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FOREWORD

The material presented in this research report has been prepared in accordance with
recognized engineering principles. This report should not be used without first securing
competent advice with respect to its suitability for any given application. The publication of the
material contained herein does not represent or warrant on the part of the University of Florida
or any other person named herein, that this information is suitable for any general or particular
use or promises freedom from infringement of any patent or patents. Anyone making use of this
information assumes all liability for such use.

DISCLAIMER

Results should be considered preliminary. They are provided for the express purpose of
documenting the progress made on the project during FY 2011-12. The authors anticipate
releasing final results to the Hurricane Research Advisory Committee or Soffit Workgroup.
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EXECUTIVE SUMMARY

The percentage of green roofs in the state of Florida is well below the national adesgte

growing interest from green roof mafacturers and building owners.héreis a reluctance to

expand the market because our knowledge on how vegetative roofs peoftddm inhurricane

wind conditionsis limited. Gr een roof s i n Fl ori da subtredicalal so c
climate which poses unique challenges to maimtplants through extreme hot, dry, and
sometimes humid, and rainy weather

In this report we have synthesized available knowledge on greentoadeEntify the knowledge
gaps.We report on théull-scale experimentsonducted to evaluate hawodular tay green roof
systems andbuilt-in-place green roof systems behavesimulatedextreme winds. This first of
its kind study presents data showithg effects of parapets or no parapet, modudy tveight,
and wind azimuth omplant performanceThe resultprovide evidence in support of previously
suspected butnconfirmed behavior of green roofs.

The response to the contract deliverables are summarized below, followegbebific
recommendations. Design guideline recommendations are then presented. The recaonmsendat
and design guidelines are supported by the detailed report of activities (literature search and new
research) that make up the bulk of this document.

Deliverables

Tasks 2(b) and 2(c) dheresearch encompassed the-&dhle wind uplift tests of made tray
and buit-in-place green roof systenibhe study waslesigned to establish a basic understanding
of the performance of the roofing systems, the plant materials and growth, mittlia the
context of an approximatell2-month exposure tblorth-Certral Florida weatherThe following

is a sumnary of theactivities andfindings referencgto contract task number.

1 Recent Research on Vegetative Roofing Systems in the Public D@uairinal Report
for Task 2(a): “State of KReport Nee OFp41, o f Gr
dated 23 September 2011 summarized the state of knowledgabsai the literature.
This document identified the constraints to growing green roofs in Florida and
uncertainties regarding plant selection foit,lmumid suktropical climates.The report
underscored the many incentives for building more eneffigient buildings, reducing
heat island effects and utilizing water retention capabilities of green roofs that would
make this construction attractiv&he Florida Building Commission directive specifying
all roofing components should have product approvahdstals, has limited the
installation of green roofs since no accepted standard for wiiftitapting exists.

1 Preliminary Understanding of Performance of Vegetative Roof Systéask 2(b)
describes the methodology and provides results of Phase | testong report titled,
“Wind Performance Study for Ext RemiNoe and
UF0311, ” dated 23 September 2011. Tests wer e
system for two growtimedia depths of 4 in and 8 iA.mock-up roof structure was built
that included a 12 in tall parapegix selected plants were used in each module tray,
consisting of a mixture of tall and legrowing varieties. Reverse airflow along the
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leeward parapet caused most extensive erosion and scahe ajrowing media in

unprotected modules. The plant coverage significantly reduces the extent of this scour
action. Plant vigor, as expected is enhanced in the 8 in deep (intensive) module trays, but

both the 4 in. and 8 in. deep systems grew well duhiegrials.

Parametric Study to Measure Effect of Hurricane Winds on Green RBbfsse |l

testing, contained in this report, “Compr

Built-in-P| ace Gr een HRFepootiNo. Sr/041P dated 30“June 2012, satut

results of wind uplift tests, root resistance tests to quantify the extreme effects of

simulated extreme wind, and hgakainfall on the roof system$lew test procedures
were developed to measure plant performance in Chapfeeréin), including a root
uplift resistance devicaVi nd t esting conducted using
the critical role that cornering wind vortices play in damaging greers r@ad erosion of
growing media.ln addition, roofs without parapets will likely experiente highest

UF’

suctions that require corner and edge green roof systems to be securely tied to the

structure to prevent failure.

Existing Design Guidelines for Green Roofing SysterReport No. UF0112, provides

an analysis and comparison of the desigilglines for vegetative roofing systems in use
in Europe (the FLL document), and -3 he
ANSI / SPRM, aaxd WH. FM1-35 presents the most conservative design
approach that would exclude green roofs from beintallesl in most areas of Florida.
While fire resistance considerations in XYFwere beyond the scope of this research,
comments are providednce plantsgo dormant and diback during the dry winter
months in Florida. Maintenance of the greeof ®ystem is an important parameter to be
considered.

ASTM Green Roof Task Groups, E60 and D@8 present, the Green Roof Task Group
E60.01. 07 of t he Ameri can So ciSestaypabilibyf
Committee is tasked to develop a cemsusbased guidelindor vegetative roofing
systemsDr . Prevatt presented preliminary

Un i

Test

resu

April 2011 meeting. Michael Gibbons, Chair of this Task Group has agreed to allow his

task group to review this reporhé provide comment and feedbagk its content and

conclusionsASTM has already developed several test standards related to green roof
systems, under the E60 committee as well as under the D08 committee. The result of this

Task Group’' s wuanelk thatidentifies the éermimologlyopeinciples and
fundamental conceptdor green roof systemdncluding sustainability, technical

requirements of construction, and types of vegetated vegetative (green) roof systems used

on buildings The D08 Task Grqu has the focus on the properties mofing/
waterproofing membrane systenspecifically for vegetative (green) roof systems.

ASTM as yet does not have a wind loading task group and the collaboration with the

University of Florida Investigators will beedtleloped further



SpecificRecommendations

The Investigators recommend thdoption of a statevide green roof wind uplift design guide

for application togreen roof system@ Florida. The following should be addressed) a
standard test procedure for evaluating the wind resistance of the roofing system, 2) guidance for
selecting Florideappropriate plant materials, growth media mix and media depths, and 3)
stipulation of minimum building considerations for rgpet/gravel stop heights, anchorage
methods and assembly of green roofs, particularly inexcand perimeter roof zones.

The Florida green roof design guide should leverage the work inrexiisign guides for green

roof systems that were reviewadthis report such as the recently approved-Band FM 1

35, andthe European design guide, the FLL. The Ballast Design Guide, TechNote 508.1 by
Dow Chemical was alsanimportant reference for green roof design documents.

The FM 135 document referot Fact or y -Betablishad wind design prbcedures, 1

28 for the design of flat or lowloped commercial roofing system&s a result of this, the-35
provisions are very conservative, limiting the use of green roof systems to regions where the
design wind speed igss than or equal to 100 mdh35 also restricts the use of green roof from

the edg and corner zones of the rodthile these provisions may one day be found to be
necessary, without the benefit of experimental data, the jusitticaf such constraints was not
obvious to the Investigators.

The Investigators believe th@mrsensustandard development process for green roofs that are
underway through thémerican Society for Testing and MaterialkSTM) will soon vyield
another dosment for guidanceCurrent ASTM documents pertaining to green roofs are
discussed.

While the development of these design guides are beneficial, the Investigators observed and
identfied discrepancies among theirhere were somemissionsof detals considered pertinent

to the subropical climate thashould be developegspart of any green roof guide for Florida.
Ultimately, the limitations of the current design guides are their lack of experimental or
empirical models of wind uplift performaacof green roof systemJhis has been partially
addressed in this report.

The Investigators are committed to shminating the research resubyg seeking commentary

from the ASTM E60.01.07 Green Roof Task Group at their next meeting, and thiwagh
collaboraion with manufacturerdandscape architectand other interested parti€io that end,

the Investigators submitted an abstract which was accepted for presenting a session of wind
uplift testing of gr esAl irvoeo’f i Qign fseyrsea recnes taa keh
October 2012, and which $ponsored bgreen Roofs for Healthy Cities

Finally, theselection of plants for green rogfstemsin Florida requires the evaluation of a wide
range of important characteristio$ building/roof, green roof assembly technology, plants, and
the variabés ofclimate across the Staté/hile our research has addressed many of the issues in
plant performance in high wind, @ompilation of a plant lists not madeherein However,our
outline guice presers our assessment siiitable characteristics that emerged from our study.
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Wind Uplift Design Guideline

It is the recommendation of the Investigattirat a singleauthoritative documerghould bebuilt
through the normal consensu®pess of the Florida Building Commissionorderto eliminate
some of the uncertainty in constructing sustainable green roof systetims Florida climate.
While this was the original intent of the researtle experimentalesearch had to be focused on
fundamental understanding of failure medkars of the green roof systems.

A proposed format for a design guitderecommended to follow the threectar approachaken
by the FLL

1. climate/weather dependent factors
2. structure/bdding dependent factors

3. plantspecific factors (Table 4 and Section 4.1.1).



RECOMMENDED GREEN ROOF DESIGN GUIDELINE ISSUES FOR WIND
UPLIFT/FLORIDA BUILDING COMMISSION

The Investigators recommend the adoption of a stéde green roof wind uplift design guide

for application to extensive green fogystems adoption in Florid&As yet, no one esgiing

design guide provides all the needs for the green roof development in the state. The Green Roof
Design Guide should include the following: 1) a standard test procedure for evaluating the wind
resistance of the roofing system, 2) guidance for setpdtlaridaappropriate plant materials,
growth media mix and media depths, and 3) stipulation of minimum building considerations for
parapet/gravel stop heights, anchorage methods and assembly of green roofs, particularly in
corner and perimeter roof zones.

Adopt the Checklist of the FLL Design Guide

Any Florida green roof design guide should use a proposed format of the FLL that presents a
threefactor approactwith the following checklistsl) climate/weather dependent factog);
structure/building degndent factors; an8) plantspecific factors (Table 4 and Section 4.1.1).

Adopt RP-14 Standard

The ANSI RP14 represents a good standard, but for Florida applicaiioiss several
limitations that should be addressedthin the FBC document):

1. RR14 has very limited information regarding plants and the charatt= that affect wind
uplift. The additional information contained in this report will aid in enhancing successful
applications in Florida.

