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Abstract

Climate change has resulted in an increase in both intensity and frequency of extreme rainfall
events leading to a higher probability of flooding. Urbanization has also raised the risk of flooding
due to the increase in impervious surfaces. 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). Green roofs and
bioretention facilities are examples of 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 analyze the
flow under variably unsaturated conditions, Richards’ equation can be used. In order 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. An alternative approach is to estimate unsaturated hydraulic properties using
pedotransfer functions. Pedotransfer functions (PTFs) estimate soil hydraulic properties using
routinely measured soil properties, such as soil texture, grain size distribution, bulk density, or
porosity. This first part of this research presents a comparison between the direct measurement
obtained through experimental procedures and the use of pedotransfer functions 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 modeling to predict the water
balance at the ground surface was conducted using the measured and estimated soil hydraulic
properties. Results indicate that there is a high level of uncertainty when using PTFs for LID

materials.



Itis ideal to analyze existing and future LID systems within the context of changing climate. Thus,
the second part of this research will assist in the determination of whether the LID system design
objectives can be met within the context of changing climate. In order to conduct this analysis,
numerical modelling using HYDRUS software was completed. Material properties previously
measured in the laboratory for bioretention and green roof substrates were used in the numerical
modeling. Long-term and short-term climate data for ten locations in Ontario was used in this
examination. Historical climate data was compiled from Environment and Climate Change
Canada weather stations. Future long-term climate data from four different general circulation
models (GCMs) with four representative concentration pathways (RCP) for the time period of
2011 to 2100 was used in the assessment. Short-term design storms were developed from
historical and future intensity-duration-frequency (IDF) curves using the Chicago storm method.
The results of this research suggest that LID performance may decrease due to the increased
quantity of water projected in the future due to climate change. Results indicate that the percent
change in future long-term maximum infiltration values for green roofs can be as much as 100%,
whereas for bioretention facilities it can be in the order of 50%. Moreover, a general decrease in
both the peak reduction and peak time delay for the green roof facilities can be expected for the
future. Some 100-year storms in Ontario can see as much as 50 cm increase in untreated

stormwater run-off from bioretention facilities.
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Chapter 1: Introduction

With the increase in urbanization, the risk of flooding rises due to the increase in impervious
surfaces. Impervious surfaces, such as roads or other infrastructure, reduces the amount of
precipitation infiltrating into the ground and increases the stormwater runoff. As the percentage of
impervious surfaces increases, the amount of surface water runoff increases and groundwater
recharge decreases. This can lead to major flooding in highly dense cities. Climate change has
also resulted in an increase in both intensity and frequency of extreme rainfall events leading to
a higher probability of flooding. This leads to older stormwater systems being overwhelmed as
they are not designed to handle heavy rainfalls within a small time period. Typically, flooding can
be attained by snow melting during the spring, rainfall during winter season, severe thunderstorms
leading to intense rain bursts, and large precipitation over a long period during the hurricane
season (Martin-Downs, 2013). However, due to rising annual temperatures, it is causing an
increase in the atmosphere’s ability to hold moisture, climate change can assist in causing earlier
floods from spring snowmelt, ice jams leading to upstream flooding due to blockage, and rain-on-
snow events (O’Malley, 2019). With the combined impact of climate change and impervious

surfaces, major flooding can occur leading to major disasters within a community.

With this increase in flooding, engineers and urban planners develop stormwater management
practices to assist in reducing the impact of flooding. Previous stormwater practices aimed to
block or re-direct water from infrastructure, such as using culverts. These conventional
stormwater practices would aim to control peak flow rates, without concern for possible
contaminants collected from surface runoff and deposited to nearby water bodies (Credit Valley
Conservation; Toronto and Region Conservation Authority, 2010). To counter the impacts of
urbanization and climate change, engineers have developed ingenious solutions to reduce
flooding and capture contaminants through the use of Low Impact Developments. Low Impact

Developments (LIDs) are defined as a stormwater management strategy that aims to mitigate the



impacts of increased runoff and stormwater pollution by managing the runoff as close to the
source as possible (U.S. EPA, 2007). With LIDs, stormwater can be treated as a resource in
helping to preserve and recreate natural landscapes, rather than as a waste that needs to be re-
routed from its source (U.S. EPA, 2018). LIDs assist in developing sustainable cities and include

systems such as permeable pavements, green roofs, bioretention cells, and rain barrels.

When designing for LIDs, it is traditionally assumed that the substrate is completely saturated
allowing for the use of Darcy’s equation. One key reason for assuming saturated conditions is
possibly due to the difficulty in obtaining the unsaturated hydraulic properties (Brunetti et al. 2016).
However, with the assumption of saturated conditions, the use of Darcy’s equation may lead to
inaccurate results such as ponding or overflow within the soil media (Liu and Fassman-Beck,
2017). Furthermore, it is more likely that unsaturated flow dominates in both green roof and
bioretention systems, rather than a saturated flow. Even though bioretention systems are
designed for ponded conditions, it is noted that unsaturated conditions would prevail as most
individual rainfall events are generally smaller than the design storm of about 25 mm (Barbu and
Ballestero, 2014; Liu and Fassman-Beck, 2017). Green roofs, on the other hand, are not designed
for ponded conditions, as this will lead to an additional load to the buildings structure (Liu and
Fassman-Beck, 2018; Perelli, 2014). Therefore, green roof substrates are designed to have a
saturated hydraulic conductivity larger than peak intensities to avoid ponding, thus decreasing the

likeliness of saturated conditions.

Due to the difficulty in measuring the unsaturated hydraulic properties, some LID studies utilize
estimated hydraulic properties which can lead to inaccurate results (Li and Babcock, 2015). An
alternative approach is the use of pedotransfer functions. Pedotransfer functions estimate soil
hydraulic properties using routinely measured soil properties, including: soil texture, grain size
distribution, bulk density, or porosity. However, as LIDs are constructed with engineered materials

that vary from place to place, the hydraulic properties for each individual design can vary. Factors



such as field compaction, organic content, root growth and age can also impact the hydraulic
properties and are crucial for accurate modelling (Li and Babcock, 2015). With improved
accuracy, the models can assist in quantifying the impact of climate change on LID design, such

as the optimal substrate depth that provides the best retention.

1.1 Thesis Objectives
1. Measure the soil hydraulic properties of various bioretention and green roof substrates;
2. Assess the performance of various pedotransfer functions in predicting the hydraulic
properties of low impact development materials;
3. Numerical modelling to highlight the importance of accurate soil hydraulic properties; and
4. Examine the effects of climate change on the design of low impact developments in the

province of Ontario

1.2 Thesis Outline

1.2.1 Chapter 2: Literature Review

Chapter 2 begins with a background of the design and benefits of green roof and bioretention
systems. The chapter provides a detailed review of the engineered substrates used in both LID
systems. Furthermore, soil hydraulic properties are discussed to provide the reader a brief
background of the unsaturated soil theory. Additionally, components of the water balance at
ground surface such as the net infiltration, potential evaporation, actual evaporation, surface
runoff, and transpiration are presented in this chapter. Finally, climate data, particularly climate

models and future emission scenarios, are also discussed briefly.

1.2.2 Chapter 3: Measured versus Predicted Soil Hydraulic Properties
This chapter assesses the performance of pedotransfer functions in estimating the soil hydraulic
properties of green roof and bioretention media. Regression models, physicoempirical models,

and artificial neural network were the three types of pedotransfer functions 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.

This chapter also presents the materials and experimental methods used to examine the LID
substrates. In total, two green roof and three bioretention substrates were tested in the laboratory.
Laboratory testing included measurement of the organic content (ASTM D2974, 2014), specific
gravity (ASTM D854, 2014), particle size distribution using both the sieve test (ASTM D6913,
2017) and hydrometer test (ASTM D7928, 2017), and the saturated hydraulic conductivity using
the constant head test (ASTM D5856, 2015). The soil water characteristic curves were also

measured using the HYPROP measurement system (UMS, 2015).

1.2.3 Chapter 4: Design and Performance of Low Impact Developments Under
Changing Climate

This chapter conducts an examination of green roof and bioretention substrates under changing
climate to determine if current and future LID systems are required to be modified. A methodology
to analyze the LID designs for changing climate is presented. Various design aspects of the LID
systems are examined, including future quantities of water that enters the system, peak intensity
delay, peak time delay, run-off, ponding and overflow within the bioretention facilities, residence
times, storage capacity, and substrate thickness. Furthermore, both future long-term and extreme
precipitation events are examined and compared to historical climate data for the ten locations in

Ontario. Numerical modelling was carried out using HYDRUS software (Simanek et al. 2008).



1.2.4 Chapter 5: Summary, Conclusions, and Recommendations for Future
Research

Chapter 5 presents the summary and conclusions of the research. It also presents

recommendations for future research.



Chapter 2: Literature Review

2.1 Design

Low Impact Developments are not simply green spaces that are constructed to reduce flooding.
Rather, they are engineered systems comprised of various components in order to meet various
social and environmental criteria. Green roofs, as the name suggests, are vegetated zones
located on roofs that are able to withstand the additional load. Figure 2.1 demonstrates the various
layers found within a green roof system. The top layers include vegetation and growth media that
is able to support the plant life and is necessary for water retention. A filter layer is located beneath
the growth medium to prevent blockage in the drainage layer (CVC and TRCA, 2011). The
drainage layer ensures that a surplus of water is not retained on the roof and allows for sufficient
drainage. This assists in allowing for adequate ventilation for roofs, reduces water-logged
conditions, and decreases the building load. In addition, this layer provides water storage for plant
uptake. As shown in Figure 2.2, the built-in cup design, or cavities, are used to store water during
a storm event to be made available during drought conditions. The water evaporates from the
cavities and penetrates the filter layer, later reaching the roots by capillarity (Cascone, 2019).
Furthermore, a waterproof membrane is required to protect the roof structure (CVC and TRCA,
2010). Overall, each of these layers play an important role in either protecting the roof or

supporting the plant life.



Growing Media

Filter Fabric

Drainage Layer

Protection Mat

Root Barrier

N PN N PN

Insulation

Water Proofing Membrane <

Roof Deck <

Figure 2.1: Green roof layers (modified from Kelmendi and Aliu, 2013)

Figure 2.2: Green roof drainage layer (retrieved from Cascone, 2019)

Bioretention systems are localized sites that temporarily stores, treats, and infiltrates stormwater

runoff (CVC and TRCA, 2010; Khan, 2010). Figure 2.3 illustrates the typical design of a



bioretention system. Major components of the bioretention system include pretreatment, inlet,
ponding area, vegetation, mulch, growing media and the optional underdrain (Khan, 2010). The
purpose for pretreatment is to capture large debris before it enters the bioretention system in
order to prevent premature clogging (CVC and TRCA, 2010). The inlet introduces a single point
of entry from a large catchment area, to prevent high flows from entering the bioretention cell
(Khan, 2010). Ponding allows for both contaminant removal and increased water storage during
a large storm event (CVC and TRCA, 2010; Khan, 2010). Subsequently, not only does vegetation
assist with the aesthetics, but it also helps in filtering pollutants (Khan, 2010; Simcock and Dando,
2013). The purpose of the mulch layer is to protect the bioretention cell, particularly the growth
media, from erosion, reduce weed growth and increases water availability for the plants (Simcock
and Dando, 2013). The mulch layer also assists in the removal of heavy metals, sediments, and
nutrients (Davis et al., 2006; CVC and TRCA, 2010). Similar to green roofs, the growth media
supports the vegetation as well as provides storage to stormwater infiltration and runoff. Finally,
an optional underdrain may be implemented to transfer stormwater runoff from the bioretention

cell to a connected stormwater sewer system (Khan, 2010).

2.2 Benefits

There are a range of benefits that are obtainable with the implementation of LIDs. One primary
benefit is the reduction of flooding by mimicking the hydrological cycle. Figure 2.4 illustrates a
schematic of the typical hydrograph comparison between a conventional roof and a green roof.
When compared to impervious surfaces, such as the conventional roof or a paved road, the LIDs
are able to store and slowly release stormwater infiltration. This assists in reducing the amount of
water infiltrating stormwater sewer systems or reduce flooding of the nearby infrastructure. This

reduction of flooding is especially required in highly dense urban cities.
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Figure 2.3: Typical bioretention schematic (retrieved from Massachusetts Department of
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Figure 2.4: Typical hydrograph of conventional roof versus green roof runoff (from Sutton et al.,
2014).



Other benefits include heat mitigation, in particular reducing the impacts of urban heat island
effect (Susca et al. 2011). Removing pollutants whether by producing carbon sinks from these
green spaces, or capturing it within the stormwater runoff is another benefit of LIDs (Davis et al.
2006; Yang et al. 2008). Finally, aesthetics is a benefit to the social aspect within an urban

landscape.

2.3 Substrates

In order to satisfy the LID design objective of reducing flooding and/or capturing stormwater
pollutants, it is necessary to use an appropriate substrate within the LID. The substrate is an
engineered media that contains a mixture that is developed deliberately with specific objectives
in mind. Whereas soil is a natural and native product of earth, engineered media contains
enhanced properties to improve the performance, depending on the design criteria (Sandoval et
al., 2017; Liu and Fassman-Beck, 2017). Although both green roofs and bioretention cells contain
engineered media, the composition of both differ based on design criteria. In particular,
bioretention have a greater depth and a lower saturated hydraulic conductivity in comparison to

green roofs (CVC and TRCA, 2010; Liu and Fassman-Beck, 2017).

According to the Credit Valley Conservation and Toronto and Region Conservation Authority
(2010), the recommended substrate depth for a bioretention cell should be between 1 and 1.25
m. On the other hand, there are two types of green roofs which are referred as intensive or
extensive. Intensive green roofs have substrate depths greater than 15 cm in order to
accommodate deep rooted plants and heavy foot traffic. Intensive green roofs are more complex
to design as they do impose a greater load to the roofs structure. Whereas extensive green roofs
have a substrate depth equal to or less than 15 cm, for a smaller vegetation cover (CVC and
TRCA, 2010). Bioretention systems contain a large substrate depth in order to store a large
volume of stormwater runoff during a storm event. Unlike green roofs, bioretention systems cater

to a greater catchment area in addition to the direct precipitation that is captured (House et al.
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2017). Furthermore, with the increase in impervious surfaces, the amount of water entering a

bioretention system far exceeds that of a green roof where only direct precipitation is captured.

The other major design requirement that differs between green roofs and bioretention systems is
the saturated hydraulic conductivity. Typically, the saturated hydraulic conductivity for bioretention
is smaller in comparison to green roofs (Liu and Fassman-Beck, 2017). One main reason for this
difference is due to pollutant removal processes. As bioretention systems gather a large amount
of stormwater runoff from surrounding areas, they can be designed to handle ponding conditions.
During ponding, larger particles would settle to the bottom, thus undergoing a removal process
via sedimentation. However, to avoid a breeding site for mosquitoes, it is recommended that the
maximum allowable surface ponding time be 24 hours after the storm event and a maximum

ponding depth between 150-250 mm at the end of the storm (CVC and TRCA, 2010).

Other pollutant removal processes such as filtration, sorption, cation exchange, plant root uptake
and biological activity can occur within the bioretention systems (Pitt et al., 1999). Sorption is the
ability of a substance to stick to another surface. Sorption can refer to either adsorption or
absorption. Adsorption refers to particles that stick to the surface of another substance whereas
absorption refers to contaminants that are dissolved and absorbed or diffused within the soil.
Subsequently, cation exchange capacity (CEC) relates to the total capacity of the soil to hold
positively charged ions. Soil that contains a large amount of clay or organic matter have a higher
CEC as they have negatively charged sites on their surface. Therefore, many nutrients, which are
cations, are held at these sites by electrostatic force, thus leading to fertile soil (Brown & Lemon,
2020). Depending on the plant species, plant root uptake can also assist in capturing
contaminants. Biological activity can include processes, such as denitrification, in order to break
down contaminates into forms that are less harmful to the environment. For example, to assist in

removing nitrate from the soil, nitrate can be converted to nitrogen gas. Adding material such as

11



newspaper clippings, provides an electron donor and helps drive the denitrification process under
anoxic (oxygen depleted) conditions (Weiss and Gulliver, 2008; Lefevre et al. 2015).
Furthermore, the substrate should be able to support vegetation life in order to be effective.
Substrates are comprised of a mixture of both large and small particle sizes in order to provide
adequate air space and water holding capacity. A substrate with large particles, thus large pore
spaces, will allow for rapid water flow and primarily air-filled pores after drainage. Whereas a
substrate with small particles will allow for slow water flow and water-filled micropores and air-
filled macropores. The proportion of air to water within the substrate is key for plant survival
(Handreck and Black, 2002; Griifin, 2014). Thus, with these design specifications in mind, such
as the saturated hydraulic conductivity, the ability to support vegetation, pollutant removal
processes, and its water retention capacity, the engineered media is developed.

Subsequently, the growing media chosen should comply with the local climate and local
availability. Griffin (2014) noted the green roof substrates varied depending on local climate and
availability. For example, in North America, green roof substrates are comprised of mostly
lightweight aggregates, such as slate, shale or expanded clay. Griffin (2014) also notes that green
roof substrates in North America are largely manufactured aggregates, while other countries use
lower carbon recycled or natural materials. For instance, New Zealand uses zeolite and volcanic
rock and Northern Italy uses a blend of naturally occurring mineral material. Additionally, U.K.
uses broken brick within its substrate and in Sweden naturally occurring lava or scoria is used.
The Low Impact Development Stormwater Management Guide by Credit Valley Conservation and
Toronto and Region Authorities (2010) provides material recommendation for LID growing media.
For green roofs, a mixture of sand, gravel, crushed brick, compost, or organic matter is
recommended to be combined with natural soil. For the bioretention cells, the recommendation is
to use 85 to 88% sand (2.0 to 0.05 mm), 8 to 12 % fines (<0.05 mm), and 3 to 5 % organic matter

(CVC and TRCA, 2010).
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2.4 Soil Hydraulic Properties

The soil hydraulic properties are key in design and performance of the LIDs. Depending on the
water content of the soil, the hydraulic properties can be classified as either saturated or
unsaturated. Soils are considered saturated when all the void spaces are filled with water. Soils
that contain air-filled voids and water-filled voids are termed either unsaturated or partially

saturated soil.

2.4.1 Saturated Conditions

Under saturated conditions, the soil pores are completely filled with water. To determine the

water flow, Darcy’s Law (1856) for saturated soils in one-dimensional flow is as follows:

(Hy — Hy) K dH . [2.1]

where q is the Darcy flux, Ks is the saturated hydraulic conductivity, H is the total hydraulic head,
L is the length of the flow path and i is the hydraulic gradient. The hydraulic gradient is the driving
force for water flow. The gradient is calculated by taking the difference of the total hydraulic head

for two points over the length of the flow path.

The saturated hydraulic conductivity is a key physical property that is required in water flow
analysis. There are several standard methods to measure the Ks, including the constant head test
or the falling head test used in the laboratory (ASTM D5856-15; ASTM D5084-16). Coarse
grained soils have a greater Ks compared to fine grained soils. For instance, the range of Ks can

be from 1 cm/s for gravels to 10° cm/s for clays (Freeze and Cherry, 1979).
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2.4.2 Unsaturated Conditions

Richards’ (1931) equation can be used to describe the uniform flow of water under unsaturated
conditions. Richards’ (1931) equation was derived from the Darcy-Buckingham (1907) equation,
which is a modification of the Darcy (1856) equation to describe the unsaturated flow. The Darcy-
Buckingham (1907) equation assumes that hydraulic conductivity is a function of soil water

pressure, as following:

dh
q= —K(ED)E [2.2]

Equation 2.3 is the Mixed Form of Richards’ equation for uniform flow in vertical direction, which
can be derived by combining the Darcy-Buckingham (1907) equation and the equation of
continuity:
a0 0 o [2.3]
5= 3@ (5~ 1))
where 6 is the volumetric water content,  is the soil water pressure, K(y) 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 required. These
are, the soil water characteristic curve (SWCC) and the unsaturated hydraulic conductivity
function. The unsaturated hydraulic conductivity is the relationship of hydraulic conductivity with
water content, K(8), or pressure, K(y). As unsaturated conditions increase, meaning a reduction
in water content as a result of increasing suction, there is a decrease in hydraulic conductivity due
to flow paths becoming more tortuous and flow through smaller pores. Whereas the SWCC is the

relationship between water content and soil water pressure (Figure 2.5). When the soil is
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saturated, the soil water pressure is zero and the water content is saturated (6s). Applying a small
suction to the saturated soil will not immediately reduce the water content. Instead, the water
content will reduce once the suction reaches the air entry value. The air entry value is the pressure
when air first enters the largest pores in the saturated soil. As shown in Figure 2.5, different soil
textures impact the shape of the SWCC. For instance, clay has a greater air entry value compared
to sand due to its smaller pore sizes and gradual slope due to broader pore-size distribution.
Whereas sand has a very steep slope due to its narrow pore-size distribution and lower air entry

value due to larger pore sizes.
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Figure 2.5: Typical soil water characteristic curve for soils of different texture (retrieved from
Tuller and Or, 2003)

Various methods can be used to directly measure the SWCC. These include, using a hanging
water column, pressure cells, pressure plate extractors, suction tables, soil freezing and others
(Bezzera-Coelho et al. 2018). A popular method used to measure the SWCC is by conducting the
simplified evaporation method (Schindler, 1980). A study conducted by Peters and Durner (2007)

has shown that the simplified evaporation method is a fast, accurate and reliable method in
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determining the soil hydraulic properties for coarse grained porous media. Griffin (2014), Brunetti
et al. (2016), and Sandoval et al. (2017) have used the evaporation method for green roof
substrate using the HYPROP apparatus. Hess et al. (2015), DelVecchio (2017), and Nichols
(2018) have also used the HYPROP apparatus to measure SWCCs for bioretention media.
Once a series of water content and soil water pressure data points are measured for a porous
medium, analytical functions such as those described by Brooks and Corey (1964) or van
Genuchten (1980) can be fitted to the experimental data to represent the SWCC mathematically.
These analytical functions once fitted to experimental data, assist in predicting the unsaturated
hydraulic conductivity function. As the direct measurement of unsaturated hydraulic conductivity
can be both costly and very time-consuming, these mathematical functions, along with the
saturated hydraulic conductivity, can be utilized to predict the unsaturated hydraulic conductivity
function (Perkins, 2011).

The van Genuchten (1980) is a very popular method to represent the SWCC (Tuller and Or,
2003). In order to express the unsaturated hydraulic conductivity, the van Genuchten function
(1980) is substituted into Mualem’s (1976) pore conductivity theory to obtain the van Genuchten-
Mualem function (van Genuchten, 1980). Equation 2.4 represents the van Genuchten (1980)
function and Equation 2.5 describes the unsaturated hydraulic conductivity based on the van

Genuchten-Mualem (VGM) function.

