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ABSTRACT

Green roofs, also known as vegetated roofs or roof gardens, use soil and vegetation to
retain and detain precipitation on impervious roof tops. While runoff reduction is an accepte
benefit of traditional green roofs, not all roofs are amenable to this desigrly texeloped
modular designs are more versatile, but their stormwater remediation edgjliires assessment.
This study quantifies water retention and detention by modular green roof bloese bhiocks
were monitored for one year using four repetitions of three treatmefaise(ree, non-vegetated,
and vegetated). Stormwater retention and detention was compared within and animegtsea
and to a traditional extensive green roof located adjacently. The modular greblocks
retained more than 43% of the total precipitation and reduced runoff 60% when compared to the
reference treatment. Little difference was observed between thetedgmta non-vegetated
treatments suggesting that the sedum vegetation used in this study was iasigmifzoviding
retention and detention. Comparisons between the modular green roof blocks and itestradit

green roof showed a greater retention in the traditional green roof.
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CHAPTER 1

INTRODUCTION

Background

Stormwater runoff is a major cause of stream degradation in urban environmehts (Pa
and Meyer 2001). Rapid hydraulic response to rainfall results in increased ekgbs,
velocities, and stormwater volumes. These increases cause the physigabalof stream
morphology including bank scouring and erosion (Bledsoe 2002; MacRae1997). In addition to
physical degradation of urban streams, stormwater runoff from imperviasastains
increased concentrations of pollutants (Brabec et al. 2002). During dry periodgmns)lut
including oils, sediments, pesticides, and heavy metals build up on impervious surfaces,
especially roadways and construction zones (Mason et al. 1999). When a storm eventraccur
first flush of stormwater often carries dramatically increased coratemts of these pollutants
into receiving waters (Bucheli et al. 1998; EPA 2003).

The biological integrity of urban streams is often compromised by these playsica
chemical stresses. Studies have shown that aquatic communities in urbamdremabdemore
homogenous and dominated by large quantities of very tolerant species (Karr 1996, &dial.
2004; Wang 2001). Many studies are now showing that the presence/absence of sensitive
aquatic species is strongly correlated to upstream effective impestdase (Booth and

Jackson 1997; Wenger 2005). In addition to its environmental effects, public health is also



threatened by stormwater runoff. Personal injury and death can result wheencandrunwary

motorists are caught in conveyance channels and culverts during peak dischargensondi

Stormwater Policy

In recent decades, urban stormwater runoff has presented itself as onwpf the
environmental concerns for management agencies (Villareal 2004). Devatggmtigities such
as clearing vegetation, mass grading, removing and compacting soils, andatimmstf
impervious surfaces (including buildings, parking lots, and roadways) can intieasaount of
stormwater runoff in the watershed (Brabec 2002). In urban areas, incressgalager runoff
can cause increased flooding, stream bank erosion, and degradation of aquati(Biabita
2003).

The mitigation of stormwater runoff is an important national goal. Establishad a
amendment to The Clean Water Act in 1990, the National Pollutant Dischargadtioni
System (NPDES) is a permitting process which allows state and fed#ratiies to regulate
large and medium cities by limiting pollutants allowed to be carried through ipairsewers
(Harrison and Stribling 1995; EPA 2001). As part of this program federal and spalteoey
programs now require local communities to develop stormwater management progtams tha
address these problems (Harrison and Stribling 1995).

Because of this legislation, Georgia’s permitting program for munisipain sewers
requires local governments to develop stormwater management plans. Thesaysa
incorporate the use of Best Management Practices (BMPs), including tbestsectural and
non-structural controls to mitigate the effects of quantity and qualitysssssaciated with

stormwater runoff (GADNR 2002). Non-structural controls generally consishibing



impervious cover by using better site design guidelines. One example of this would be
conservation subdivisions, where higher density construction is allowed if 40% of tlsdlesite |
undisturbed. Structural controls consist of man-made structures that actdatte rdelay, and

purify stormwater leaving a site.

Stormwater Management Strategies

Conventional stormwater management strategies involve routing stormveater fr
buildings, roadways, and other impervious surfaces to large, centralizedefagiitere the
water can be retained, detained and treated. (Villarreal et al. 2004). Aaefsnd is probably
the most common structure used in this method of stormwater management. Tdgyg,strat
although effective for attenuating peak flows, extends the duration of stornatauherefore
extends the period of stress on the physical and biological components of streasteatosy
(Booth and Jackson 1997).

Contemporary solutions to stormwater treatment - such as rain gardens,aswiadtiser
bio-retention areas - detain, retain, and treat stormwater close to wisegenerated. These
distributed BMPs work to maintain the natural hydrology of the site by using nptacasses -
like infiltration - to their advantage, often decreasing the need for detention gimshadsher
centralized stormwater treatment facilities (EPA 1999). Although thegeroporary
techniques have proven to be successful tools for minimizing stormwater imaadts limited
and expensive in ultra-urban settings. The lack of suitable space often excluttaionfiBest
Management Practices (BMPs) and other distributed BMP practices timéaiméhe pre-
development hydrology of the site. In these areas, a new approach to stonrmareigement is

necessary.



Green Roofs

Until recently, rooftops had not been considered for greenspace areas. Intraany c
rooftops contribute a substantial amount to the total impervious cover. These arebgyiwi
densities of impervious cover, are considered ultra-urban (FHWA, 1999). Advancesin gree
roof technology have changed the perspective of many stormwater eagimeenow consider
rooftops in these ultra-urban areas as plausible greenspace.

Green roofs - also known as vegetated roofs or roof gardens - are simply definetsa
that have vegetation on top (Markham and Walles 2003). In ultra-urban areas, where rooftops
contribute a substantial amount to total impervious surface, green roofs have loeten use
remediate stormwater runoff.

Studies have shown that green roofs significantly decrease the amount of moff fr
rooftops, storing much of the precipitation volume for later evaporation and traiospirat
(Bengtsson et al. 2005). In cases of significant runoff from green rbefpetiks are delayed
relative to runoff from other impervious surfaces, decreasing combined affettsmwater
runoff (Bengtsson 2005). One study, at the University of Georgia, utilized acmatigxtensive
green roof 7.5 cm thick. This study, conducted over 13 months, showed an 80% reduction in
total stormwater runoff volumes and average peak delays of 18 minutes whenembtopar
convention gravel ballast rooftop (Carter and Rasmussen 2005).

Reduction in stormwater runoff is an accepted benefit of traditional extensme gr
roofs, but these roofs have drawbacks because of design limitations. New devetopm
technology have led to modular designs that are more versatile. These moduter -desig
although more conducive to widespread utilization - have not been evaluated for their

stormwater remediation ability.



Objectives

The five objectives of this study are to:

1) Quantify stormwater retention of modular green roof blocks;

2) Explore detention and peak attenuation capabilities of modular green roof blocks;

3) Determine the role of vegetation in retaining and detaining stormwatemh@dular
green roof blocks;

4) Determine if modular green roof blocks retain stormwater as efficientiaditional
extensive green roofs;

5) Develop a process based model to simulate hydraulic response of modular gireen roo

blocks so results can be applicable to other regions.

Organization

This thesis is organized into six chapters. The first chapter defines the peotdem
provides an overview of the research goals. The second chapter provides an oveneew of gr
roofs and summarizes previous research related to green roof hydrology enduadity. The
third chapter presents the research methods employed in this study. The foughpmioapdes
research results. The fifth chapter summarizes the research results atelspgomne policy
guidance related to the use of modular green roof blocks. The sixth, and final clraptdesp

thesis conclusions.



CHAPTER 2

LITERATURE REVIEW

Green Roof Benefits

Green roofs have the ability to attenuate many of the environmental cosiatassad¢h
urbanization. Specifically, green roofs have been shown to decrease strnvatf
(Villarreal and Bengtsson 2005), urban heat island effects (Rosenfeld et al\Wi@@8rs 1990),
and heating and cooling costs (Barrio 1998; Eumorfopoulou and Aravantinos 1998; Niachou et
al. 2001; Theodosiou 2003). Although often considered a purely aesthetic contribution to the
urban landscape (Kohler et al. 2002), research shows there are significant eeniedamd
financial benefits related to green roofs. (Wong et al. 2003). Reduction in stemnueoff
might be one of the most important benefits associated with green roofs (MerdkrZ066).

While reducing stormwater infrastructure costs (Bengtsson et al. 2088, igrofs can also
address quantity and quality issues associated with stormwater that diyal@geade urban
streams.