2 . Paragraph 2. 3.1 a d&mbsee gravthsneda, butd is nanhclear ifo f 57
this evaluation is to be made at the time @ping or later as plants groin the industry, it is

common to plant smaller plants at the desired spacing in order to allow the plants to grow and
achieve covemge. This is done for reasons of cost and because smaller, younger plants are often
more resilient and better able to ptldo the extremes of the rodfherefore, if held to this

standard at the time of planting, the cost of newly planted roofs wikaser significantlyThe

UF testing revealethat green roof trial plantings took ontyvo months to achieved necessary
coverage (easily meandiwerg plaeth attypedl spacegjai yourggme n t
plants.

3. InCl. 231,iti' s not cl ear how the measurement of
determined. Plants that are commonly used in green roofs in many other (colder) climates in the
United States wutilize sedums, an al pirene ipnl ant
height) andgrows in a dense compact foridowever, green roofs in Florida, as well as an
increasing amount of green roofs in other regions, are utilizing other plant species such as native
plants, ornamental plants, and grasses that have formewraiang the base of the plamhis

overhang covers the growth media if viewed from above the plant, but has some exposed growth
media if one views the plant from a 4&ngle. In addition, other plants grow with abareund

rhizomes (stems) and falje that lie on the top of and cover the growth media. In high winds,
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the rhizome can be lifted up, exposing the media and scour a limited amount of media. How
woul d this be me&Wauld e cotenof thestizense svithtfaliage [y o

the ground meet the 5" requirement?

4 . C.1.0 defines extensive as growing medi a
than 67. Whpalty tteor m6 "wi d rl o waLatelgin thm® $ectian, theeepst h s ?
reference tond” Itarregees ”s harsubmseeadi ng attentdi on to
structur al sHijppweow € r”, itshegrieveins no definition o

other small green roof plants (typically known as groundcovers or shrubs), nor is there an
explanation or definition of anchorage and structural support. This can be confusing.

5. C.2.6 does not explain “ woodwid besomigget at i
airborne debrisThere are a variety of small plants whose branching strucsucifficult to
ascertain if it is woodyr soft. Further, at what point is a very small woody branch a risk to
building damagef airborne?

Adopt VF-1 Standard

There are fire implications in Florida, especially in the dry seasons of fall and spring, and for
locationsl i st edprasne&™ ilrye t he State of Florida Fores

The ANSI VF1 represents a good standard, but for Florida applications has several limitations
that should be addresse#iithin the FBC document):

1. I n Section 2.0 t*aDeifvieni Ra oofn sD e sairmefedqdt i“oVnesg’
t o a “ wo odystculpntsandgrasses are listeédr Florida, this omits a large number
of sutable plants to be consideréat a green roof.

2 . I n Commentary SecisomeChmihentdbddi nhhanhande”
foliage should occur on a regular interval b f
The term “ dead ndoould s gvieély interpretgtieanyedeaa foliage an issue,

or is the majoty ofa p | aliage thesconicesh

Plant and Florida Green Roofs

Selecting plants that are suitable for a gree
knowledge of plats, technology and environme@n one hand, the selected plants hpussess

certain physical characteristics (form and root system), ability to handle extreme heat, possess
vigorous growth, seasonal attributes, regenerative capaaitylimited maintenance needsis

knowledge must be assimilated with that of the medign and its green roof assembly format,

as well as wind dynamics, direct and reflected radiation, growth media characteastics,
assembly maintenance needinally, selected plants must be adapted to the local climate
(hardiness zones), extremeaheseasonally heavy rainfall, humidity, frost/freeze dynamics,
seasonal periods of drought and extreme events of hurricanes and fire.

10



For many parts of the nation, plant selection for green roofs heavily favors the sedum family a

other succulents plants due to their capacity to balance cold and dry conditions, retain moisture
for future use and limit transpiration in times of drought. This is achieved through a process
known as “crassul acean aci dedumsand ®limited sumbier of CA M)
succulents that have characteristics similar to CAM, although to a more limited extent.

Sedums, however, are alpine plants and are genetically disposed to prefer cold, dry climates and
are not typically adaptet humidity norto comgetition from other plantsWi t h Fl or i da’ s
humid climate (encompassing USDA Hardiness Zones 8, 9 and 10) and a wide variety of weeds
and other forms of competition, sedums and other succulents have been thought to have very
limited potenti&without field testing to be certain how a succulent can be cultivated.

Particularly problematic ar€ | or i da’ s s u mndariace tempuiataresaot axposed .

green roof media have been found to reach 185 with little cooling through the nhg.

Combine this with evepresent humidity and seasonally heavy rainfall, and few plants will

thrive without careful selectiomndagr een r oof assembly design t
including irrigation to survive the dry months

Since Florida’s first green maoatyofroolsn@Brida and o
have relied on plant choices favoring native and ornamental plants adapted to the Florida
climate, and provided irrigation tycally low-volume or drip) to deliver nutrients and mitigation

for heat and drought.

Research of plant species for green roof applications was established at the University of Florida
with the design and installation of the Charles Perry Constructiod %aegen Roof in 2006

2007, and was expandiéhrough field trials in 2009The purpose of this worls to explore
suitable plant selections cultivated in extensive green roof growméidia and assembly
conditions.The majority of hese characteristics are measured or observed, and they constitute a
useful list of characteristics that can guide plant selection for Florida green roofs:

Tolerance of heat and drought over timlaily, weekly, and seasonally)

Tolerance of the water bahce within the green roof assembly

Perennials should dominate the desigine-back results in biomass fuel and/or vacant
spaces or exposed growth media)

Habit of plant and its root systenfdimensions, type, and density)

Compatibility with other plantgo allow ceexistence and limit competition)

Tolerance of cold temperaturésbserve freeze damage and resulting biomass)
Resistance to disease and weed competition

> D> >

Wind Uplift Plant Selection Guidelines for Green Roofs

FIl ori da’ s uni q gliemateeatreges presénts angqaelmalieagesara gelection
for green roofsHigh heat and drought, as well as periods of heavy rain and humidity require

! Field trials at the University of Florida have found daytime miemtemperatures of dry conventional growth
media to be as high as 165
11



plants (and the assembly design of the green ftooRandle a range of extremé&hile each

green roof will have unique context, miecbmate, exposure, roof design, wind exposure and
other related characteristics, there is a series of selection criteria that can be followed, informed
by standards by FLL, ANSI, ASTM and other sources.

This list of design guidelines for plant selection is prepawith a focus on wind upliftlt
follows a sequence of decisions in a general hierarchy, although there may be circumstances that
require shifting of the order.

1. Hardiness for Heat and Drought

Coping with seasonal variations of heat and drought is the greatest challenge for plant survival
in Florida, and this is further complicated by the ex&srf a green roof environmeiithe

entire plant palette for a green roof should be selected onsdiabie capacity to survivie

heat and extended drough/hile irrigation can be a mitigating factor to suppress high
temperatures in dry months, the usetluit valuable resource should not be taken lightly,
forcing plants to survive on a roof wiht constant use of wateWhere possible, the design

of the green roof and the arrangement of plants can allow for some-sfradea taller plant

to a shorter ne, or in the insertion of features in the design such as vertical elements, perches,
etc.

2. Plant Types

Plants for green roofs should be selected from perennials, succulent, grasses and annuals in
order to provide diversity both visual interest anoiodiversity.

A Perennials
Perennials, sometimes referred to as evergreens, are herbaceous plants that remain
healthy throughout the yeafs a healthy viable plant, they should be the dominant
plant type so that the green fopossesses attributes of hardiness, wind uplift
resistance, resisting fireend uséul in suppressing weedserennials, including
succulents should be a minimum of 60%% of the planted cover of a green roof.
Perennials can be ornantahor native species, although there are few natives that are
perennials and capable of thrivinginamx t ensi ve r oo fSusulegts owi ng
will be discussed in a subsequent heading.

A Annuals
Annuals are plants that die aftaryear or a growing seasoWhile useful as a
flowering ornamental or native plant that can reseed each season, the annual plant that
is declining at the end of its sedmgon or
fire and wind upliftsusceptibity. In orde to comply with ANSI VF1, enhanced
maintenance will be required t@move dead biomass when plants or flowers are
spent, and be alert to ex-p4) thatesutsérahite | ar g
plants that have expired and exposed imehnuals should be limited in the overall
percentage of planted cover of a green roaiatonore thar80%.

12



A Succulents
While succulents are perennials, they are listed in this special category due to their
valuable qualities of drought tolerance, cobderance, wind uplift suppression (low
profile) and resisting fire. As presented earlier, a number of succulents (Sedums and
Delosperma) possess CAM qualities of storing water andifignitranspiration in
droughts.As such, they can exist much longeithwvery limited water, and their
retention of water will retard fireThese shouldbe conained within the annual
perenniak percentage above.

A Grasses
Grasses are also ornamental and native perennials, too, but can retain spent blooms or
leafsat the end of a growing seasdre designer should be alert to the existence and
removal é biomass to satisfy ANSI . Root systems are often dense and fibrous,
which contributes to limiting the force of widlhawing a plant in wind upliftThose
grasses that are perennials should be counted in the percentage of planted cover of a
green roof, while those that are sesmnual or annuals should be contained in the
annual percentage listed above.

A Woody Plants
Though not a specific category of plareferences armade about the use of woody
plants in green roofs and airecluded in this listWoody plants tend to be larger in
si ze, possess stems, brand h &® tanbeshrmbs ot sy
or groundcoversThey @n be a perennial or an annu@heir stem strength and
vigorous root systems are ugkin resisting wind uplift (ANSI RPL4), although if an
annual plant, there will be the need to attentive to the removal of biomass (ANSI VF
1). However, being woolike, they can be more susceptible as fuel for fire-QYF

3. Plant and Root System Mirology (limited to the species/families tested)

The plant morphology, especially its characteristics of stem, rhizome and roots, are important
to be understood as they affect the ability of plants to derive nutrients from the media, the
functional effeawveness of the growth media, and intggof the waterproofing layerThey

are addressed in FLL Standards.