Se = g = [1+ ey ™ 124]
1\™]? [25]
K = K,S? 1—<1—5;n> ]
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where S¢ is the effective saturation, 8, and s are the residual and saturated water contents,
respectively, ais a fitting parameter related to the inverse of the air-entry pressure head, n and m
are fitting parameters with m = 1-1/n, and 7 is the pore size interaction parameter. Mualem (1976)

proposed a 7 value of 0.5 as an optimal value for many different soil types.

The van Genuchten (1980) model fits well for unimodal pore size distributions, however it is not
capable of representing macropores found in some porous media (Dettmann et al. 2014). The
SWCC demonstrates a unimodal behaviour when there is a single peak in the SWCC, and a
bimodal behaviour when there are two peaks found in the SWCC. Heterogeneous soils that
contain larger pores require less suction to decrease the water content, in comparison to soils
with smaller pores. For example, if the soil contained clay and sand, the suction required to reduce
the water content in the sand is considerably less compared to clay. Thus, a bimodal model may

be a better representation of the soil hydraulic properties, if the soil exhibits a bimodal behavior.

For soil media that has a bimodal pore structure, the Durner-Mualem function can be used as a
mathematical model (Brunetti et al. 2016). In order to account for the two peaks observed in the
bimodal SWCC, the Durner model proposes an equation that uses linear superposition of two or
more VGM functions, as presented in Equations 2.6, 2.7 and 2.8 (Liu and Fassman-Beck, 2017).

Note that w is taken as a weighting factor.

Se =w[l + (a1 [hD™]7™ + (1 = w)[1 + az|h"2] ™2 [2.6]

2

L\™ L \™2
wa1[1—<1—5;’1‘1) + (1 -wa, [1—(1—5§2> ]
T

K = K [wS,; + (1 —w)S,;,] wa, + (1 — w)a,]?

[2.7]

where
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Ser = [1+ (ag|n)™2]™™ [2.8]

Sez = [1 + (az|hD"2]™™2

Note that the subscripts refer to the combination of two unimodal pore systems in order to

represent the bimodal pore structure (Durner, 1994).

Several studies have estimated the unsaturated hydraulic conductivity of engineered media using
these analytical functions. Although the VGM function is a popular method used to predict the
unsaturated hydraulic conductivity, some studies (Brunetti et al., 2016; Liu and Fassman-Beck,
2017) have reported that a bimodal pore structure gives a better representation of the SWCC for

some of the engineered media.

2.4.2.1 Prediction of SWCC

Directly measuring the SWCC can be time-consuming and expensive (Wosten et al. 2001). This
has led to alternative methods to predict it using routinely measured soil properties. Pedotransfer
functions (PTFs) estimate soil hydraulic properties using routinely measured soil properties, such
as soil texture, grain size distribution, bulk density, or porosity. Wdsten et al. (2001) conducted a
thorough review of pedotransfer functions and stated that, three different types of PTF can be
distinguished. The first type is predicting hydraulic characteristics based on a soil structure model.
These models, also known as physicoempirical models, predict the water retention using physical
principles. An example of such a model is from Arya and Paris (1981), whom predicted the SWCC
using the particle size distribution due to the similarity in shapes between the SWCC and particle

size distribution curves.

Subsequently, the second type of PTF is point prediction of the water retention characteristic

(Gupta and Larson, 1979; Rawils et al., 1982). These PTFs are regression equations that predict
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specific points of interest along the SWCC. These functions have a general form, as shown in

Equation 2.9,

0p =axsand + b *silt + cxclay+d OM + e * pg + --- + x x variableX [2.9]

where 6 is the water content at the soil water pressure h, OM stands for the organic matter, pq is
the dry bulk density, and a, b, ¢, d, e, and x represent the regression coefficients. Variable X is

noted to be any other basic soil property that is easily measurable.

The third type of PTF is the prediction of parameters used to describe the complete hydraulic
characteristics (Vereecken et al., 1992; Wosten et al., 1995). Similar to the second type, this third
type also utilizes regression models. The difference between this PTF and the second type is that
the second type uses point estimation whereas the third uses parametric estimation. Parametric
estimations are developed by estimating the parameters of a water retention model, such as van
Genuchten (1980) or Brooks and Corey (1964), by fitting it to the data and then relating the

parameters to basic soil properties (Merdun, 2006).

A common method to develop a PTF and demonstrate the relationship between the inputs and
outputs was the use of regression analysis. Linear regression was used initially in the
development of the PTFs (Gupta and Larson, 1979). Later, the PTFs were developed using
nonlinear regression models (Rawls and Brakensiek, 1985). However, once large databases of
soil properties were available online for use, the amount of PTF inputs became too large to handle
(Wdsten et al., 2001). Artificial neural networks (ANNs) were introduced as a tool for modelling
complex input-output dependencies. The ANN is composed of neurons (or nodes) and various
connections between the neurons. The ANN is similar to a black-box approach where the user
provides the inputs and the ANN delivers the outputs. The user does not know the internal

structure of the model (Singh and Panda, 2015).
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Schaap et al. (2001) have developed a computer program named Rosetta which implements five
hierarchal PTFs to estimate the van Genuchten (1980) water retention parameters and the
saturated hydraulic conductivity. The hierarchal approach refers to the number of inputs the user
has to supply. For example, the input data for the first hierarchal model consists of a look-up table
for the soil USDA textural class. Whereas the input data for the fifth model includes the percent
of sand, silt and clay, the dry bulk density, and the water content at a suction of 33 and 1500 kPa.
The dataset in Rosetta contains a large number of soil hydraulic data and corresponding
predictive soil properties. In total, 2134 soil samples and 20 574 6(y) points were inputted into

Rosetta (Schaap et al., 2001).

Even though PTFs were originally developed to predict the soil hydraulic properties of natural,
native soils, some studies have used PTFs to predict the soil hydraulic properties of LID
substrates. For instance, Hilten et al. (2008), Palla et al. (2009), Metselaar (2012), and Castiglia
Feitosa and Wilkinson (2016) have estimated the soil hydraulic properties for green roof
substrates. For bioretention substrates, He and Davis (2011), Barbu (2013), and Stewart et al.
(2017) 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. (2008) uses Rosetta to estimate
the green roof substrate and Barbu (2013) has applied the physicoempirical method to estimate

the bioretention substrate.

2.4.2.2 Plant Available Water and Soilless Substrates

Water exits a substrate by gravitational drainage or evaporation from the soil surface. As the soill
dries, larger pores are first emptied while the smaller pores hold on tightly to the capillary water.
A day or two after a storm event or irrigation, the substrate is said to be at field capacity (Handreck
and Black, 2002). At field capacity, all of the smallest pores and some medium sized pores are
still filled with water. The maximum amount of water that a soil can hold onto after gravitational

drainage is termed field capacity. As the amount of water continues to reduce, it may reach a
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point where plants are unable to extract soil moisture, thereby start wilting. This water content at

which plants experience wilting is termed the wilting point.

In literature, the moisture content at field capacity and permanent wilting point are commonly
assumed to be at a suction of 33 and 1500 kPa, respectively. The plant available water is taken
as the difference between water content at field capacity and the wilting point. However, studies
suggest that the use of 1500 kPa for growing media, or soilless substrates, is not a reliable

assumption of the permanent wilting point (Stevenson, 1982)

Soilless substrates are commonly used in greenhouse crop production (Choi et al., 2019). Each
substrate differs depending on desirable physical and chemical properties required to maximize
greenhouse crop production (Asaduzzaman et al., 2015; Choi et al., 2019). Soilless substrates
are formulated by mixing organic components such as peat moss, woodchips and bark and
inorganic components such as perlite, sand, and pumice (Asaduzzaman et al., 2015; Choi et al.,
2019). In order to improve drainage, reduce waterlogging, and allow for oxygen to improve root
growth in containers, the soilless substrates are highly porous (Handreck and Black, 2002). For
example, studies such as Choi et al. (2019) examine soilless substrates with porosities ranging
from 60-85%, thus demonstrating how porous these substrates are. Griffin (2014) notes that
green roof substrates are composed of primarily mineral materials therefore are similar to natural
soils. However, green roof substrates are also highly porous, they can also be similar to the highly

porous soilless substrates.

DeBoodt and Verdonck (1972) proposed specific plant available moisture parameters after
examining SWCCs for several different soilless horticultural substrates. These plant specific
parameters include easily available water (EAW, 0 to 5kPa) and water buffering capacity (WBC,
5to 10 kPa). Handreck and Black (2002) defined readily available water (RAW) as a sum of EAW
and WBC (0 to 10kPa). As these substrates are porous, the water is held less tightly and therefore

require lower suctions to extract (Griffin, 2014).

21



2.5 Water Balance at the Ground Surface

The ground surface of the LIDs is exposed to atmospheric conditions, and is the boundary
between the substrate and the atmosphere. At this boundary, water is exchanged between the
ground surface and the atmosphere. Water enters the ground via precipitation, or snow melt, and
exits the ground surface through evaporation or transpiration. If the rate of precipitation is more
than the infiltration capacity of the soil, water may travel as surface runoff. Impervious surfaces
block this natural water exchange between the soil and atmosphere leading to a decrease in
ground surface infiltration and increase in stormwater runoff. The addition of LIDs assists in
improving the water balance by reducing the percentage of impervious cover and allowing for an
increase in infiltration (Figure 2.6). A water balance analysis at the ground surface assists in
estimating the pre- and post-development infiltration and run-off conditions. Whether analyzing
short-term or long-term climate conditions, the water balance will assist in identifying the

performance of various LIDs at the proposed site.

Components of the water balance at 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 and can be written as

follows:

NI =P—AE—RO-T [2.10]

These components will be discussed briefly in the following sections.
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Figure 2.6: Natural versus urban water balance (modified from CVC, 2015)

2.5.1 Potential Evaporation

The potential evaporation (PE) refers to the amount of water removed through evaporation if
ample water is available at the ground surface. The PE is dependent on the net radiation from the
sun and the mixing effect of the wind. The PE is higher on sunny days as there is a reduced net
radiation on cloudy days. Additionally, the PE is higher on windy days as the moisture is removed
from the ground surface quickly. Other factors such as relative humidity, temperature, wind speed,

and available water on the ground surface impact the potential evaporation.
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The PE can be measured directly using an evaporation pan or can be estimated from measured
weather variables. Methods used to estimate PE include Thornthwaite (1948), Penman (1948),
or Pereira and Pruitt (2004). The Thornthwaite (1948) equation uses the length of daylight hours,
mean monthly temperature, and an empirical constant to estimate the PE. Due to its simplicity
and minimum input requirements, the Thornthwaite (1948) equation is used in numerous
applications. However, this equation has been reported to underestimate PE under arid conditions
(Pruitt, 1964; Pruitt and Doorenbos, 1977; Malek, 1987) and overestimate in certain humid
conditions (Camargo et al., 1999). The Thornthwaite (1948) equation for daily PE can be written

as follows (Fredlund et al. 2012):

pe=0533(33) (5) (7). -

where PE is the potential evaporation, Lq is the length of daylight in hours, N is the number of
days in the month, T4 is the mean monthly air temperature in °C, | is the summation for 12 months
of the function (T4/5)*°%4, and a; is a complex function of the variable | based on correlations to

pan evaporation methods. The a: can be defined as:

a; = (6.75 * 10°7)I13 = (7.71 * 107512 + (1.79 * 10~2)I + 0.492 2.12]

The Penman (1948) equation uses routinely measured weather data, particularly net radiation,
relative humidity, air temperature, and wind speed. Although the Penman (1948) equation has

performed well for various climates, the need for many input variables limits its widespread use
(Pereira and Pruitt, 2004). The Penman (1948) equation can be written as follows (Fredlund et
al. 2012):

_ TQn+1kEq

PE= =1 [2.13]
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where [ is the slope of saturation vapour pressure versus temperature curve, Qn is the net
radiation at the water (or saturated ground) surface, n is the psychrometric constant, and E is

defined as:

E, = 2.625(1 + 0.146W,,) (ugl — udr) [2.14]

where W, is the wind speed, u2¥ is the vapour pressure in the air above the water (or saturated
ground) surface, and u%" is the saturated vapour pressure at the mean air temperature. The
Penman (1948) equation shows that the vapour pressure gradient between the water (or
saturated ground) surface and the air above the water becomes the primary driving mechanism

for evaporation (Fredlund et al., 2012).

The Pereira and Pruitt (2004) equation is a modified form of the Thornthwaite (1948) equation.
Camargo et al. (1999) determined that using an effective temperature rather than an average
temperature, the performance of the Thornthwaite (1948) equation improved. The effective

temperature (Te) is described as follows:

1
Tef = Ek( 3Tmax — Tmin) [2.15]

where Tmax and Tmin are the maximum and minimum daily air temperature, respectively, and k is

an empirical parameter, recommended as 0.69.

2.5.2 Actual Evaporation

The actual evaporation (AE) is the actual quantity of water that evaporates from the ground
surface. The actual evaporation is dependent on the prevailing water quantity in the soil near the
ground surface and is therefore, in most cases, less than the potential evaporation. The rate of
actual evaporation is the same as the potential evaporation when the soil surface is saturated. As

net radiation and wind reduce the moisture at the soil surface, the soil dries and holds tightly to
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the available water. As the soil dries, there is an increase in soil suction leading to a decrease in
evaporation, even if the atmospheric conditions dictate a greater evaporation rate. This reduced
evaporation rate is the actual evaporation as it depends on both atmospheric conditions and

transient moisture conditions in the soil.

There are various methods to estimate AE at ground surfaces (Fredlund et al. 2012). In one of
such methods, AE is estimated by using a system-dependent atmospheric boundary condition at
the top of the modeling domain. The direction and magnitude of the potential flux at the ground
surface is dependent on external atmospheric conditions, such as precipitation and evaporation.
While the actual flux depends on the external conditions and the soil moisture conditions. Within
the context of system dependent boundary, the soil surface boundary condition may change from
prescribed flux to prescribed head type condition and vice versa. An example of a system-
dependent boundary is when the precipitation exceeds the infiltration capacity of the soil, resulting
in either surface runoff or ponding at the surface. For this case, the infiltration capacity of the soil
is controlling the infiltration rate into the soil surface rather than the precipitation rate. Similarly, if
the potential evaporation rate exceeds the available water quantity at the soil surface, the
evaporation rate is reduced to an actual evaporation rate. Both examples demonstrate that the
soil moisture capacity controls the quantity of water entering or exiting the system in addition to

the atmospheric conditions.

The system dependent atmospheric boundary condition is implemented in HYDRUS (Simdnek et
al. 2008), by using the approach recommended by Neuman et al. (1974). This boundary condition

limits the absolute value of the flux such that the following two conditions are satisfied:

|-k (e 1)| < [2.16]

and
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hy <h < hg [2.17]

where E is the maximum potential rate of infiltration or evaporation under the current atmospheric
conditions, his the pressure head at the soil surface, and ha and hs are, respectively, the minimum
and maximum pressure heads at the soil surface allowed under the prevailing soil conditions. The
value for hs is usually set to zero which would initiate instantaneous surface runoff. If hs is set to
a positive value greater than zero, it represents a layer of ponded water above the soil surface.
The minimum pressure head, ha, can be calculated from the air humidity (H) as follows (Simdnek

et al. 2018):

RT 2.18
hA = M—gln(HT) [ ]

where M is the molecular weight of water, g is the gravitational acceleration, T is temperature,
and R is the gas constant. Feddes et al. (1974) have discussed details of the methods for

calculating E and ha on the basis of atmospheric data.

2.5.3 Surface Runoff

Low impact developments are designed to reduce stormwater runoff at the source. Surface runoff
refers to the water that cannot infiltrate the soil during a storm event. This may be due to
impervious surfaces or soil with low saturated hydraulic conductivities. With LIDs, the substrate
implemented within the system is quite coarse thus allowing for easy water infiltration into the soil

and the reduction in flood risk due to surface runoff.

2.5.4 Transpiration

Photosynthesis is a process that uses the radiation from the sun to convert water and carbon
dioxide into oxygen and food for the plant. In order for photosynthesis to occur, carbon dioxide

must enter the plant leaves through the stomata to reach the chloroplasts. There is a continuous
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loss of water from the interior of the leaf through the stomata due to evaporation. As the plant
cells must be moist to function, this water must be replenished by plant water uptake through the

root system otherwise the plant will wilt (Radcliffe and Simanek, 2010).

In Richards’ equation, the root water uptake can be considered as a sink term. Feddes et al.

(1978) defined the sink term as:
S(h) = p(L)S, [2.19]

where S(h) is the root water uptake as a function of soil water pressure head (h) or the volume of
water removed from a unit volume of soil per unit time, S, is the potential water uptake rate, and

B(h) is a dimensionless stress response function of the pressure head (0 <8< 1).

Feddes et al. (1978) proposed a stress response function, B(h), which is shown in Figure 2.7. For
pressure heads greater than hi, the water uptake is assumed to be zero close to saturation due
to the lack of oxygen in the root zone. For pressure heads less than hy, which is the wilting point
pressure head, the water uptake is also zero. As shown in Figure 2.7, the 8 value is equal to one
between pressure heads h, and hz. The water uptake is assumed to be optimal between these
two pressure heads (Radcliffe and Simtnek, 2010). Taylor and Ashcroft (1972) and Wesseling et
al. (1991) have provided values for various plants that are required for the Feddes et al. (1978)

model. HYDRUS contains a database of these suggested values that users may select.
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Figure 2.7: Plant water stress response function as used by Feddes et al. (1978). Modified from

Radcliffe and Simtnek (2010)

The local potential root water uptake, Sp, can be calculated from the potential transpiration rate
(Brunetti et al., 2016). In order to calculate the potential transpiration rate, Beer’s law is used to
partition the potential evapotranspiration into potential evaporation and potential transpiration

rates as follows (Ritchie, 1972):

PT = PET(1 — e~**LAl) = PET(SCF) [2.20]

PE = PETe *L4 = PET (1 — SCF) [2.21]

where PT, PE and PET are the potential transpiration, evaporation and evapotranspiration fluxes
[LT1], respectively, LAl is the leaf area index [-], SCF is the soil cover fraction [-], and k is the
constant governing the radiation extinction by the canopy [-] as a function of sun angle, the

distribution of plants, and the arrangement of leaves (between 0.5-0.75).
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2.5.4.1 Leaf area index

The LAl is a dimensionless quantity that describes the amount of vegetation cover, or foliage,
over an area of land. The LAl is the surface area of leaves divided by the surface area covered
by soil (Fredlund et al. 2012). A large amount of plant cover leads to a higher LAI. This means
that there is a higher transpiration rate from the plants compared to the evaporation rate from the
soil. The LAI can be represented as a function of time, as shown in Figure 2.8. During the growing
season, there is a greater LAl and therefore a higher transpiration rate. During the inactive
season, where there is no plant growth, the LAl is minimal and most of the evaporation occurs

from the soil.
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Figure 2.8: Partitioning of evapotranspiration to evaporation and transpiration over a growing

period for an annual field crop (modified from Allen et al., 1998)

The Simdnek et al. (2018) defines three ways on how the LAl can be calculated, as shown in
Equations 2.22 — 2.24. Equation 2.22 is calculated from the crop height using the equation for
grass and Equation 2.23 is calculated from crop height using the equation for alfalfa. Equation
2.24 is calculated from the soil cover fraction (SCF), where a; is the constant for the radiation

extinction by the canopy.
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LAI = 0.24 x CropHeight [2.22]
LAI = 1.5 = log(CropHeight) + 5.5) [2.23]

1
LAl = —;ln(l — SCF) [2.24]

2

2.5.4.2 Root Distribution

In order for the plants to evaporate water via transpiration, they require the roots to extract water
from the soil. The amount of water extracted is dependent on the distribution and depth of the
roots (Fredlund et al., 2012). Roots that are deeper in depth can extract a greater amount of water

on a sunny day compared to roots that are closer to the soil surface.

Figure 2.9 illustrates different root distribution functions adopted by researchers (Kumar et al.,
2014). For these root distribution functions, the amount of water extracted varies with respect to
depth. For instance, the rectangle root shape zone extracts a constant amount of water with depth

while the triangular root shape zone extracts less water with depth.
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Figure 2.9: Three root distribution functions (retrieved from Kumar et al., 2014)
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2.6 Climate Data

2.6.1 Climate Model

With the rapid change in climate, modelling how an engineered structure behaves in the future is
a key component for good design, serviceability, and sustainability. Various climate models have
been developed in order to predict the future climate under a variety of conditions such as
increased green house gas (GHG) emissions. The Atmosphere-Ocean General Circulation
Models (GCMs), Earth System Models (ESMs), Earth System Models of Intermediate Capacity

(EMICs) and Regional Climate Models (RCMs) are all examples of climate models.

The General Circulation Models are the most commonly used climate models and are the
standard climate models assessed in IPCC’s Fifth Assessment Report (AR5). The primary
function of GCMs is to understand the dynamics of the physical components of the climate system
(atmosphere, ocean, land, and sea ice) and make projections based on future greenhouse gas
and aerosol forcing (Flato et al., 2013). ESMs expand GCMs to include biogeochemical cycles
such as the carbon cycle, the sulphur cycle or ozone (Flato, 2011). EMICs include relevant
components of the Earth System Models, but at a lower resolution than the GCMs and ESMs to
reduce computational effort. Similarly, RCMs downscale the global model simulations to a

regional level to provide detailed climate information for the area of interest (Flato et al., 2013).

2.6.2 Future Emissions

The IPCC recommends that a scenario of future climates can be developed based on several
assumptions concerning future GHG emissions. In IPCC’s Fifth Assessment Report (AR5), a new
scenario approach called representative concentration pathways (RCPs) was proposed. There
are four RCPs that extend up to 2100. Each pathway leads to a specific radiative forcing, which
the IPCC defined as the change in energy flux caused by a driver and is calculated at the
tropopause or at the top of the atmosphere (IPCC, 2014). For RCP 2.6, the radiative forcing
peaks at approximately 3W/m? before 2100 and then declines. For RCP 4.5 and RCP 6.0, they

32



are two intermediate stabilization pathways which radiative forcing is stabilized at approximately
4.5 W/m? and 6.0 W/m? after 2100. Lastly, RCP 8.5 is a high pathway where the radiative forcing
reaches greater than 8.5 W/m? by 2100 and continues to rise for some amount of time (IPCC,
2014). By the year 2100, RCP 2.6 is considered to be the best-case scenario whereas RCP 8.5

is the worst-case scenario with the greatest concentration of radiative forces.
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Chapter 3. Measured versus Predicted Soil Hydraulic Properties

3.1 Introduction

The use of pedotransfer functions are seen as a great advantage since measuring soil water
characteristic curves (SWCCs) 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 gathering a large quantity of measured soil

data, a relationship can be developed to create a PTF.