Green roofs are popular in many European countries like Germany, Austniege Fra
Norway, Sweden, and Switzerland. Sweden's stormwater Best ManageawiceR (BMPs)
include the use of green roofs for reducing quantity and timing of runoff to negewaters
(Villarreal and Bengtsson 2005). In Germany, seven percent of newly coedtroofs are
vegetated, and it is estimated that twelve percent of flat roofs in the coungrydigetation on

top (Kohler et al. 2002; MSU 2006). These percentages are continuing to grow areary ye



Germany as the green roof industry attempts to keep up with demand (MSU 2006) raGfee
are not as common in the United States (Carter and Rasmussen 2005). The Wwani¢eess
regarding green roofs, higher installation costs, limited data highligtitengenefits they
provide, no industry to build them, and a no government incentives or tax breaks have probably
contributed to their absence in the United States (MSU 2006). Although many obsttaudes
the way of urban rooftop greening in the United States, with innovative researchcbutre
programs, and policy guidance green roof application can flourish here as it has in Europe

Traditionally, there are two types of green roofs, extensive and intensivgt§Ben et al.
2005). Extensive green roofs are characterized by their low weight, shalldw3bim), and
minimal maintenance (Bengtsson et al. 2005). Intensive green roofs haveeawesgiht and
soil depth (>30 cm), with higher maintenance requirements (Bengtsson et al. 2005). Bot
extensive and intensive roof types generally require waterproofing membrtegrated with a
water retention liner and a multilayered soil support system (Figure 2.1ditidmal built-in-
place green roofs, or built-up-roofs (BURS), have certain inherent limitatrarhsding i)
complicated engineering and logistics associated with their irigialland ii) complexity of
maintenance and repair during the lifetime of the roof (Markham and Walles 20q&ndtve
materials, installation costs, and upkeep have discouraged many from investegnimanf
technology.

Recent developments in green roof technology have addressed these limitations and
reduced project costs by creating modular extensive systems. Mockdarrgofs are self-
contained portable blocks that simply sit on the existing rooftop (St. Louis MWC 20B8). T

bottoms of the blocks are outfitted with drain holes and no waterproofing membrareggior w



retention liners are necessary. This limits material costs to the modhdks b$oil mix, and

vegetation, and no expertise is necessary for installation.

Green Roof Research

Green roof research on storm water detention and retention is still in rteynfaVith
the exception of conference proceeding and popular magazines, published literature on the
effectiveness of green roofs as stormwater remediation tools is ¢utmaited (Taylor 2003). .
There are fewer than ten published journal articles available in Engligingntihree of these
articles conducted their research from within the United States. All &f shedies were
conducted using extensive style green roofs, which included the use of waterproofing
membranes, water retention liners, and between 2 - 8 cm of growing media. &eduncti
stormwater were variable from study to study, depending on study site,ecamétepth of soll.
Generally, research shows traditional extensive green roofs reduce retwegeh 50 - 80
percent (Kohler et al. 2002; Monterusso et al. 2004; Bengtsson 2005; Bengtsson et al. 2005;
Mentens et al. 2005; VanWoert et al. 2005; and Villarreal and Bengtsson 2005).

A recent study at the University of Georgia, conducted by Carter and Ra&sn{R885),
used a paired watershed approach comparing a conventional gravel ballast radfaalitional
extensive green roof (Figure 2.2). This study used large test plots, &8test the hydraulic
response of green roofs. A study of this magnitude had not yet been presentedaratheeli
because of the difficulties associated with measuring runoff from roofdafizleis caliber. In
this experiment, a two-stage riser system using an open orifice ddsigadcafor the automated
monitoring system to be utilized. The green roof used in this study followed tiga désiigure

2.1, was 7.5 cm thick, and comprised of various sedum species. Results from this study showed



that the green roof decreased runoff volumes 80% when compared to the conventional roof
(Carter and Rasmussen 2005). Results also showed that the green roof increatefddak by
an average of 18 minutes and provided peak flow attenuation for most storms (Carter and
Rasmussen 2005).

Another recent study, by Vanwoert et al. (2005) from Michigan State Uniyédras to
date presented the most quantifiable data for stormwater retention of gregranabf
evaporation and transpiration processes. This study quantified the differenessnba
extensive green roof, an extensive green roof without vegetation, and a staridaey/@broof
in a replicated study (VanWoert et al. 2005). The substrate of the extensiveogifegas
comprised of ~40 percent water retention material and ~60 percent soil (Van¥\&aef085).
Vegetation was comprised of various sedum species, which are succulent plaares hingtly
tolerant to drought. Results showed that the green roofs retained ~60 percenttaf taefall
during a two-month study (VanWoert et al. 2005). However, the extensive green roof without
vegetation showed little difference to the roof with vegetation, suggesting that&i@pas the

dominant process affecting the water balance (VanWoert et al. 2005).

Green Roof Modeling

Background

Simulating stormwater runoff from green roofs is necessary for widad@pplication of
limited data sets. In order for elected officials, management agenciesyganelegs to make
competent decisions involving green roof deployment, a model is necessamnthates runoff

based on a set of given meteorological conditions. Two different approacheslatismgthe



hydraulic response of green roofs have been attempted by two recent studkddraversity of
Georgia, Athens.

Carter and Rasmussen (2006) used precipitation and runoff data to develop a Curve
Number for a traditional extensive green roof. The SCS Curve Number Method isn@clym
used method for determining runoff volumes based on soil type and land use (Dunne and
Leopold 1978). The simplicity of this method has led to its widespread application in
stormwater management and therefore makes its application to green rgafppesling. It
simply uses green roofs as an alternative land use that is given a Curve Mimabenodeling
runoff from a site. Although this method works well when describing runoff charaicteris
across a watershed, using it to determine runoff at the roof scale presenisss@®sie The main
problem associated with this approach is that it does not take into account antecesteiné m
conditions, which are the driving force affecting the hydraulic responsee goofs for a
particular event.

Alternatively, Hilton et al. (2006) used Hydrus -1D to predict soil hydraulic pregserti
and flow through modular green roof blocks using runoff data collected from the stadpte
in this Thesis. This approach required input parameters including: Volumetricomatent at
field capacity, wilting point, potential evapotranspiration, and rainfall. Hateavaporation was
calculated using Hargreaves method, which requires additional inputs includirageaver
maximum and minimum air temperature, and extraterrestrial radi@iome and Leopold
1978). From this information, a characteristic moisture release curve wéaspbdevto
determine runoff from the modular green roof blocks. Although this method was fukitess
estimating runoff at the roof scale, cumbersome laboratory experimentaeoessary to

determine the moisture release curve associated with the particutgpsoi
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Alternative Modeling Approach:

Studies have shown that runoff from traditional extensive green roofs usually afteurs
the media and vegetation have become saturated (Monterusso 2004; Carter and Rasmussen 2005;
VanWoert et al 2005). Between storm events, water stored in media and vegetgimnates
and transpires back into the atmosphere creating storage capacity. Datong avent, the
storage that has been made available from evapotranspiration is then replehigteedmbunt
of storage available is exceeded then runoff occurs from the green roof. Whemiegmypeoff
hydrographs from a green roof and conventional rooftop, a delay in runoff (initialctiostya
will occur from the green roof because the storage must first be exceedied &0d Rasmussen
2005). After storage is exceeded, the hydrographs are relatively similar.

Based on green roof runoff characteristics observed by others, functionatiey of t
hydraulic response appears to be similar to that simulated in reservoir modedisgrvoir

modeling is confined by the mass balance equation where:

Inputs = Outputs + Storage

The inputs are any water that is moving into the reservoir (i.e. rainfadhnsfy, etc), outputs are
water leaving the reservoir (i.e. evaporation, transpiration, water edleasd change in storage
is the water volume in the reservoir (McCuen 2005). To determine the amount oéxviuber
through the control structure, all that needs to be determined is excess. stbtagérydraulic
response of green roofs revolves around exceeding some predetermined storagestemoir

modeling approach should be considered in simulating runoff from green roofs.

11
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Figure 2.1: lllustration of traditional extensive green roof components.
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Figure 2.2: Picture of traditional extensive green roof and typical gravasbedof
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CHAPTER 3

METHODS

Data collected for this research followed a similar experimentalrdasiyanWoert et al.
(2005) using three treatments: i) a vegetated set-up, ii) a non-vegetatpdaad-ui) a
reference (no vegetation or growing media). This was completed within theeofia
replicated study using modular green roof blocks that did not include any controfieng ta
water retention materials. Data collection also spanned over a one yedrgeetinat annual

variation could be assessed.

Site Description

This manipulative experiment was conducted on the ground floor rooftop of Boyd
Graduate Studies Building at the University of Georgia in Athens, shown ireBigui-3.3.
Athens, Georgia sits approximately 250 m above sea level and has a humid suldiiopatal
with mild winters and hot moist summers (NETSTATE, 2005). Extremely cold tatupes are
infrequent and snowfall is rare. The average total annual rainfall is apptekirh250 mm
(NETSTATE, 2005). The wettest month on average is March because of the seadonal c
activity associated with the Southeast during late winter (NETSTATE, 2@%mers are
warm and humid with summer thunderstorms producing short duration, high intensity

precipitation events (NETSTATE, 2005).

14



Site location was selected based on accessibility, structural confogurantid public
visibility. The rooftop is bordered by two six-story towers to the east and avesbne three-
story building to the north. The northern building has large windows overlooking the rooftop,
which allow for green roof viewing. These structures limit sunlight to apmetely six hours
each day during the summer and nine hours during the winter. The structures mapatso i

rainfall uniformity, but no data supports this supposition.

Materials

The modular green roof blocks used in this experiment were donated by Saint Louis
MetalWorks Company to the University of Georgia. The modular blocks areosgtfined,
portable units that are 60 cm square in size and 10 cm in depth (Figure 3.4). Units are block
containers fabricated out of heavy gauge aluminum. Each block had 3 drain holed,dacate
each side, 1 cm from the bottom; twelve drain holes per block. The green roof blocks used for
this experiment consisted of no water proofing layers, drainage materialsaroets, or filter
fabrics; materials were limited to heavy gauge aluminum containemsgibnd vegetation
(Figure 3.5).