The characteristics of a plant’ s shoudthe syst e
knownbefore a plahis selected for a green rodfportant criterianclude depth of roots, the

guantity of roots, and the detysof the tissue of the rootRoots will provide nutrients to the

plant, the stability to withstand wind uplift, and to interconnect with other rootsist otlser
plants wind uplift.Onthe ot her hand, deep running roots
woody should be avoided as they afford the potential to damage the waterproofing layer.
Also, aboveground rhizomes that initiate roots at each joint of the rhizome (as short as every

1"r ol %»”) can be an indicator of an aggressi

Avoid excessively fast growing plants, aggressive rhizomes, and plantse¢heted on any
invasive list.The green roof planting design should match plants thatnatlcompete with
one another for nutrients and moisture.
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4. Plant Origin

The origin of plants to be used in a green roof should be investitatemsure health and
successNative and ornamental plants become genetically adapteditootigens over time

and will prefer to respond to that climate, seasonal g&srand nutrient availabilityor this
reason, when selecting the plants for a green roof, the origins should be investigateer, wheth
raised from seed or cuttinffhe mere gecification of genus and species is not sufficient for
any plant that is widespread throughout a state or region.

There are other environmental conditions necessary to investigate §eltotng plats:

the seed source

growth media used by the nursery
irrigation practices

fertilizer practices

I >

Because plants will be placed on a roof after being raised in a nursery, thewidays and
weeksare crucial to their succeds$.the plants have been treated dramatically different than
what will be encountered on the roof, there is a good chancehenailants will shock or
expire.Even if they do live, the recovery period will take time.

For these reasons, the industry has seen the emergencegrbwre vegetated in the modular

trays to allow plantg¢o adjust to these conditions.o we v e r there i s a co0s:s
plants in a nursery and for the time this is done, which elevatesrtiiagh over the cosif a
built-in-place green roofit is, however, a viable consideration for any green roof that has
unusual or harsh conditions thabwd cause concern for success.

5. Plant Form and Leaf Area

Plant form and leaf area are oftennsidered to be key determinants in wind uplift.
However, in extensive green roofs, these characteristics are less significant because plants
that are suitable for extensive green roofs tend to be small (under approximatdy 30
inches), flexible, havensaller leaf size and tend to interact with each other to form an
integrated unit.

A Upright plants, as long as their leaf size is not excessive and subjeatdauplift,
tend to be flexibleTheir flexibility is exhibited in our wind uplift tests.

A Horizontal plants, i.e., plants that grow in a low, surfhagging form, are very useful
in a green roof planting because they assist in covering and protecting growth media
from being scoured or upliftedhis is exhibited in our wind uplift tests.

A Mixed plantings are useful in green roof planting design because a variety of plants
and plant forms can integrate andeoast with one another, and provide limited wind
uplift opportunity.
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6. Plant Age and Coverage (in the green roof assembly)

Due to Florich * s -trapigab climate, plants grow more rapidly than other parts of the
country.The age of plants has proven to baiaor concern in the UF testBlants were tested

at various ages of installation in the green roof assembly plantiogmonths,six months
and 12 monthsThe 2 montkold, builtin-place planted assemblies proved remarkable in their
speed to achieve coverage of growth mediad in resisting wind upliffTheir foliage proved
flexible in high winds, bent and resisted breaking. Initaatd the young root systems proved
to be strong enough to resist wind upl@h@pter 6 of this documeént

7. Plant Health and Maintenance

In addition to careful plant selection, regular observation and maintenance are essential for
ensuring an ongoing argliccessful green roof. As living organisms, there can be a variety
of issues that arise over time to affect plant health, and adjustment to the growth media.
Selecting plants that have fewegis and diseases is essentilso important is the
maintainng of conditions that provide for a healthy plant.

A key in the plantingdesign and arrangement is the matching of plants that require common
conditions such as growtimedia composibn and moistureln this way, the growth media

can be altered to meelant needs and the irrigation system can provide the amount and
frequency of water essential for survival and good health.

It is necessary to plan a regular visitatiop a professional to inspect the plant health,
growth, and identify concerns @mdiseases/pestén particular for Florida, weeds are a
common occurrence and it will be necessary for them to be removed as soon as possible
beforea large colony is establishe@nother task for this visit is pruning or removal of
unkempt plants, renval of dead bloom or seed hiza and removal of dead planfSNSI

VF-1 requires a minimum of 2 visits per year, and more will be needed depending upon the
amount of annuals or plants that are under some form of stress.

Finally, general maintenance mag needed in a green roof that has high visibility to the
public and for which there is pressure for the owner to have a certain appearance.

8. Irrigation

Due to Florida’s extremes of tiregatipreiguaefuutsc e and
combat plant problems in periods of drought and high heat, and to limit the risk df iére.

possible to consider a green roof in Florida without permanent irrigation, but the plant choices

and appearance will be limited when the plants endure long periods of drought or high heat.

If a green roof was not publicly visible, it would be more reasonable to corestderporary

or manual irrigation system.

When using irrigation, it is important to address the chemistry of the backup water source.
Reclaimed water is a popular and sustainable safrbackup water when lack of sufficient
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rainfall has demted the level of the cisternBepending upon the level of treatment by the
local utility, it is likely that there will be elevated levels of nitrogen and phosphorus, and these
can fuel ornamentand weed plant growtiNative plants and succulents need modest levels
of nutrients and these are reasonably available in growth media.

The remainder othis document discusses the objectives, background andsdetathe

research conductednder this contract in support of the recommendations and guidelines
provided above.
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OBJECTIVE

Task 2: Investigate the performance of vegetative roof systems appropriate to Floriiadpuil
for performance in hurricane wind and rain conditions. The contractor is authorized to spend up
to $56,801 for Task 2(a) and 2(b).

(a) Capture and present the most recent research on vegetative roofs in the public
domain. Catalogue and compare #évailability of multiple vegetative roof systems,

their anchorage to the roof structures and installation and design criteria. Report on test
methods and results (if any) of wind uplift tests on vegetative roof systems. Identify
current gaps in knowledg# the behavior of the systems in hurricane conditions and to
propose future research to address the unknowns. Provide a report on the research
information collected with analyses and recommendations.

(b) In Phase | of the study conduct full scale medtdsts to develop a preliminary
understanding of the performance of vegetative roof systems in high winds. Vegetative
roof systems wi l-dppbreoprtiyagiecalsyBlt@emisda Tes:H
minimum biomass loss, scouring characteristics dadtplamage for moderate, strong

and extreme winds and with torrential rain. Tests will be designed to evaluate rate of
recovery of vegetation and the effect of multiple storms on the vegetative roof systems.

(c) In Phase Il of the study parametric sagito measure the effect of hurricane force
winds on uproot resistance and plant breakage strength of plants used in vegetative roof
systems will be conducted and draft proposed test standards will be developed. The
parametric studies will also evaluat@gth media scour resistance for uplift pressures

and wind speeds and determine an acceptable level of material loss and vegetation
damage for green roof systems. Recovery times for test specimens after testing will also
be evaluated. The contractor wikkelop a standardized test procedure for evaluating
green roofs hurricane wind related performance in Phase Il and will submit the procedure
to ASTM and the Green Roof Council for initiation of national consensus standards
development. The contractor shatesent study results in peer reviewed journals. The
contractor is authorized to spend up to $25,000 for initiation of Phase Il to include the
design and construction of test samples with sufficient time provided for full growth
establishment of the veggive roof system samples selected. Testing will proceed upon
appropriation funds for fiscal year 202012 and modification of this contract.
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1 BACKGROUND

Interest continues to grow in the United $&bn utilizing green roofs as a sustainable method
for construction of rofing systems. Extensive literature has shown gineén roofs can:

1 Reduce storawater runoff rates during rainfall ever{slfredo, et al.,2010, DeNardo, et
al., 2003, Getter, et al., 2007, Nagase and Dunnett, 2012)

1 Improve the water quality of the rundifong, et al., 2007, Long, et al., 2008, Long, et
al., 2008)

1 Reduce the urban heat island effectities(Teemusk and Mander, 2010, Alexandri and
Jones, 2008, Susca, et al., 2011)

1 Decrease cooling and heating loads in the building envékigaeroa and Schiler, 2009

La Roche, 2006, La Roche, 2009, Sonne, 2006, Castleton, et al., 2010)

Improve air quality(Li, et al., 2010, Yang, et al., 2008)

Reduce sound pollution(Connelly and Hodgpn, 2008, Van Renterghem and

Botteldooren, 2008, Van Renterghem and Botteldooren, 2009, Van Renterghem and

Botteldooren, 2011, Yang, et al., 2012)

However, the literature review conducted in 2QR@evatt, et al., 201Ixpod an obvious lack

in wind and planspecies performance research for green roof systems in subtropical and
tropical climate regions. For this reason, the green roof industry in Flbagdagged behind
despite the high potential for the state to expegehose cited benefits.

= =4

For this reason,he Florida Building Commission (FBC) tasked thevestigators at the
University of Florida to condua@n extensivditerature reiew on existing green roof resear@s
mentioned aboveperform fullscale wind prformance studies on various systems, and conduct
parametric studies which would all direct a wind testing standard for green roof systems.

1.1 Report structure

The following document will summarize the twear study conducted by the University of
Florida on the wind performance and plant design/selection of green roof syst&tosida in
accordance to the tasks assigned by the Florida Building Commigsisreport will:

1. Supply a comprehensive literature review of green roof research conductedias?281
separate document

2. Provide an extensive literature review exploring existing wind engineering studies
conducted on flat roofs, parapets, gravel, and pavers, and also wind failure studies on
plants/crops in Section 2. This literature review will fothe support behind design
considerations for Phase 2 of testing.

3. Present and summarize any existing wind performance studies on green roof systems in
Section 3. The section will highlight any limitations recognized by the authors of this
report for scrutty and/or further research.

4. Highlight similaritiesandsummarize the methodology behind exigtgreen roof design
guidelines. Focus of this in Section 4 will be on wind design and plant selection.

5. Discuss the biomass losses and scour characteristicseavalith both phases of wind
testing in Section 5.
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6. Explorethe plant performance due to extreme loads, media depth, age of establishment,
growing season, and plant specf{8gction 6) Further experiments will aim to quantify
and relate the extreme loads éxisting hurricane simulator results through root uplift
tests.