Historically, PTFs were established with natural, native soil in mind rather than engineered
substrates such as Low Impact Development (LID) substrates. Nevertheless, there are some
studies that estimate rather than measure the soil hydraulic properties for LID substrates. For
example, Hilten et al. (2008), Palla et al. (2009), Metselaar (2012), and Castiglia Feitosa and
Wilkinson (2016) have estimated the soil hydraulic properties for green roof substrates. For
bioretention substrates, He and Davis (2011), Barbu (2013), and Stewart et al. (2017) 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. (2008) used Rosetta Lite DLL (Schaap
etal. 2001), an artificial neural network, to estimate the green roof substrate. Barbu (2013) applied

the physicoempirical method to estimate the bioretention substrate.

This chapter assesses the performance of PTFs in estimating the soil hydraulic properties of
various LID substrates, particularly green roof and bioretention media. The SWCC of five LID
substrates, two green roof and three bioretention substrates, were measured using the HYPROP
measurement system (UMS, 2015). Laboratory testing included measurement of the organic
content (ASTM D2974, 2014), specific gravity (ASTM D854, 2014), particle size distribution using
both the sieve test (ASTM D6913, 2017) and hydrometer test (ASTM D7928, 2017), and the
saturated hydraulic conductivity using the constant head test (ASTM D5856, 2015). In addition,
two published sources, Sandoval et al. (2017) and DelVecchio (2017), contained enough
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available information to determine the performance of their substrates as well. Regression
models, physicoempirical 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 (Simtinek et al. 2008) to evaluate the performance of the predicted hydraulic
properties to the measured hydraulic properties. Thirty years of Toronto historic climate data was

used in the model.

3.2 Methodology

To illustrate an overview of the tasks that were carried out, Figure 3.1 presents a flow chart of the
steps taken. LID substrates were initially provided by local suppliers. Experimental testing was
completed to determine the soil and hydraulic properties of the five LID substrates. In addition,
the measured soil hydraulic properties for ten LID substrates from published sources were
collected. The predicted soil hydraulic properties for the LID substrates were determined using
regression models, physicoempirical models, and artificial neural network. 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 present the
performance of predicted to measured hydraulic properties for LID media. This section discusses

in detail the steps taken to reach the objective of this research.
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Figure 3.1: Methodology to present measured versus predicted soil hydraulic properties

3.2.1 Measured Soil Properties

3.2.1.1 Materials

The LID media presented in this research were sourced by 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 examined.

3.2.1.2 Preparation
Before conducting any tests, it was necessary to split the soil sample. This assists in reducing
any biases that may occur and obtaining an appropriate representation of the sample. In order to

split the sample, a splitter was utilized. Furthermore, the LID substrate was oven dried at 65°C for

36



24 hours, or until the dry weight was stabilized, to determine the dried sample mass (Perelli,

2014). This ensured that the organics within the sample did not burn out.

3.2.1.3 Organic Content

To determine the organic content within the substrate, it is essential to first obtain the dried
sample. Once the dried sample is acquired, the organic content was determined by dry
combustion. After recording the mass of the dried sample, the sample was placed in a crucible
and transferred to a muffler oven set to 550°C for approximately 2 hours (ASTM D2974, 2014;
Perelli, 2014). The amount of organics within the sample was determined by taking the difference

in mass before and after the dry combustion.

3.2.1.4 Specific Gravity

The specific gravity was determined using the pycnometer method (ASTM D854, 2014). To
conduct this test, the mass of the empty pychometer and the pyncometer filled with de-aired water
to the designated fill line were recorded. After drying the pycnometer, approximately 50 g of oven-
dried sample was poured into the pycnometer and the mass was noted. Water was added to the
pycnometer until it was half filled, and then attached to a vacuum (Figure 3.2a). The sample was
agitated by swirling the pycnometer occasionally in order to remove air from the sample. Once no
air bubbles are visible within the pycnometer, as shown in Figure 3.2b, de-aired water was added
to fill the pycnometer to the designated fill line. The mass and temperature of the filled pycnometer
was recorded. Three tests for each LID substrate were conducted to verify that similar results are

attainable.
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Figure 3.2: Pycnometer (a) attached to a vacuum, (b) with sample and no visible bubbles

3.2.1.5 Particle Size Distribution

In order to accurately classify the soil sample under examination, the particle size distribution
(PSD) is required. Obtaining the PSD allows for comparison between samples and the
determination of its textural classification through designated standards such as the U.S.
Department of Agriculture (USDA) or Unified Soil Classification System (USCS), (Soil Survey
Staff, 1981; ASTM D2487, 2017). To achieve an adequate range of the PSD, both the sieve test
and hydrometer test were performed. The relevant ASTM designations for these tests are ASTM

D6913 (2017) and ASTM D7928 (2017), respectively.

To prepare for the sieve test, approximately 500 g of oven-dried sample was weighed then
washed on a N0.200 sieve. The sample was washed until the water passing through the sieve
was clear. The sample was then placed in the oven at 65°C. The oven-dried mass was noted and
then the sample was poured into a stack of descending sieve sizes (Figure 3.3a). The stack of
sieves was placed into the sieve shaker for 13 minutes. Before weighing each sieve to obtain the
cumulative mass, it was important to shake each sieve by hand. This allowed for any excess

sample that was unable to initially pass through the sieve to escape and enter the subsequent
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sieve. If it is observed that a large amount of sample is passing through the sieve when shaken
by hand, it may be essential to place the stack of sieves back into the sieve shaker. Nevertheless,

13 minutes was determined to be an appropriate time limit that worked well.

The hydrometer test is necessary to accurately determine the distribution of fine particles within
the sample. The initial step for this test was to acquire 50-100g of oven-dried sample that has
been screened through the No.10 (2 mm) sieve. After pouring the sample into a 250 mL beaker
and recording the mass, the sample was mixed with 125 mL of hydrometric liquid, covered, and
left to sit for 24 hours. The mixture was then mixed in a mechanical mixture for 2 minutes.
Subsequently, the mixed sample was poured into a 1000 mL glass cylinder, filled with distilled
water to the fill line, and mixed by hand for approximately one minute. After the completion of
hand mixing, the cylinder was placed on a flat, stable surface where it was not disturbed for the
duration of the test. After situating the cylinder and carefully placing the hydrometer into the
mixture, the stopwatch was started (Figure 3.3b). For the duration of the test, hydrometer and

temperature readings were taken at 1, 2, 5, 15, 30, 60, 120, 240, and 1440 minutes.

3.2.1.6 Saturated Hydraulic Conductivity

Initially, a constant head test was conducted following a procedure similar to ASTM D5856 (2015).
However, challenges were discovered during the laboratory testing which led to a modified
version of the constant head test. A detailed discussion of the methods followed, challenges
presented, and solutions determined are presented in Appendix B. Note that a constant head test
was selected rather than a falling head test as the material is very coarse. Thus, the speed of the
water level within the burette for the falling head test would be too quick to record. The schematic
of the constant head test is presented in Figure 3.4. The equipment used for the modified constant

head test is presented in Figure 3.5a.
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Figure 3.3: Determining the particle size distribution (a) sieve test, (b) hydrometer test
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Figure 3.4: Schematic of the constant head test

To determine the saturated hydraulic conductivity, two side ports were installed into a compaction
permeameter in order to attach the two open manometer tubes (Figure 3.5b). The height of the

compaction permeameter is 18.0 cm and the diameter is 15.2 cm. The distance between the two
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side ports is 7 cm. Before testing, it is a good practice to fill the permeameter with water to make
sure that there is no leakage. Once it is confirmed that there are no visible signs of leakage, the
permeameter was drained and dried, and a metal mesh and geotextile were placed at the bottom

of the permeameter.

Each LID media was then packed within the permeameter to the dry bulk density of 1g/cm?®. A dry
bulk density of 1g/cm?® was used as alternative studies have obtained sample cores from live sites
and used a dry bulk density of approximately 1g/cm?® (Griffin, 2014; Perelli, 2014; Liu and
Fassman-Beck, 2017; Hill et al., 2016). The oven dried sample was split into four different bowls
to help reduce the sample bias. To reduce 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 3.5c).

Figure 3.5: Modified constant head test, (a) geotextile and metal sheet used, (b) two ports
installed into compaction permeameter, (c) permeameter filled with green roof substrate
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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 CO,, 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 obtaining the volumetric flowrate by

maintaining a constant head.

3.2.1.7 Measurement of SWCC using HYPROP
A popular method to measure the SWCC is the simplified evaporation method (Schindler, 1980).
To measure the SWCC, the HYPROP measurement system (UMS, 2015) which employs the

evaporation method was used (Figure 3.6).

With the exception of the packing procedure, the measurements were made following the
procedure as described by the manufacture (UMS, 2015). 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 3.7a).
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Figure 3.6: HYPROP schematic (retrieved from Bezerra-Coelho et al., 2018)

The nonwoven cloth and saturation plate supplied with the HYPROP equipment is then placed at
the top of the sample ring once the packing is completed. The sample ring is flipped upside down
and placed within a bowl of de-aired water to be saturated (Figure 3.7b). The plastic lid is kept on

to avoid evaporative losses and the sample is left to saturate for at least 24 hours.
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Figure 3.7: Sample ring used in HYPROP, (a) packed with BR3 substrate, (b) saturating in
water bath

3.2.2 Soil Properties from Published Sources

The five green roof substrates examined by Sandoval et al. (2017) and the five bioretention
substrates from DelVecchio (2017) contained enough available information to determine the
performance of PTFs for their substrates. However, it is important to note that not all information
was available, such as dry bulk density or porosity. Therefore, assumptions were made and are

noted accordingly.

The SWCCs from the published data were digitized in order to determine the performance of the
PTFs, as shown in Figure 3.8 and Figure 3.9. The soil parameters that are required for the PTFs
are shown in Table 3.1 for Sandoval et al. (2017) and DelVecchio (2017). The particle density
was not available for DelVecchio (2017) and the initial bulk density for all the soils ranged from
1.2 to 1.4 g/cm?3. Thus, an average of 1.3 g/cm? for all substrates from DelVecchio (2017) was
used. For the green roof substrates from Sandoval et al. (2017), the compacted dry density and

particle density were provided. To calculate the dry bulk density, the following equation was used:

44



_q_Pa [3.1]
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where @ is porosity, pqis the dry bulk density and ps is the particle density.
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Figure 3.8: Measured SWCCs for bioretention substrates digitized from DelVecchio (2017)
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Figure 3.9: Measured SWCCs for green roof substrates, digitized from Sandoval et al. (2017)
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Table 3.1: Soil parameter inputs from Sandoval et al. (2017) and DelVecchio (2017)

Source Media Sand Silt Clay Organic  Dry Bulk Particle
(%) (%) (%) Content Density Density
0
(%) (g/em®)  (g/lcm®)
Sandoval et S1 - Sand 88.1 8.6 3.3 11.97 0.80 2.2
al. (2017
( ) S2 — Sandy 65.6 29.2 5.2 30.65 0.51 2.13
Green Roof Loam
S3 — Loamy 82.8 13.3 3.9 4.14 1.18 2.51
Sand
S4 — Loam 50.7 34.4 14.9 10.24 0.92 2.44
S5 — Sandy 53.4 37.6 9 35.45 0.65 2.32
Loam
DelVecchio Sandy Loam 56 32 12 491 1.30 -
(2017)
Loamy Sand 80 14 6 3.57 1.30 -
Bioretention
Loam 37 44 19 5.95 1.30 -
Clay Loam 26 44 30 3.97 1.30 -
Silt Loam 29 55 16 4.87 1.30 -

3.2.3 Pedotransfer Functions

In total, 19 different pedotransfer functions were considered for each of the LID substrates.

Regression models, physicoempirical models, and the use of the artificial neural network were

the three types of PTFs that were used to predict the SWCC. The ability of the PTF to predict the

soil hydraulic properties of LID materials was assessed by comparing their predictions to

measured hydraulic properties. Statistical analyses were used for these comparisons.
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Guber and Pachepsky (2010) have developed a computer program, named CalcPTF, that utilizes
regression equations to predict the unsaturated hydraulic properties from routinely measured soil
properties. CalcPTF contains numerous PTFs, where some estimate the Brooks and Corey
(1964) parameters and the others estimate the van Genuchten (1980) parameters. Table 3.2

provides the details of the soil inputs required for the various PTF in CalcPTF.

Table 3.2: Soil inputs required for selected PTFs in CalcPTF (Guber and Pachepsky, 2010)

Sand Silt Clay Organic Dry
Content  Bulk

# PTF Model Density
% % % % g/cm?

1 Saxton et al., 1986 BC! + + +

2  Campbell and Shiosawa, 1992 BC + + +

3 Rawls and Brakensiek, 1985 BC + + +

4 Williams et al., 1992a BC + + +

5 Williams et al., 1992b BC + + + +

6 Wosten et al., 1999a VG2 + + +

7 Varallyay et al., 1982 VG + +

8 Vereecken et al., 1989 VG + + + +

9 Wosten et al., 1999b VG + + + +

10 Tomasella and Hodnett, 1998 WH? -> VG + + +

11 Rawls et al., 1982 WH -> VG + + + + +

12 Gupta and Larson, 1979 WH -> VG + + + + +

13 Rajkai and Varallyay, 1992 WH -> VG + + + +

14 Rawls et al., 1983 WH -> VG + + + + +

1BC - Brooks and Corey (1964) model
2VG - van Genuchten (1980) model
SWH — water content at fixed capillary pressure
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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 (1981) model and the Modified Kovacs Model developed by

Aubertin et al., (2003).

Arya and Paris (1981) presented one of the first physicoempirical model and is especially
preferred in practice as it works well with various soil types (Fredlund et al., 2012; Barbu, 2013).
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 (Arya and Paris, 1981).

The pore volume, V, (cm®/g) for the ith particle size fraction is estimated using the following
equation:

v=(51)e [3.2]

where w; is the fraction solid mass from the particle size distribution (g/g), ps is the particle density
(g/cm?3), and e is the void ratio. The volumetric water content (8;) is determined by multiplying the
fraction solid mass by the total porosity, ¢ (cm3/cm?) and a ratio of the measured saturated water
content to the theoretical porosity (Sw) as follows:

= 3.3]
9i:(¢5w)zwj, i=12,..n
j=1

To satisfy the capillary equation and procure the soil pressure, the pore radii, r; (cm) is required.
Equation 3.4 is used to calculate the pore radius for each particle size fraction. The number of

spherical particles, n; (g?) is determined using the particle radius, R (cm) as shown in Equation

48



3.5. The scaling parameter (a) is required for soil with non-spherical particles that are arranged

randomly.

> 3.4
r; = 0.816R; /enil % 13.4]

_ 3w [3.5]
e E
psR;

Arya et al. (1998) aimed to scale the a parameter by analyzing a large set of measured data for
five textural classes. The a parameter is determined using Equations 3.6 and 3.7. The aand b
parameters in Equation 3.7 relate log (Nj) to log(wi/R:i®) and differ depending on the textural class,

as shown in Table 3.3 (Arya et al., 1998).

_ log(N;) [3.6]
Qg =——
logn;
logN; = a+Dblog 3
i

With all the necessary parameters determined, the pressure, h (cm water) is obtained using the

capillary equation,

2y cos ©
p, = 28 [3.8]

Pwd Ti

where vy is the surface tension at the air-water interface (g/s?), © is the contact angle, pw is the

density of water (g/cm?®) and g is the acceleration due to gravity (cm/s?).
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Table 3.3: Parameters of Eq. 3.7 for five soll textures (retrieved from Arya et al., 1998)

Textural Class a b
Sand -2.478 1.490
Sandy Loam -3.398 1.773
Loam -1.681 1.395
Silt Loam -2.480 1.353
Clay -2.600 1.305

The other physicoempirical model analyzed is the Modified Kovacs (MK) Model developed by
Aubertin et al., (2003). This model was found to work well with tailing materials, granular and
cohesive soils (Fredlund et al., 2012). 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 (C,) from the particle

size distribution, rather than directly using all of the points measured in the PSD.

For this model, both the capillary and adhesive saturation are considered to determine the amount
of water held in the soil. To determine the volumetric water content, the degree of saturation (S)
is multiplied by the porosity of the soil (¢), as shown in Equation 3.9. Furthermore, Aubertin et al.
(2003) defined the degree of saturation in terms of the capillary component (S¢) and the adhesive

component (Sa), as shown in Equation 3.9.

S =%=SC+S;§(1—SC) 13.9]

To ensure that the adhesion saturation component does not exceed a value greater than one (0

< Sa"< 1), the adhesion component S,"is expressed as:
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Si=1—-(1—-S5,) [3.10]

where <> represents the Macauley brackets; for Sa 21, Sa"= 1 and for Sa < 1, S;"= S..

The capillary and adhesive components are defined with the following equations:

2 m 3.11
sc=1—[(%) +1] expl—m(leo)?] S

n(1+3)\ )3 1812]

In(1+ %) e3(1)5

where he is the equivalent capillary height which is related to an equivalent pore diameter and
the solid surface area; y is the suction head (cm); m is the pore-seize coefficient (unitless); ac is
the adhesion coefficient (unitless); e is the void ratio; and g, is the suction head equal to 107 cm

of water corresponding to dry soil conditions.

As the soil is granular, heo, @r, and m are obtained using Equations 3.13 — 3.15. The adhesion

coefficient (a) is taken as 0.01.

~ 0.75 [3.13]
heo(eM) = 7708, + 1]eDrg
Y, (cm) = 0.86h%7 [3.14]
_1 [3.15]
m= Cu
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Where Do is the diameter corresponding to 10% passing on the patrticle size distribution and C,
is the coefficient of uniformity, defined as the ratio of the diameter corresponding to 60% passing

on the particle size distribution and Do.

The third PTF type analyzed uses neural network predictions. Rosetta Lite DLL (Dynamically
Linked Library) is included within the HYDRUS software (Simanek et al., 2008) to help predict the
van Genuchten (1980) parameters and saturated hydraulic conductivity (Schaap et al. 2001).
Rosetta contains five models where the inputs depend on the data availability. The first model
consists of a look up table for the textural class of the soil media being analyzed. The other four
models use the percentage of sand, silt and clay (SSC) along with additional inputs such as the

dry bulk density (BD), the water content at 33 kPa and 1500 kPa suction values.

3.2.4 Statistical Analysis

The measured and predicted SWCC are compared using statistical analysis and through visual
inspection. To confirm the validity of the statistical analysis, a visual inspection of the predicted to
the measured data should be completed (Schunn and Wallach, 2005). To determine how well the
trend in the data fit, the coefficient of determination (R?) is calculated. Obtaining a R? of 1 refers
to 100% of the predicted data matches the trend of the measured data. Nevertheless, a R? 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 data points. The R%, MSD and MAD are

calculated as follows:

'|2 [3.16]
nZ?ZO(Bmgp)i - Z?:o(gm)i Z?:o(gp)i |

[J{n S o(Om)? = [Zio@m)i] }{n Zio(6,)7 - [2?=o<ep>i]2}J

[
I

R* =
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al(0p)i — (Bm)il? [3.17]
n—2

MSD =

i=0 Abs[(6p)i — (Bm)il [3.18]
n

MAD =

where n is the number of data points, 6, and 6, are the measured and predicted volumetric 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.

3.2.5 Numerical Analysis

The HYDRUS 1D software (Simtinek et al. 2008) was used to evaluate the performance of the
hydraulic properties from PTFs to the measured hydraulic properties. HYDRUS is a modelling
software used in the analysis of water flow and solute transport in variably saturated soils. Brunetti
et al. (2017), Liu and Fassman-Beck (2017), Meng et al. (2014), Qin et al. (2016) and Stewart et
al. (2017) have demonstrated that HYDRUS model presents good accuracy in producing the
hydraulic response of the LID systems. 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 (1980) parameters from the four types of PTFs analyzed.

The models for the bioretention media were simulated with a 100 cm deep soil profile. A 15 cm
soil profile was simulated for the green roof substrates, which corresponds to an extensive green
roof (CVC and TRCA, 2011). The lower boundary condition was set to free drainage. The upper
boundary condition was set to atmospheric boundary condition with a surface layer. Thirty years
of daily records of precipitation and potential evaporation values for Toronto constituted the

atmospheric boundary. Toronto historical climate data between 1981 to 2010 was collected from
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Environment and Climate Change Canada portal (Environment and Climate Change Canada
2018). In total, 8250 active days were modelled, where the active period represents the time when
the ground is thawed thus allowing water to infiltrate into the soil. The inactive period is when the

ground is frozen and the precipitation is in the form of snow.

The allowable ponding was taken as zero for the green roof. On the other hand, bioretention 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 (2011), 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.

The amount of stormwater runoff is dependent on the catchment area and degree of
imperviousness of the area for the bioretention system (Khan et al. 2013). A ratio known as the

Impervious to Pervious ratio (I/P) combines these two factors in the following relationship:

I
Vi = dAg (F + 1) [3.19]

where Vi is the volume of the influent, d is the precipitation depth, and Ag 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 (House et al., 2017):

I 3.20
di = d <F + 1) [ ]
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 (CVC and TRCA, 2010). 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
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entering the system other than the precipitation directly entering the system. Therefore, the green

roof system would have an I/P ratio of O.

An initial condition of -100 cm of head was assumed for the column. 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.

3.3 Experimental Results

3.3.1 Soil Characterization

The five LID materials were characterized by measuring their physical properties. The five
substrates are shown in Figure 3.10. Visual inspection indicated 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. Furthermore,

the glass sand substrate (BR3) had a very strong odor indicating a large organic content.

Figure 3.10: Two green roof and three bioretention substrates examined

There is an evident colour change in all of the LID substrates after dry combustion, as shown in
Figure 3.11. It is clear that the wood chips are one distinct constituent within the substrate that

burns up after the dry combustion. Table 3.4 shows the organic content and the specific gravity
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values for all materials. The organic content of the materials ranges between 5 to 8%, with the
glass sand substrate containing the greatest percentage. The addition of organic material acts as
a lightweight component and is beneficial in decreasing the load on the green roof (Sandoval et
al. 2017). Moreover, the organic material provides a large water storage volume (Li and Babcock,
2015) and helps deliver nutrients for plant growth (Sandoval et al. 2017). As the glass in the glass
sand substrate may not contain the required nutrients, an increased percentage of organic
material may assist in promoting the plant life. Furthermore, it was noted that the addition of
organic material also assists in the reduction of the soil density (Sandoval et al. 2017). As shown
in Table 3.4, the specific gravities of the green roof media are smaller compared to the bioretention

media.