These blocks were retrofitted to drain into aluminum collection pans, which thenddraine
into plastic containers (Figure 3.6). Aluminum collection pans were approximatehy 8quare
and had a single drain hole leading to the plastic container. Because the aluminxtenede
past the green roof block container, clear plastic was cut, wrapped, and atteittecllock and
pan to avoid direct precipitation outside the experimental unit. These units sat on top of woode
stands that held the containers approximately 30 cm above the existing roof (FigurEh@.6)

units were held tight to the wooden stands using elastic cords.

15



The soil media mix used for this experiment was a low density, highly pernmeable
containing 80 percent PermaTill expanded slate and 20 percent organic materaal|ypr
comprised of worm castings. PermaTill expanded slate is a light-weggteégate that forms a
well-drained soil profile, while maintaining moisture and nutrients vital fantpsurvival. Each
block was hand filled with approximately 10 cm of engineered media.

White StonecropSedum sexangulpwas then planted in the vegetated treatments so the
effects of vegetation could be assessed. Four plants were placed in each of thedvegeta
treatments, as seen in Figure 3.7, in June of 2004; 80% coverage had been obtained by October
2004. Sedums are drought tolerant succulent plants that usually have star-shapeavitowers
five petals, five sepals (leafy structure around base of flower), five sggesd pods), and ten
stamens (male organ) (Radford et al. 1968). They have the ability to take up a slibstantia
amount of water when it is available. They store this water and slowly use iting tiwmes of
drought (Radford et al. 19685edum sexangulas a perennial that has a white powdery
covering (pruinose) that reflects the sun’s rays. This physical attkbates leaves cooler and
reduces moisture loss (Radford et al. 1968). Unlike most plants, the stomata on sedsim leave
close up during the day and open up at night. This allows the plant to transpire when
temperatures are lowest, limiting excess loss of water (Radford1&G#). Plant selection was
based on ability to tolerate drought and extreme temperature fluctuations, conduowiop
habitats, so irrigation, plant replacement, and other associated maintenance wbald not

necessary (Monterusso et al. 2005; VanWoert 2005).

16



Experimental Design

The experiment was a replicated study containing three treatments, focatespbf each

treatment. The three modular green roof block treatments, shown in Figure 3.5, are:

1) Reference Treatment (empty block): Contains no soil or plants.

2) Non-Vegetated Treatment: Contains 10 cm of soil, but no plants.

3) Vegetated Treatment: Contains 10 cm of soil and sedum plants.
Twelve available spots on the wooden stands were separated into four groups (bleckenbas
rooftop location. Each treatment was randomly assigned a location in each of tipetps
using a random number generator, thus achieving a randomized complete block dgsign (F
3.6). This design was appropriate due to the possible influence of the study site loutidistri
of rainfall. The randomized complete block design was used to control for this potential

variation along with any other unforeseen extraneous variation.

Data Collection and Analysis

Stormwater collection containers were outfitted with Druck PDCR 1800 pressure
transducers. Transducers were mounted inside half inch diameter, one foot ¢@sgopieVVC
that were attached to the corner of each container. The PVC covering redieetbwel
fluctuations during storm events. The transducers were connected to a CamipheflSc
CR23X datalogger, which was programmed to record water depth in millimeézsysnemute.
Pressure transducers were calibrated to sub-millimeter accuracy¢asEmeasurement error
and ensure precision.

For the purposes of this study, runoff was defined as deep percolation or water that

leached through the soil, exited through the drain holes, entered the collectionezsntnd
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consequently amounted to some depth of water that could be measured. Due to the permeability
and consequent high hydraulic conductivity, surface runoff was never observed. Because the
runoff collection containers were irregularly shaped, no direct method could corptirt de
measurements to volumes. To attain volume measurements, a container wacféleentally

with one liter of water and the water height was recorded at each interpaly®omial

regression equation was then used to relate water depth to volume (Figure 3.7).

V =9"10°d?+0.13252d + 0.15142

where d water depth and

\/ water volume.

Rainfall was continuously collected on the rooftop using two Texas ElectrdRE25M
tipping bucket rain gauges. Mean rainfall was used for analyses when gauvgé&®ther
collecting data. Due to equipment failure during December 2004 and January 200&tarain d
was used from another campus rooftop location approximately 300 meters to the north.

The twelve blocks were continuously monitored for a twelve-month period, from October
1, 2004 to September 30, 2005. Storm-event separation was performed by requiring an
antecedent quiescent (dry) period of one day (24 hours) between runoff events.

Retention data were analyzed for all rain events during the one-yeapstualy. No
snowfall occurred throughout the study, but one ice storm did occur and was included in the
results. Two of the pressure transducers, one from the vegetated treatment amah dme hon-

vegetated treatment, were inconsistent in their monitoring levels and would not respored.a
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To ensure data accuracy and precision, these two experimental units viedeediom
analysis. Without these two experimental units, analysis consisted of fdoatepbf the
reference treatment, three replicates of the vegetated treatment, anephates of the non-
vegetated treatment.

Rain events were subjectively divided into categories based on event sizg<bight
mm), Medium (6-25 mm), Heavy (>25mm). Event size separation was chosen to allow for
similar sample sizes across categories. By separating the stetemsion was able to be

characterized based on precipitation depth.

Statistical Analyses

Total runoff volume for each individual event was compared within and among
treatments using repeated measures analysis of variance (ANOVAJithAsny ANOVA, a
repeated measures ANOVA tests the equality of means. A repeated meesiga is
appropriate because data collection involves repeated measures on expleninitsniader a
number of different conditions through time (Littell et al. 1998). As the experimamtalare
exposed to different conditions, the measurement of the response variabletexrepea
univariate approach to repeated measures ANOVA was used, which basicaliierotis
experimental units as ‘whole-plot’ units and time as ‘sub-plot’ units. A Tukeyviesthen
performed to determine which treatments were statistically stgnififrom one another (SAS
Institute, 2001). These analyses were performed for the 44 events where rano#ator
each of the 10 experimental units.

Mean percent reduction was also calculated between the reference and degetate

treatments, as well as the non-vegetated and vegetated treatmenth frezden which runoff
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was recorded. The mean percent reduction was then fitted with errors barsuntdor within
treatment variation. The error bars represent the maximum and minintben\efgetated
treatment for the representative event.

Three, one-month periods were analyzed at two minute intervals to determime mea
values for initial abstraction, peak discharge attenuation and runoff prolongatiomizssaath
each of the three treatments. Months were chosen based on time of year and cavenienc
the purposes of this study, initial abstraction was defined as the depth of taetfaktcurred
before runoff was generated in the representative treatment. Peakgbsatt@nuation was
defined as the reduction in peak runoff measured in the non-vegetated and vegetatedtyeat
relative to the reference treatment. Runoff prolongation was defined as ¢hthéimunoff
hydrograph was extended by the representative treatment relative to tleeseaed rainfall.

Storm peak discharges were obtained using the maximum of the two-minute obssrvat
for each storm event. This part of the analysis presented some problems because of th
experimental design. Water levels in the containers continuously fluctuated eleimg due to
runoff falling into the container from the green roof blocks. The pressure transdueasured
water depth leading to fluctuating levels throughout a storm event. Although pdakrdesc
could be determined, it is not likely that these peaks accurately represertutiaé peak
discharges associated with modular green roof blocks. Recommendations ane thade i
discussion that may help others avoid this problem.

The mean retention of the vegetated treatment was also compared to thatlitibadta
extensive green roof. The traditional extensive green roof is located on theoséime, r
incorporates the use of water retention layers and filter fabrics (HydrDesign), has 7.5 cm of

growing media, and is comprised of various sedum species. Total event retesticonvared
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for the 13 month study period associated with the traditional extensive green rooé¢ dr2d t
month study period associated with the modular green roof blocks. These two studies we
conducted at different times so only five storms overlapped and could be directisireoim
Because peak flow analysis for the traditional roof had been analyzed in units ohtié (L/s),
and data collected for the modular green roof blocks was collected at one minvedante

comparisons were not made between the two green roofs.

Modeling

After measured values have been analyzed, an attempt was made to simulate value
collected for the vegetated treatment using a process-based model cedstiticStella 8.1
modeling software. Stella 8.1 is a software package where the model can g etsdtucted

by developing flow diagrams and defining relationships among the flows.

Structure

Model structure is confined by the mass balance equation:

Inputs = Outputs + Storage

The basic flow within the model follows the format of Figure 3.11. The input for the model is
precipitation and outputs for the model are evaporation, transpiration and runoff (aehede
The change in storage is the water contained by the block. Precipitation daékerafrom two
rain gauges located on the rooftop. To calculate the potential evapotranspiration, the

Thornthwaite method was used, which is:
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ET=1.6(10Tm/1)~

where ET potential evapotranspiration
Tm mean monthly temperature
I annual heat index

coefficient derived using (1)

This is an empirical equation that uses average monthly temperature as an ilkexfount

of energy available for evapotranspiration (Dunne and Leopold 1978). The actusl rate i
dependent upon the amount of water in the block available for evapotranspiration. Tlsere is a
a correction factor associated with this formula that adjusts the rate ferdfaunlight in a day.
This correction factor value can be obtained from a chart and is a functionunfdatitd time of
year. The runoff rate will then be dependent upon the volumetric water contenhedmteihe
block. Once the volume of water in the block has exceeded the storage avagibafacity),

runoff will occur.

