, AE, and BF using the measured soil hydraulic properties are used as the
baseline. It is evident that there is a greater percent difference between the NI and BF for
the green roof substrates whereas the bioretention substrates have a small, almost negligent,
percent difference. This further demonstrates that the effects of the soil hydraulic properties
get muted when large quantities of water enter the system. There is also a great percent
difference in AE for the bioretention that is not as noticeable in the water balance shown
in Figure 12b.
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Figure 13. Percent difference for predicted versus measured soil hydraulic properties of cumulative
NI, BF, and AE for (a) GR2, (b) BR2, (c) GR1, and (d) BR3.

5.2.2. Extreme Precipitation Analysis

The performance of the PTFs to the measured hydraulic properties under extreme
precipitation events was also evaluated using HYDRUS 1D. Design aspects of green roof and
bioretention systems were evaluated using the measured and predicted hydraulic properties.

Green roofs assist in reducing the peak flow of a storm when compared to a conven-
tional roof [77]. The peak reduction can be determined by taking the percent difference
between the peak of the storm event and the peak of the runoff. Figure 14 presents the
difference between the peak reduction using the measured and predicted hydraulic prop-
erties. A positive value implies that the measured hydraulic property has a greater peak
reduction compared to the peak reduction obtained using the predicted hydraulic property.
For example, the peak reduction for a 2-year storm using the measured hydraulic property
and PTF developed by Campbell and Shiosawa [37] results in a 91% and 81% reduction,
respectively. Thus, the difference of 10% presented in Figure 14 implies that a smaller peak
reduction is predicted using this PTF. Overall, it is observed that smaller peak reductions
are predicted when using PTFs, leading to overdesign of the green roof.

The peak time delay is significant in delaying the stormwater runoff quantity during a
storm event. The time delay was determined by subtracting the time of the peak runoff
from the peak of the storm event. Figure 15 presents the percent difference of the time
delay using the measured and predicted hydraulic properties. For example, using the
measured hydraulic properties for a 100-year storm results in a time delay of 1.6 min.
Whereas the predicted method developed by Rajkai and Varallyay [46] resulted in a time
delay of 0.6 min. The percent difference of 63% is presented in Figure 15. As presented in
Figure 15, the percent difference between the measured hydraulic properties and predicted
can range from 30% to 350%, with a majority resulting in a percent difference of 50%. This
demonstrates that a large error is presented when using predicted hydraulic properties
rather than measured.
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Figure 14. Difference in green roof peak reduction between measured and predicted hydraulic
properties [25,36–49].
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Figure 15. Percent difference between predicted and measured green roof peak time delay [25,36–49].

A key design aspect for bioretention facilities includes the ability to allow for surface
ponding. This assists in storing and treating stormwater runoff from large catchment
areas. A maximum surface head of 20 cm was defined in the model in accordance with the
maximum surface ponding defined by CVC and TRCA [55]. A majority of the PTFs under
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the 25-year and 100-year storms surpassed the 20 cm maximum surface head. Therefore,
the stormwater runoff from the bioretention facility is examined. Figure 16 presents the
stormwater runoff difference between the measured and predicted soil hydraulic properties.
For example, the total amount of runoff simulated using the measured hydraulic properties
and AP method for the 100-year storm event is 15.7 cm and 11.7 cm, respectively. Thus, the
difference of 4 cm is presented in Figure 16. The predicted methods from Saxton et al. [36],
Rawks and Brakensiek [38], Williams et al. (b) [39] and the MK method presented the
greatest runoff difference of 15.7 cm for the 100-year storm event as they simulated no runoff.
Thus, for a single 100-year storm, the difference in total runoff between the measured and
predicted soil hydraulic properties can be as much as 15 cm. With increasing storm quantity,
there is a greater variability presented in the predicted models.
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Figure 16. Comparison of bioretention runoff difference between measured and predicted hydraulic
properties [25,36–49].

Figure 17 presents the ponding time percent difference between the measured and
predicted soil hydraulic properties. For instance, the total ponding time for a 25-year storm
using the measured hydraulic property and the AP model are 4.34 h and 3.96 h, respectively.
The percent difference of 8.82 % is presented in Figure 17. As the total ponding time for
the 2-year storm event is almost negligible, examining the percent difference would result
in a large, unrealistic value. It is noted that there is a greater percent different observed
for the 25-year storm duration compared to the 100-year storm. With the increase in total
storm quantity, there is an observed decrease in the percent difference in total ponding
time between the measured and the predicted method. A majority of the percent difference
between the measured and predicted method for the 100-year storms are less than 3%, with
few exceptions.

According to CVC and TRCA [55], it is recommended that the maximum allowable
surface ponding time be 24 h after the storm event in order to avoid mosquito breeding
sites. Thus, using the predicted soil hydraulic properties can result in large discrepancies
between the ponding time using the measured soil hydraulic properties and the predicted.
For example, the total surface ponding time for the 100-year storm duration using the
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measured soil hydraulic properties is 4.56 h. Using the MK method, the total ponding time
for the 100-year storm is 2.55 h. Thus, a smaller surface ponding time is predicted leading
to incorrect design of the bioretention facilities.
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6. Concluding Remarks

Two green roof and three bioretention substrates were examined and characterized
by measuring routinely measured soil properties. The samples for the green roof and
bioretention materials obtained from different suppliers indicated that there is a wide
variability in composition, geotechnical and hydraulic properties of these materials. Some
highlights from these test results are noted as follows. The organic content of the LID
substrates varied from 5.1% to 7.8%, with the bioretention media BR3 containing the
greatest percentage. The specific gravity of the LID substrates varied from 2 to 2.8 g/cm3,
with the green roof media having a smaller specific gravity compared to the bioretention.
Most of the LID media have a specific gravity outside the typical range of soils, being
2.60 to 2.80 g/cm3. The green roof media had a greater percentage of gravel whereas the
bioretention media had a greater percentage of sand. All of the LID substrates are quite
coarse and are expected to provide good drainage during a storm event.