7. Formulate standard and proposed test methods based on results found and observations
made by investigators. Standard test methods will be submitted to the American Society
of Testing and Matrials (ASTM) and the Green Building Council. The bulk of this
report will be reviewed, edited, and submitted as a-pmgewed journal article and
conference paper.
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2 WIND ENGINEERING LITERATURE REVIEW

Following the 2010 green roof literature reviésubmitted as a separate documemigthe first
phase of modular tragreen roofwind studies, the investigators were interested in identifying a
relationship between green roof systems and existing wind engineering re¥éiincadefined
relationship, lhe knowledge gapn green roof wind performance could be filled wéRisting
wind engineering studies. This review was also motivated byefsgences citeth the wind
design standard set forth by the American National Standards Institute (ANSI) ayhel Sy
Roofing Industry (SPRI), ANSI/SPRI R®4: Wind Design Standard for Vegetative Roofing
Systems.This design standard (and others) will be discussed in Section 3 of this Hpert.
sectionand presiding subsectiomgll summarize the review of winéngineering literaturen
flat roofs, and roofing components and plant structures at ground .I&Met remainder of the
report will reference back to portions of Section 2 when relevant.

2.1 Wind Flow Effects over Flat Roofon Low-rise Buildings

Extensve wind tunnel and full scale studies have been performed on boundary layer wind flow
around boxshaped lowrise (< 60 ft.) and mediumse buildings since the 1970s. Lavge
buildings are fully immersed within the high turbulent portion of the boundesrwind flow.
Therefore the wind loads on the building and roof are quite significant, and will be the focus of
this section. This section summaszbie general behavior of roof pressures over a flat roof.
Table 1reviews and the general methodologygast flat roof wind studies.

Tablel. Fl at roof wi nd f Foolow-risetbuildingse s’ par ameter s
Cited Reference Year Scale Exposure L/B* | H/B* Wind Angle
(Kramer, et al1978) Not Not provided 1.0 0.25 0°
provided 2.0 0.5 45°
3.0 1.0
(Lythe and Surry, 1982) 1:500 Open 2.0 0.2 0°
0.35 45°
0.5
1.0
2.5
(Stathopoulos, et al., 1990) | 1:1 Open - - 0° to 90
Suburban
(Surry, 1991) 1:100 Turbulence 15 0.42 0° to 90°
11 profile provided
(Bienkiewicz and Sun, 1992) 1:25 Turbulence 15 0.43 0° to 90°
profile provided
(Baskaran and Savage, 2007 1:10 Not provided 1.0 0.45 0°
45°

* Dimension ratio with respect to wind angle =(@erpendicular to windward edge)
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2.1.1 Wind direction

These studies recognized that cornering winds ranging3@m5° typically produced negative

roof pressure coefficients which were significamdisggerwhencompared to other wind

directions This phenomenon is due to the formatiorived conical vortices which create highly
turbulent flow acrosstheroofsuac These vortices were visually
and Sun’s studies in 1992 wutilizing flow visu
that the conical vortices created a reattachment region separated by the reattachment and
secondaryeparation lines,.snmarizedn Figure 1 (Bienkiewicz and Sun, 1992A recent

study conducte by Blessing et al. in 2009, looked at mitigation techniques for those conical

vortices. The authors spread gravel across a 10 ft x 10 ft flat roof and introduced a cornering

wind while varying the edge conditions (parapet types). The authors were aisieatity

capture the shape of the vortex cones, as showigure 2 (Blessing, et al., 2009)

=~  Secondary separation line

™ ~—

Reattachment line

Y/H

RN

Figure 1. Conical vortex boundaries shown by the@edary separation and reattachment lines
(Bienkiewicz and Sun, 1992)
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Figure 2. Gravel scour shape with standard edging {glessing, et al., 2009)

Bienkiewicz and Sun determined the peak coefficitmt@ange from-9.7 to-11.3for cornering

winds, andabout-6.0 for @ winds (Bienkiewicz and Sun, 1992p5urry measured aornering

wind peak oefficient of-8.4 and a normal wingbeak of-3.6 (Surry, 1991) Stathopoulos took

field measurements on the corner regions of a full scale roof and found that the highest mean
pressure coefficients of3.5 to-4.5 with cornering winds, while the mean coefficients ranged
from -1.0 to-1.3 for normal windqStathopoulos, et al., 1990)These values, from several
different studiesimply an increasef the magnitude anywhere from 14 times largewhen
comparing cornering wind pressuresitirmal windpressures.

2.1.2 Roof regions and building geometry

The studies reviewed in this section determined the wind pressure distriotass a flat roof

due to varying angles of wind flow, as well as varying building geomeffiggsically, the
building geometric parameters which affect the pressure distribution are the height, H, length, L,
and base, B. The base refersthie length of lhe sideperpendicular to the wind flow, and the
length refers to the side which is parallel. Therefore, it can be seen that the length and width of a
building changes when wind directions change frérto®C.

From the obtained pressure coefficientsyaés therefore determined that windward corner and
edge regions of the roof experience the highest suction pressures regardless of wind angle.
Kramer et al. (198) found that averaged edged cornempressure coefficients increased with
increasingH/B ratios (Kramer, et al., 1978)Kind (1986) found that unless relatively high
parapets are present, worst mean suctiafficeents are abouwt3 to -4 along the edges and
corners(Kind, 1986) The field of the roof (interior region) has substantially lower pressure
coefficients in comparison, ranging from peak valuesOod (Lythe and Surry, 19820 -1.2

(Surry, 1991) The field pressures will typadly decrease with increasing building length

2.1.3Parapets as mitigation strategy

A common method of dispersing the high suction pressures present in corner and edge regions of
a flat roof through the installation of parapet walls around its perimBemapets force the
conicalvortices which form at the edges and corners upwards, effectively reducing the suction
pressures across theof (Kopp, et al., 2005)As a result, the vortices are expanded, as evident

by the gravel scour patterns iretetudy completed by Blessing et al. (20@Xtensive research

has gone into determining the effects parapets have on the wind loads in the field of bluff body
aerodynamics. The general conclusions gathered were:
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1 Generally, agatio of parapet height tbuilding height increases, the negative pressure
coefficients across the roof decreag&snd, 1986, Kopp, et al., 2005, Sockel and
Taucher, 1981, Baskaran and Stathopoulos, 1988, Stathopoulos and Baskaran, 1988,
Kareem and Lu, 1992, Kopp, et al., 2005)

1 For lowrise buildings, higher suctions (as compared to roofs without parapets) have been
reported when low parapets are instal{@&lathopoulos and Baskaran, 1988) was
determned in a later study that for ratios of parapet height to building length (h/L)
between 0.01 to 0.02, this phenomenon ocfsitathopoulos, et al., 1999)

1 Aerodynamic modifications to parapet wallsr edge fasciapuch as discontinuities,
perforations, cuts, or slots may aid in suppressing peak roof suctions better than solid
continuous parapet wallgBlessing, et al., 2009, Baskaran and Stathopoulos, 1988,
Pindado and Mesegye2003, Suaris and Irwin, 2010)

2.1.4ASummary

In summary, hese defined roof regionse appear i n ASCE 7,aslalsahnd | o0&
the ANSI/SPRI RR14 (which extends from ASCE 7Chapter 30 of ASCE 7 provides the design
procedures for componts and claddingpadsanddefines the corner region as zoneigh GCp

=-2.8t0 -1.1, edge region as zonewdth GCp =-1.8 to-1.1, and the field of the roof as zone 1

with GCp =-1.0 t0-0.9, as shown ifrigure 30.42A of ASCE 710. By reviewing estalished

literature and the ASCE Wind load provisionsa general guideline can be formed for the
expected pressure distribution across the built up roof section for the UF studies.

2.2 Ballast pavers on flat roofs

Ballast pavers are cladding roofing elerseoommonly used as dead load to secure laode

roofing membranes. These elements are typically joined-edgdge with little or no space

between themAlso, Pacers separating the bottom surface of a paver to the roof deck may or

may not be utilizedThis subsection sumarizes the findings from previous studessducted on

roof pavers. A comparison between an extensively planted green roof module and a roof paver
shows some similitude, but does not poseivyi de m
to better understand the behavior of roof paverdetermine the relationship (if any) between

the wind behavior of pavers and green roof modulesble 2 distinguishes the chosen
parameters between each paver study cited.

Table 2. Paverwind flow studies' parameters for lemse buildings.

Reference Scale Paver Aspect | L/B H/B* Wind Angle
Ratio

(Kramer, et al., 11 n/a n/a n/a 0°

1979)

(Kind and 1:10 11 1.0 0.193 45°

Wardlaw, 1982)

(Kramer and 11 11 1.0 0.194 0°

Gerhardt, 1983) 45°

(Bienkiewiczand | 1:15 11 1.0 0.682 45°

Meroney, 1988)
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(Wacker, et al., 1:250 1:1 1.0 0.670 0°
1991) 45°
(Bienkiewicz and | 1:25 1:1.335 1.496 0.423 45°
Sun, 1992)
(Bienkiewicz and | 1:25 11 1.496 0.423 45°
Sun, 1997) 1:1.5

1:2

*The dimension B refers to the building width perpendicular to the normal wind flow

The wind load on a paver is dependent upon the net presgoich is the differeae of the
internal from the external pressure (Cp,net = Cp;e&p,int). The internal pressure for a paver

corresponds to the pressure acting on the bottom surface of a paver and is dependent upon the

permeability of the paving element. The external pnessn a paver corresponds to the pressure
experienced by the top surface, drab apressure distributiothat is very similar to that of a
bare flat roof(Kramer, et al., 1979, Kramer and Gerhardt, 19B3yametric wind tunnel studies
shown inTable 2varied pavegeometryandinstallation methods on flat rogfand observed the
resulting pressure distridohs These studies found that

9 Failure (displacement of paver) typically occuas uplift or overturning of the paver

when a substantial difference develops between the top surface pressure and pressure

underneatlfKind and Wardlaw, 1982)
1 The external pressure distributi@n the top surface of a paver essentially causes wind

flow in the gaps between pavers and void space between the underneath surface and roof

surface(Kind and Wardlaw, 1982)The resulting pressure distribution underneath the
pavershasbeen found to beery closelycorrelatedto theexternal pressure distribution
(Kind and Wardlaw, 1982, Bienkiewicz and Sun, 198Rgn no gap beneath pavers was
present.