Storage Determination

To determine the volume of water that a modular green roof block could retain, a short
lab experiment was needed. A modular green roof block, filled with approxiniéeiy of
engineered soil and no vegetation, was saturated to field capacity with desgerThe block
was then allowed to rest until no observable runoff was exiting the drain holes. The dock wa

then weighed and compared to the weight of an empty block so the weight of the soil and the
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water could be determined. The soil was then dried in an oven, at forty degrees @elsius, f
twenty-four hours and weighed again. By subtracting the field capacity visighé dry

weight, the weight of the water retained by the modular green roof block coulccbmidet.

This weight was then converted to a volume based on the assumption that one gram ohsvater w

equal to one cubic centimeter of water.

Simulated Runoff

Once the maximum field capacity or storage was determined, a few asssnptre
needed to simulate runoff from the modular green roof blocks: 1) After a runoff eveolptke
is at field capacity, meaning the volume of water in the block is equal to the maxuatiem
holding capacity; 2) Runoff from a modular green roof block does not occur until frdita
is reached, meaning the storage has been exceeded. With these two assunnptiofis, a

equation was developed that took the form:

IF - Volume of Water < Field Capacity = No runoff occurs

IF - Volume of Water > Field Capacity = Runoff occurs

Using this equation, the model was constructed (Figure 3.12) and the hydraditsees
was simulated for three months (November, February, and June). Simulations ran on an hourly
timestep and began at the end of the first runoff event of the month, when the storage in the
block could be assummed to be at field capacity. Simulated values were then daimpare
measured values using percent difference to determine the validity of the mddabdel

parameters, including values or formulas, are included in Table (3.1).
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Table 3.1: List of model inputs and a description on how they were determined

Precipitation

Determined from raingauge data

Potential Evapotranspiration

Thornthwaite Equation

Average Monthly Temperature:

Determined from average monthly tempe
over the last 60 years

rature

Annual Heat Index:

Determined from average annual temperg

ture

Coefficient (a):

Determined from the annual heat index

Correction Factor:

Determined from a chart based on latitude
time of year

and

Actual Evaportranspiration

=Potential Evapotranspiration X Soil Moistu

re

Runoff Storage < Field Capacity = No runoff occur
Storage > Field Capacity = Runoff occurs
Storage Inputs - Outputs

Water holding capacity

12.3 Liters- Determined from storage
experiment

Soil Moisture

Storage / Water holding capacity

Total Area

Square footage of rooftop / 4 square feet
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Figure 3.1: Location map for Athens, Georgia
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Figure 3.2: Location map for the study site



Figure 3.3: Picture of the study site
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Figure 3.4: Schematic of a modular green roof block
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Figure 3.5: Schematic of a modular green roof block including vegetation
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Figure 3.6: Schematic of the runoff collection design
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Figure 3.7: Schematic of planting location of sedum vegetation
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Figure 3.8: Pictures of the three treatments
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Figure 3.9: lllustration of randomized complete block design
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Figure 3.10: Water depth to volume conversion
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Runoff

Figure 3.11: Diagram representing the flow within the model. The input is preoipitte
outputs are evaporation, transpiration, and runoff, and the change in storage is seitmoist
contained within the block.
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Figure 3.12: Structural interface of the model. This shows the flows within the aratithe

relationships between the flows. All model parameters can be manipulated@tation.
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CHAPTER 4

RESULTS

Storm Events

Seventy storm events were recorded during the one-year study period fraiperCct
2004, to September 30, 2005. Total annual rainfall measured 1,403 mm, approximately 150 mm
above the average annual precipitation for Athens, Georgia. Figure 4.1 shows mddyn mont
precipitation in Athens and the observed monthly precipitation during the study period.
Measurable precipitation was recorded on 136 out of 365 days, or 37%. Daily precipitation
ranged from 0.254 mm to almost 93 mm (Figure 4.2). Precipitation amounts for theeseparat
storm events (divided based on 24 consecutive hours of no rainfall) ranged from 0.254 mm to
117 mm during the 365-day study. The mean precipitation depth was 20.4 mm and the median
precipitation depth was 13.2 mm. Of the 70 events measured, there were 23 light (<6 mm), 24

medium (6-25 mm), and 23 heavy (>25 mm) (Table 4.1).

Stormwater Retention

The vegetated and non-vegetated treatments displayed consistent resules/éotsl
Vegetated and non-vegetated treatments retained precipitation until @felcity point was
reached, after which, runoff closely mimicked that of the referenceneeat Figure 4.3 shows
average retention of all treatments for light, medium, and heavy storms. Notitteetha

vegetated and non-vegetated treatments retained almost all the precipitahgrtlritight
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events, but less than 40% of the heavy storms. Throughout the year the vegetated and non-
vegetated treatment retained between 42% and 44% or approximately 600 mm of the 1,403 mm
of precipitation, while the reference treatment only retained approxyrizi or 28 mm. Mean
retention of precipitation for the vegetated and non-vegetated treatments franged
approximately 15 to 100% with an average retention for separate events of betwesamd65%
70%. The lower overall retention of precipitation (42%-44%) can be attributed to the
distribution of rainfall. During the one year study, the 23 heavy precipitationse{83 % of
total precipitation events) contributed to more than 73% of the total annual prempitat
Observations showed that greater than approximately 0.51 mm of rainfall wasdequir
for runoff in the reference treatment to be generated. Even though the drain holexateck |
approximately 1 cm from the bottom, the slope in the blocks was probably accountable for the
runoff at .51 mm. The smallest precipitation event for which runoff was recorded in the
reference, non-vegetated, and vegetated treatments was 1.02 mm, 3.30 mm, and 4.57 mm,
respectively. The largest precipitation event for which no runoff was recordedrefeéhence,
non-vegetated, and vegetated treatments was .51 mm, 9.40, and 9.40, respectively. Of the 70
observed events, runoff was observed for 59 events for the reference, 45 eventsdor the
vegetated treatment, and 44 events for the vegetated treatment (Tables 4.3 — 4.5).
Tables 4.3 — 4.5 show all the precipitation events, including runoff depths for the three
treatments; these tables are divided into heavy events, medium events, and hight Hoée
that for the light precipitation events, runoff occurred from the non-vegetated on oely thre
occasions and from the vegetated treatment on only two occasions. The moststwvidgel
by the vegetated treatment was for the fifth largest storm of the studyg &A& cm (11.81

Liters), 51% of the precipitation, was stored over the course of the event (Tabl&H4e6)
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smallest storage for the vegetated treatment occurred for the secondtsswalés which .17
cm (.64 Liters), 38% of the precipitation was stored over the course of the eabla 416).
Figure 4.4 demonstrates the relationship between retention depth and precipitation de
provided by the three treatments during the one year study. From this graph, daabietthat
the vegetated and non-vegetated treatment do not provide much retention after4henficdt
precipitation. Notice, when following the best fit trendline, that at 4 cm ofalginétention is
approaching around1.60 cm, but at 12 cm of rainfall, retention only increases to 2.10 cm.
Retention percentage of the three treatments was negatively correldtguegipitation
depth. Figure 4.5 shows that as precipitation depth increases the percent retergasedecr
Notice that the trendlines for the vegetated and non-vegetated treatmentelgre bar
distinguishable while the reference treatment provided very little reter@specially after the
first centimeter of rainfall. Note that Figure 4.4 displays the same si&tigiare 4.5, but as

retention depth as opposed to percentage.

Vegetated Treatment versus Reference Treatment

Results for the repeated measures ANOVA, with blocking, showed there was a
statistically significant block effect and also a statisticaiypgicant treatment effect. The time,
time” treatment interaction, and timeblock interaction were also statistically significant,
which was to be expected due to the temporal and spatial precipitation differ&ocgstermine
which treatments differed, Tukey’s test was used. This test revealedrthiitifut one of the 44
events analyzed, runoff volumes for the vegetated treatment were reducedasitipitvhen
statistically compared to reference treatment. Refer to Table 4.7 faND¥ A table that

presents the associated ‘F-scores’ and ‘degrees of freedom’.
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Figure 4.6 presents data for the 59 events from which runoff was at least obsarved fr
the reference treatment. The data represents mean percent reductioedpg\tice vegetated
treatment when compared to the reference treatment. The dot signifiesatheenaent
reduction and the error bars denote the maximum and minimum values assoclated wit
vegetated treatment. It is apparent which event was not statisticallycsigni This particular
event occurred in December of 2004 approximately 30 hours after the largesassociated
with the medium size events. This demonstrates one of the difficulties withesterh

separation, especially when trying to compare events.