(a) (c)

Figure 3.11: Determining the organic content (a) BR1 before and after dry combustion, (b) BR3
before dry combustion, (¢) BR3 after dry combustion
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Table 3.4: Organic content and specific gravity of the five tested LID substrates

LID Substrate Organic Content (%) Specific Gravity
GR1 7.03 2.02
GR2 5.16 2.24
BR1 5.06 2.80
BR2 6.8 2.70
BR3 7.81 2.36

The particle size distributions (PSD) of all five substrates are shown in Figure 3.12 and further
summarized in Table 3.5. From the PSD, both green roof media contains a large percentage of
gravel (>2mm) in comparison to the bioretention media, which is consistent with the visual
inspection done initially. The bioretention materials also contain a large percentage of sand (0.05
— 2 mm), with BR3 having 97% sand. All of the substrates analyzed were quite coarse and are
expected to have high saturated hydraulic conductivity values leading to good drainage during

flooding conditions.

Furthermore, both of the green roof materials had a large coefficient of uniformity (C.), thus
demonstrating that they are well-graded materials that contains a wide assortment of particle
sizes. On the other hand, the bioretention materials have a C, of 3, demonstrating that they

contain particles of uniform size and have a steep gradation slope.
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Figure 3.12: Particle size distribution curve of the five measured LID substrates
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Table 3.5: Key features of the particle size distribution curve for the 5 LID substrates

GR1 GR2 BR1 BR2 BR3
D1o (mm) 0.15 0.08 0.08 0.08 0.21
Deo (Mmm) 3.5 2.2 0.25 0.25 0.73
D3o (mm) 1.15 0.4 0.16 0.16 0.41
Coefficient of uniformity 23.3 27.5 3.13 3.13 3.48
— Deo
v =D,
Coefficient of curvature 2.52 0.91 1.28 1.28 1.10
__D%
€ DgoD1g
% Gravel 57.1 41.8 2.86 21.2 2.98
(d>2mm)
% Sand 37.0 48.2 93.6 69.2 97.0
(0.05mm < d < 2mm)
% Silt 4.00 6.50 3.00 6.70 0
(0.002mm < d< 0.05mm)
% Clay 2.00 3.50 0.50 3.00 0

(d <0.002mm)

Subsequently, the substrates were further classified according to USDA and USCS using the data

from the particle size distribution, as shown in Table 3.6.
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Table 3.6: Textural classification according to USCS and USDA

LID Substrate USCS USDA
GR1 Well-graded sand with silt and gravel (SW-SM)  Very gravelly loamy sand
GR2 Well-graded sand with silt (SW-SM) Gravelly loamy sand
BR1 Poorly graded sand with silt (SP-SM) Sand
BR2 Silty sand (SM) Gravelly sand
BR3 Poorly graded sand (SP) Sand

Averaged saturated hydraulic conductivities (Ks) for the five LID media as well as the error bars
are shown in Figure 3.13. 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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Figure 3.13: Averaged saturated hydraulic conductivity values with error bars
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GRL1 has a greater percentage of gravel in comparison to GR2, resulting in slightly higher Ks due
to the increased void space to assist in 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 (Pitt et al. 1999).

3.3.2 SWCC Results

The SWCC for the five LID materials were measured using HYPROP and are illustrated in Figure
3.14. The fitted van Genuchten (1980) parameters to the measured SWCC data are presented in
Table 3.7. Figure 3.15 demonstrate how good the fit is between the experimental values and fitted
curved using van Genuchten (1980) equation. Overall, the van Genuchten (1980) demonstrates

a good fit to the measured SWCCs for the five LID substrates as shown in Figure 3.15.

The air entry value (AEV) is when air first enters the saturated soil. From Figure 3.14, it can be
observed that BR1 and BR3 have a larger AEV compared to the other substrates. From Table
3.7, the a parameter in the van Genuchten (1980) equation is roughly equal to the inverse of the
AEV. The a 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 3.7 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 3.14, 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.
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Figure 3.14: Soil water characteristic curve (SWCC) for the five measured substrates

Table 3.7: Fitted van Genuchten parameters

Media 6s (cm3/cm?) 6: (cm®/cm?) a (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

From the SWCC, it can be seen that the measured points end at a suction value less than 100kPa.
For example, for BR3, the HYPROP system stopped measuring at a suction value of
approximately 13 kPa and a volumetric water content of 13 %. At this point, there is limited water
available within the substrate leading to the end of the experiment. As the suction value for
permanent wilting is typically considered to be 1500kPa, this suction value of 10kPa is quite less

in comparison. However, Handreck and Black (2002) reported the suction value for unavailable
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water for soilless horticultural substrates as 10kPa. Arguedas-Rodriguez (2009) conducted a
study for soilless substrates, where the SWCC was measured using the tension table method
with a 5 cm column. It was noted that there was a sharp decrease in water content with increasing
suction between 1.25 to 10.25 kPa. At a suction greater than 10.25kPa, the curve became nearly
asymptotic, meaning the remaining water within the substrate was tightly bound thus unavailable
for plant uptake. Similarly, Griffin (2014) measured the SWCC for green roof substrate using the
HYPROP equipment. Cavitation occurred at a suction of approximately 30kPa and a volumetric

water content of approximately 18 % for the substrates analyzed by Griffin (2014).

To confirm that the SWCC is nearly asymptotic after a suction value of 10kPa, the water contents
at greater suction values need to be measured. Griffin (2014) noted that the possibility of early
cavitation is due to the porosity of the LID substrates. As the sample dries at the top due to
evaporation, there is also macropore drainage occurring below the tensiometers due to the
substrate’s high porosity. This leads to the tensiometers drying faster and therefore cavitating
early. Griffin (2014) had allowed the sample core to drain for 10 minutes before installing it into
the HYPROP apparatus. This would empty the macropores, thereby allowing for water flow within
the substrate. Although the substrate core was installed into the HYPROP apparatus immediately
after the water bath, it is possible that some of the water drained out of the macropores when
transferring the core to the apparatus. This may be the reason as to why the saturated water

content is not equal to the porosity. Further examination is required.
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Figure 3.15: Fitted van Genuchten (1980) curves to experimental curves for five LID substrates

Liu (2016) and DelVecchio (2017) measured the SWCC at suction values greater than 100 kPa
for LID substrates. Liu (2016) used the tension plate method and pressure extractor method to
measure the SWCCs for both green roof and bioretention materials. The pressure extractor
suction ranged between 10 — 1500 kPa. Interestingly enough, at a suction value between 10 to
100 kPa, some of the substrates analyzed by Liu (2016) have a water content of equal value, and

there is no decrease in water content. However, with a suction greater than 100 kPa, the water
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content reduces. This results in a SWCC that exhibits a bimodal behaviour. On the other hand,
the study by DelVecchio (2017) measured bioretention substrates using both the HYPROP
measurement system and WP4C Dew Point PotentiaMeter. The HYPROP data is shown to end
at 60 kPa and the WP4C was used to measure the volumetric water content at suction ranges
greater than 100 kPa. Similar to Liu (2016), the measured SWCC exhibited a bimodal behaviour

for some bioretention substrates at a suction value greater than 100 kPa.

Therefore, it is possible that there will be a decrease in water content at a suction value greater
than 100kPa for the five LID substrates analyzed, especially since the water content of the
measured SWCC ends at a volumetric water content slightly greater than 10% (Figure 3.14). To
know for certain and fully understand the available water, equipment such as the WP4C, Tempe
cells, or pressure plate extractor would need to be used to measure the water content at a greater

suction range.

3.4 Performance of PTFs to Measured LID Substrates

To compare the performance of various PTFs to the measured SWCC, the R?, MSD and MAD
values were calculated. As it can be difficult to analyze the large amount of data from the R?,
MSD, and MAD values in a tabular format, Figure 3.16 presents a scatterplot of the computed R?,
MSD, and MAD values for the green roof and bioretention substrates. The scatterplots shown in
Figure 3.16 have equal scales to compare the bioretention and green roof substrates. From Figure
3.16, 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 green roof substrates
have an R? value greater than 0.90. Whereas the bioretention substrates have low R? values, in
some cases reaching a low R? value of 0.30. In addition, the predicted SWCCs for the green roof
substrates estimate a lower deviation from the measured SWCC in comparison to the bioretention
substrates. Whereas the bioretention substrates present large deviations from the measured data

compared to the green roof substrates. The MSD value for the green roof substrates, on average,
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have a value less than 4. Whereas some bioretention substrates reach an MSD value of 10. Some
bioretention substrates have MAD values of approximately 0.5, which means that the predicted
model is off by 0.5% volumetric water content from the measured data on average. A visual

examination is required to assess where the fit is most problematic.

After examining the statistical analysis of the predicted to the measured SWCC, it was concluded
that some of the PTF methods work better for certain substrates compared to the others. In
general, the PTFs from the CalcPTF program and from Rosetta better predicted the green roof
materials measured 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 do 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
performance is largely dependent on the percentage of the certain particle sizes. Nevertheless, it
is important 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 3.16: Statistical evaluation of the green roof substrates and bioretention substrates.
Visual inspection of the measured and predicted SWCCs was carried out in order to determine
the start of desaturation. A narrow pore size distribution leads to a steeper SWCC as the water
content drains over a narrow suction range. Figure 3.17 presents the five substrates and
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an estimate that which core feature of the SWCC is not predicted well. The core features of the
SWCC include the saturated and residual water contents, air entry value (AEV), and pore size
distribution. The AEV is the suction value at which air first enters the saturated soil resulting in

3.4.1 Visual Examination of the LID Substrates



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
a better comparison from a statistical perspective are presented in Figure 3.17. The selected
PTFs from the CalcPTF program produced an R?value closer to 1 and a lower MSD and MAD
value. Appendix C contains the measured versus predicted SWCC for all of the PTFs considered

in this research.

From Figure 3.17, 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 present
a good fit to the measured curves. The AEV of the predicted SWCCs rarely overlap with the
measured AEV, as shown in Figure 3.17. 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 3.17c for BR1 overestimates the AEV, leading to an extremely
poor fit. Choosing a PTF that overestimates the AEV results in an assumption that the examined

substrate is able to stay completely saturated for a greater suction period.
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As for the saturated water content, some predicted curves overestimate the saturated water
content by as much as 10%. Most of the predicted SWCCs overestimate the saturated water
content, which implies that the storage of the substrate is greater than expected. There are some
PTFs, particularly models 1 to 5 from Table 3.2, 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 3.17. 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 hours. It is possible that when transferring the substrate core
from the water bath to the HYPROP sensor, 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 HYPROP to get rid of the
entrapped air. 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.

3.5 Performance of PTFs for Published Sources

The performance of the PTFs was further analyzed by collecting data from published sources for
green roof and bioretention materials. Sandoval et al. (2017) and DelVecchio (2017) contain
enough available information to determine the performance of PTFs for their substrates. In order
to compare the performance of the PTFs to the measured, R%, MSD, and MAD were estimated.
To compare the performance of both substrates, Figure 3.18 presents the computed R?, MSD,
and MAD values plotted for the various PTFs. As there was a large variability between the

substrates, the scale for the y-axis is not equal in Figure 3.18.
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As observed in Figure 3.18, the trend relative magnitudes are captured well for the bioretention
substrates from DelVecchio (2017) compared to the green roof substrates from Sandoval et al.
(2017). Additionally, the predicted models for the green roof substrates presents a greater
deviation in comparison to the bioretention substrates. For instance, some green roof substrates,
particularly S2 and S5, have a MAD value of 50. This means that the predicted model is off by
50% volumetric water content from the measured data. Furthermore, the MSD estimated for S2
and S5 is greater than 1000 for some PTF models, which demonstrates a huge deviation in
comparison to the measured model. This is quite interesting since the previous section observed
that the green roof substrates performed well in comparison to the bioretention substrates. To
determine why the green roof substrates performed poorly in comparison to the bioretention

substrates, the models that performed poorly are analyzed is greater depth.

3.5.1 Effect of Organic Content on PTFs

From Figure 3.18, S2 and S5 are shown to have a greater deviation in comparison to the other
green roof substrates. Upon closer investigation, the green roof substrates S4 and S5 have similar
soil texture inputs for the percent of sand, silt and clay, (refer to Table 3.1) but their porosities and
organic content are dissimilar. Both S2 and S5 are noted to have a large porosity and organic
content in comparison to all of the other substrates analyzed within this research. The organic
content of S2 and S5 are 30.7% and 35.5%, respectively. This organic content is far greater than
the 7.8% organic content measured for BR3, which has the greatest organic content from the
substrates examined in the previous section. It is concluded that most of the regression models
from CalcPTF that performed poorly for S2 and S5 consider the percentage of organic content
(refer to Table 3.2). Therefore, substrates with a large percentage of organic content does not

perform as well as substrates with a smaller percentage.

71



oo o0o-
© IR <
o - 33 ° oe-
o 3 wf
® L oo ®e-
(s - . )

< - 2 oo

®» S-S e

“S,o SRR N nonﬂ
© . ®©

o o L o0 ote-
s _ ° oo
© _ ome-
loie © L e0e-
@se _ oe-
_ouo _ ° @
© _ one-
| PRPSSY EPI PR B P Y B 110l
- -] o < o~ o o o o o

S 6 o o 8 % N -

M asw avin
oo—e 0 —o-0-
o L . @)-
_9 ° L . ©-
oto L }- re
_aev L o8- @ o0
@eo © | o0 @ oo @
@e lon o- » ®
o @o | ® ¢ ”® o
00 @ Lo o -0 @ 'Y
o o oo L o}- e~
o o L ° 0¢- oo @
oo o L s o @f- «o)-
_o @e L @}- e
o0 - & o o 0)}-

“.u B (@-
. ,. | wv un un -
A”.V - ® @ @ = 4
®e | - o0s-
.a‘!&._._. ..._._..‘n._._..ﬁgu_l
88 313g88g-28 9 8 °
Nx < Mm -l Q<—>—
dsin

POYIBIN dV
€EHL1AgDSS enasoy

agoss enasoy

JSS enasoy

SSe|) |edn1xa] enasoy

€861 “|€ 19 s|mey

766T ‘Aedjjesen 13 1eyey
6L6T ‘uosie] 13 exdno

7861 “|e 12 simey

866T ‘NBUPOH B e||dSeWO]
q666T “|e 19 UaISoM

686T ‘| 19 U IFIA

786T “|e 13 AeAjjesep

B666T |€ 12 UdISOM

qz66T “|e 19 swel||IMm
BZ66T | 32 swel|Im

G86T “dIsudje.g 1 symey
766T ‘emesolys % [|aqdwe)
986T “’|e 19 uoixes

POYlaN dV
€EHLAFDSS enasoy

agoss enasoy

JSS enasoy

SSg|) |eiNn}x9)] enasoy

€86T “|e 10 symey

266T ‘Aehjjesep 13 1evley
66T ;._Om._m._ L] munzw

786T “|e 19 symey

866T ‘NBUPOH '3 e||]asewo]
4666T “|€ 19 U3ISQM

686T “’|e 19 Ua)Iaa4dA\

Z86T “’|e 10 AeAjjesep

e666T | 32 UaISQM

qz66T ““1e 19 swel|Im
BZ66T “|e 19 swel||Im

G86T “dIsudjelq g symey
766T ‘emesolys 13 [|oqdwe)
986T “|e 19 uoixes

Figure 3.18: Statistical performance of (a) green roof substrates from Sandoval et al. (2017) and

(b) bioretention substrates from DelVecchio (2017)

To demonstrate the impact of a large organic content on the PTF performance, the PTF developed

by Rawls et al. (1983) is examined. The PTF developed by Rawls et al. (1983) considers the

organic content and performed poorly for S2 and S5. Figure 3.19 presents the measured SWCC

for S4 and S5 as well as the predicted SWCC using the regression equation developed by Rawls

et al. (1983). Note that S4 has an organic content of 10.2%. As shown in Figure 3.19b, the

predicted SWCC for S5 overestimates the saturated volumetric water content and the air entry

value. However, using the same regression equation developed by Rawls et al. (1983) for S4
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results in a relatively good fit in comparison, as shown in Figure 3.19a. Thus, the large organic
content results in overestimation of the volumetric water content when using the regression
equation developed by Rawls et al. (1983). With an increase in organic content, there is an

increase in the predicted saturated volumetric water content.
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green roof substrate retrieved from Sandoval et al. (2017)
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To further demonstrate the impact of organic content on the performance of the PTFs, the organic
content for S5 was reduced from 35.5%. Figure 3.20 presents the predicted SWCCs for S5 with
a reduced organic content of 20% and 10% using the PTF developed by Rawls et al. (1983). From
Figure 3.20, it can be seen that reducing the organic content results in a closer prediction to the
measured SWCC. Both the saturated volumetric water content and the AEV are reduced with the

reduction of organic content.
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Figure 3.20: Reducing organic content using PTF developed by Rawls et al. (1983) for S5
substrate

Subsequently, the PTF developed by Rajkai and Varallyay (1992) is another regression equation
that considers organic content. It performed poorly due to the n parameter prediction resulting in
a value less than one. As these regression equations compute the m parameter from the van
Genuchten equation as m=1-1/n, an n parameter less than one results in a negative m parameter.

By keeping the soil inputs the same but changing the organic content, it was observed that with
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an increase in organic content there was a decrease in the n value for the PTF developed by

Rajkai and Varallyay (1992).

Overall, the green roof substrate from Sandoval et al. (2017) performed poorly in comparison to
the other LID substrates examined due to the large organic content present within the substrates.
Reducing the organic content in the substrates S2 and S5 resulted in a better statistical
performance of the PTFs. This can be further demonstrated by reducing the organic content for
S2 and S5 to 10% and plotting the statistical performance on the same scatterplot as shown
previously in Figure 3.18. Figure 3.21 has the same axis used in Figure 3.18 and demonstrates

an improved statistical performance after reducing the organic content of S2 and S5.

3.5.2 Visual Examination of LIDs from Published Sources

A visual analysis was carried out to further examine features of the SWCC and determine the
most problematic feature between the measured and predicted SWCCs. Figure 3.22 presents the
measured versus predicted SWCCs for the green roof substrates from Sandoval et al. (2017).
Whereas Figure 3.23 presents the measured versus predicted SWCCs for the bioretention
substrates from DelVecchio (2017). Similar to Section 3.3.1, the PTF that produced a better
comparison from a statistical perspective is presented in Figure 3.22 and Figure 3.23 as there is

a large number of PTFs considered in CalcPTF.

The predicted SWCCs show a relatively good fit with some exceptions. For instance, it can be
seen that the saturated volumetric water content is underestimated using Rosetta. This is
interesting as previously a majority of the predictive models overestimated the saturated
volumetric water content. However, it is important to note that the dry bulk density was estimated
by assuming the porosity is equal to the saturated volumetric water content from the measured
SWCC. This resulted in a fit to the 65 for the predictive methods from CalcPTF since CalcPTF
allows the user to input both dry bulk density and particle density. Whereas Rosetta uses only the
dry bulk density along with the soil textures to predict the SWCC. If the porosity is greater than
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the measured 6s from the SWCC, then the calculated dry bulk density would be smaller than the
estimated value, using Equation 3.1. To check this theory, a smaller dry bulk density value was

inputted into Rosetta for S2 and resulted in a greater 6.
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Figure 3.21: Statistical performance of green roof substrates from Sandoval et al. (2017) after

reducing the organic content for S2 and S5

From Figure 3.22 and Figure 3.23, the measured SWCCs drain gradually over a greater suction

range, unlike BR1 and BR3 from the previous section. The slope of the predicted curves presents
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a good fit to the measured curves, with few exceptions such as the AP method used for the clay
loam substrate in Figure 3.23. The AEV of the predicted curves rarely overlap the measured
curves, which was also observed in the previous section. Additionally, a clear feature noted
between Figure 3.22 and Figure 3.23 is the pore structure. A bimodal pore structure can be seen
in Figure 4.13 for the bioretention substrates. The effect of the bimodal pore structure will be

discussed in more details in the next section.

3.5.3 Effect of Bimodal Pore Structure on PTF Performance

An immediate observation noted between all of the substrates examined is the pore structure. In
the analysis of the bioretention substrates from DelVecchio (2017), it was determined that these
substrates exhibited a bimodal behaviour in the measured SWCC. This is important as Rosetta
estimates van Genuchten (1980) parameters and CalcPTF estimates both Brooks and Corey
(1964) and van Genuchten (1980) parameters. These two analytical functions fit well for soils that
have a unimodal pore structure, meaning the SWCC has one peak. Whereas a SWCC that has

two peaks exhibits a bimodal pore structure.

To demonstrate the impact of the bimodal pore structure on the PTF performance, Figure 3.24
presents the measured to the predicted volumetric water content of the sandy loam substrate
from DelVecchio (2017). Note that according a study performed by Pifieiro et al. (2008), the
predicted values should be on the x-axis and the measured on the y-axis. This is because Pifieiro
et al. (2008) observed that there was an underestimation of the slope and overestimation of the
y-intercept when the measured values were on the x-axis and the predicted on the y-axis. The
PTFs used to predict the volumetric water content and are presented in Figure 3.24 are Rosetta
and Campbell and Shiosawa (1992), which is a model from CalcPTF. Both of these models have
a similar response between the measured volumetric water content of 25-35%, where there is a
slight deviation from the 45° line. This deviation is where the second peak in the SWCC is found,

thus demonstrating that the PTFs were unable to capture the bimodal behaviour of the substrate.
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from Sandoval et al. (2017)
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Unlike Rosetta and the CalcPTF models, the AP model uses the particle size distribution to
estimate the SWCC. The AP model divides the particle size distribution curve into fractions, where
larger particle sizes relate to larger soil water content. Therefore, it is able to have a better
understanding of the physical characteristics of the soil and apply it when predicting the SWCC.
Programs, such as SWRC-Fit (Seki, 2007), are used to fit an appropriate analytical function to
the predicted data points from the AP method. This means that the AP model is not limited to just
the van Genuchten (1980) model or Brooks and Corey (1964) models like Rosetta and CalcPTF.
For example, the clay loam bioretention substrate shown in Figure 3.23 presents a bimodal pore
structure using the AP method and is fitted using Durner (1994) model. The Durner (1994) model
uses linear superposition of two or more VGM functions to account for the second peak in the

SWCC.
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Overall, the AP method performed fairly well for the bioretention substrates shown in Figure 3.23.
The clay loam and silt loam substrates showed a lower statistical performance in comparison to
the other three substrates. The clay loam, silt loam and loam overestimate the volumetric water
content after a suction value of approximately 100kPa. For the clay loam, the data points
calculated from the AP method demonstrate a distinct bimodal behaviour. However, the measured
SWCC data for the clay loam exhibit a unimodal behaviour rather than bimodal. Still, there is no
measured data between 70 kPa and 400 kPa, which may be a possible location for a second

peak in the SWCC.