1 However,an introducton of a void space underneath a paver results in a omi@m
underneath pressure distributigBienkiewicz and Sun, 1992)Therefore, spacing
underneath and between pavers determines the pressuiteutistrunderneath pavers.
Paver wind resistance is improved (higher failure wind speed) when the ratio of the
spacebetween and spaaesderneath pavers is increagBitenkiewicz and Sun, 1997)

91 Failure wind speed of pavers decreaseghasturbulence of approaching wind flow
increasegKramer and Gerhardt, 1983, Bienkiewicz and Meroney, 1988)

1 Staggered and edgdipped pavers have higher failure wind spe@tiad and Wadlaw,
1982, Bienkiewicz and Meroney, 1988, Bienkiewicz and Sun, 1997)

2.3 Embedded gravel on flat roofs

In addition toroof pavers, gravel ballast h&en used as dead load to secure lodagdy
roofing membranes atop of roof&udies have been condted which looked at either the critical
wind speed where gravel displaceméstour or blowoff) occurred or the gravel trajectory
downstreamonce blown off the roofBecause green roof systems utilize engineered growth
media that aims to minimize th@gregate weight while promoting water retention, green roof
growth media may experience bladf at lower wind speeds if the green roof vegetation is not
properly maintained. Therefore, gravel studies which expldhed critical wind speeds in
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comparisonad aggregate size provide a methodology of determining the criticdl sgieeds for
green roof systems, as suggested by the ANSI/SPRL1ARHAhis section willfocus onthe
mechanics which induce scour blow-off of individual pieces of aggregate, as spedfby
previous wind performance studi€Bransport and impact of gravel downstream will not be
discussed as this will imply failure of green roof systems have already occurred.

2.3.1Mechanics of failure

A series ofwind tunnel studiesvere conducted bihe National Research Council of Canaaa

the 1970s that exclusively investigated the effects of gravel scour and windborne debris
generation on r oof s(KindKLB7)dttempted io develop a methomd of me n t
estimating the wind speed at which roof gravel would blow away. He looked at three different
gravel types: ¥s to %2 in. pea gravel, % in. natural gravel, and % in. crushedHgdoend that

the smallersized pea gravel experienced lower critical wind spe&tis dnd ., defined below)

than natural gravel and crushed stone. Kind summarized the moment balance shimureir3

below The nomenclaturéor Figure 3is defined as follows

1 D¢ = Critical drag force

1 ki ke = Shape proportionality coefficients
T ps = Density of stones

1 d = Nominal diameter of stones

T W = Weight of a single stone

His second set of tests varied typical building geometries (plan dimensions, parapet height, and
building height) as well as the&ind direction and gravel size to further explore how gravel
behaves on top of flat roof&ind, 1974) Following these testsKind identified four different

critical wind speedsorresponding tdifferentgravel behaviors

V1 —initial large-scale or strong motion of stones
V2 — scouring occurgnore or less indefinitely
V3 —initial blow-off of the roof by going over upstream parapet (windward parapet)

1
1
1
1 Vi —initial blow-off of the roof by going over dowstream parapet (leeward parapet)
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Figure 3. Moment balance on stone at critical condit(&md, 1974)

2.3.2 Critical wind speed prediction

Kind determined that the first three critical speedg,(Vc, and \{3) were directly proportional

to the square root of the aggregate diametdy (Kind, 1974) and later found that while ydid

not display the same relationship, the critical speed was normally equal to or greategsthan V
(Kind and Wardlaw, 1976)Generally, increasing parapet heights leads to an increase to the
critical wind speed, ¥;, while increasing the building height decreaséKiid, 1974)

Kind and Wardlaw (1976) developed a procedure to predict the four critical wind speeds for
design.The authors presented figures which predicted resulth&¥g and V4 critical speeds

with varying parameters (building dimensions, parapet hei@fit)d and Wardlaw, 1976xnd

were tabulated by Masters andrgy in 2008 for the embedded gravel report submitted to the

Florida Building CommissiorfMasters and Gurley, 2008yhe nominal gravel size chosen was
063in.which represented a size and provadedl tke sdnle amasy e ” g
Masters’s and Gugrépkcgted sTablea3ibaloiv Masterd and Gurley (2008)

converted the wind speeds at roof height and open exposure to ASCE 7 equivatester 3-

second gusts at suburban exposywe bdi vi di ng the Kind’ s and Wardl
the corresponding Kvalue at each height for ExposurefBr om ASCE 7’ s Compor
Cladding chapterThis exposure was selected because it was assumed that graveled roofs would
typically exist incommercial districts, but the authors acknowledged that lower threshold speeds
(11-13% lower) would occur in open exposure conditiMasters and Gurley, 2008)
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Table 3. Critical10m.,3s gust wind speed thresholds (mph)

Hih V/_; ASCE 7 Basic Wind V/ .; ASCE 7 Basic Wind
Speed Equivalent Speed Equivalent
ParapetHeight # ()] 05 | 10 | 20 | 30 05 | 10 ] 20 ] 30 05 [ 10 ] 20 ] 30
= 20 0.025 | 0050 ) 0100 | 0150 73 80 94 108 85 98 106 114
E’ ; 30 0.017 1 0033 | 0067 | 0100 71 75 85 94 92 93 95 99
2 g 40 00131 0025 | 0050 | 0075 67 70 7 84 a7 86 86 88
@ % 50 0.010 | 0.020 | 0.040 | 0.060 B4 67 72 77 83 82 80 81
= 60 0.008 1 0017 | 0033 | 0.050 62 64 68 73 81 79 77 76

Willis et al. (2002) presented a model to predict the threshold wind speed which initiates flight of
a compact object. The threshold wind speed of a compact object wasithelefined as:

: . e O
w Co Q—b,—

where V = wind velocity, t =d = thickness of object = diameter of grawgl= gravitational
constant, | = fixing strength integrity parameter (= 1 for objects resting on the groynd), C
aerodynarit force coefficient¥ 1) ,na & i d depsities of object (gravel) and @ilasters

and Gurley, 2008, Wills, et al., 200Nlasters and Gurley (2008) found that this model agreed
very closely to theesults presented by Kind and Wardlaw (1976) by a few mph for a gravel
nominal diameter of 0.63 in.

2.3.3Application to green roof systems

As mentioned in the first paragraph of this section, green roof growth media is typically designed
to minimize weght since the depths to which they are applied can vary greatly and have
significant impact on the resulting dead lo&dr typical gravel roof applications, howevére
ANSI/SPRI RP4: Wind Design Standard for Ballasted Singlg Roofing Systems specifs the

usage of #4 ballast (nominally 1.5 in. diameter smooth river bottom stone) spread at a rate of
1000 pounds per 100 square feethe field area of the roadnd #2 ballast (nominally 2.5 in.
diameter smooth river bottom stone) spread at a rate@ff p8unds per 100 square feethe

edge and corner regions of the r¢@ANSI) and (SPRI), @08) From theexperience of the
authors of this reportgreen roof growth mediaontairs a wide variety of coarse and fine
aggregate to allow for minimal weight, while still providing the organic compounds required for
plants to thrive. Even so, the c¢ea aggregate sizing from the two manufactstgplied
substrates compared to be smallban therequired ballast sizes specified by the RP
Therefore, based on the nominal diameter of the coarse aggregate used in green roof growth
media, its smallerize would correspond to lower threshold speé¢iad, 1974, Kind, 1974,

Kind and Wardlaw, 1976, Wills, et al., 2002)

Given the presented literature, it should be noted that green roof systems should not teel expec

to behave like graveled roofs. While bare gravel roofs depend on increased sizing of the
aggregate to resist scour and uplift, plants act as the main form of erosion and scour resistance on
green roofs (as will be discussed in Section 2.4). For tla&bre proper maintenance of green

roof plants is required to ensure minimal growth medisdsesvhen exposed to high winds.
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2.4 Wind studies on plants at ground level

Although thestudy ofbluff body wind flow effects on green roolf&as mostly been unplored

the wind effects on various types of vegetation commonly found at ground level has been well
documentedVegetation has been commonly used as a natural method to prevent scour and
erosion of soil. For instance, the vegetation seen on sand duresstal areaa ct as t he du
main protection against erosion due to the high wigilsce many of these studies aimed to
create realistic wind velocity profile# could be theorized that the same experiments presented
in this section could be represed by green roof systems tested at various heights above ground
level to represent different building heights. Howewmcause live vegetatiazannot be scaled

down for wind tunnel model studigwith similar difficulty to create scale model¢hich carry

the same plantharacteristics)exploring these effestwould prove highly infeasibleThis
section wil present the mechanics behind plant scour resistamtethen the common failure
modes experienced in plants.

2.4.1Plants tole in soil transport and shear stresgesistance

Vegetation protects a soil surfarem wind erosiorthrough direct coveand shelteringf the

soil surface, trapping adirborne soilparticles adding cohesiveness to the soil via root moisture
and also by extractg momentumfrom the air flowthrough the stalks and leayesffectively
reducing the surface wind strggsncaster and Baas, 1998, Kim, et al., 20803ummary of the

soil transport mechanics is shown belowFigure 4. The threshold velocity of sand particles

was explored by Lancaster and Baas (1998) via field studies of vegetation at Owens Lake,
California. This resulted in wind tunnel studies which explored similar issues by Kim et al.
(2000) and Burri et al. (2011) witgrass plants. The authors foutithat larger plant sizes
increased the threshold shear wind velo¢itgncaster and Baas, 1998he three studies also
found that increasing vegetation cover exponentially decreased theeséflum (Lancaster and

Baas, 1998, Kim, et al., 2000, Burri, et al., 201B9th wind tunnel studies by Kim et al. (2000)

and Burri et al. (2011) attributed the lower instances of sediment displacement to not only
increasing coverage ratios, but also to the increased coverage ratios promotion of momentum
reduction via direct particle impact with plarilkgm, et al., 2000, Burri, et al., 2011)

A 2011 study by Walter et a@look a new approach to provide a method of spatially resolving the
shear stress distributions underneath live plant canopies. The authors fixed pressure probes in an
array around a single plant and varied three plant canopy densities, as well as aedicplss

The instrumented plant was surrounded by a staggered array of plants to mimic field conditions.
The investigators then ran the simulator at three different wind speeds for the three densities and
obtained the surface shear stress distributiomsnalized by the unplanted case for any possible
instrumentation errors. The results confirmeih previous studieghat higher momentum
absorptionand increased sheltering effect can be seen with increasing canopy densities
(Lancaster and Baas, 1998, Kim, et al., 2000, Burri, et al., 2011, Walter, et al., Rétllixed
momentum absorption in lower canopy densities was linked to streamlining effects due to
decreased plant frontal arééhe spatial surface stresstiibutions also related the streamlining
effect to slightly increased values at the sides of the (ldatter, et al., 2011)

29



“Umean(Z)
> o/b o~ A
— .
- Ry suspension —
— = o
—
§ 2 : =
“  saltation @)
~ N~
e B B —*
@) 9 5:' ——»
& & 4%
o ~ e 5
—’
rolling/creeping a3
: / S pmng \

Figure 4. Turbulent boundary layer and aeolian processes over a vegetated sukagts. tde
mean velocity, T | Ssistthe eeduted shaar streshaetmng on shé graursds a r
(Walter, et al., 2011)

Dong et al. (200Laimed to define the relationship between roughness length, drag coefficient
and the structural parameters of standing vegetation through wind tunnel studies with modeled
cylindrical wooden dowelstaggered in an array, and determine which of these factors have the
most pronounced effect for wind erosion protectidawever, due to plant flexibility, their role

as roughness elements is highly dependent upon wind spsedgestedy Kim et al. (2000).