Vegetated Treatment versus Non-Vegetated Treatment

As mentioned above, results for the repeated measures ANOVA, with blocking, showed
there was a statistically significant treatment effect. A Tukegsshowed that out of the 44
events analyzed, 36 of them were significantly different. For 21 of the 36 evenestthleawed
that the vegetated treatment had a significantly reduced volume of runoff, anddtdreéhé&5
events, the non-vegetated treatment had a significantly reduced volume of rund@foffoe
44 events, the two treatments were not significantly different. Refer te Zabfor the
ANOVA table that presents the associated ‘F-scores’ and ‘degreeedbin’.

Even though the two treatments showed a statistical significant differer@e édthe 44
events, because this difference went in both directions, the treatment effatitiftensive
purposes, is similar. Figure 4.7 demonstrates the mean percent reduction provided by the
vegetated treatment when compared to the non-vegetated treatment. It istbaidi@ntmany
of the events, the non-vegetated treatment actually retained more watéwethagdtated

treatment. None the less, the errors bars demonstrate the degree ofwasstitated with the
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treatments. It should be noted that for all but 5 of the 44 events, the error bars enezempass
This suggests that the vegetated treatment and the non-vegetated treasimeck egual

amounts of water throughout the course of the one year study. It should be noted that the one
event far displaced from the others represents an event where runotmneaatgd in one of the

non-vegetated treatment, but none of the vegetated treatments, creatipgtaege reductions.

Stormwater Detention

One of the primary strategies in stormwater management is providing detention f
stormwater runoff. This involves retaining the ‘first flush’ of runoff that ugcrries the
majority of pollutants, reducing peak discharges, and releasing the peak disahaga longer
period. Figure 4.8 is a runoff hydrograph of a representative storm. This figure tietesrtte
performance of the three treatments illustrating the initial altstmapeak discharge attenuation,

and runoff prolongation provided by non-vegetated and vegetated treatments.

Stormwater detention characteristics for the three treatmentsawalezed for three
months (October, February, June). Over these three months, 21 precipitation evergd:ogcu
in October, 6 in February, and 8 in June. Of these 21 events, runoff from all three treatments
was observed for 15 of these events: 1 in October, 6 in February, and 8 in June. Detention
characteristics were analyzed for these 15 events and presented using nqiiciisboX box
plot is a type of graph which is used to show the shape of the distribution, its centeabval
spread (Tukey 1977). They are very useful when comparing data sets, detewhigiingr a
distribution is skewed, and/or whether there are any unusual observations. Thesangletof
the most extreme values in the data set (maximum and minimum values), the lowgpend u

guartiles, and the median.
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Initial Abstraction

In order to again clarify initial abstraction, for the purposes of this studgsitdefined as
the depth of precipitation that had occurred when runoff was initiated in the reprigsentat
treatment. Initial abstraction (1A) was provided by all treatmentalfdi5 storms analyzed for
detention characteristics. Figure 4.9 shows IA provided by the three tnéstniNotice that the
median depth (cm) for the reference, non-vegetated and vegetated treateren05, .36, and
.38, respectively, for the three periods. The vegetated and non-vegetated tredispytsd
very similar depths across storms and were much more variable than theceefezatment,

which was to be expected.

Peak Discharge Attenuation

For the purposes of this study, peak discharge attenuation was defined as the reduction in
peak runoff measured in the non-vegetated and vegetated treatments relagueterence
treatment. Peak discharge attenuation was provided for most storms during tipe tiocke
analyzed. Figure 4.10 shows peak discharge attenuation provided by the non-vegetated
vegetated treatments. This graph demonstrates the median attenuations)(fonfime non-
vegetated and vegetated treatments, relative to the reference, which36eE€ a8nd 5.34 E°,
respectively, for the three periods. Notice how the whiskers on the box plots areclotiger
top than the bottom. This demonstrates the skewed distribution of values seen for pealedischa
attenuation. Although there were some large values, 75% of the values weneecbwighin
the top of the box. It should also be noted that for one event, the non-vegetated treatment

actually had a larger peak discharge than did the reference treatment.
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Runoff Prolongation

Runoff prolongation, for this study, was defined as the time the runoff hydrograph was
extended by the representative treatment relative to the senescenctabbf rRunoff
prolongation was generally provided by the three treatments. This dataeistpdeis Figure
4.11. Notice that the median prolongation times for the reference, non-vegetated arndd,egeta
relative to the senescence of rainfall, were 18, 32, and 36 minutes, respedivilg,three
periods. Although the large prolongation times were expected for the non-vegathted a
vegetated treatments, it was surprising that the reference treatrdentfeadian prolongation of
18 minutes. Also notice that the reference treatment had a negative timerfonithem value
in the data set. Although there is no such thing as negative time, this represgntcthaation
continued even after runoff from the reference treatment had terminatexdcothd either
demonstrate un-uniform rain patterns or equipment malfunction, but regardlessaygtire

difficulties with monitoring in real-time.

Modular Green Roof Blocks versus Traditional Extensive Green Roof

One of the primary objectives of this research was to determine the abilitydofan
green roof blocks to retain and detain stormwater relative to traditional green Bexfause of
the difficulties in comparing runoff characteristics spatially and tenligpitawas necessary that
comparisons be made for equivalent storm events under the same climatic canditions
Fortunately, adjacent to the study site location, there is a traditional g@dnmrwhich these
comparisons can be made. This traditional green roof is located on the same roof, so

meteorological conditions are comparable across sites. Total everibreteas compared
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between the two different green roof types for five storms during October andhNewvef
2004.

Table 4.11 presents the rainfall, runoff, and percent difference between the twaroofs f
the five referenced events. The traditional green roof reduced runoff an averagefof 8186
five storms where as the modular green roof blocks reduced runoff an average ofte®%
traditional green roof, on average, provided approximately 20% more retention. Bovaihest
event, the modular green roof blocks provided more retention than the traditional green roof
100% versus 90%. This could be due to the difference in sensitivity between monitoring
equipment.

To compare the two roofs across a larger data set, event storage a®a ffnct
precipitation depth was compared (Figure 4.16). It is evident that the traditxbeasige roof
was able to store more water, relative to precipitation depth, for the evergeneexed. It
should be noted that only five of these events overlapped, so antecedent moisture conditions
were not comparable, even during events of equal precipitation depth. It should alsatee rest
that above average rainfall occurred during the twelve month study of the modelarapé
blocks, 32 cm more than during the thirteen month study of the traditional extensive roof. So
considering the meteorological differences the roofs experienced, cogfheese two data sets
might be misleading. However, the traditional extensive green roof allowed fom20&6

storage, which is consistent with the results above that compared the samerfigeestamts.
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Modeling

Storage Determination

When the modular green roof block was saturated and excess water had drained, the soill
weighed approximately 37,875 grams. After the soil was oven dried, it weighed 25,558 gram
The difference between these two weights, 12,317 grams, was then the weightatttheeld
by the soil. Using the conversion 1 gram of water equals 1 cubic cm of water, ittesasided
that the maximum field capacity of the modular green roof block was 12, 317 mL or 12s3 Lite

of water. With this information the runoff equation now looks like:

IF - Volume of Water 12.3 Liters = No runoff occurs

IF - Volume of Water > 12.3 Liters = Runoff occurs

Simulation Results

Results showed that the model performed adequately during simulations. Figure 4.17
demonstrates measured and simulated values during a representive storm. tmgdh®ga
simulated and measured values, the overall retention for a storm event vias although
simulated values consistently delayed runoff longer than the measured values.4Higur
shows the mean percent difference of total event runoff between the simulatedesured
values for the 18 modeled events. The error bars represent the maximum and minimum of the
vegetated treatment, while the dot represents the mean. Of these 18 events, onllygmo of t

showed greater than a 10% mean difference between the simulated and enezlsese
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Table 4.1: List of 70 recorded events during the one year study. They are divideeanty,

Medium, and Light based on precipitation depth.

Heavy Storms Medium Storms Light Storms
Date Depth (mm) Date Depth (mm) Date Depth(mm)
11/21/2004 117.35 12/9/2004 22.35 8/29/2005 4.83
7/6/2005 84.07 6/8/2005 22.10 11/27/2004 4.57
6/18/2005 65.79 2/23/2005 21.59 1/6/2005 3.56
4/7/2005 64.26 6/27/2005 20.57 3/14/2005 3.30
2/20/2005 61.72 7/28/2005 19.81 7/15/2005 3.05
3/27/2005 61.47 12/5/2004 19.56 12/10/2004 2.03
1/13/2005 59.18 3/7/2005 19.05 4/28/2005 2.03
5/31/2005 58.17 3/16/2005 17.53 10/14/2004 1.78
3/31/2005 54.36 6/11/2005 15.75 10/24/2004 1.78
11/2/2004 38.35 10/19/2004 14.99 8/18/2005 1.52
5/14/2005 37.85 6/20/2005 13.97 10/3/2004 1.02
12/22/2004 35.05 2/27/2005 13.46 8/5/2005 1.02
6/30/2005 34.80 4/22/2005 12.95 11/19/2004 0.51
7/10/2005 32.00 2/14/2005 12.45 1/22/2005 0.51
2/2/2005 30.23 11/4/2004 12.19 7/19/2005 0.51
7/21/2005 28.19 2/8/2005 11.68 8/16/2005 0.51
8/7/2005 27.18 10/12/2004 9.40 10/9/2004 0.25
6/29/2005 25.40 12/1/2004 8.89 10/22/2004 0.25
11/11/2004 25.15 4/26/2005 8.64 1/7/2005 0.25
4/30/2005 24.89 5/20/2005 8.38 1/9/2005 0.25
4/12/2005 24.38 6/25/2005 7.87 8/11/2005 0.25
3/21/2005 23.88 7/3/2005 7.62 8/13/2005 0.25
5/29/2005 23.11 9/23/2005 5.84 8/25/2005 0.25
1/30/2005 5.33
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Table 4.2: Percent retention of different size storms. Gives retention valules fbrae

treatments that correspond with Figure 4.3

Reference Non-Vegetated Vegetated
Heavy 1.09% 36.09% 36.76%
Medium 5.62% 56.69% 58.75%
Light 14.84% 83.48% 84.86%
Overall 2.50% 42.25% 43.14%
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Table 4.3.: Heavy Precipitation Events (mm). Shows the runoff depth from therdaeents.