The overestimation of volumetric water content after a suction value of approximately 100 kPa
seen for the clay loam, loam and silt loam substrates could be as a result of the scaling parameter
(a) required in the AP method. Arya et al. (1999) aimed to scale the a parameter by analyzing a
large set of measured data for five textural classes (Table 3.3). The a parameter is determined
using Equations 3.6 and 3.7. The a and b parameters in Equation 3.7 relate log (N;) to log(wi/R:?)

and differ depending on the textural class, as shown in Table 3.3.

As the a parameter for the clay loam texture class is not available in Arya et al. (1999), the a and
b parameters for silt loam were used. Figure 3.25 demonstrates the difference in using the a and
b parameters for silt loam versus clay were used for the clay loam substrate. From the Figure,
using the clay parameters results in an overall decrease in pressure head. For instance, at the
same volumetric water content of 20%, the silt loam parameters estimate a pressure head of
approximately 6000 kPa while the clay parameters estimate a pressure head of 3000 kPa.
Although using the clay parameters may lead to a closer estimation of the volumetric water
content in the dry range, it also resulted in an underestimation of the pressure head in the wet
range. Still, this is due to the overall shape of the predicted SWCC rather than the use of the a

and b parameters.
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Figure 3.25: Arya and Paris scaling parameter for (a) silt loam and (b) clay used to predict the

clay loam bioretention substrate

3.6 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 design
and analysis 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 [3.21]

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
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evaporation, while the actual flux depends on the external conditions as well as the transient soil

moisture conditions.

As shown in Equation 3.21, if the actual evaporation is high, the NI decreases accordingly. 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.

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 historical climate data.
The water balance at the surface using the measured and predicted soil hydraulic parameters are
presented in Figure 3.26. Note that the water exiting the system is assumed to be negative while
the water entering the system is considered positive. Table 3.8 contains the van Genuchten
(1980) parameters used in the numerical simulations for GR2 and BR2's water balances. As there
were many regression equations contained within CalcPTF, the source that produced a better
comparison from a statistical perspective (high R?, 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.

From Figure 3.264a, 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 500cm 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 50cm, 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
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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.

Table 3.8: van Genuchten (1980) parameters used in measured versus predicted numerical
simulations for GR2 and BR2

Substrate PTF Source 6 6 a(cm?) n

GR2 Measured Van Genuchten fitted 0.00 0.47 0.09 1.31
CalcPTF Vereecken et al. (1989) 0.12 0.48 0.08 1.29

Rosetta SSCBD 0.05 0.48 0.04 1.67

AP Method Arya and Paris (1981) 0.01 0.48 0.96 1.34

MK Method Aubertin et al. (2003) 0.02 0.47 0.13 3.48

BR2 Measured Van Genuchten fitted 0.16 0.43 0.11 1.73

CalcPTF Vereecken et al. (1989) 0.13 0.48 0.20 1.44

Rosetta SSCBD 0.05 0.48 0.05 1.90
AP Method Arya and Paris (1981) 0.00 0.43 0.21 1.35
MK Method Aubertin et al. (2003) 0.02 0.55 0.04 4.29

Figure 3.26b presents the water balance for BR2. The water balance of the predicted and
measured hydraulic properties shows 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 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.
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Figure 3.26: Water balance of measured and predicted SWCC for 30-year Toronto historic
climate data for (a) GR2 and (b) BR2

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 3.27. The cumulative values for NI,

AE, and BF using the measured soil hydraulic properties is used as the baseline. It is evident that
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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 3.26b.
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Figure 3.27: 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

3.7 Conclusions

Two green roof and three bioretention substrates were examined and characterized using
routinely used soil testing such as the sieve test and hydrometer test to acquire the patrticle size

distribution curve. Other tests include dry combustion to determine the organic content, the
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pycnometer method to determine the specific gravity, and the constant head test to measure
saturated hydraulic conductivity. Some highlights from these test results are noted as follows. The
bioretention material BR3 contained the greatest percentage of organic content, possibly due to
it containing glass sand. The green roof materials had a smaller specific gravity compared to the
bioretention materials. The green roof media had a greater percentage of gravel whereas the
bioretention media had a greater percentage of sand. From the coefficient of uniformity, the green
roof media are classified as well-graded and the bioretention media are uniformly-graded with a
steep gradation curve. All of the LID substrates are quite coarse and are expected to have good
drainage during a storm event. From the constant head test, the green roof substrates have a
greater Ks compared to the bioretention substrates. The average Ks for GR1, GR2, BR1, BR2,
and BR3 are 0.24, 0.19, 0.03, 0.04, and 0.03 cm/s, respectively. As the bioretention systems are
designed for ponded conditions, a smaller K, in comparison to the green roof media, allows for
the contaminant capture. Finally, the SWCC was measured using the HYPROP apparatus (UMS,
2015). 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.
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. 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 material that were considered. For
example, even though BR1, BR2 and BR3 are all bioretention substrates, the PTF that performed
best statistically for each substrate is different. Furthermore, it was observed that the green roof

substrates, GR1 and GR2, performed better using the PTFs from CalcPTF and Rosetta compared

87



to the bioretention substrates, BR1, BR2, and BR3. However, for the published literature analysis,
the green roof substrates from Sandoval et al. (2017) did not perform as well as the bioretention
substrates from DelVecchio (2017). Therefore, there is no PTF model that would work universally
in the estimation of LID substrates. 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. The PTF models were designed by gathering a large
guantity 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 overlapped the measured
SWCC. Overestimating the AEV implies that the substrates is able to stay completely saturated
under a greater suction value. 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.

Other aspects to consider from this section include the impact of a greater percentage of organic
content on the PTF. With an increase in organic content, the n parameter used in the van
Genuchten equation was seen to decrease to a value below 1 in the PTF model by Rajkai and
Varallyay (1992). The increase in organic content also resulted in an overestimation of the

saturated volumetric water content and air entry value in the PTF model by Rawils et al. (1983).

88



Therefore, PTFs that use regression equations did not perform well when estimating LID

substrates with an organic content greater than 25%.

In addition, some substrates from DelVecchio (2017) exhibited bimodal characteristics. A bimodal
SWCC has two peaks whereas a unimodal SWCC has one. The CalcPTF and Rosetta PTFs
provide a unimodal SWCC prediction as they provide parameters for the Brooks and Corey (1964)
and van Genuchten (1980) analytical functions. The AP model is not limited to the Brooks and
Corey (1964) or van Genuchten (1980) analytical functions as it is derived from the particle size
distribution which can exhibit bimodal behaviour. For the clay loam substrate from DelVecchio
(2017), there is a clear indication that the AP method predicted a bimodal behaviour for the
SWCC. However, the predicted curve did not fit well to the measured either due to missing data
points between 70 to 400 kPa to indicate a measured bimodal SWCC or due to the scaling

parameter used in the AP method.

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 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 cumulative
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, negligent percent difference for all PTFs considered. 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
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soil hydraulic properties are more important for systems that manage less water, such as green

roof systems.
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Chapter 4: Design and Performance of Low Impact Developments
Under Changing Climate

4.1 Introduction

According to the Intergovernmental Panel on Climate Change (IPCC), climate is changing around
the world, particularly due to economic and population growth rapidly increasing anthropogenic
greenhouse gases (IPCC, 2014). Adverse effects of climate change are noted by the atmosphere
and ocean warming, the amount of snow and ice diminishing, and the sea level rising. Canada is
not exempted from the changing climate. Recent studies have shown that Canada is becoming
warmer as the annual mean temperature averaged over the land has increased by 1.7°C from
1948 to 2016 (Vincent et al. 2018; Zhang et al. 2019). It is projected that the number of growing
days will also increase with this change in mean temperature across Canada. Additionally, there
has been observed trends of increasing annual mean precipitation in Canada. Under a low
emission scenario, the annual mean precipitation is projected to increase 7% by the late 21
century. Under a high emission scenario, the annual mean precipitation is projected to increase
by 24% (Zhang et al. 2019). With the increase in temperature and frost-free days, there will be a

shift from snow to rain in the spring and fall seasons.

With the increase in both intensity and frequency of extreme precipitation events due to climate
change, the risk of flooding rises in dense cities such as Toronto, ON, Canada. In order to counter
the risk of flooding, engineers have developed ingenious stormwater management solutions such
as the use of Low Impact Developments. Low Impact Developments (LIDs) are defined as a
stormwater management strategy that aims to mitigate the impacts of increased runoff and
stormwater pollution by managing runoff as close to its source as possible (U.S. EPA, 2007). With
LIDs, stormwater can be treated as a resource in helping to preserve and recreate natural

landscapes, rather than as a waste that needs to be rerouted from its source (U.S. EPA, 2018).
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LIDs assist in developing sustainable cities and include systems such as permeable pavements,

green roofs, bioretention cells, and rain barrels.

The amount of research conducted on the performance of LIDs under changing climate is
minimal. Hathaway et al. (2014) noted that the evaluation of the performance of urban stormwater
control measures under climate change projections have not been thoroughly examined. Using
base scenario data between 2001 to 2004 and future scenario data between 2055 to 2058 under
two climate emission pathways, Hathaway et al. (2014) determined that the frequency and
magnitude of overflow from a bioretention system in North Carolina, USA is projected to increase
substantially under future climate scenarios. Borris et al. (2016) investigated the runoff quality of
bioretention in urban and suburban catchments in Ostersund, Sweden for future scenarios under
different greenhouse gas (GHG) emissions and socio-economic pathways. Wang et al. (2019)
analyzed the performance of bioretention under changing climate in Guangzhou, China.
Performance factors included reduction of runoff volume, peak flow and first flush. The effect of
first flush is defined as the high concentration of contamination in the initial portion of the surface
runoff (Wang et al. 2019). In the highly-dense urban city, Wang et al. (2019) noted that the
performance of bioretention systems decreases with climate change and cannot replace older

stormwater management systems.

Subsequently, Stovin et al. (2013) conducted a 30-year continuous simulation to examine the
performance of green roofs for four UK locations under different climatic regimes. Viola et al.
(2017) attempted to quantify the retention performance of green roofs worldwide by considering
several climate conditions using a simple stochastic weather generator. Both Stovin et al. (2013)
and Viola et al. (2017) do not consider the impact of climate change for these long-term conditions.
A study by Herrera-Gomez et al. (2017) considered the impact of climate change in Spain. The
study was related to the mitigation of urban heat island effect using green roofs. Berkompas et al.

(2008), Fassman-Beck et al. (2013), Schultz et al. (2018), and Voyde et al. (2010) have completed
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studies on the performance of extensive green roofs, particularly the stormwater retention
performance. From these studies, it can be noted that the storage, and therefore the run-off
performance, is dependent on the size of the storm, rather than solely the substrate depth. Thus,
the change in climate should be taken into consideration when designing these LID systems as

increased storm sizes and intensities are projected in many parts of the world.

Understanding that the quantity and intensity of rainfall is projected to increase, analysis of LIDs
under changing climate is essential. This research has conducted an examination of green roof
and bioretention substrates under changing climate to determine if current and future LID systems
are required to be modified. This research also presents a methodology to analyze the LID
designs for the changing climate. Various design aspects of the LID systems are examined,
including future quantities of water that would enter the system, peak intensity delay, peak time
delay, run-off, ponding and overflow within the bioretention facilities, residence times, storage
capacity, and substrate thickness. This research assesses green roof and bioretention systems
under changing climate for ten different locations in Ontario, with specific focus on Toronto,
Ontario. Furthermore, both future long-term and extreme precipitation events are examined and
compared to historical climate data for these ten locations in Ontario. Numerical modelling was

carried out using HYDRUS software (Sim(inek et al. 2008).

4.2 Methodology

This section describes the steps taken to complete the analysis of LIDs under changing climate.
When designing for LIDs, the use of Darcy’s equation for saturated flow may lead to inaccurate
results such as ponding or overflow within the soil media (Liu and Fassman-Beck, 2017). Rather,
it is more likely that unsaturated flow conditions dominate both green roof and bioretention
systems (Barbu and Ballestero, 2014; Liu and Fassman-Beck, 2017; Perelli, 2014). The HYDRUS
software (Simunek et al. 2008) is chosen to evaluate the performance of green roof and

bioretention substrates under changing climate. HYDRUS is a modelling software used in the
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analysis of water and energy flow and solute transport in variably saturated soils. The software
can be used to simulate 1-, 2- and 3-dimensional movement of water, heat, and multiple solutes
in variable saturated media. The program solves the Richards’ equation for saturated-unsaturated
water flow and convection-dispersion type equations for heat and solute transport (Simtinek et al.
2008). Brunetti et al. (2017), Liu and Fassman-Beck (2017), Meng et al. (2014), Qin et al. (2016),
and Stewart et al. (2017) have demonstrated that HYDRUS model presents good accuracy in

producing the hydraulic response of the LID system.

In order to set-up the numerical model in HYDRUS, the material properties, climate data inputs,
geometry, and initial and boundary conditions are required. These will be discussed in more detail
in the following sections. Additionally, Figure 4.1 presents an overview of the tasks completed to
achieve the objectives of this research. Extreme precipitation events and long-term climate data
were compiled for historic and future climate scenarios. The material properties of the green roof
and bioretention media were measured in the laboratory. The numerical model geometry was
developed for both the green roof and bioretention media. Analysis of the green roof and
bioretention media was carried out for in terms of both long-term analysis and extreme
precipitation analysis. Performance factors included the total quantity of water, the peak storm

delay, the total ponding depth and time, and the total run-off.
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Figure 4.1: Methodology to analyze LID design under changing climate

4.2.1 Material Properties

Green roof and bioretention substrates were sourced from local suppliers. These substrates were

tested in the laboratory to determine their soil properties. Laboratory testing included

measurement of the organic content (ASTM D2974, 2014), specific gravity (ASTM D854, 2014),

particle size distribution using both the sieve test (ASTM D6913, 2017) and hydrometer test

(ASTM D7928, 2017), and the saturated hydraulic conductivity using the constant head test
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(ASTM D5856, 2015). The soil water characteristic curve was measured using the HYPROP
measurement system (UMS, 2015). Details regarding the soil hydraulic and geotechnical

properties are provided and discussed in Chapter 3.

Table 4.1 presents the hydraulic properties used in the numerical analysis for one of the green
roofs and bioretention substrates, respectively. The green roof's saturated hydraulic conductivity
(Ks) was measured to be one order of magnitude greater than the bioretention media. A smaller
Ks for the bioretention compared to the green roof is desirable as it assists in pollutant removal
processes, such as filtration. A large Ks for the green roof assists in reducing the risk of surface

runoff leading to a greater roof load.

The van Genuchten (1980) equation was used to mathematically represent the measured soil

water characteristic curve. The van Genuchten (1980) equation is written as follows:

0= O 4 Gy [4.1]

Se =
¢ 95_97“

where S¢ is the effective saturation, 6, and 8s are the residual and saturated water contents,
respectively, ais a fitting parameter related to the inverse of the air-entry pressure head, n and m
are fitting parameters with m = 1-1/n. In order to express the unsaturated hydraulic conductivity,
the van Genuchten function (1980) is substituted into Mualem’s (1976) pore conductivity theory

to obtain the van Genuchten-Mualem function (van Genuchten, 1980).

Table 4.1:Hydraulic Parameters of Green Roof and Bioretention Media

Media Saturated hydraulic Fitted van Genuchten (1980) Parameters
conductivity, 0s (cm®/cm3) 6, (cm®/cm3®  a (1/cm) n
Ks (cm/s)
Green Roof 0.19 0.47 0 0.09 1.13
Bioretention 0.04 0.43 0.16 0.11 1.73
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4.2.2 Climate Data

The historical or baseline climate data is used as a reference point to demonstrate the changes
in the future climate data. Climate data for ten different locations across Ontario was compiled.
These locations are Toronto, Niagara, Kingston, Ottawa, Timmins, Kenora, Thunder Bay, North
Bay, London, and Windsor (Figure 4.2). Historical climate data between 1981 to 2010 was
collected from Environment and Climate Change Canada portal (Environment and Climate
Change Canada 2018). The dataset comprises of the daily values of precipitation, relative
humidity, temperature, wind speed, and net radiation. The compiled climate datasets were
statistically analyzed to compute historical averages, maximum and minimum values, and
other pertinent information for various climate variables over the 30 years (Baninajarian et al.

2019; Baninajarian, 2020; Baninajarian et al. 2021; Bashir et al. 2020; Pk et al. 2020).

Future climate data was collected from published sources. In particular, the future climate data
from Ontario Climate Data Portal (OCDP) published by the laboratory of mathematical parallel
systems (LAMPS) at York University was determined to perform the best when back predicting
the historical climate data (Baninajarian et al. 2019; Baninajarian, 2020; Baninajarian et al. 2021,
Bashir et al. 2020; Pk et al. 2020). The OCDP provides future climate data for the period of 2011
to 2100. The portal contains projections for four climate variables, daily precipitation, maximum,
minimum, and average temperatures on a 10 x 10 km grid resolution for Ontario. In order to
estimate the potential evaporation, Baninajarian (2020) and Pk (2017) have compared the Pereira
and Pruitt (2004) method to the Penman (1948) method for the determination of daily potential
evaporation values. They reported that the Pereira and Pruitt (2004) method estimated similar
values as the Penman (1948) method. Moreover, the Pereira and Pruitt (2004) method has a
greater advantage as it only requires daily minimum, mean, and maximum temperature data for

estimation of potential evaporation.
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Figure 4.2: Map of the ten locations in Ontario considered for climate data analysis

There are 33 general circulation models (GCMs) for four representative concentration pathways
(RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5) contained within the OCDP. The GCMs are the
standard climate models used based on the IPCC’s Fifth Assessment Report (IPCC, 2014). The
primary function of a GCM is to understand the dynamics of physical components of the climate
system (atmosphere, ocean, land, and sea ice) and make projections based on future greenhouse
gas and aerosol forcing (Flato et al., 2013). Whereas the RCPs are proposed in IPCC’s Fifth
Assessment Report as scenarios to project future climate on several assumptions concerning
future greenhouse gas emissions. Each pathway leads to a specific radiative forcing, which the
IPCC defined as the change in energy flux caused by a driver and is calculated at the tropopause

or at the top of the atmosphere (IPCC, 2014). By the year 2100, RCP 2.6 is considered to be the
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best-case scenario whereas RCP 8.5 is the worst-case scenario, with the greatest concentration

of radiative forces.

42.2.1 Selection of Long-Term Climate Data

From the 33 GCMs contained within the OCDP, Baninajarian (2020), Bashir et al. (2020) and Pk
(2017) determined that CCSM4, GFDL-ESM2M, NorESM1-M, and Had GEM2-ES are the four
GCMs that performed best when predicting the historical data for different cities within Ontario.
Therefore, these four GCMs are used in long-term analysis of future climate projections. For each
of the four GCMs, 90 years of future climate data (2011-2100) were subdivided into 30-year
periods. This resulted in 48 future climate ensembles (CE) for the four RCPs (Figure 4.3). The
historical climate data for the period of 1981 to 2010 is designated as CE#1. Further examination
of this climate data can be found in Baninajarian (2020), Baninajarian et al. (2021), Bashir et al.

(2020), Pk (2017), and Pk et al. (2020).

As the climate data for ten locations for four GCMs and four emission pathways results in 490
thirty-year daily climate datasets, the selection of an appropriate design climate is recommended
(Baninajarian 2020). It was decided that for Toronto, all 48 future climate ensembles presented in
Figure 4.3 will be used to examine the performance of LIDs. Considering that Toronto is the
biggest urban centre in Canada, this was accomplished for a comprehensive assessment.
Considering the computational resources, the time required to analyze all of the results and review
of the assessment for Toronto, indicated that selection of a design climate based on the wettest
condition is an appropriate strategy for other urban centres. In order to choose an appropriate
climate scenario from the four different GCMs and RCPs, the future climate scenario that
produces the wettest condition in the LID substrates can be considered for other locations.
Baninajarian (2020) noted that simply choosing the climate ensemble that produces the highest
increase in precipitation and annual moisture index has two inherent shortcomings when selecting
the climate scenario that produces the wettest conditions within the soil. First, choosing the
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greatest precipitation and annual moisture index only considers the water availability from
atmospheric conditions. Bashir et al. (2016) has demonstrated that the water balance at ground
level is a function of the soil hydraulic properties. Secondly, Baninajarian (2020) indicated that the
water balance at ground surface is a function of a sub-daily temporal scale as well. This means
that the amount of water entering the ground surface differs if one were to use a daily resolution
versus a sub-daily resolution of precipitation data, due to the hydraulic conductivity of the soil.
Thus, Baninajarian (2020) completed numerical simulations using the same climate data for the
ten locations in Ontario to determine the critical scenario for sand and silt materials. The critical
scenario was determined to be the climate data that produced the largest degree of saturation as
this would decrease the factor of safety of the embankment from a stability perspective. For this
research, the scenarios that produced the largest degree of saturation for the sand material from
Baninajarian (2020) are used and are presented in Table 4.2. As the LID media are coarse-

grained materials, the scenarios are selected for the sand material rather than the silt material.

4.2.2.2 Extreme Precipitation Events

According to the IPCC (2013), the frequency and intensity of extreme precipitation events have
increased since 1950 in North America. The increase in extreme events can cause heavy
economic, social, and environmental hazards. In order to design infrastructure and stormwater
management systems for a region, intensity-duration-frequency (IDF) curves are used to
determine the probability of a storm event occurring under certain intensities. Environment and
Climate Change Canada (2014) provides historic IDF curves for the province of Ontario. Whereas
future IDF curves are published by various sources. Baninajarian (2020) determined that the
future IDF curves published by Ontario Climate Change Data Portal (CCDP, 2018) using the
regional climate model, RegCM, predict higher intensities compared to other published sources
and are therefore used for this research. The RegCM uses the outputs from HadGEM2-ES GCM

and predictions for RCP 8.5 emission scenario, which are considered in this research.
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Table 4.2: Selected long-term climate scenarios for ten locations

Representative Concentration

Location General Circulation Model
Pathway

Windsor Nor 8.5
London Had 8.5
Niagara GFDL 2.6
Toronto Had 8.5
Kingston Had 6.0
Ottawa GFDL 4.5
North Bay Had 8.5
Timmins CCSM 4.5
Thunder Bay GFDL 2.6
Kenora GFDL 8.5
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Figure 4.3: Flow chart of baseline and future climate data used in long-term analysis

Baninajarian (2020) compiled and compared IDF curves for ten different locations in Ontario.
These locations include Windsor, London, Niagara, Toronto, Kingston, Ottawa, North Bay,
Timmins, Thunder Bay, and Kenora (Figure 4.2). According to the analysis conducted by
Baninajarian (2020), there is a greater percent change for most locations observed for the 6- and
24-hour durations as compared to the 1-hour storm duration. In addition, all locations project an
increase in the intensity of extreme events, with the exception for the city of Kenora. Figure 4.4

illustrates the percent change between the base and future precipitation for 1, 6, and 24-hour
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storm durations for the ten locations in Ontario, arranged from most southerly to most northerly
location. It can be observed that for 24-hour, 100-year storm events, the city of Niagara has the
greatest percent increase of 158%. The city of Kingston also has a large percent increase of
150%. There is a similar trend observed for most locations with the exception of the cities of
Toronto, Timmins and Ottawa, for the 24-hour storm events. For Toronto, Timmins and Ottawa,
there is a greater increase in the storms with a 2-year return period compared to the 100-year
return period. This means that in the future, Toronto, Timmins and Ottawa will have an increase
in smaller intensity storms that have a greater probability of occurring within a given year
compared to the other locations. Additionally, both Toronto and North Bay have minimal change
in precipitation for the 6-hour storm event compared to the other locations. It can also be noted
that the cities located northern part of Ontario with 100-year return periods have a smaller change

in precipitation compared to the locations in the southern part of Ontario.