This was a limiting factor that Kim et al. acknowledged for wind tunnel studies which fabricated
plant models for test specimens. Dong et al. (2@@t¢rmined that the heigtd-spacing ratio
(effective lateral cover) is the best pareter to consider for standing vegetation protection
effects on wind erosiofDong, et al., 2001)

2.4.2 Plant structure failure mechanismslue to wind loads

The previous subseoti explored the resistance methods plants have to the shear wind forces
which account for scour of surface growth media. This subsection, however, will discuss
previous findings on plant failure mechanisms due to excessive wind. [bhdsmain wine
inducedplant structure failure mechanisms atem breakage or plaaoplift/uprooting.Because

plant failure can cause significant reductions for a crop harvest yield, plant failure studies has
appropriately been heavily focused on agricultural plant speciesnukt therefore be
distinguished thagreen roof plant species and common crop speuikdikely differ in stem

and root structur@ropertiesn that many of the plants used in green roofs are low groundcover
types and sometimes succulents as opposadrtoultural cropsHowever,within both types of

plant species, when exposed to extreme conditiage the possibility of failurat the stem or

root.

2.4.2.1 Stenfailure

Stem breakagis morecommonly known as stem lodgingndis thepermanent didacement of
stems from the verticgSterling, et al., 2003, Duan, et al., 2006, Jin, et al., 28t&)m lodging
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typically occurs after the bagending moment of a single shoot exceeds the failure moment of

the ¢em basgBerry, et al., 2006)Jin et al.(2010) looked at two cultivars of rice plants and
confirmed that higher bending strengths (via thpemt bending test) of the rice stems would

result in higher lodging resistan¢&in, et al., 2010)They alsofound that the type of fertilizer

used during plant growth could either aid or
determined that oveapplied nitrogen fertilization increased the risk of loddiag also found by
(Sterling, et al., 2003) while the combined use of potassic and silicontaining fertilizers

could effectively increase basal stem diameter, wall thickness and weigiact) effectively
increases stem lodging resistargdm, et al., 2010)T hi s finding is consi ste
2006 lodging study of barley plants, where the main parameters considered to calculate stem
lodging were the materiatrength and thickness of the stem wall, as well as the stem diameter
(Berry, et al., 2006)

Sterling et al. (2003performed field studies owheat cropssubjectedo different wind flow

conditions The authors found that stem lodging occurs more or less instantaneously, under a
di screte Il oad (wind gust). The discrete | oad’
is dependent upon thghase of crop motion, i.e. the peak bending moment occurs when this load

is imposed on a crop bent along the wind direcf{i®terling, et al., 2003)The upshot of this

study led to a model which predicted failure wind speeds for wheat lo(Bargy, et al., 2003)

The authors identified that the natural freqeye damping ratio, drag coefficient, and center of
gravity height of the wheat shoot must be accurately depicted or prediction errors of up to 50%
could occur(Sterling, et al., 2003)

2.4.2.2 Rooffailure

Root failure mechanisms can be distinguished between root lodging and root uplift. Root lodging
is similar to stem lodgingn that the plant is permanently displaced from the vertical, but due to
failure of the soil instead of the std@posaro, et al., 2008Rod lodging, therefore is a result of

the windinduced and seliveight loads, causing stresses within the plant to cause collapse at the
base. This differs from pure uprooting forces, which would typically occur due to an applied
vertical force, i.e. grazingerbivoregEnnos, 1989)Simply, root lodging involves transverse

loading on a plant wte root uplift is the pure vertical loadingvhile different, these failure

modes are closely related, and will be discussed briefly in this subsection.

2.4.2.2.1 Root lodging

Root lodging has been found to be highly dependent gpbrconditions.Stering et al. (2003)

found that root lodging of the wheat crops only found to occur when the soil strength was
reduced by extensive wetting.o we ver , pl ant s’ properties are ¢
condition of the soil thepregrown in Studies haveuggested that the plant responses to weak

soil conditions often are compensated in its root gro@bodman and Ennos (1999) found that
sunflower root spread exhibited much wider angles in strong soils than weak soils. This resulted

in wider root plate dimeters, and therefore less root lodging occurrefoeir results suggested

that the plant compensation for weak soil conditions does not adequately resist lodging effects
alone(Goodman and Ennos, 1999)
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Plant conditions which effeabot lodging are root growthshape strength, and densjtand
mechanical properties of the plant sections exposed to wind. Sposaro et al. f(RO@B}hat
decreased crop population densities allowed for larger root plate diantetgtermorethey

found that sunflower plants with greater root plate diameg¢aitsbited greater root failure
moments (higher resistance to root lodgirgerling et al. (2003) captured video recording of

the lodging of wheat and found that root lodging typically occurs progressivetya period of a

few minutes due to a seried discrete loads(rather than instantaneous stem lodging as
mentioned above)heir results suggest that plant and/or soil fatigue effexistin root lodging

and cannot be assumed to occur instantaneously when the plant base bending moment exceeds
the strength of the root soil combinatig&terling, et al., 2003)

2.4.2.2.2 Rot uplift

The other type of root failure studied in literature has been pure, vertical uplift of a plant and root
system.Anchorage of a plant plays an important role in uplift resistance, and studies therefore
focused much of their attention to the retucture of the ugted plant:

1 Ennos (1989) closely observed the uprooting effects in sunflower root systems and found
that the upper portion of the roots fully mobilize its shear strength to resist uplift while
the lower portion contribute little reséce due to debonding between soil and root
(Ennos, 1989)

1 Bailey et al. (2002) foundn their uplift tests that as a plant is uprooted, sudden drops in
the tensile force versus displacement trace were due to individual root breakage. The
investigators stated that individual root strengths were additive, and summed up to the
peak pulling reistance of the plant an additive prope¢y deemed as root eaperation.

Root ceoperation and the lateral root systems were determined to greatly contribute to
plant anchorage while root hairs have little efi@axiley, et al., 2002)

1 Mickovski et al. (2005) performed uplift tests on vetiver grass specimens and determined
statistically significant positive correlations between the maximum uprooting force and
plant heidnt, as well as the uprooting force and lateral root sprEael.authors found the
maximum uprooting force ranged from 190 to 620 N (43 to 140Ti@ler plants were
said to be healthier, and therefore have more abundant and stronger root systems than
shoter plants, strengthening their resistance to uprooting. While the vetiver specimens
typically had very little lateral root spread, the authors found that those which spread
wider resisted uprooting better than specimens which had purely vertical raamnsyst
(Mickovski, et al., 2005)

1 Hamza et al. (2007) combined mechanical uplift tests with digital analysistésmine
the root displacement behavior for branched and unbranched root systems. The uproot
tests showed that the specimens with two lateral root branches had the highest uplift force
required for failure (2.5 N as comparedth5 N)(Hamza, et al., 2007)

1 Mickovski & al. (2010) attempted tsimplify the complexity of plant root systems and
perform uplift tests on fabricated cylindricahbranchedoot models made of rubber and
wood Longerrubberroot lengths resulted in higher pullout forces (3.5 N for 120 mm
root) andreaffirmedthe same conclusidoy Mickovski et al. (2005)That same length of
rubber root also resulted in the highest shear stress between the root aviddsdikoots
still underestimated the pullout force required when compared to real Willdg eval
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possibly attributed to different roughness conditions andlinear shapgMickovski, et
al., 2010)

2.4.3 Summary

Section 2.4 presented existing vegetation research on its role in shear stress and soil transport
resistance, as well as its common failure mechanismse Thqualitativaelationship between

roof gravel (Section 2.3) and groutedel plant wind studiesgs both provide potential for

windborne debris. Plants, however, have been shown to reduce such debris generation at ground
level, through their role in soil stabilization and momentum reduction. However, the question

still looms as to how they will perfor when introduced to bluff body effects from loww high

rise buildings (one of the objectives of this research study). This section reviewed three different
failure modes that plants may experience: stem lodging, root lodging, and root uplift. Stem and
root lodging will most likely dominate the failure methods that green roof vegetation will
experience when wind loads are inddicRoot uplift of green roof plants due to a vertical force

as a failure method may not be realistic, and may blend with roginipto form a combination
failure mode. These lingering unknowns are due to the largely unstudied subject field, and are
part of the motivation behind this report.
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3 GREEN ROOF WIND PERFORMANCE STUDIES

Section 3 provides a review thfetwo green roof windperformance studieand a case study of a
green roof system which withstood multiple hgind events.

3.1 Southern lllinois University Edwardsville (SIUE)

In 2009, researchers at SIUE, along wittnsultants from the National Roofing Contractors
Association (NRCA) and Green Roof Blocksndoicted a wind tunnel study agreen roof
modules. Thesespecimenswere initially tested a4 in. x 24 in. x 4 in.deep, aluminum
modules, and latr fabricated tdit into 18 in. x 18 in. x 4 indeep aluminum modulesThe
authors also tested fabric green roof modules measuring 20 in. x 32 in. X 5 in. deep

A recirculating wind tunnel was used to generate the wind flow on individual green roof
modules. It used a twstage axial fan driven by a 300 HP electric motor, and was able of
producing wind speeds of up to 140 mph. The test section measured 72 in. long, 30 in. wide and
24 in. high. The authors recorded a peak turbulence intensity of 0.22% at its highest.veloci

The authors conducted a total of 21 test trials of a two different testing dates (TestDagel

13, 2009 and Test Day-2August 9, 2009). Green roof specimens were teth@val sufficient

slack to allow module displacement failur®) preventmoduleinduced damage tthe test
chamber during testingnd a layer of EPDM was applied where the specimens where placed to
simulate real roof conditiong.he specimens werglaced at 45to wind direction to simulate
local cornering wind effect®Vind eeds and duration for each test trial was planned as: 60 mph
(2 min), 75 mph (1 min), 90 mph (2 min), 105 mph (3 min), 120 mph (5 min), and 140 mph (5
min). Failure was defined as one of the following conditions:

1 Displacement of green roof module
91 Displacement of vegetation (more than shedding of a few leaves)
1 Displacement of growth media (more than minimal scouring)

The authors identified three main hypotheses:

1. Four inches of fully vegetated growth media can sustain two minute wind gusts greater
than 90 mp

2. There is a minimum level of vegetation required to bind the growth media in order to
resist scour during two minute wind gusts greater than 90 mph. Identify that level.