Date Precipitation Control Non-Vegetated Vegetated
11/21/2004 117.35 119.56 96.28 95.90
7/6/2005 84.07 83.50 58.77 56.14
6/18/2005 65.79 66.74 47.11 47.31
4/7/2005 64.26 61.37 43.62 39.18
2/20/2005 61.72 59.24 30.97 29.95
3/27/2005 61.47 60.18 42.36 42.71
1/13/2005 59.18 56.24 37.38 37.61
5/31/2005 58.17 56.11 41.90 41.72
3/31/2005 54.36 53.52 27.73 31.91
11/2/2004 38.35 37.76 16.09 15.98
5/14/2005 37.85 40.36 26.93 26.11
12/22/2004 35.05 33.49 19.79 18.99
6/30/2005 34.80 34.56 24.53 24.63
7/10/2005 32.00 30.98 22.45 22.49
2/2/2005 30.23 32.50 22.25 22.86
7/21/2005 28.19 24.86 13.15 12.40
8/7/2005 27.18 29.15 14.27 13.78
6/29/2005 25.40 24.18 15.79 16.10
11/11/2004 25.15 24.50 13.89 13.94
4/30/2005 24.89 25.41 15.83 15.59
4/12/2005 24.38 25.37 13.36 12.85
3/21/2005 23.88 22.57 11.17 10.70
5/29/2005 23.11 23.37 7.06 6.86
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Table 4.4: Medium Precipitation Events (mm). Shows the runoff depth from the ttaimednsés.

Date Precipitation Control Non-Vegetated Vegetated
12/9/2004 22.35 22.28 15.49 16.12
6/8/2005 22.10 21.55 13.25 12.48
2/23/2005 21.59 20.87 15.79 14.57
6/27/2005 20.57 19.57 13.61 13.62
7/28/2005 19.81 18.38 591 5.68
12/5/2004 19.56 18.71 7.33 7.97
3/7/2005 19.05 15.45 8.89 8.44
3/16/2005 17.53 18.02 4.18 1.71
6/11/2005 15.75 14.80 7.87 7.46
10/19/2004 14.99 14.40 6.90 6.40
6/20/2005 13.97 13.07 8.99 9.45
2/27/2005 13.46 11.39 7.17 6.93
4/22/2005 12.95 12.95 3.18 3.43
2/14/2005 12.45 12.33 4.66 4.68
11/4/2004 12.19 13.00 7.22 7.07
2/8/2005 11.68 10.78 5.64 5.75
10/12/2004 9.40 9.97 0.00 0.00
12/1/2004 8.89 7.95 3.16 2.79
4/26/2005 8.64 7.13 0.00 0.00
5/20/2005 8.38 7.95 0.00 0.00
6/25/2005 7.87 7.17 1.82 1.56
7/3/2005 7.62 5.48 0.81 0.84
9/23/2005 5.84 5.27 0.00 0.00
1/30/2005 5.33 4.86 0.00 0.00
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Table 4.5: Light Precipitation Events (mm). Shows the runoff depth from the thatedrds.

Date Precipitation Control Non-Vegetated Vegetated
8/29/2005 4.83 4.11 0.00 0.00
11/27/2004 4.57 4.64 2.67 2.84

1/6/2005 3.56 3.51 0.00 0.00
3/14/2005 3.30 3.03 0.61 0.00
7/15/2005 3.05 2.79 0.00 0.00
12/10/2004 2.03 2.48 2.38 2.35
4/28/2005 2.03 2.52 0.00 0.00
10/14/2004 1.78 1.61 0.00 0.00
10/24/2004 1.78 1.54 0.00 0.00
8/18/2005 1.52 0.92 0.00 0.00
10/3/2004 1.02 1.23 0.00 0.00
8/5/2005 1.02 0.83 0.00 0.00
11/19/2004 0.51 0.00 0.00 0.00
1/22/2005 0.51 0.00 0.00 0.00
7/19/2005 0.51 0.00 0.00 0.00
8/16/2005 0.51 0.00 0.00 0.00
10/9/2004 0.25 0.00 0.00 0.00
10/22/2004 0.25 0.00 0.00 0.00
1/7/2005 0.25 0.00 0.00 0.00
1/9/2005 0.25 0.00 0.00 0.00
8/11/2005 0.25 0.00 0.00 0.00
8/13/2005 0.25 0.00 0.00 0.00
8/25/2005 0.25 0.00 0.00 0.00
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Table 4.6: Retention percentage and storage volume provided by the vegetated treatment

Rainfall Retention StorageRainfall Retention Storage Rainfall Retention Storage
(mm) (%) (L) (mm) (%) (L) (mm) (%) (L)
117.35 18.28 7.97 22.35 27.87 2.301 4.83 100.00 1.79
84.07 33.23 10.38 22.10 43.52 3.5 4.57 37.86 0.64
65.79 28.09 6.87 21.59 32.50 2.61 3.56 100.00 1.32
64.26 39.03 9.32 20.57 33.81 2.59 3.30 91.42 1.22
61.72 51.48 11.81 19.81 71.35 5.25 3.05 100.00 1.13
61.47 30.52 6.97 19.56 59.26 4.31 2.03 * *
59.18 36.45 8.02 19.05 55.70 3.94 2.03 100.00 0.76
58.17 28.28 6.11 17.53 90.22 5.88 1.78 100.00 0.66
54.36 41.29 8.34 15.75 52.63 3.08 1.78 100.00 0.66
38.35 58.33 8.31 14.99 57.29 3.19 1.52 100.00 0.57
37.85 31.00 4.36 13.97 32.34 1.68 1.02 100.00 0.38
35.05 45.83 5.97 13.46 48.50 2.48 1.02 100.00 0.38
34.80 29.23 3.78 12.95 73.49 3.54 0.51 100.00 0.19
32.00 29.72 3.53 12.45 62.38 2.88 0.51 100.00 0.19
30.23 24.36 2.74 12.19 42.04 1.90 0.51 100.00 0.19
28.19 56.02 5.87 11.68 50.79 2.21 0.51 100.00 0.19
27.18 49.28 4.98 9.40 100.00 3.49 0.25 100.00 0.09
25.40 36.61 3.46 8.89 68.66 2.27 0.25 100.00 0.09
25.15 44.57 4.17 8.64 100.00 3.21 0.25 100.00 0.09
24.89 37.37 3.46 8.38 100.00 3.11 0.25 100.00 0.09
24.38 47.32 4.29 7.87 80.24 2.35 0.25 100.00 0.09
23.88 55.20 4.90 7.62 89.03 2.52 0.25 100.00 0.09
23.11 70.32 6.04 5.84 100.00 2.1y 0.25 100.00 0.09

5.33 100.00 1.98

* Represents one storm for which runoff from the vegetated treatment wasydeitggdr than

the precipitation depth measured.

51



Table 4.7: ANOVA tables associated with comparisons made within and among tisatme

Repeated Measures Analysis of
Variance:
Tests of Hypothesis for Between
Subject Effects

Source DF ANOVA SS Mean Square F Value Pr>F
Treatment 2 1.92E+09 9.58E+08 Infty <.0001
Block 3 3.78E+08 1.26E+08 Infty <.0001
Error 4 0 0

Repeated Measures Analysis of

Variance:
Tests of Hypothesis for Within
Subject Effects

Source DF ANOVA SS Mean Square F Value Pr>F
Time 43 2.43E+10 5.65E+08 1590.01 <.0001
Time*Treatment 86 6.32E+08 7.34E+06 20.68 <.0001
Time*Block 129 2.11E+08 1.64E+06 46 <.0001
Error 172 6.11E+07 3.55E+05
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Table 4.8: Initial abstraction (cm) provided by the three treatments. Thiagtaeravas defined

as the accumulated rainfall depth at the time runoff was generated.