With the acquired IDF data, synthetic design storms can be developed to be used in the numerical
analysis. Kiefer and Chu (1957) proposed a method, also known as the Chicago design storm,
that uses the IDF data to develop the synthetic design storm. The Chicago method uses the entire
IDF curve to develop the design storm, unlike the rectangular or triangular hyetographs (Yen and
Chow, 1980), where a single point on the IDF curve is used (Prodanovic and Simonovic, 2004).
The method proposed by Kiefer and Chu (1957) is suggested for urban storm designs by the
Ministry of Transportation of Ontario (MTO, 1997), and was used for this research. Figure 4.5
demonstrates an example of a design storm developed using the Chicago method from a Toronto

historical IDF curve.
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Figure 4.5: Example of design storm development from (a) IDF data using the (b) Chicago
method

4.2.3 Initial and Boundary Conditions

The initial conditions 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. Long-term 30-year simulations were carried out using the historical and future climate
datasets. Average soil water pressure conditions were extracted from 30 years of Toronto
historical data simulation and were used as the initial conditions for the design storm simulations.
To complete a comparison for all locations considered in Ontario, the initial conditions for each

location was taken as the same.

For the lower boundary condition, both LID substrates were simulated with a free drainage
boundary condition. The upper boundary condition was set to atmospheric with a surface layer.
Daily records of precipitation and potential evaporation values constituted the atmospheric
boundary. The allowable ponding was taken as zero for the green roof. On the other hand,
bioretention facilities cater to a greater catchment area in addition to the precipitation that directly

infiltrates the system. According to CVC and TRCA (2010), the maximum ponding depth should
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be between 15-25 cm. Therefore, for the bioretention facilities models, allowable surface ponding

was set to 20 cm.

The water balance at the ground surface describes the water that moves across the soil-
atmosphere boundary. Components of the water balance at the ground surface include
precipitation (P), potential evaporation (PE), actual evaporation (AE), surface run-off (RO), and
net infiltration (NI). The net infiltration refers to the amount of water that enters the soil and can

be described as:

NI =P —AE — RO [4.2]

The AE is dependent on prevailing water quantity in the soil near the ground surface and is
therefore, in most cases, less than the potential evaporation. To estimate the actual evaporation,
HYDRUS uses a special type of boundary where the flux is not known a priori. With the system-
dependent atmospheric boundary condition at the top of the modelling domain, the direction and
magnitude of the potential flux at the ground surface is dependent on external atmospheric
conditions, such as precipitation and evaporation. The actual flux is dependent on the external
conditions and the soil moisture conditions. Within the context of system dependent boundary,
the soil surface boundary condition may change from prescribed flux to prescribed head type
condition and vice versa.

4.2.3.1 Impervious to Pervious Ratio

Bioretention systems are designed for ponded conditions as they cater to a greater catchment
area in addition to the precipitation directly falling onto the system. The amount of stormwater
runoff is dependent on the catchment area and degree of imperviousness of the area (Khan et al.
2013). A ratio known as the Impervious to Pervious ratio (I/P) combines these two factors in the

following relationship:
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I
V; = dAg (— + 1) [4.3]
P
where Vi is the volume of the influent, d is the precipitation depth, and Ag is the area of the
bioretention system. As HYDRUS treats additional precipitation in units of depth rather than
volume, the equation can be rewritten as follows (House et al., 2017):

di=a(b+1) (44

where d; 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 (CVC and TRCA, 2010). Therefore, 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 falling on the system. Thus,

the green roof system would have an I/P ratio of 0.

4.2.4 Geometry

The HYDRUS software family is able to simulate 1-, 2- and 3-dimensional movement of water,
energy and solute in variably saturated media. For this research, both 1D and 2D analysis of the
LID geometry are examined. For 1l-dimensional analysis, HYDRUS 1D version 4.17 is used
(Sim@inek et al. 2018a). HYDRUS (2D/2D) version 3.01 is used for the 2-dimensional analysis
(Simunek et al. 2018b). A triangular mesh was used for the two-dimensional analysis where a

finer mesh was applied to the top of both the green roof and bioretention systems.

An extensive green roof has a substrate depth equal to or less than 15 cm for a smaller vegetation
cover. Whereas intensive green roofs, have a substrate depth greater than 15 cm to
accommodate deep rooted plants and heavy foot traffic (CVC and TRCA, 2010). For this

research, the green roof was simulated with a 15 cm soil profile. Li (2014) simulated a green roof
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configuration using HYDRUS 2D. As this configuration is a generic geometry of a green roof, it is
used for the 2D analysis. Figure 4.6a and Figure 4.7 illustrates the geometry used for the 1D and
2D green roof configurations. For the 2D geometry, depressed water storages and raised

drainage openings can be observed in Figure 4.7.
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Figure 4.6: One-dimensional configuration of (a) green roof, and (b) bioretention media
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Figure 4.7: Two-dimensional green roof configuration (from Li, 2014)
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For the bioretention system, CVC and TRCA (2010) recommend that the substrate depth should
be between 1 and 1.25 m. In addition, bioretention facilities can be located above any soil type,
however for soils with an infiltration rate less than 15mm/h (hydraulic conductivity less than 10
cm/s), an underdrain is required (CVC and TRCA, 2010). Therefore, the bioretention system is
simulated with a 100 cm soil profile above 300 cm of loamy sand (Figure 4.6b). The hydraulic
properties of the loamy sand were predicted using Rosetta Lite DLL (Dynamically Linked Library)
which is included in the HYDRUS software (Simdnek et al., 2008) to predict the van Genuchten
(1980) parameters and saturated hydraulic conductivity (Schaap et al. 2001). The hydraulic

properties for the loamy sand media are presented in Table 4.3.

Table 4.3: Hydraulic properties of loamy sand

Saturated hydraulic conductivity, Fitted van Genuchten (1980) Parameters
Ks (cm/h) 0s (cm3/cm?) 0: (cm3/cm3) a (1/cm) n
4.38 0.3904 0.0485 0.0347 1.7466

For the 2-dimensional analysis, a typical bioretention configuration was constructed and is
presented in Figure 4.8. The main difference between the 1D and 2D geometry for the bioretention
is that for 2D geometry there will also be lateral movement of water. The side slope of 4H:1V in
2D geometry is noted to be best suited for urban areas, particularly for pedestrian comfort

(NACTO, 2013).

4.3 Results

4.3.1 Comparison of One and Two-Dimensional Analysis
To compare the 1D and 2D geometry, 30-years of the city of Toronto’s historical climate data was
used in the simulation for both the geometries. The cumulative net infiltration, actual evaporation

and bottom flux were analyzed and compared. Figure 4.9 demonstrates the comparison of the
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cumulative net infiltration, actual evaporation, and bottom flux (BF) from the 1D and 2D analyses
for the green roof system. For the 2D analysis, the drainage openings with 1, 2, and 3 cm
diameters were simulated. With the increasing diameter sizes, the cumulative water balance
components for the 1D and 2D results in similar values. The percent difference between the 1D
and 2D cumulative values for NI, AE, and BF are minimal demonstrating the similarity in the

results.

4H: 1V

Reservoir Boundary Condition

100 cm

410 cm

300 cm

Free Drainage

Figure 4.8: Two-dimensional bioretention configuration

For the bioretention system, Figure 4.10 presents the cumulative actual evaporation and net
infiltration simulated from both the 1D and 2D analysis. Similar values of actual evaporation and
net infiltration can be observed for both 1D and 2D bioretention analysis. Therefore, it can be
concluded that the simulations for the green roof and bioretention analysis can be reasonably
simulated using one dimensional domain. All additional simulations were completed using

HYDRUS 1D.
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Figure 4.9: Comparison of cumulative fluxes for 1 and 2-dimensional green roof analysis
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Figure 4.10: Comparison of cumulative fluxes for 1 and 2-dimensional bioretention analysis

4.3.2 Long-Term Analysis

As LIDs are relatively new in stormwater management techniques (CVC and TRCA, 2011), there

are uncertainties about their performance under changing climate. Through the assessment of

long-term climate analysis, the future quantity of water the LID systems are projected to handle
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is examined and compared to the historical climate data. This provides an understanding of
whether the LID systems may require additional design modifications to handle the increased
guantity of water projected for the future. Over or under design of the LID system could be costly
in the future and therefore should be examined thoroughly to avoid economical, social, or

environmental risks.

In order to design and implement stormwater management systems to manage water for future
climatic conditions, long-term simulations were carried out. To assess the behaviour of the green
roof and bioretention substrates under the various climate ensembles, annual net infiltration
values from different simulations are presented in the form of box and whisker plots. The box and
whisker plots provide meaningful statistical estimates to study the possible trends for the future
climate data for different GCMs and RCPs. This also assists in statistical quantification that which
climate ensemble would likely produce unfavourable conditions, such as a large increase in the

guantity of water in the future compared to the baseline.

For the first portion of this section on long-term analysis, specific focus on the annual net
infiltration for Toronto using the four different GCMs for four RCPs is presented. This is followed
by the annual net infiltration assessment for the other locations for climate ensembles that are

identified to create the wettest conditions.

4.3.2.1 Long-Term Analysis for Toronto

The annual net infiltration values for 48 future climate ensembles for Toronto were compared to
the value from baseline climate ensemble. Figure 4.11 and Figure 4.12 present the box and
whisker plots for the green roof and bioretention substrates, respectively. The lower and upper
ends of the box show the first and third quartiles, whereas the whiskers represent the maximum
and minimum values of annual net infiltration. The dotted line in the centre represents the median

of the base climate ensemble.
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From Figure 4.11 and Figure 4.12, it can be observed that the GCM HadGEM2-ES predicts higher
estimates of the annual net infiltration compared to the other three GCMs. Additionally, higher
estimates of the annual NI are projected to occur under RCP 8.5 emission scenario. With the
increase in time and RCP number, an increase in annual NI can be observed. This means that
the annual net infiltration is projected to significantly increase later in the 21 century (2071-2100)
under RCP 8.5 emission scenario. There is also no substantial change in median, first and third
guartile values, with the exception of GCM HadGEM2-ES as well as NorESM1-M under RCP 8.5
emission scenario. There is, however, a large increase in maximum and minimum values
projected in the future compared to the baseline predictions. A majority of the green roof future
climate ensembles have a maximum annual net infiltration greater than the baseline. Whereas for
the bioretention future climate ensembles, the maximum annual net infiltration for some

ensembles are shown to be equal to the base third quartile.
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Figure 4.11: Comparison of annual net infiltration of green roof media in Toronto
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Figure 4.12: Comparison of annual net infiltration of bioretention media in Toronto

The base climate ensemble for the green roof substrate has a minimum and maximum annual
net infiltration of 19 and 45 cm, respectively. Climate ensemble #3 has a minimum annual NI of
7.6 cm and climate ensemble #45 has a maximum annual NI of 89 cm. The percent difference
between the maximum and minimum baseline and future climate ensembles are 98 and -59%,
respectively. For the bioretention system, the base climate ensemble has a minimum and
maximum annual net infiltration of 325 and 593 cm, respectively. Climate ensemble #14 has a
minimum annual NI of 218 cm and climate ensemble #49 has a maximum annual NI of 887 cm.
The percent difference between the maximum and minimum base and future climate ensembles
are 50% and -33%, respectively. This large increase in annual net infiltration compared to the

historic climate conditions can lead to reduced hydrological performance of the LID system.

When comparing the percent change between the base and future ensembles for the green roof
and bioretention, the bioretention substrate has a smaller percent change for the maximum annual

NI compared to the green roof media. The percent increase of the maximum annual NI compared
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to the baseline for the green roof is +98% whereas for the bioretention it is +50%. Although both
of these percent differences between the baseline and future ensemble is quite large, the percent
change for the bioretention is smaller, even with a greater quantity of water entering the system.
This means that the annual actual evaporation plays a key role for the quantity of water entering
the system. As there is no run-off calculated for these simulations, the net infiltration is directly

impacted by the actual evaporation, in addition to the precipitation.

Under the RCP 8.5 scenario, the temperature is projected to substantially increase in the future
due to the increase in GHG emissions (IPCC, 2014; Baninajarian, 2020). This means that the
potential evaporation is projected to increase with increasing temperatures. Although the potential
evaporation is projected to increase, the actual evaporation is also dependent on prevailing water
guantity in the soil near the ground surface and is therefore, in most cases, less than the potential
evaporation. Even though the bioretention media has a greater quantity of annual NI compared
to the green roof, the percent difference between the baseline and maximum annual NI is noted
to be less. This means that the soil hydraulic properties are significant to the total annual NI. It is
important to note that the actual evaporation is a system dependent boundary and is therefore
dependent on external conditions as well as soil moisture conditions. Therefore, since the
infiltration capacity of the bioretention media is smaller than the green roof, it also controls the
guantity of NI and AE at the ground surface, in addition to the external atmospheric conditions.
Thus, the total quantity of annual NI for the bioretention system far exceeds that of the green roof.
However, the percent increase in future maximum annual NI compared to the baseline is smaller

for the bioretention due to the system-dependent actual evaporation.

The annual actual evaporation for the green roof and bioretention media simulated using the 49
climate ensembles are presented in Figure 4.13 and Figure 4.14. The quantity and trend for the
bioretention is immediately noted to differ from the green roof substrate. For the green roof media,

there is a slight increase in actual evaporation with RCP and with time. However, this increase is
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not as significant as the bioretention media, shown in Figure 4.14. For the bioretention media, a
majority of the future climate ensembles exceeds the maximum annual actual evaporation of the
historical climate ensemble. The bioretention media has available water at the ground surface
that is able to reach a rate close to the potential evaporation rate. It is also noted that the GCM

Nor ESM1-M for the later part of the 21 century projects higher estimates of the annual actual

evaporation.
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Figure 4.13: Comparison of annual actual evaporation of green roof media in Toronto

4.3.2.1.1 Significance of Active Days and Water Availability

The annual net infiltration of LID systems for the future is also observed to be dependent on the
number of active days. The active period represents the time when the ground is thawed, thus
allowing water to infiltrate into the soil. The inactive period is when the ground is frozen and the
precipitation is in the form of snow. To demonstrate the significance of the number of active days
on the annual NI, Figure 4.15 presents the future climate ensembles that have a greater active

period compared to the baseline for the green roof media. Whereas the future climate ensembles
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with a smaller active period compared to the baseline are presented in Figure 4.16. It is noted
that a majority of the climate ensembles with a greater number of active days occurs in the later
part of the 21 century (2071-2100). From Figure 4.15, it can be observed that the future climate
ensembles with a greater active period have median annual NI values equal to or greater than
the baseline. With the exception to CE#4, all future climate ensembles with a greater number of
active days have a greater first quartile and median than the baseline. Additionally, the maximum
annual NI for the future climate ensembles with a greater active period all exceed the baseline.
This demonstrates that in the future, the increase in active days’ results in a greater quantity of

water entering the green roof system.
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Figure 4.14: Comparison of annual actual evaporation of bioretention media in Toronto
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Figure 4.15: Comparison of green roof annual net infiltration for greater number of active days
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Figure 4.16: Comparison of green roof annual net infiltration for smaller number of active days
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From Figure 4.16, a majority of the future climate ensembles have a third quartile equal to or less
than the baseline third quartile. Exceptions are made for CE #8, 20 and 32, which have a smaller
active period compared to the baseline, but a greater third quartile and median annual net
infiltration. Note that CE#8, 20, and 32 are for the early part of the century (2011-2040) using
HadGEM2-ES for RCP 2.6, 4.5 and 6.0, respectively. These exceptions are possibly due to the
fact that this climate ensemble has a large annual moisture index (Im). The Thornthwaite climate
classification system (Thornthwaite, 1948; Thornthwaite and Hare, 1955) is determined by
calculating the annual moisture index. The I, is expressed as follows (Thornthwaite and Hare,
1955):

Im = 100 (% - 1) [4.5]

where P is the annual precipitation and PE is the annual potential evaporation. An I of zero
indicates that the annual precipitation and potential evaporation are equal. A positive Iy signifies
a surplus of net water and a negative |, implies a scarcity of net water. A positive I, with the value
between 0 to 20, 20 to 100, or greater than 100 has a climate condition of moist humid, humid, or
pre-humid conditions, respectively. A negative I with the value between 0 to -33, -33 to -67, or -
67 to -100 has a climate condition of dry subhumid, semi-arid or arid conditions, respectively.
Note that the Iy, refers to the water availability, not the total amount of water entering the system.
Referring to Equation 4.2, the NI is dependent on the actual evaporation which, in turn, is

dependent on the soil moisture conditions and the external atmospheric conditions.

A comparison of the annual moisture index of the base climate ensemble to the future climate
ensembles is presented in Figure 4.17. The base climate ensemble is classified as dry subhumid
conditions. On average, the future climate ensembles for Toronto stay within the dry subhumid
range. The box and whiskers plot for the annual I, demonstrates that the total precipitation far

exceeds the potential evaporation for CE #8 leading to a surplus in net water. As CE #8, 20, and
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32 are all for the early part of the century, there may be little change to the increase in temperature

leading to more water availability. Additionally, as CE#8 is for RCP 2.6, the water availability is

far greater with smaller temperature changes, leading to greater NI, even with a smaller active

period compared to the baseline.
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Figure 4.17: Comparison of green roof annual moisture index for base and future climate

ensembles

Similarly, the climate ensembles for the bioretention media were also separated according to the

number of active days. Figure 4.18 presents the climate ensembles with a greater active period

compared to the baseline, and Figure 4.19 presents the climate ensembles with a smaller active

period. Similar to the green roof media, Figure 4.18 demonstrates that all of the future climate

ensembles have a greater median compared to the baseline, with the exception to CE#4.

Moreover, the maximum annual NI for all future climate ensembles exceed the baseline for the

climate ensembles with a greater active period.
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Figure 4.18: Comparison of bioretention annual net infiltration for greater active period
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From Figure 4.19, the bioretention media presents some dissimilarities when compared to the
green roof media. For example, for the bioretention media, CE#8 and 20 have a third quartile
greater than the baseline third quartile. Whereas CE#32 is only slightly greater than the baseline
third quartile, which is unlike the green roof media. Furthermore, it is noted that there are less
climate ensembles that have a maximum annual NI greater than the baseline for the bioretention
media future ensembles compared to the green roof media. For a smaller active period, there are
thirteen climate ensembles that exceed the baseline maximum annual NI for the bioretention. For
the green roof, there are nineteen climate ensembles that exceed the baseline maximum annual
NI. The annual moisture index for the bioretention media would demonstrate a surplus of water
due to the I/P factor considered for the precipitation. Thus, the dissimilarities between the green

roof and bioretention in annual NI once again stems from the soil moisture conditions.

Overall, the number of active days, the water availability, and soil moisture conditions are
significant in assessing the quantity of water entering the LID system. Critical future scenarios
that project an increased number of active days and water availability will lead to large quantities

of water entering the LID system.

4.3.2.1.2 Long-Term Plant Survivability

As there are negative annual moisture indices for some climate ensembles in the future, there is
a possibility that there may not be adequate water for plant survival. As the green roof system has
a large saturated hydraulic conductivity to avoid ponded conditions, it is more likely to experience
unsaturated conditions compared to the bioretention. Thus, the plant survivability is checked for

green roof long-term future climate analysis.

In order to simulate the plant survivability in HYDRUS, the model set-up is required to be updated

to consider root water uptake. The soil profile is updated with the addition of roots. The amount
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of water extracted is dependent on the distribution and depth of the roots (Fredlund et al. 2012).
A triangular distribution would extract less water with depth, whereas a rectangular distribution
would extract a constant amount with depth (Kumar et al., 2014). As the green roof substrate has

a depth of only 15 cm, a constant or triangular root distribution does not resultin a large difference.

To partition the potential evapotranspiration to potential evaporation and transpiration, the leaf
area index (LAl is used. The LAl is a dimensionless quantity that describes the amount of
vegetation cover over an area of land. A large amount of plant cover indicates a higher LAI as
there is a higher transpiration rate from the plants compared to the evaporation from the soil. The

LAl can be approximated as follows (Simdnek et al. 2018):
LAI = 0.24 = CropHeight [4.6]

The LAI was approximated to be 1.2 as it was assumed that the vegetation on the green roof is
grass with a height of 5 cm. Furthermore, Brunetti et al. (2016) assumed an LAl value of 2.29 for
Sedum mix for a green roof located in Italy. Therefore, an approximated LAl of 1.2 seems

reasonable.

The LAl is applied when there is vegetation cover, therefore the growing season is required to be
defined. The inactive period is when the ground is frozen and the precipitation is in the form of
snow. The active period is when the ground is thawed allowing for the infiltration of water into the
soil. The growing season is not equal to the active period, rather it is the period during which the
weather conditions are preferable for plant growth. The growing season length is calculated as
the number of days between the last occurrence of 0°C in the spring and the first occurrence of
0°C in the fall (Government of Canada, 2020). Figure 4.20 illustrates the active period, inactive
period, and growing days for Toronto baseline data. In Toronto, the baseline climate data has 275
active days, from March 26™ to December 26". The length, start and end of growing season, is

contained within the 4™ Edition (1974) of the National Atlas of Canada. The length of the growing
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season is 200 days, starting on April 15" and ending on October 31%t. The LAl value is applied

during the growing season.
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Figure 4.20: lllustration of active, inactive and growing period in Toronto

Thirty years of Toronto historic climate data is initially simulated using the root water uptake
function in HYDRUS. From the unsaturated hydraulic properties, the field capacity and permanent
wilting point are defined. The field capacity is the amount of water content held in the soil substrate
after gravitational drainage has occurred. Typically, the field capacity is the water content at a soil
water pressure of 33 kPa. Whereas the wilting point is the water content at a soil water pressure
of 1500 kPa. If the soil water pressure exceeds this point, the plant will not recover and will wilt.
From the green roof unsaturated hydraulic properties, it was determined that the volumetric water

content at 33 kPa and 1500 kPa is 16.1% and 4.89%, respectively.