From the constant head test, the green roof substrates have a greater Ks compared
to the bioretention substrates. As the bioretention systems are designed for ponded con-
ditions, a smaller Ks, in comparison to the green roof media, allows for the contaminant
capture. Finally, the SWCC was measured using the simplified evaporation method. The
well-graded green roof substrates retained water over a greater suction range, whereas
the poorly-graded bioretention substrates retained water over a narrow suction range.
Measurement of unsaturated soil hydraulic properties for LID materials is costly, and time
intensive leading to predictive methods such as pedotransfer functions. The use of these
predictive methods for LID materials were examined in detail within this research.

Overall, there is a high level of uncertainty when using PTFs for LID materials. There
is no one particular PTF model that works best for the all the LID materials that were
considered. Furthermore, it was observed that the green roof substrates, GR1 and GR2,



Hydrology 2023, 10, 105 22 of 25

performed better using the PTFs from CalcPTF and Rosetta compared to the bioretention
substrates, BR1, BR2, and BR3. As there is a large variability of the materials used in LID
substrates, depending on the design criteria of the system, a PTF model that works well for
one LID substrate may not work well for another. Historically, PTF models were designed
by gathering a large quantity of measured soil data and creating a relationship. However,
the soil data that is used to create the PTF models are typically natural soil and not the
engineered soil used in LID systems. Thus, with the combination of the variability of
materials used in each LID system and the PTF originally developed for native soil, there is
no PTF model that can estimate all LID substrates.

The core features of the SWCC, including the air entry value, the saturated volumetric
water content and the pore size distribution, were examined through visual analysis. For
many of the examined substrates, the air entry value of the predicted SWCCs rarely matched
the measured SWCC. Overestimating the AEV implies that the substrates is able to stay
completely saturated under a greater suction value. This can lead to over estimation of AE
and corresponding underestimation of quantity of water LIDs have to handle. Whereas the
slopes of the predicted SWCCs generally had a good fit to the measured SWCCs. The PTFs
were mostly able to predict whether the slope of the measured SWCC is steep or gradual.
The saturated volumetric water content was overestimated for many of the examined
substrates, sometimes as much as 10%. This would imply that the storage of the substrate
is greater than expected as there is a greater saturated volumetric water content estimated.

In general, the PTFs have a limited capability to accurately estimate the SWCC of
the engineered media. These substrates differ vastly when compared to natural, non-
engineered soil as they are mixed to meet a specific design criterion. To examine the
performance of the use of PTFs, long term simulations and extreme precipitation analysis
using HYDRUS 1D was completed. Through numerical modelling, it was determined that
measured soil hydraulic properties are more relevant for green roof systems in comparison
to bioretention systems. This was observed by examining the percent difference of the
measured cumulative net infiltration, actual evaporation and bottom flux to the predicted
values. Using the AP method and Rosetta resulted in a percent increase of 15% in cumu-
lative net infiltration for the green roof substrates. Using the MK method, a 60% increase
in the cumulative net infiltration was observed for the green roof substrates. Whereas the
bioretention media presented a small percent difference for all PTFs considered.

Similarly, key design criteria were examined for the green roof and bioretention under
extreme precipitation events using the measured and predicted hydraulic properties. It was
noted that the green roof design criteria, such as the peak reduction and peak time delay,
varied vastly when using predicted hydraulic properties. The percent difference between
the measured and predicted hydraulic properties for the green roof peak time delay can be
as much as 300%. The bioretention design criteria, such as ponding, surface runoff, and
ponding time presented large percent differences for the smaller storm durations. In some
cases, the difference in surface runoff for the 25-year storm was as much as 14.7 cm and
the 100-year storm as much as 15.7 cm. A percent difference of 100% is observed for the
ponding time under 25-year storm durations and 40% for 100-year storm durations. This
large discrepancy between the measured and predicted soil hydraulic properties can lead
to unrealistic designs of the LID facilities. It is also highly recommended to conduct field
experiments on the LID facilities to further examine their performance. This is especially
important as it is well recognized that the substrates may be impacted by field procedures,
such as compaction, which can lead to hydraulic properties that differ from those measured
in laboratory settings. Therefore, field experiments would allow for a more comprehensive
evaluation of the actual performance of the LID facilities and could help refine their design
and construction to enhance their effectiveness.

As field and laboratory measurement of unsaturated hydraulic properties can be
expensive and cumbersome, the use of PTFs can be seen as a great advantage. However,
from a design perspective, accurate soil hydraulic properties are more important for systems
that manage less water, such as green roof systems. Design performance criteria can differ
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vastly when using the predicted soil hydraulic properties compared to the measured
leading to inaccurate designs of LID facilities under changing climate.
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