3. There are surface treatments that are effective in minimizing scour at various wind
speeds. Identify the treatment and the wind speed at which it is no longer effective.

Hypothesis #1 was tested with fully vegetated modules (no bare media exposed) at the assigned
wind speeds and noting the outcomEypothesis #2 required module$ varying levels of
vegetative coveragécalculated prior to each test trial) to be grewn at a local nursery
Hypothesis #3 was tested with nonvegetatediules treated with either liquid binding agents or
erosion control blankets.

From the test trials, thauthors found:
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1 Hypothesis #1 was confirmed:

o Afully vegetated 24 in. x 24 in. x 4 in. modutecing 90 winds could withstand
120 mph wind speeds for 5 min., but experience full module displacemhnemnt
attempting 140 mphThe same module setup could witdrst 140 mph wind
speeds for 5 minutewithout modular displacement if air flow was prevented
from passing underneath the module.

o Fully vegetated 18 in. x 18 in. x 4 in. modules with cornering winds could
withstand both 140 mph winds for 5 minutes and maddisplacement without
growth media or vegetation loss.

1 Hypothesis #2 was confirmed:

o Nonvegetated modules with dry growth media are sensitive to relatively low wind
speeds, experiencing scour at speeds as low as 30 mph.

o Partially vegetated modulesxperianced growth media scour after 75 mph and
could not reach the target of 90 mph. Therefore, the minimum level of vegetation
was determined as 100% coverage.

1 Hypothesis #3 was confirmed:

o No wind scour was observed for Liquid Binding Agent A at 140 mph, tl88610

natural burlap blanket at 120ph,and Liquid Binding Agent T at 90 mph.

The results from this study were utilized in forming the ANSI/SPRIIRP The authors
acknowledge that this study is simply the beginning of further testing of individual component
and total systems required in the near fu(tRetzlaff, & al., 2010)

3.2 University of Central Florida (UCF)

Wanielista et al. (2011) conducted fiegftbnitoringstudiesfunded by the Florida Department of
Environmental Protection (FDERN the natural wind effects dmvo existing greerroofs in

Florida. Theauthors also present preliminary results from a wind performance study performed
with Florida I nternati on alThelauathons evere outlined their ( F1 U)
objectives based off of three questions:

1. Do winds have an effect on green roof mialdoss?

2. Do green roof materials modify local pressure conditions that would need a modification
to current design codes?

3. Does the level of vegetation establishment affect the material loss and pressure
distribution?

3.2.1 Fullscalewind experiment

To attempt to answer these questions, Wanielista et al. (2011) planned fecallell wind

performance experimentn builtin-place green roof systemst i | i zi ng FIl U’ s Wa
(WOW) — a wind simulator made up of six propeller drives, each powered byiishig block
carburetorengineJt i | i zing the existing 10 f1t. x 10 ft

study (2009), a green roof system was to be installed on its roof and exposed to cornering winds
(which has been shown to create the highest suctions). The authors designed a test matrix
that explored the effects of varying parapet wall heights (0 ft., 1 ft., and 3 ft.), the usage of
erosion control (bare green roof, wind netting, or polymer), and the establishment of the green
roof vegetabn (new or established) for a total of 18 test trials.

36



The green roof system incorporated an edge restraint around the perimeter of the building. With
the bottom roof deck layer, the following components were installed: a thermoplastic protection
layer, drainage layer with integrated separation fabric, 1 in. of pollution control media,
separation fabric, and 3 in. of growth media. explore the worst case scenatie authorslid

not mechanically attach or adhere the system to the roof deck (utiliendelad weight of the
growth media as ballast), and utilized bare growth medthout any saturation or erosion
control forthe initial test trial

The system was first exposed to 30 seconds of 58.9 mph. Upon ramping up to 77.8 mph, the
authors noted thighe edge restraint suffered failure at 35 seconds of total testing (after time
zero). The wind generator operated until 60 seconds had elapsed with the 77.8 mph wind speed.
The authorsattributed the edge restraint and resulting growth media systemefaduuplift

forces formed by the wind interaction with the corner of the building. Soil cracking was also
observectlose to the edges of the roof.

3.2.2 Field monitoring study

For themonitoring studythe authors look atvo green roofs located on thed$t and West coast

of Florida.The East coast wedistablished vegetated roof was planted in the summer of&007

part of the Florida Showcase Green Envirohome (FS@Hhdiatlantic, FL. The West coast
newly-established vegetated rowafas consucted inthe beginning of 200%top of the club

house of the Port Charlotte Rays Stadium (PCR®pirt Charlotte, FL. These green reofere

chosen for the monitoring study due to being on opposite coasts and close to the shoreline where
the highest wind loads wepredicted to occur.

The FSGE green roof was built on an 8 ft. tall structure and measures about 50 sq. ft. with no
parapet. The PCRS green roof, however, was installed as a rectangular section on top of a flat
roof at 25 ft. high, with an area of 160. $t. and a parapet height of 31 he green roof strip

did not extend to the full area of the roof, but rather, its short side and long side sat 6.4 ft. and
16.9 ft., respectively, away from the parapet periméiibe authors decided to only instrument

the ends of the PCRS green rdok to the vast area differenoetween the two systems.

Both systemsvere instrumenteditilized afour blade wind anemometer to determine the wind
speed and directioand a series of bdirectional pressure transducdf2 on FSGE, 24 on
PCRS)to obtain the pressure distribution across the surface of each greeBatmtollection

of both sites was taken simultaneously from June 2009 to February 2010 to attempt to capture
the most active windricaneseasors during the 2009

The authors found that the FSGE green roof recorded a maximum wind speed of 22 mph, and
displayed a fairly uniform trend from on pressure tap to anothbis was linked to the
buil ding’ s simple shape analbkorecorded A maimarewind T h e
speed of about 20 mph, bdisplayedhighly random pressure results between taps. The authors
attributed this behavior due to a large wall obstruction located on the southwest end of the club
house, as wel | aal. t he PCRS' s parapet
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3.2.3 ASCE 705 pressure calculation and comparison

The authors used ASCE(75 ‘canponents and claddingsalytical method to calculate the
pressures across each roof acmimpare with the field pressure predictiodSSCE 705
components and claddja loads were obtained for both green roofs with a design wind speed of
130 mph in an exposure C categofpne 1, 2 and 3 pressures were calculated for both the
FSGE and PCRS green roofs, aagresergdthe ASCE 7 minimum design pressures.

The investigtors identified the lack afontrol over obtainingustained wind speeds and wind
direction as key limitations in comparinipeir field datawith ASCE 7 loads since the
components and claddings loads only account for wind speed as the main factornmndede

the pressure distributiomhe external pressure coefficients on each tap consequently changed
with the direction of the wind. To compensate, theghors calculated thaverage worst case
minimum, maximum and mean pressure coefficiéoteach presure tapwith respect to wind
direction and wind speedlfhe authors then plotted the minimum and maximum pressure
coefficients with respect to wind direction addtermined whiclwind direction gave them the
highest uplift pressure coefficients. The mmim pressure coefficients were then averaged
within the cluster of pressure taps which corresponded to the defined ASCE 7 roof zones (only
Zone 1 for the PCRS green roof). This averaged minimum pressure coefficient was then used
with an assumed design wisgeed of 130 mph to calculate the predicted roof pressures for each
green roof. These pressures were then compared to the corresponding ASCE 7 loads calculated
earlier. The comparison showed that while the Zone 2 pressures generally agreed for the FSGE
green roof (measureet9.30 psf vs. calculateet3.27 psf), the ASCE 7 loads eithgrossly
overcompensated or under predicthd pressurethe roof actually experiencediice as high
calculated FSGE Zone 3 pressure, and half as what was calculated fBCR® Zone 1
pressurejWanielista, et al., 2011)

3.3 Bonita Bay green roof

The series of hurricanes which struck Flori@ad elsewherein 2004 exposed manof the
weaknesses in its building stock. Because these four systems (Charley, Frances, Jeanne and lvan)
struck Florida backo-back, many of these building weaknessesre further impacted and

damaged by subsequent storifise Federal Emergency Managerm@gency (FEMA) reported

that damage from these storms required over $4.4 billion in disaster resistance for over 1.24
million victims in Florida by 2005(FEMA, 2005) This subsection looks at the reported
performance of the Bonita Bay gr e &hereforagthd | o cC a
focus will revolve upon comparing the roof damage reports due to Hurricane Charley with the
observations madon the Bonita Bay green roof.
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On August 13, 2004Hurricane Charleynadelandfall at Port Charlottand the community of
Punta Gorda on thgulf coastof Floridaas a Category 4 hurricanéigure 5 above shows the
Charl ey’ s p a tAbhlandfal,rwind speedslesiimatedes 150 mph sstained winds

and 170 mph gustsSignificant roofing failure was reported for residential systems such as
asphalt shingle, clay tile roofs and even metal roofing. FEMA (2005) also found multiple
instances of flat roof damage due to Charldye assessment reported gravel ballast, gutters and
even walkway pads being blown off of a hospital in Arcadia (approximately 30 miles inland
from Port Charlotte) forming wintborne debris. In Port Charlotte, FEMA reported aggregate
blow-off from a hospitg as well as roof edging failure (similar failure was observed in Cape
Coral) ((FEMA), 2005)
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Figure 6. Bonita Bay green roof (outlined in re(§ource: Bing Maps)

A site assessment was conductedrenBonita Bay green roof located in Leeudty following
Hurricane Charley (2004 he geen roof was constructed 15 ft. atop a metal roof of a storage
facility at the Shadow Wood Preserve Country Club (showRigure 6), approximately 50
miles southeast of Port Charlotte. The green roof usileenighstrength reinforcing mesh that
extends 6.5 ft. inwards from the edge of the roof, attached to the aluminum edging which
surrounds the roof. Also, the green roof was installed withfooe wide concretegvers around

the roof perimetefMiller, 2007). A visual analysis of photos taken before (July 28, 2004) and
after (August 19, 2004) Hurricane Charley showed little evidence of plant lossvathgnedia
erosion(Wanielista, et al., 2011 Miller (2007) also reported that the green roof performed very
well following Tropical Storm Frances (retiredting once reaching Tampa in 2004) with 60
mph winds, as well as Hurricane Wilma (2005), a Category 3 hurricane with 111 mph to 130
mph winds which hit the gulf coast similar to Hurricane Chaiyler, 2007).