Date Rainfall (cm) Reference Non-Vegetated Vegetated
10/19/2004 1.50 0.1016 0.381 0.4064
2/2/2005 3.02 0.0762 0.762 0.7874
2/8/2005 1.17 0.127 0.3048 0.4064
2/14/2005 1.24 0.0254 0.2032 0.254
2/20/2005 6.17 0.1016 0.2794 0.3302
2/23/2005 2.16 0.0508 0.4064 0.5588
2/27/2005 1.35 0.0508 0.3556 0.3556
6/8/2005 2.21 0.2794 0.9652 0.9652
6/11/2005 1.57 0.127 0.381 0.381
6/18/2005 6.58 0.0254 0.4572 0.4572
6/20/2005 1.40 0.127 0.1778 0.1778
6/25/2005 0.79 0.0508 0.2794 0.3302
6/27/2005 2.06 0.0508 0.508 0.508
6/29/2005 2.54 0.0254 0.1016 0.1016
6/30/2005 3.48 0.0254 0.1778 0.1778
Mean 2.48 0.08 0.38 0.41
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Table 4.9: Peak discharge attenuation (cm/minute) provided by the non-vegetated tatdd/ege

treatments relative to the reference treatment

Date Rainfall (cm) Non-Vegetated Vegetated
10/19/2004 1.50 1.31E-03 7.80E-04
2/2/2005 3.02 5.85E-04 8.40E-03
2/8/2005 1.17 2.69E-03 2.34E-03
2/14/2005 1.24 8.71E-04 6.55E-04
2/20/2005 6.17 1.39E-03 1.10E-02
2/23/2005 2.16 5.23E-03 4.38E-03
2/27/2005 1.35 3.36E-03 3.71E-03
6/8/2005 2.21 1.13E-02 1.11E-02
6/11/2005 1.57 -3.78E-04 3.05E-04
6/18/2005 6.58 4.04E-02 3.65E-02
6/20/2005 1.40 1.39E-02 1.53E-02
6/25/2005 0.79 3.22E-03 3.45E-03
6/27/2005 2.06 4.96E-03 5.34E-03
6/29/2005 2.54 7.77E-03 7.30E-03
6/30/2005 3.48 7.57E-03 7.36E-03
Mean 2.48 7.E-03 8.E-03

54



Table 4.10: Runoff prolongation (minutes) provided by the three treatments rédatine

senescence of precipitation

Date Rainfall (cm) Reference Non-Vegetated Vegetated
10/19/2004 1.50 18 22 28
2/2/2005 3.02 2 20 24
2/8/2005 1.17 32 70 88
2/14/2005 1.24 24 68 60
2/20/2005 6.17 16 88 92
2/23/2005 2.16 16 66 78
2/27/2005 1.35 -12 30 36
6/8/2005 2.21 38 52 58
6/11/2005 1.57 12 26 16
6/18/2005 6.58 4 26 32
6/20/2005 1.40 12 32 28
6/25/2005 0.79 36 46 38
6/27/2005 2.06 24 28 30
6/29/2005 2.54 18 22 20
6/30/2005 3.48 30 36 38
Mean 2.48 18 42 44
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Table 4.11: Green Roof Blocks versus Traditional Green Roof. Presents the runoff depth (m

for each of these green roofs for the five storm events where studies periodppmaabrl

Date Rainfall (mm) Modular (mm)  Traditional (mm) % Difference
10/12/2004 9.4 0.0 1.0 -10.6
10/19/2004 15.0 6.4 3.9 16.7
11/3/2004 38.4 16.0 8.2 20.3
11/4/2004 12.2 7.1 2.6 36.6
11/12/2004 25.1 13.9 4.5 37.5
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Figure 4.9: Initial abstraction provided by the three treatments. Definad asdumulated

rainfall depth at the time runoff is generated.
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Figure 4.10: Peak discharge attenuation provided by the non-vegetated and o/&xgpeteent

relative to the reference treatment.
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Figure 4.11: Runoff prolongation provided by the three treatments relative todszsece of

precipitation.
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CHAPTER 5

DISCUSSION

Research Conducted

Modern green roof technology is becoming popular in many areas of the Unitesl Stat
Current research, on the ability of green roofs to be used as stormwater mamagyestems at
the rooftop scale, has only considered traditional extensive green roofs (BMBd)lar green
roof blocks are a new versatile technique to green roofing that simply useeradiseil media
and vegetation to capture stormwater from rooftops; no complex water retentrsrolim¢her
various controlling layers are used. The ability of this technology to be usedrfonstter
management is unknown. This study quantified stormwater retention and detention of modula

green roof blocks using a replicated study consisting of three treatments.

Methods

An automated monitoring system was used to measure runoff from the threentsatme
This consisted of pressure transducers mounted inside of stormwater collent&inars that
measured water depth every minute. Calibration of the transducers was not t@asledsyt
once adjusted, they were relatively consistent, except for the two thatxekrdesl. The
automated monitoring system proved successful in monitoring overall retention, rutiatioim;
and runoff termination. However, peak flow determination was difficult due to flucguatater

levels during storm events caused by the runoff falling into the collection wergaiThis was
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expected and controlled for using PVC piping, in which the pressure transducer wasdnount
but was unsuccessful in eliminating all of the fluctuations. Alternatively, tidpicget rain
gauges could have been used for each of the twelve plots. This design would havesdiitiménat
need for collection containers, which had to be emptied after storm events. This weuld ha
been the approach taken if twelve gauges had been available.

One source of error that could not be assessed was the influence of elevation on the
experimental units. As described in the methods section, the stormwateiic@olbentainers
were situated on top of wooden stands approximately 30 cm above the existing rooftop. The
combination of the stands and the containers placed the modular blocks approximately 90 cm
above the existing rooftop. The influence of elevation, specifically on wind, could have
drastically increased the evaporation rates. However, the towers to thedccastsg and the
two story building to the north, also probably impacted wind flow through the study area.
Assessing these issues would have required wind speed measurements at thetheighiaf
area, which was unavailable during the study period.

Due to the study site location, it was expected that rainfall distributionatdoe
uniform across the site. A randomized complete block design was used to contnisl for t
extraneous variation. Statistical analysis proved that expectationsavezet, revealing a block
effect for the majority of the events. This design is recommended for stodidsate
replication and are trying to control for irregular rainfall distributions.

Data was analyzed using a repeated measures analysis of varia®@é¢AANT his
method allows for comparisons across time where different conditions aredapphe

treatments. Analysis of covariance was also considered (ANCOVA) fotaiistisal analysis.
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This method features a combination of regression analysis with an analyarsaate. The
repeated measures analysis was used because of less data input, and les®uatpuple

It should be noted, although no water chemistry data was collected, accumulation of
algae was noticeable inside all of the vegetated and non-vegetated treatntkabsemt from
all of the reference treatments. It has been proposed that green roofs coakkittteeamount
of nutrients, specifically nitrates, in rooftop runoff. Our observations provide figtagnce to
this claim. Future research should attempt to quantify water quality issuesakgpeitrients,

associated with green roof applications.

Retention and Detention

As expected, the modular green roof blocks were successful in retaining anshgeta
stormwater runoff. The vegetated treatment retained over 60 cm (43%) of tmaitdéd (140
cm) that occurred from October 1, 2004 to September 30, 2005. Average retention for a storm
event approximated 67%. These percentages are about 15% less than the findings of VanWoert
et al. (2005), and Carter and Rasmussen (2005). The reduced retention capabilitred abser
this study might be a product of the absence of a water retention liner or fBbth the above
mentioned studies were conducted using traditional extensive green roofs itted utdter
retention layers, which probably contributed to the larger retention values. Anothbilippss
for the reduced retention observed is the large amount of rainfall that occurregltherstudy
period. 140 cm of rain fell during the twelve month study compared to 55.6 cm over fourteen
months for the VanWoert et al. (2005) study and 108 cm over thirteen months for thexQarter
Rasmussen (2005) study. It should also be noted that of the 140 cm that occurred, 73%

happened during the arbitrary ‘heavy’ events, when low retention percentageseibyd.
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When retention was compared among treatments, the vegetated treatanesd tee
largest amount of stormwater for the observed events. In comparing the e ¢retatment to
the reference treatment, all but one event showed statistically sighdiifi@rences. The
vegetated treatment provided a mean percent reduction of almost 59% when compared to the
reference treatment. Considering the reference treatment for thrsnexpeprovided
approximately the same retention of precipitation as the typical graledtbaoftops in the
VanWoert et al. (2005) and the Carter and Rasmusssen (2005) studies, one could expect this
same reduction on a typical rooftop by the vegetated treatment.

In comparing the vegetated treatment to the non-vegetated treatmenittleengduction
in stormwater runoff was observed. In fact, for many of the events, the noateegetatments
actually retained more stormwater. Although the vegetated treatmanecein average of
approximately 1% more of the total rainfall that occurred during the 365 ddks) weatment
variation makes this difference relatively insignificant.

The non-vegetated and vegetated treatments consistently provided initial edvstoaict
the 15 events assessed. Initial abstraction, on average, was .5 mm for thee¢éfeadment,
3.6 mm for the non-vegetated treatment, and 3.8 mm for the vegetated treatmerdtingkgre
enough, the smallest abstractions came during June. Although it was the waomidst
providing increased evaporation, it rained sixteen of the thirty days geativer wet
antecedent soil moisture conditions.

Peak discharge attenuation was also provided by the non-vegetated and vegetated
treatments. The vegetated treatment reduced peaks runoff rates, on averagécBuif and
the non-vegetated treatment 3.38 &n/min when compared to the reference treatment. These

reductions were extremely variable due to the problem with the samplihgdo&igy
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mentioned in the methods. Because the water level in the collection containergdldiciuring
storms, the peak runoff rate was, for the most part, arbitrary.