Figure 4.21a demonstrates the volumetric water content for the base climate ensemble. From the

analysis, the volumetric water content does not fall below the permanent wilting point. Still, the
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volumetric water content does reach a minimum value 5.69% and may require irrigation to avoid
wilting of certain plant species. The future climate ensemble #40 is examined as well since it has
the lowest annual moisture index value on average. The active period for climate ensemble #40
starts on February 22 and ends December 28. The growing season would also need to be
adjusted for the future. An approximation of the growing season was completed using the average
temperatures for that climate ensemble. The start of the growing season is taken as April 15" and
the end is November 19™. Figure 4.21b demonstrates that the volumetric water content from the
30 years of CE#40 also does not pass the permanent wilting point. The volumetric water content
reaches a minimum value of 5.61%. Therefore, according to this analysis, the future volumetric
water content does reach a value slightly less than the base, but it does not pass the wilting point.
If the volumetric water content did pass the permanent wilting point, a greater substrate depth

would be required to increase the storage capacity.

4.3.2.1.3 Annual Runoff Reduction for Green Roof Media

In 2006, Toronto approved the Wet Weather Flow Master Plan (WWFMP). This plan is a long-
term goal with the aim of reducing and ultimately eliminating the adverse impacts of wet weather
flow in Toronto’s environment. The WWFMP contains four categories; water quality in local
waterways, water quantity, natural areas and wildlife, and sewer system (Toronto Water, 2017).
Within the WWFMP, a water balance target states that the maximum allowable annual runoff
volume from any development site should be 50% of the total average annual rainfall depth. As it
is expected that climate change will likely result in an increase in annual rainfall depth, the green

roof substrate is examined to determine whether it can accomplish this water target.
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Figure 4.21: Analysis of plant survivability in green roof media under (a) base, and (b) future
climate scenarios

The percent difference of the average annual precipitation and runoff from the green roof
substrate for all 49 climate ensembles is plotted in Figure 4.22. Note that the runoff from the green
roof is the bottom flux and not the surface runoff. The 50% threshold line is represented by a black
dotted line. If the value is below 50%, the runoff from the green roof is greater than 50% of the
average annual rainfall depth. Furthermore, Figure 4.22 is separated by future emissions as RCP

2.6, RCP 4.5, RCP 6.0, and RCP 8.5. Overall, it can be seen that in the future the water balance
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target is not always met. In particular, the percent difference of the average annual precipitation
and runoff under RCP 8.5 emissions has the smallest percent difference. For instance, in the year
2094 for CE #46, the total annual precipitation is projected to be 101 cm, whereas the total annual
runoff was simulated to be 74.8cm. The percent difference is 26%, which is far below the water
balance target. This demonstrates that due to climate change in the future, the site may not be

able to meet the maximum allowable runoff.

To further present the impact of climate change on the current water balance targets, the number
of times the annual runoff is more than 50% of the annual precipitation is shown in Figure 4.23.
Within Figure 4.23, the climate ensembles are arranged according to the GCM source rather than
the RCP emission. From the bar chart, the GCM Had GEM2-ES results in the greatest number of
times the annual runoff surpasses the allowable site runoff. When compared to the base, there is
a general increase in the number of events leading to reduction in site performance to the water
balance target. With increasing time and RCP emissions, there is a greater number of events,
where the annual runoff is greater than the 50% annual precipitation. Therefore, developers may
want to consider alternative LID measures at the site to account for the climate change resulting
in water balance targets not being met. As excessive runoff leads to flooding, erosion, and
degraded water quality in receiving waters, this results in negative impacts to property owners,
downstream ecosystems, and water users (Li, 2014). Therefore, it is ideal to meet the criteria in

reducing the stormwater runoff generated during a rainfall event by designing for climate change.
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Figure 4.22: Percent difference of average annual precipitation to average annual runoff from

the green roof media for difference emission pathways
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Figure 4.23: Comparison of how often the annual runoff is greater than the 50% annual

precipitation limit

4.3.2.2 Long-Term Analysis for Ontario

The change in the quantity of water for all the ten locations in Ontario were examined for both the
green roof and bioretention media. Figure 4.24 and Figure 4.25 presents the baseline and future
annual net infiltration for the ten locations in Ontario in the form of box and whisker plots. The
lower and upper ends of the box show the first and third quartiles, whereas the whiskers represent
the maximum and minimum values of annual net infiltration. The line in the centre of the box
represents the median climate ensemble. Furthermore, the future climate data was separated into

30-year periods; 2011 to 2040, 2041 to 2070, and 2071 to 2100.

From Figure 4.24 and Figure 4.25, it is noted that the three cities located in the north part of
Ontario have the smallest quantity of annual net infiltration for both the green roof and bioretention
media compared to the other locations. These cities are Timmins, Thunder Bay and Kenora.

Additionally, in the later part of the century, the amount of annual net infiltration is shown to

129



increase for a majority of the cities. The maximum annual net infiltration for all the cities is greater
in the future compared to the baseline. The 2071 to 2100 period for Kingston is shown to have
the greatest maximum annual net infiltration for both the green roof and bioretention media.
Furthermore, Niagara is the only city that has a maximum annual NI for the 2071-2100 period less

than the maximum annual NI for the baseline.

The location that has the greatest percent change between the maximum annual net infiltration in
the future compared to the baseline is Toronto for the green roof media and Kenora for the
bioretention media. The maximum annual NI for the base and future (2041-2070) for Toronto is
45 and 89 cm, respectively. This results in a percent increase of 98%. For the bioretention media,
the maximum annual NI for the base and future (2041-2070) for Kenora is 575 and 889 cm,

respectively. This results in a percent increase of 55%.
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Figure 4.24: Comparison of green roof annual net infiltration in Ontario
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Figure 4.25: Comparison of bioretention annual net infiltration in Ontario

Similar to the assessment conducted for Toronto, the number of active days and the moisture
indices are examined for all the ten locations in Ontario. Figure 4.26 to Figure 4.29 present the
active days for the historic, 2011-2040, 2041-2070, and 2071-2100 ensembles for all ten
locations. The blue arrows in the future ensembles represents a decrease in active days

compared to the baseline. Whereas the red arrows signify an increase in active days.

From Figure 4.26, a notable observation is that the northern locations have a smaller number of
active days compared to the southern locations. Ottawa, North Bay, Timmins, Thunder Bay, and
Kenora have a smaller number of active days, starting later in April and ending in November.
From Figure 4.27, the cities of Toronto and Ottawa, are shown to expect increase in the number
of active days. Whereas the other locations have a smaller number of active days compared to
the baseline. In Figure 4.28, Toronto, Ottawa, North Bay and Kenora are all seen to increase in
the number of active days compared to the baseline. Finally, Figure 4.29 presents the later portion
of the 21 century where a majority of the locations have an increased number of active days. An
exception can be made for Niagara, Timmins and Thunder Bay. After Toronto, North Bay has the

greatest increase in active days of 31 days for the 2071-2100 period. Whereas Niagara has the
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greatest decrease in active days of 31 days for the 2071-2100 period. As the maximum annual
NI for the 2071-2100 period for Niagara is the only city smaller than the baseline, this is possibly

due to the reduced active period.

Baseline Active Days
214 days
Kenora < >
224 days
Thunder Bay < >
L 213 days
Timmins < >
228 days
North Bay < >
231 days
Ottawa < >
266 days
Kingston < >
275 days
Toronto < >
. 283 days
Niagara < >
264 days
London < >
. 273 days
Windsor < >
T T T T T T T T T T T

Jan Feb Mar Apr May June Jul Aug Sept Oct Nov Dec

Figure 4.26: Historic (1981-2010) active days for ten locations in Ontario

The annual moisture index for all the ten locations in Ontario are presented in Figure 4.30. North
Bay is observed to have the greatest annual moisture index for both the baseline and future
climates, resulting in humid climatic conditions. This correlates to the large annual net infiltration
presented in Figure 4.24 for North Bay. The median, first and third quartiles for a majority of the
cities are located within the moist humid and dry subhumid range. The maximum and minimum
extremes reach the humid and semiarid conditions. Kenora is observed to have a large difference
in extremities, with the maximum Iy, stretching to humid conditions and the minimum I, reaching

semiarid conditions.
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Figure 4.27: Future (2011-2040) active days for ten locations in Ontario
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Figure 4.28: Future (2041-2070) active days for ten locations in Ontario
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Figure 4.29: Future (2071-2100) active days for ten locations in Ontario
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Figure 4.30: Comparison of annual moisture index for ten locations in Ontario
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It is also interesting to note that a majority of the cities have a reduction in water availability as
the time period increases. For example, for Windsor, the future climate ensembles have a median
value less than the baseline. This is due to the increase in temperatures with time, resulting in
greater values of potential evaporation. Figure 4.31 and Figure 4.32 presents the annual actual
evaporation for the green roof and bioretention media. From this figure, Windsor has a maximum
annual actual evaporation greater than the other nine locations for the period 2071 to 2100. For
most of the cities, there is an increase in annual actual evaporation with time. The median, first
and third quartiles for the green roof annual AE stays within 30 to 50 cm for all locations, except
Windsor. For the bioretention, the median, first and third quartiles of the annual AE ranges
between 50 to 70 cm. For most locations, an increase in AE is expected, however an increase in

guantity of precipitation and active period will still result in increased NI values.
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Figure 4.31: Comparison of green roof annual actual evaporation in Ontario
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Figure 4.32: Comparison of bioretention annual actual evaporation in Ontario

4.3.3 Performance of LIDs under Extreme Precipitation Events

The performance of the LID systems is also examined under extreme precipitation events. Long-
term analysis using daily climate data provides estimates and are beneficial to estimate the total
guantities that the LID systems will be expected to handle. On the other hand, storm events have
a greater chance of presenting runoff or ponded conditions due to the large intensity occurring
under small durations. With climate change, the intensity of storm events is projected to increase
leading to a greater risk in flooding. Thus, in this section, the green roof and bioretention media

performance will be examined under extreme precipitation events.
4.3.3.1 Hydrological Performance of Green Roofs under Extreme Precipitation Events

Through the analysis of the system boundary fluxes, the mass balance of the green roof system
during a storm event is primarily examined. The fluxes at the ground surface and bottom boundary
for a 48-hour storm event in Toronto are presented in Figure 4.33. As the effects of evaporation
were not taken into consideration for the storm events, the net infiltration and surface runoff are

the two water balance components considered for water balance at the ground surface. Due to
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the high permeability of the green roof substrate, there is no surface runoff computed. Therefore,

the net infiltration is equal to the quantity of the precipitation entering the system.

As shown in Figure 4.33, the net infiltration and bottom flux for the future design storms are greater

than the baseline, which is consistent with the climate data analysis presented earlier. Moreover,

the bottom flux and net infiltration values are very similar to each other. It can also be observed

that lag time between the water entering the green roof system and exiting is minimal. There are

number of reasons for this such as small thickness of green roof (15 cm), high hydraulic

conductivity of the green roof material, and near saturation conditions. Additional simulations were

run with 10, 20, and 30 cm media depths.
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Figure 4.33: Green roof boundary flux for Toronto

Figure 4.34 presents the water balance for different green roof media depths. These results are

for 48-hour 2-year and 100-year historical storm events for the city of Toronto. It can be observed

that with the increase in substrate depth, the quantity of bottom flux is reduced and the detention
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time increases. This implies that the increased substrate depth leads to a greater storage and
increased detention time. For example, there is a more gradual increase in the bottom flux for the
30 cm 2-year event after a time of approximately 20 hours. Whereas the 10 cm 2-year event
releases a large quantity of water at a time of approximately 18.2 hours. For the 100-year event,
there is a large quantity of water released near the peak of the storm for all three substrate depths.
However, the cumulative bottom flux is smaller for the 30 cm substrate depth as it has greater

storage.

Low impact developments are also implemented to assist in the reduction of peak flow rates to
reduce flooding or assist overwhelmed older storm water systems during a storm event.
Therefore, a thinner soil substrate may not be ideal for a sudden, short-term storm event with a
large quantity of water, as it has a smaller storage. A thicker substrate will delay the peak flow,
thus assisting in the reduction of peak flow and flooding at nearby impervious structures. The

water that is stored will then either be evaporated or drain after the peak of the storm event.
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Figure 4.34: Impact of green roof thickness on boundary fluxes
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4.3.3.1.1 Green Roof Peak Reduction

Green roofs assist in reducing the peak flow of a storm event when compared to the conventional
roof (Berndtsson, 2010). 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 4.35 illustrates a
hydrograph for a 48-hour 2-year storm using Toronto base and future climate data. From this
figure, one can see that the green roof system does in fact assist in reducing the peak intensity
of the storm event. This helps in not overwhelming the older storm water systems, such as
combined sewer overflows, during a storm event. It can also reduce erosion of nearby streams or
reduce flooding during the time of the storm. Nevertheless, it is projected that the peak reduction
will be smaller in the future. This will lead to a greater intensity in the peak runoff, compared to
baseline storm events. Figure 4.35 demonstrates the decrease in peak reduction for a future 48-
hour 2-year storm event in Toronto. The peak reduction for the future event drops 22% when
compared to the historical event. The 48-hour 2-year historic and future events have a peak
reduction of 91% and 69%, respectively. This demonstrates the large decrease in peak reduction
and can lead to a greater risk in flooding around the site that was not initially expected when

designing the green roof using historical climate data.

As design storm data for other ten locations in Ontario are also available, each location for a 48-
hour storm with six different return periods (2, 5, 10, 25, 50, and 100-year) are also simulated.
The peak reduction for each location were computed for the baseline and future design storms.
It was determined that the peak reduction for the base ranges between 20% (100-year storm) and
96% (2-year storm). Whereas the peak reduction for the future ranges between 11% (100-year
storm) and 82% (2-year storm). The difference between the future and base peak reduction was
then calculated and is presented in Figure 4.36. A negative difference implies that the future has
a smaller peak reduction compared to the base climactic condition. For example, Niagara 48-hour

2-year base and future event has a peak reduction of 88% and 61%, respectively. The difference
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of the future and the base equals -27%, signifying that there is a smaller peak reduction in the
future. From Figure 4.36, it can be observed that, overall, there is a smaller peak reduction in the
future compared to the base. This means that the runoff peak intensity will be higher for future

events. The are some exceptions for the cities of Toronto, Kenora, and North Bay.
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Figure 4.35: Precipitation and runoff hydrograph for Toronto 48-hour 2-year base and future

event

Subsequently, Toronto with return periods of 25, 50 and 100 years does not follow a similar trend
as the other locations. Rather, there is a greater peak reduction in the future for these return
periods. Still, the difference in peak reduction for these return periods are fairly small. Figure 4.37
presents the hydrograph for Toronto 48-hour 100-year event using the Chicago storm method.
The figure demonstrates that the runoff peak for the baseline event is greater than the future
event. Initially, there is a greater quantity of runoff for the future storm, as there is a greater
guantity of future precipitation projected. At a time of approximately 18 hours, the precipitation
intensity of the historic storm surpasses the precipitation intensity of the future. The future storm

for Toronto, as described by the Chicago method, results in a more gradual storm. Whereas the
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historic storm results in sudden increase in storm intensity. Due to the storm distribution, the
historic storm for Toronto has a smaller peak runoff reduction compared to the future storm. This
highlights the fact in addition to the intensity and duration of the storm, the distribution of the storm
is also very important. In this research only one method of storm distribution (Chicago method)
was investigated. Therefore, it is recommended that for such analyses, more than one method of

storm distribution should be considered.
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Figure 4.36: Difference in peak reduction of base and future design storms in Ontario

4.3.3.1.2 Green Roof Peak Time Delay

In addition to peak reduction, the peak time delay is significant in delaying the stormwater runoff
guantity during a storm event. This can once again assist in reducing erosion, flooding, or
overwhelming nearby stormwater management systems, in comparison to the conventional roof.
The delay allows for systems, such as the combined sewer overflow, to deal with the precipitation

from the storm event and then take the additional water that was delayed by the LID facility. The
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time delay was determined by subtracting the time of the peak runoff from the peak of the storm
event. For example, for Toronto 48-hour 2-year event, the peak time delay for the base and future
storm events are 19.6 minutes and 7.2 minutes, respectively. The difference is 12.4 minutes,
which is presented in Figure 4.38. The difference between the time delay from the base and future

are presented in Figure 4.38 for the ten locations in Ontario.
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Figure 4.37: Base and future hydrograph for Toronto 48-hour 100-year storm

With the exception of Kenora and North Bay, eight locations in Ontario follow a similar trend.
Interestingly enough, there is a greater difference in the base and future for the 2-year storm
events. This large difference in time delay between the base and future for 2-year storms implies
that frequent storm events, or storms with a greater probability of occurrence, will have a smaller
time delay between the storm peak and runoff peak in the future compared to 100-year storms.

Nevertheless, there is still a reduced time delay in the future leading to adverse effects of
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stormwater runoff. For instance, Kingston and Timmins have the greatest time difference of 26

minutes. This means that the peak will occur 26 minutes earlier in the future.
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Figure 4.38: Time difference (minutes) between the base and future peak storm delay

For large return periods, the difference between the base and future is small. However, the time
delay between the peaks for the base was not large to begin. For example, the 100-year base
and future time delay for Timmins is 4.6 minutes and 2.4 minutes, respectively. This may result in
a smaller time difference of 2.2 minutes, compared to the maximum difference of 26 minutes.
However, this does imply a percent difference of 47% between the base and future events for
Timmins. Figure 4.39 presents the percent difference between the base and future time delay.
The greatest percent difference is computed for London 100-year storm (88%), demonstrating the

large change between base and future storm events.
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Figure 4.39: Percent Change between the base and future peak storm delay

Kenora and North Bay are once again the exception with a large peak delay in the future
compared to the base. Kenora has a reduction in storm quantity in the future compared to the
base leading to the reduced time difference. For North Bay, however, the total storm quantity is
projected to be greater in the future compared to the base. Examining the hydrograph, it is noted
that the peak intensity of the future storm is quite low in comparison to the historic, as shown in
Figure 4.40. Thus, the development of the storm distribution impacts the assessment of the LID

hydrological performance.

4.3.3.2 Hydrological Performance of Bioretention Systems under Extreme Precipitation Events

A key design aspect for bioretention facilities includes the ability to allow for surface ponding as
these systems collect a large quantity of stormwater runoff from a large catchment area.

Additionally, the surface ponding assists in stormwater pollutant removal processes, particularly
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via sedimentation. Still, there are regulations to follow when designing for ponding within the
bioretention system, such as the maximum ponding depth and allowable ponding time. CVC and
TRCA (2010) require a maximum ponding depth between 15 to 25 cm and a maximum allowable
surface ponding time of 24 hours after a storm event since it is less than the time required for one
mosquito breeding cycle. With these constraints in mind, the surface ponding depth and time are

investigated.
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Figure 4.40: Comparison of North Bay 48-hour 100-year base and future storm event

Before conducting an examination of the other nine locations, the ponded conditions for Toronto
were examined in detail. The surface head for the city of Toronto 48-hour storm with six return
periods is presented in Figure 4.41. From Figure 4.41, the surface head for the future initially
reaches a higher value of saturation compared to the base. For example, at a time of 1 hour, the
surface head for the 100-year base and future event is -74 cm and -22 cm, respectively. Due to
the storm distribution, there is a greater quantity of water initially entering the bioretention system
for the future. After the peak of the storm, the future has a greater surface head compared to the
base, once again due to the storm distribution. This is a notable observation since the initial
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conditions of the next storm event can be impacted. For example, if there is a storm immediately
after the storm events presented in Figure 4.41, the initial conditions for the future storm have a
greater surface head compared to the base. Thus, the substrate is initially more wet in the future
leading to ponded conditions in a shorter period of time. Furthermore, close to the peak of the
storm, ponding is observed as well as runoff since the surface head surpasses the 20 cm ponding

limit.
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Figure 4.41: Bioretention surface head for Toronto 48-hour storms

The ponded conditions for Toronto 48-hour storm and is presented in Figure 4.42. Simulations
conducted using the future storm events results in a large increase in both ponding time and
ponding depth. For Toronto, there is also runoff observed for the 25, 50 and 100-year storms as
it surpasses the 20 cm ponding limit. With the increase in return period, there is an increase in
ponded conditions. In addition, there is more than double the amount of total ponding time for a
48-hour 100-year future storm event compared to the base. This is concerning as adverse impacts
of long-term standing water include insect hot-spots or increased stormwater runoff and heavy

flooding surrounding the bioretention system due to multiple storm events. If the bioretention was
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initially designed for a base 48-hour 100-year storm event, which has an expected ponding time
of 4.5 hours, it may not be able to withstand the future scenario of 12 hours of ponding time due
to climate change. Still, the Toronto 48-hour storms for the six return periods did not surpass the

24-hour maximum ponding time defined by CVC and TRCA (2010).
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Figure 4.42: Ponding for Toronto bioretention under 48-hour storm durations

4.3.3.2.1 Ponded Conditions for Ontario

The performance of the bioretention media under extreme precipitation events is also examined
for the ten locations in Ontario. Figure 4.43 presents the ponding depth difference between base
and future events for the ten locations in Ontario. A positive value in ponding depth difference
indicates that the future has a greater ponding depth. For example, the historic 10-year event for
Kingston has a maximum ponding depth of 3.8 cm. Whereas the future 10-year event for Kingston
reached the maximum ponding depth of 20 cm. The difference of 16.2 cm can be observed in

Figure 4.43.
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Overall, a majority of the locations in Ontario have an increased ponding depth projected for the
future, with the exception of Kenora and North Bay. There is little to no ponding difference for the
2-year storms for all ten locations. Toronto has minimal difference in ponding depth between the
base and future. The 5-year storm event for London has the greatest increase of 18 cmin ponding

depth.

Furthermore, it can be observed that the 5-year and 10-year storm events have a large increase
in comparison to the storms with a greater return period. This is due to the fact that there was no
difference in the ponding for the storms with a greater return period as both the historic and future
storm events reached the maximum 20 cm ponding depth. Thus, the stormwater runoff from the

bioretention system is also examined.

20
E -
L
S 10 | i
(8}
c 5
: I
|
£ 0 [
a I
[oT4)
=
S -10 2y 10y 50y
o - 5y 25y [ 100y

N Q< > N o O >
. 08_,0 060 o Q? \0(‘\\,0 ng\,o ’6?4\ &'8\ @Q K%'S\ 8 0&
SR R R
4(0

Figure 4.43: Ponding depth difference (cm) between base and future for bioretention media

The difference in runoff between the historic and future climate for the ten locations is shown in

Figure 4.44. Similarly, a positive value in runoff difference indicates that the future has a greater
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stormwater runoff quantity. The 2-year and 5-year storms did not result in runoff for either the
historic or future events. Moreover, there is little to no stormwater runoff observed for North Bay,
Timmins and Toronto. Also, Kenora has a negative difference as there is a reduction in runoff

observed for the future.

The 100-year storms result in a large increase in runoff for the future. London and Niagara 100-
year storm have the greatest increase in ponding depth, with an approximate 50 cm increase.
This is definitely concerning as the bioretention system may fail and the configuration would need
to be updated, such as the addition of an underdrain, to avoid flooding around the bioretention
facility. This overflow also leads to an increase in untreated stormwater runoff, which will have

adverse impacts to nearby streams and waterbodies.
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Figure 4.44: Runoff difference (cm) between base and future for bioretention media

The next bioretention performance criteria that is examined is the total ponding time. The ponding

time difference between the base and future storm events for the ten locations are examined and
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presented in Figure 4.45. There is a general increase in ponding time for most locations in the
future, with the exceptions of North Bay and Kenora. Windsor, with a 100-year return period, has
the largest increase in ponding time (13 hours) compared to the base. There is a large increase
in storm events with 100-year return periods and minimal time difference for storms with a 2-year
return period. Still, none of locations exceed the 24-hour ponding time limit defined by CVC and
TRCA (2010). The future 100-year Windsor storm has the greatest ponding time of 22 hours,

which is fairly close to that limit.
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Figure 4.45: Ponding time difference (hours) between the base and future

4.4 Conclusions
This chapter presents an examination of green roof and bioretention media under changing
climate. Both long-term climate (2011-2100) and extreme precipitation (48-hour storm) analyses

were conducted to assess the performance of LIDs under changing climate.
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To begin, long-term simulations were carried out to investigate LID performance for Toronto using
four GCMs for all four RCPs. In total, 48 future climate ensembles consisting of 30-years of climate
data was examined for the city of Toronto. Through comparison of the annual net infiltration using
box and whisker plots, it was observed that the GCM HadGEM2-ES predicted higher estimates
of the annual net infiltration compared to the other three GCMs examined. Additionally, higher
estimates of the annual net infiltration were noted for RCP 8.5 emission scenario especially for
the later part of the 215 century (2071-2100). An increase in maximum and minimum annual net

infiltration values for the future compared to the historic climate ensemble were also observed.

The significance of the number of active days, water availability and soil moisture conditions were
investigated. It was observed that with an increase in active period, there is an increase in annual
net infiltration. Exceptions were observed for climate ensembles #8, 20 and 32, where the active
period was less than the baseline, but a greater annual net infiltration was observed. This is due
to the large annual moisture index observed, where a greater quantity of precipitation compared
to potential evaporation is expected in the future resulting in humid climatic conditions. Also, these
three ensembles contain climate data for the early part of the century (2011-2040), where the

potential evaporation is expected to be lower compared to the later part of the century.

A major difference between the annual net infiltration quantities for the green roof and bioretention
systems was noted. Although the bioretention systems manage large quantities of water than the
green roof systems, increase in net infiltration values for the future would see a larger increase in
the case for the green roof. It is projected that the percent increase of the maximum annual net
infiltration in the future for the bioretention and green roof is 50% and 98%, respectively. This is
related to the difference in the way green roofs and bioretention systems function. Green roofs
are designed for no surface runoff conditions and are relatively thin, while bioretention systems
are designed for ponded conditions. The ponded conditions and large quantities of water that the

bioretention systems have to handle results in conditions where larger quantities of water are
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available in the near surface layers of the system for longer periods, resulting in actual evaporation
values closer to potential values. This, together with the generation of surface runoff, results in

lower net infiltration values.

Healthy vegetation is important for the proper functioning of the LID systems. Availability of
enough water in the root zone to maintain healthy vegetation is an important concern for changing
climatic conditions. Simulations of LID facilities with vegetation for the city of Toronto indicate that
for historical climate conditions, the water availability in the root zone does not fall below the
wilting point. A similar simulation for the future climate ensemble with the lowest expected
moisture index indicates that, in general, the water availability in the root zone might decrease
from historical levels but will still not breach the threshold of wilting point. However, it should be

noted that irrigation may be required, depending on the plant species

The annual runoff was also estimated for the green roofs under Toronto’s long-term climatic
conditions. This was to determine whether the future climate ensembles are able to meet the
water balance target suggested by the Wet Weather Flow Master Plan (WWFMP) for Toronto.
The water balance target states that the annual runoff must be less than 50% of the annual
precipitation from a particular site. After conducting the analysis, it can be concluded that there
will be an expected increase in runoff for many future climate ensembles, leading to the water
balance target might not being met in the future. The results also lead one to conclude that there
is potential for an increased risk in flooding, erosion, and degraded water quality in receiving

waters due to climate change.

Subsequently, the LID performance for ten locations in Ontario were compared and examined
using future climate data that is expected to produce the wettest soil condition. Comparison of the
annual net infiltration estimates indicate that cities further north (Timmins, Thunder Bay, and
Kenora) are expected to lower values than the other seven locations examined. Other notable

findings included North Bay having a large annual net infiltration as result of humid climatic
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conditions in the future as indicated by large increase in moisture index. An increase in active
days for the later part of the century is seen for many of the cities. Toronto has the greatest
increase of 69 active days in the later part of the century. Niagara has the greatest decrease in

active period of 30 days for the 2071-2100 period.

Although Toronto has the greatest number of active days, Kingston has the greatest annual net
infiltration in the later part of the century. Still, the increase in the number of active days for Toronto
resulted in Toronto having the greatest percent increase of 100% between the maximum annual
net infiltration in the future compared to the base. With the increase in active period, an increase
in the net infiltration is projected, even with the expected increase in actual evaporation due to

rising temperatures.

For extreme precipitation analysis, the boundary fluxes for the green roof were examined initially.
It was noted that the net infiltration and bottom flux (or runoff) were very similar other due to the
small media depth. By increasing the thickness of the substrate, the peak flow can be delayed,
assisting in reducing flooding near structures and erosion. Two key features that the green roofs
assist with compared to the conventional roof are storm peak reduction and storm peak time
delay. Ten locations in Ontario were examined for their performance in terms of peak reduction
and peak time delay in the future. From the analyses it was concluded that in the future, there is
a general projected decrease in peak reduction. This may result in overwhelming older stormwater
management systems, flooding or erosion due to the sudden onset of high intensity rainfall.
Toronto demonstrated an exception to the trend, where the historic had a smaller peak reduction
than the future. It was determined that the storm distribution for Toronto differed, leading to

unexpected results.

For the peak time delay, it is projected that in the future the time delay between the peak of the
storm and peak of the runoff will be reduced. This would result in an increased risk of adverse

effects of stormwater runoff during the storm. Kenora and North Bay are exceptions to this
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projection. In the future, these two locations have a time delay that is projected to increase
compared to the baseline. As the storm quantity in the future for Kenora is smaller than the
historical data, the time delay is expected to increase. For North Bay, the storm distribution
developed using Chicago method impacts the assessment of the LID hydrological performance
as the future storm quantity is greater than the historic. Furthermore, it was also observed that
the difference between the base and future time delay for 2-year storms was large in comparison
to storms with greater return periods. For example, difference between base and future time delay
for Timmins 48-hour 2-year and 100-year event is 26 minutes and 2.2 minutes, respectively. This
implies that future small storms with a greater probability occurrence will have a smaller time delay

between the storm peak and runoff peak.

Finally, the ponding depth and time were examined for the bioretention system using the base
and future storm data of the ten locations in Ontario. Once again, with the exception of Kenora
and North Bay, there is an expected increase in ponding and total time of ponding conditions in
the future. In some cases, there is an increase in ponding depth of 50 cm, leading to large
guantities of surface runoff for future climatic conditions. For the total ponding time, the largest
increase is observed to be 13 hours greater than the base climactic conditions for a 100-year
storm in Windsor. The future 100-year storm projection for the city of Windsor has the potential to
result in ponding conditions up to 22 hours. The ponding time does not pass the maximum
ponding time of 24 hours defined by CVC and TRCA (2010). However, such a large increase
suggests that the design of the bioretention facilities may need to be modified to consider the

changing climate.

All in all, the changing climate will impact the performance of LIDs in the future. There is an
increase in the total quantity of water projected to enter these facilities. These LID systems will
be required to be re-examined to perform to its full capacity. Otherwise, heavy risks to the

environment, society, and economy can be expected due to flooding.
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Chapter 5: Summary, Conclusions, and Recommendations for Future
Research

5.1 Summary

Low Impact Developments (LIDs) are seen as an innovative solution to stormwater management.
Considering it is a fairly new technique, there is some uncertainty in their performance, especially
within the context of climate change. This study is divided into two parts, with the purpose of

examining the performance of LID systems.

The first part of the study investigated the performance of pedotransfer functions in estimating the
soil hydraulic properties of various LID substrates. Pedotransfer functions (PTFs) estimate soil
hydraulic properties using routinely measured soil properties, such as soil texture, bulk density,
particle size distribution, or porosity. Five LID substrates, three bioretention and two green roof,
were sourced by local suppliers. The hydraulic properties of these substrates were measured
using HYPROP (UMS, 2015) system and a modified permeameter. Other routine soil properties
such as grain size distribution, organic content, and specific gravity, were measured to be used
as inputs to the pedotransfer functions. The three different types of PTFs used to predict the
hydraulic properties of the LID substrates were selected from the literature and are based on
regression models, physicoempirical models, and artificial neural networks. Evaluation of the
predicted soil hydraulic properties to the measured was completed through statistical analysis,
visual inspection, and numerical modelling using the HYDRUS software (Sim(nek et al. 2008).

Thirty years of daily historical climate data for the city of Toronto was used in the numerical model.

The second part of this research aimed to examine the effects of climate change on LID
performance. Future long-term climate data (2011-2100) comparing of daily records of
precipitation and potential evaporation and extreme precipitation events (48-hour) for ten

locations in Ontario, Canada were used for the assessment of the green roof and bioretention
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systems. Various hydrological benefits of the LID systems were examined in detail to observe the
performance under changing climate using numerical modeling. Numerical modelling was also
carried out using HYDRUS software. Design aspects for the green roofs included stormwater
runoff reduction, peak intensity delay, peak time delay, and substrate thickness. For the
bioretention system, design aspects included ponding and overflow, residence times and storage

times.

5.2 Conclusions

5.2.1 Performance of Predicted Soil Hydraulic Properties

After completing the investigation of the predicted soil hydraulic properties to the measured, it
was determined that there is a high level of uncertainty when using PTFs for LID media. There
was no one particular PTF that would work best for all substrates examined. For example, the
statistical performance of three bioretention media varied depending on the PTF chosen, even
though they are all bioretention media. Similarly, two green roof substrates achieved a better
statistical performance compared to the bioretention media examined. However, the predicted
soil water characteristic curves (SWCC) of the bioretention media measured by DelVecchio
(2017) performed statistically better when compared to the green roof media measured from
Sandoval et al. (2017). Thus, there is a large variability in the statistical performance of the PTFs
to the measured soil hydraulic properties of LID materials. The samples for the green roof and
bioretention materials obtained from different suppliers also indicated that there is a wide

variability in composition, geotechnical and hydraulic properties of these LID materials.

The difference in soil properties were examined to understand the possible reason as to why the
performance of each LID varies. It was determined that LID substrates with a large organic content
(greater than 25%) overestimated the saturated water content and air entry value. This was
particularly shown for the PTFs that use regression equations. In addition, some substrates from

DelVecchio (2017) exhibited bimodal characteristics. A bimodal SWCC has two peaks, whereas
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a unimodal SWCC has one. The CalcPTF and Rosetta PTFs provide a unimodal SWCC
prediction as they provide parameters for the Brooks and Corey (1964) and van Genuchten (1980)
analytical functions. The AP model is not limited to the Brooks and Corey (1964) or van Genuchten
(1980) analytical functions as it is derived from the particle size distribution which can exhibit
bimodal behaviour. In general, there is limited capability in accurately estimating the SWCC of

engineered media that vary from supplier and location.

5.2.2 Significance of Measured Soil Hydraulic Properties

Numerical modelling was completed using HYDRUS (Simiinek et al. 2008) to assess the
performance of LID systems using measured and estimated soil hydraulic properties. Based on
the review of the modeling results it can be concluded that the measured soil hydraulic properties
are more relevant for green roof systems compared to the bioretention. For LID systems that
manage smaller quantities of water, use of measured soil hydraulic properties is highly

recommended.

5.2.3 Long-Term Performance of LIDs under Changing Climate

Long-term analysis of the LID performance for the city Toronto demonstrated that an increase in
the total quantity of water entering the LID system is projected. In particular, higher estimates of
net infiltration are projected using the general circulation model Had GEM2ES. Therefore, it can
be concluded that future climate projections should be considered for a number of different GCMs.
The results also indicated that for the later part of the century (2071-2100) and greater emission
pathway (RCP 8.5) projected greater estimates of the annual net infiltration for Toronto. This leads
to two conclusions. First, assessments of this sort should consider separate assessments for
various time periods as done in this research so that progressive design changes in the LID
systems can be considered. Second, comparison of performance for different emission scenarios
will enable the planners and designers to make changes to design considering the risk associated

with various climate change scenarios.
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Review of the climate data and numerical modelling results suggest that for many climate change
scenarios, there will be an increase in the active period which could potentially lead to an increase
in the amount of net infiltration. Therefore, it can be concluded that in the future the LID facilities
might be operational over longer period during a calendar year and would have to manage larger
quantities of water. This is attributed to not only the expected precipitation increase in the future,

but also due to rising temperatures.

The results also indicate that the percent change in maximum infiltration values for the green roofs
can be as much as 100%, while for bioretention it can be in the order of 50%. Lower increase in
net infiltration values for bioretention facilities is shown to be related to the increase in actual
evaporation as a result of increased potential evaporation in the future, hydraulic properties of the
materials, and quantity of water that bioretention facilities have to handle. These observations
lead one to conclude that green roofs are more prone to increase in precipitation in the future,
while the effect of increase precipitation on bioretention will be offset by the expected increase in

the potential evaporation.

The water target balance defined in the Wet Weather Flow Management Plan for Toronto was
examined to demonstrate the performance of the LIDs in the future under changing climate. The
water balance target states that the annual run-off from a development site must be less than
50% of the total annual rainfall. Based on the results it can be concluded that this water target will
become more difficult to reach in the future without implementing design changes. It can also be
concluded that in absence of design changes there will be an increased risk in flooding, erosion,

and degraded water quality in the receiving waters.

For long-term analysis in Ontario, cities further north (Timmins, Thunder Bay, and Kenora) have
a smaller annual net infiltration compared to the other seven cities examined. Moreover, it was
noted that North Bay had the greatest annual net infiltration due to an increase in active period

and water availability. After Toronto, North Bay had the greatest increase in active period of 31
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days. For most locations, an increase in AE is expected due to rising temperatures. However, an

increase in quantity of precipitation and active period will still result in increased NI values

5.2.4 Performance of LIDs under Extreme Precipitation Events

Green roof hydrological performance demonstrates that there could be a general decrease in the
peak reduction in the future. In many instances, this can lead to a substantial increase in
stormwater runoff intensity from the green roof substrate. Moreover, there could be a general
decrease in peak time delay, between the peak of the storm and the peak of the runoff from the
green roofs in the future. Future storms that have a smaller return period will have a smaller time
delay between the storm peak and runoff peak compared to storms with a greater return period.
Overall, this reduction in performance could potentially result in flooding and erosion due to

greater storm intensities and quantities in Ontario.

In terms of bioretention hydrological performance in the future, a general increase in ponding
depth and time is expected for most of the locations considered in Ontario. The surface ponding
depth of 50 cm are expected for many locations across Ontario. Considering that the design
requirements for the bioretention facilities for some locations is a mere 20 cm, this will result in
large quantities of untreated stormwater runoff overflowing from bioretention facilities. For most
of the locations considered in this research, the ponding times are expected to increase in the
future. The largest increase was predicated for the city of Windsor, which is only two hours short
of the one mosquito breeding cycle. Considering that the assessments presented in this research
assumed average initial soil saturation, it can be concluded that there is a higher probability that

for above average initial soil saturations ponding times in the future can be a major concern.

5.3 Contribution of This Research

This is the first study to measure and document various geotechnical and hydrological properties

of LID materials that are available and are being used for green roofs and bioretention in southern
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Ontario. This study highlights the importance of measured hydraulic properties and consequences

of using estimated properties in the assessment of low impact development substrates. The study

has developed a rational procedure to systematically quantify the various design aspects of LID

systems within the context of climate change. This has been accomplished for both long term

changes as well as extreme precipitation events.

5.3 Recommendations for Future Research

The following list is a recommendation for future research.

Examine the performance of green roof and bioretention systems using either a live site
or laboratory soil columns to better understand the system variabilities. This also will assist
in providing model validation data.

Contaminant removal capabilities of bioretention facilities were not considered in this
research. Assessing these capabilities within the context of changing climate will be
worthwhile.

Examine heat transfer capabilities of green roofs under changing climate.

Examine the survival of specific plant species that are used for green roofs.

Increased net infiltration leads to risk in decreased system performance due to clogging
resulting in additional maintenance requirements. Therefore, relationship between
increased stormwater runoff and system clogging should be considered.

Cost benefit analysis of LID design changes versus decreased performance within the

context of changing climate.
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Green Roof Substrate: GR1
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Bioretention Substrate: BR1

Bioretention Substrate: BR2
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Bioretention Substrate: BR3
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Appendix B: Challenges Presented in the Laboratory
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Saturated Hydraulic Conductivity

Initially, a constant head test was conducted following a procedure similar to ASTM D5856 (2015).
However, challenges were discovered during the laboratory testing which led to a modified
version of the constant head test. The methods followed, challenges presented, and solutions
determined are discussed. Note that a constant head test was selected rather than a falling head
test as the material is very coarse. Thus, the speed of the water level within the burette for the

falling head test would be too quick to record.
Constant Head Test
Method

First, for sample preparation, two porous plates are de-aired using a dessicator to ensure that
there is an uninterrupted flow within the permeameter. Once de-aired, the porous plate and filter
paper were placed at the bottom of the permeameter. The height of the permeameter is 15.7 cm
and the diameter is 7.5 cm. The distance between the side ports is 7.8 cm. Each LID media was
then packed within the permeameter to the dry bulk density of 1g/cm?®. A dry bulk density of
1g/cm? was used as alternative studies have obtained sample cores from live sites and used a
dry bulk density of approximately 1g/cm? (Griffin, 2014; Perelli, 2014; Liu and Fassman-Beck,
2017; Hill et al., 2016). Once packed, the filter paper and de-aired porous plate were placed at

the top and the lid of the permeameter was screwed on (Figure B.1).
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Figure B.1: Permeameter used in constant head test

The bottom port of the permeameter was attached to an inflow pipe, which was connected to an
elevated reservoir filled with tap water. The two side ports were attached to two open manometer
tubes (Figure B.2). The difference of the two manometer readings provided the difference in head
required in the hydraulic conductivity measurement. The inflow port was opened, allowing the

sample to saturate for at least 24 hours.

183



Water
Reservoir
—
| Open manometers
h2 h1
Substrate L

Figure B.2: Schematic of the constant head test

Before conducting the test, entrapped air was removed within the open manometer tubes by
opening the air-bleed valve. In addition, water was flushed through the sample for a few minutes
to ensure that any entrapped air was released. Moreover, the water level within the manometer
tubes should be equal to the water reservoir level, otherwise there may be air bubbles blocking

the ports.

A stopwatch, an empty beaker with a known mass, and thermometer were readily available before
the start of the test. With the outlet port open, the discharge was captured with the empty beaker
while simultaneously starting the stopwatch. When the beaker was removed, the stopwatch was
immediately stopped and the amount of water that was discharged into the beaker was weighed.
This is used to determine the volumetric flow rate. The temperature of the discharge was taken
for temperature correction for the hydraulic conductivity. The height of the water reservoir was

then decreased and the test was repeated.
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Challenges and Solutions

While conducting the constant head test, the water level within the open manometer tubes were
not stabilizing. Re-attempting the test led to a no-flow condition, thus demonstrating entrapped air
within the sample. Packing the sample dry to get the desired dry bulk density and utilizing tap
water rather than de-aired water may have both contributed to the air entrapment. In order to
overcome this challenge, it was determined that passing CO; through the sample can assist in
flushing out the air. However, the CO, would dissolve as it passes through the saturated porous
plate used in the constant head test. Thus, rather than using porous plates, metal mesh and
geotextile are used as a substitute (Figure B.3a). Subsequently, it was noted that packing the
sample dry may lead to segregation. To deal with this problem, water was added to the sample

to reach a gravimetric water content of 2%.
Modified Constant Head Test

Taking into account the challenges and solutions developed, the modified test was conducted.
For this test, two side ports were installed into a compaction permeameter in order to attach the
two open manometer tubes (Figure B.3b). 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. Before testing, it
is a good practice to fill the permeameter with water to make sure that there is no leakage. Once
it is confirmed that there are no visible signs of leakage, the permeameter was drained and dried,

and a metal mesh and geotextile were placed at the bottom of the permeameter.

Similar to the previous constant head test, each LID sample was packed to a dry bulk density of
1 g/cm®. The oven dried sample was split into four different bowls to help reduce the sample bias.
To reduce 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
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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 B.3c).

Carbon dioxide was passed though the permeameter to assist in flushing out the air. Once the
sample has been flushed with CO, 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 obtaining the volumetric flowrate by

maintaining a constant head.

A

Figure B.3: Modified constant head test, (a) geotextile and metal sheet used, (b) two ports
installed into compaction permeameter, (c) permeameter filled with green roof substrate

Soil Water Characteristic Curve

Figure B.4 demonstrates the challenges in measuring the SWCC for these coarse LID materials.
Figure B.4 presents the two HYPROP tests completed for GR1 and BR1. The green roof
substrate, GR1, was measured again as it was noted that the initial volumetric water content was

37% and the porosity was 57%. The porosity was calculated using the following equation:
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po1_ P [1]

where @ is porosity, pqis the dry bulk density and ps is the particle density. The dry bulk density
for this first test was measured to be 0.87 g/cm3. For GR1 test 2, the initial volumetric water
content was measured to be 44% and a porosity of 47%, as the dry bulk density was 1.07 g/cm?®.
BR1 was also measured as the SWCC slope is quite steep, resulting in a large n value for the
van Genuchten (1980) equation. However, the second test resulted in an initial volumetric water

content smaller than the first test, as shown in Figure B.4.
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Figure B.4: Challenges in measuring the SWCC for LID substrates
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Appendix C: Visual Examination of Measured and Predicted Soil

Water Characteristic Curves
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Green Roof Substrate: GR2
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Bioretention Substrate: BR1
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Bioretention Substrate: BR2
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Bioretention Substrate: BR3
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