The three treatments all provided runoff prolongation for most events. Median time
were 18 minutes for the reference, 32 minutes for the non-vegetated and 36 minutes for the
vegetated. Largest runoff prolongation times were observed during the colder mioaths w
initial abstraction times were also the largest. This is inconsistdnbwr expectations because
these two detention characteristics should be inversely related. More dgtasaraleeded to
determine if these were isolated occurrences associated with theeghelents or if this
phenomenon is consistent across the data set.

Retention and detention results suggest that evaporative losses from thelsoil me
dominate the reduction of soil moisture between storm events and that the vegetdtiorthise
study,Sedum sexanguladoes little to contribute to the retention or detention capabilities of
modular green roof blocks. These results support those of VanWoert et al (2005). This was t
be expected considering Sedums are xerophytes, meaning they are deiesrasipgted to
minimizing water loss. Using this plant type on green roofs may reduceemance and the
need to irrigate, but it does not provide the best solution for reducing stormwatér feuntoie
research should concentrate on how to maximize transpiration rates on green fotife wite

of alternative vegetation.

Modular Green Roof Block versus Extensive Traditional Green Roof
Comparisons of retention between the modular green roof blocks and the adjacent
traditional extensive green roof revealed that the modular roof did not retain lastouowater

as the traditional roof. Data collected for the two different study periods dibaiethe
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traditional green roof retained approximately 20% more stormwater than ditbthdar green

roof blocks. The study period for the modular roof did experience 30 cm more rainfalldhan di
the study period of the traditional roof leading to more moist antecedent soili@asdit

However, for the five events where data collection for the two roofs overlapped, agavee
modular roof again retained about 20% less stormwater, supporting the results mgmpari
different collection periods. Even though the modular roof had approximately 2.5 cm more
engineered soil mix, these results suggest that the absence of waterréditears significantly

decreased the ability of the modular roof to retain stormwater.

Modeling

Simulation Results

Simulations proved to be relatively accurate for event size runoff totals. \@mbfthe
18 events analyzed had measured and simulated values that differed more than 10% Becaus
the model runs on an hourly time step for a one month period, it did not predict timing or peaks
as well as overall retention. Much of the variation seen in comparing measureéch alates!
values could be contributed to the Thornthwaite Evapotranspiration Equation because it
calculates average ET over a month by using mean monthly temperature. @onamgh,
average daily temperature can range 15 degrees Celsius. This variatiorconated for in
the model and significantly affects the storage term, due to incorrect evegpatation rates.
This leads to inflated simulated runoff totals for some storm events and diminishsated

runoff totals for others, but overall monthly runoff totals are consistent withurezhgalues.
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This model was a vast simplification of the complex relationships genera¢ing t
hydraulic response of modular green roof blocks. This model followed that of a reservoir
modeling approach; when the storage (field capacity) was exceeded, rigaffdred closely
mimicked the precipitation. When comparing measured and simulated values, rurtwf for t
measured values consistently began earlier than simulated runoff. This &aseyaa reality,
runoff begins before field capacity is reached. This model was developed naorengslectual
exercise to better understand the hydraulic response of modular green riasfdnidshould
never be applied in any other manner. Timing and peak flow simulations using thlifiessim
method cannot be construed as an accurate representation, but this model can be used as a
stepping stone for creating a model that can accurately predict runofftguming and peak

flow based on a given set of meteorological data.

Understanding the Hydraulic Response

Understanding the processes that control runoff response of green roofssaneifean
accurate model is to be developed that can predict runoff for a specific designed\stat.
Modular green roof blocks differ from traditional extensive green roofs becausgamey
contain a water retention layer. For traditional extensive green roofs, watelapes through
the soil profile to the water retention layer. Before runoff can occur, trex vedéntion layer
must become filled, at which point the water can move across this layer to a mof dra
Preliminary analysis, which is consistent with other studies, suggestsithagter retention
layer is significant in retaining stormwater relative to the water hgldapacity of the soil

(VanWoert 2005).
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Previous research has shown that the hydrograph of traditional extensiveogifeen r
displays retention of stormwater at the beginning of a storm (initial abstrauntil some water
volume threshold is reached, after which the hydrograph closely mimics the ptempiattern
(Carter and Rasmussen 2005). This threshold is dependent upon antecedent moisturesconditi
within the roof (soil and water retention layer) and the overall water stovagelde within the
particular green roof. Because modular green roof blocks lack this exdrafagtention, the
hydraulic response of these roofs may not be consistent with traditional exgesuwaoofs.

We observed cracks in the media of modular green roof blocks after extended dry
periods. This raises the issue of macropore flow. Modular green roof blocks consisttatan i
soil profile covered with vegetation held within an aluminum block that has predetermined e
points for stormwater (drain holes) at the bottom of each side. For runoff to octamr st
simply reach the exit points and be under enough pressure to move through the drain holes.
Macropores develop preferential flow paths for stormwater to move throughngrgaick flow
or rapid hydraulic response (Uchida et al. 2005). Because modular green roof bloctecare
soil columns, not consisting of water retention layers, it is likely that nemetial flow paths
developed throughout the course of the study. These paths could drastically alter the runof
response reducing the threshold of water volume needed for runoff to occur. Préfémantia
paths would not be thought to influence traditional extensive green roofs in the same fashion.
Even though they may exist within the soil profile, they would all lead to the vedgegrtion
layer, which must become filled or saturated before runoff can occur. Althoudds erae
observed in the soil that could suggest macropore flow, no data support these allegations. This
possibility should be explored further, especially if attempting to constructedetailed model

describing the hydraulic response of modular green roof blocks.
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Guidance

Green roofs, whether modular or traditional, are successful at retaimindetaining
stormwater at the rooftop scale. Although they provide peak and volume reductions during
storms, implementation should only be used when infiltration best managemenepractic
(BMPs) are not practical. The ultimate goal of stormwater managesmeunkd be to maintain
the natural hydrology of the site (EPA 2003). This involves infiltrating stormmesatek into the
ground where it can recharge aquifers, maintain water tables, and sustdlovesiséreen
roofs store stormwater that is evaporated back into the atmosphere betwesn Jthis
practice is similar to evaporation ponds and should be considered an abstraction BEIP (Cart
and Rasmussen, 2005). In residential or suburban areas, it is not necessary to usgestormw
abstraction BMPs and probably not cost effective.

In ultra-urban landscapes, it is often not feasible to maintain the naturaldgydof the
site. Under these circumstances, stormwater management goals mgstfcbanno-impact
development to low-impact development (LID). These situations provide perfaatrisse
where green roof implementation can provide an asthetic stormwater mamadaaiity and
substantial benefits to our streams and rivers.

It is important that stormwater engineers, management agencieseeted @lfficials
consider that data collected in northeast Georgia will not necessarihpheaale to all
locations. Stormwater retention and detention provided by green roofs are as muahinch g
climatic conditions as they are green roof specifications. This is ilpécessary to develop
accurate models that can predict retention and detention of green roofs based arvlogtaior

data and physical characteristics of the green roof.
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CHAPTER 6

THESIS CONCLUSION

Managing stormwater in densely urbanized areas has proven to be a chal&rite ov
past few decades. Providing sufficient treatment of stormwater quamdiyuelity, which
minimizes impacts on physical and biological attributes of receiving wayst poses difficult
problems. Designating large areas of valuable land to treat and dispose of s¢orisjuat not
an option for decision makers, and treating the quantity of stormwater gengrébedd areas
can not be achieved on small parcels. In these ultra-urban areas, rooftops colapyese a
percentage of total impervious surfaces and provide unique opportunities for stormwater
management. Modern vegetated rooftops, or green roofs, have been used for decades in Europe
to mitigate stormwater runoff, energy costs, and heat islands. New gdaahnology is
constantly being developed and product testing is necessary to evaluatagabilitees. In this
study, we monitored stormwater runoff from modular green roof blocks to deternhiey Hite
as effective at stormwater management as traditional green roafislesig

Stormwater retention and detention was quantified for modular green roof blocks i
northeast Georgia. Results showed that modular green roof blocks successinkyrand
detained stormwater during the one year study. For the majority of theflegaéint events, no
runoff was observed from the non-vegetated and vegetated treatments. Retulsfady
were compared to a traditional extensive green roof located adjacently. Altmoug

comparable data is needed to accurately assess the differences iongetieatiraditional
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extensive green roof (BUR) appears to be about 20% more effective at reshimimgater
runoff.

Even though the modular green roof blocks did not retain as much stormwater as the
traditional extensive green roof, they still serve as effective toolstiinieg and detaining
runoff. Versatility is often one of the most important considerations when investing in
technology such as green roofs. Modular green roof blocks provide this veraatilitho not
require any installation expertise.

Distributed BMP stormwater management systems are becoming inchgasimgnon.
Disconnecting impervious surfaces from the stormwater conveyance kétagoproven
successful in protecting water quality, quantity, and habitat. Green roofs, ngchaddular
green roof blocks, provide an alternative BMP to consider when developing stormwaater pl

that limit impervious cover and maintain the natural hydrology of a site.
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