3.4 Summary

The review presented in this section provides a good baseline of how to shape future research
work in addressing wind performance issues with green roof systems.

The work completd at SIUE produced results which reinforced the existing research results
summarized in Section 2.4. However, the investigators of this report noted that several
limitations from the SIUE study may need to be addressed in future work:
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1 The wind tunnel cras section measured 24 in. x 30 in. (720 sqg. in.), while the cross

section of a single module (excluding plgntaried from 4 in. x 18 in. (72 sq. in./10% of

wind tunnel cross sectional area), 4 in. x 24 in. (96 sq. in./13%), and up to 5 in. x 20 in.
(100sq. in./14%)Retzlaff, et al., 2010)This percentage (artio) of the specimen cross
sectional area to the wind tunnel cross sectional area is also known as the blockage ratio.
Blockage ratio contributes to significant increases around the model if large enough, and
may not be representative of field conditiofishas been advised to minimize this value

to less than 5% to avoid any errqtdolmes, 2007)However, because this study was
exploring the direct effect of wind on a green roof specimen, the importance of this may
not be significance.

The turbulence intensity of the wind tunnel was less than 0(&stzlaff, et al., 2010)

As shown in Section 2.2, as the turbulence intensignoihcoming wind flow increases,

the speed needed for paver failure (displacement) was shown to decrease. While the
relationship between pavers and green roof modules has not explicitly been explored, the
same phenomenon may or may not be experiencedesuts mo be addressed.

The SIUE study considered only a single green roof module specimen per test trial
(Retzlaff, et al., 2010)This would be representative of the worst case scerautathe
interrelationship of modules set in an array would be representative of typical installation
scenarios. The absence dbalt up structure may eliminate any significant uplift forces
present in the SIUE study, which has been shown (Section 2) to cause significant roof
loadsthat can affect the performance of common roofing materials and components

The wind study completedby Wanielista et al. (2011presentedvaluable methodology
considerations for future research on the topic of green roof wind performance.

Fi
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The test matrix presented for the wind generator study was very similar to the approach
taken by the investigatood this report.

While the conclusion that uplift occurred at the leading corner of the green roof to cause
initial failure of the roof edging, the fact that none of the components were mechanically

attached may have perpetuated the failure. Once windlagvintroduced underneath

the edging and subsequent green roof layers, the uplift force due to wind acting on the
underside of the layers and an overturning moment introduced to the edging by the
laterally moving wind may have combined to create the fil8tudies at the University

of Florida have attempted to contrlichroof structure failures by isating the green

roof systems for testing.

The pressure data presented by the study, while problematic in comparing with calculated

ASCE 7wind loads,washe first attempt (to these inve

full scale green roof pressures. One main limitation was the absence of high force wind

events during the data acquisitonperod ne t hat was out of the
limitations that may have adversely affected the obtained results were the small size of

the FSGE green roof and the small number of taps utilized for such large models.

reportedroof failures around the same regioncurprovidesat least one success case of green
roof systems thriving in Florida.
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4. EXISTING GREEN ROOF DESIGN GUIDELINES

Several green roof design specificasare readilyavailable to manufactars and desigers
seeking guidance imstallation.For the purpose of this study, design guidelines were narrowed
down to either strictly designing for wind hazards, or addressing a method/means to safely
account for those wind loadshe only guidelinesavai | abl e (to these inve
which fit into these two categorieare the Forschungsgesellschaft Landschaftsentwicklung
Landschaftsbaue.V. (FLL) Standard Guidelines for the Planning, Construction and
Maintenance of Green Roofingractory Mutual (FM) Global 135: Property Loss Prevention
Data Sheets for Green Roof Systenamd ANSI/SPRI RR14: Wind Design Standard for
Vegetative Roofing SystemJable 4 summarizeghese standards/guidelines. Section 4 will
present the methodology/approactnieh these three green roof design guidelines place on
addressing the potential wind hazaats well as considerations taken in the plant design and
selection.

Table 4. Summary of green roof design guidelines/standards

FLL® FM 1-35° RP-14°
Latest edition 2008 2011 2010
Guideline type Comprehensive Comprehensive Wind design standarc

design design
Plant selection guide | Yes No No
Wind design DIN 10554 FM 1-28 RP-4
reference FM 1-29 ASCE 705

FLL FLL
DIN 10554
Various studies
Wind speed None—determine < 100 mph (3sec < 140 mph (3sec
restriction loads gust)- hard gust)— defaults to
restriction engineer

Building height None—determine 150 ft.—dictates < 150 ft.—defaults to
restriction loads ballast requirements | enginee
Deck material All; Roofs with Only use netal or All; Determine
restriction coverings require structural concrete | impervious or

further permit pervious deck
Parapet wall No Yes Yes
requirement
Roof slope 1.1-45° 1.1-40° 1.1-7°
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FLL!

FM 1-35°

RP-14°

Erosion control
methods

-Stable substrates
-Soil fixer

-Hard stone chippings
-Fastgrowing, high
coverage plant specig
-Wet seed
-Precultivated
vegetation matting
-Erosion protection
mat

-Erosion protection
mat

-Soil tackifier
-Erosion protection
mat

Wind design method

1. Calculate wind
loads from DIN 1055
4

2. Determine critical
roof regiongor
building

3. Design green roof
system’ s V
and growth media

1. Supporting roof
structure designed
based off FM 128

2. Conditional steps
used to dtermine
whether green roof
growth media can be
used as ballast again
wind uplift or
secondary ballast.

1. Determine building
and geographical
parameters (building
& parapet heights,
wind speed, exposure
etc.)

2. Based on step 1,
utilize design tablesot
determine green roof
system design (1, 2,
or 3)

3. Determine
ballasting
requirements

4. Make
enhancements if
necessary

1 ((FLL), 2008)
? (Global), 2011)

3 ((ANSI) and (SPRI), 2010)

4.1 FLL Standard

The FLL Roof Greaing Guidelinehasexistedin various forms ever since 1982nd has been

the predominant green roof design guideline for Germany, and the benchmark for several

nei ghboring c¢ount The €4 'Standardnhaatsebganlisadt in desigsby

variows U.S. green roof manufacturemnd hasserved as a baseline standéyd many of the
U.S. green roofguidelines The standardis valid for intensive, simple intensivigommonly
termedas semtintensive elsewhere)nd extensive green roof systems, andlasely linked to

many of the European DIN Standarti¢hile the FLL Standard is a comprehensive guideline for

green roof design, this report will summarize ttlomsiderations made fdhe proposed green
roof site conditionsaddressing wind hazardand gpropriate plant selection.

44



4.1.1 Site conditions

Prior to installation, the FLL Standard’'s cru
design is in identifying site conditions for vegetation. Site conditions are based on three different
parameterdisted below((FLL), 2008) with underlired items representing important factors

which must be addressed for green roof installations in Ftorida

1. Climate and weathetependent factors
Regional climate
Local microclimate
Pattern and volume of annual precipitation
Average exposure to sunshine
Any periods of drought
Any periods of frost, with or without snow cover
Prevailing wind direction
2. Structuredependent factors
Sunny, shaded and half shade areas
Deflection of precipitation by structure
Effect of flue gas emissions (e.g. from fodsiél combugbn)
Wind flow conditions
Exposure of the roof surfaces
Stress due to reflecting facades
Additional water load from adjoining structural elements
Gradient or pitch of the roof surfaces and lengths
Design loads and the resulting depth of the layered staictu
Additional technical installations (e.g. aonditioning units, antenna, solar
panels)
1 Roof ponding effects
3. Plantspecific factors
1 Hardiness (robustness) of selected plant species
1 Wind stability in exposed positions (especially for shrubs and pershnial
1 Sensitivity to reflected light and thermal builg
1 Sensitivity to airborne chemical and exhaust contaminations, as well as warm and
cold air emissions
Plant runners (stems which run horizontally within the ground rather than
vertically)
Aggressivenessf rhizomegrowth (rhizome is the portion of the plant stander
the ground surface where regrtowth stems)
Growth pressure of plant rhizome and roots on building elements
Competitiveness of plant species in shallow substrate thicknesses
Effect of wind and intensity of solar radiation on water storage
Demands of aeration in the substrate made by plants in dry locations

E I
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4.1.2Wind design

The FLL Standard recognizes that the wind flow around a building may have adverse effects on
the installed green roofystem.Similar to the roof regions denoted by ASCEthe FLL
Standard recognizeggions set forth by the DIN 10556 — Structural Design Loads Part 4:

Wind Loads.Because ofhe increasedusceptibility to wind damage #te corners, and edges of

a rod, the FLL Standard specifies that gravel or paving slabs should be used in lieu of green roof
material in these regionyVhile green roofs are designedronimize the substrate depth and
dead load resulting from green roof systems, because théyabasted systems with nagid
connectiongo secure looséaid roofing layers, situations where high wind loads occur require
the usage of increased substrate depth and/or heavier materials. The FLL Standard states that the
critical factor in this determinain is the dry load of the layered green roof sys{éirhL),

2008)

In general, the wind load design for a green roof sysdenording to the FLLrequires first
calculating the roof wind loads utilizing the DIN 1085n combination with the coefficient of
wind action found in DIN 105800 — Structural Degn Loads— Part 100 Fundamentals for
planning— Safety Concepts and Measuring Standartie suction loads from these calculations
will be used to determine the necessary green roof load to pegattst uplift. The suction
load, however, experienceseductiondue to various factors associated with green roofs shown
below((FLL), 2008}

9 Coarseness of the vegetation

1 Load generated by residual moisture in the soil

1 Load generated by the vegetation

1 Bonding of the layers through the action of the roots in comparison to loose material

1 Wind permeability of the egetation support layer, which diffuses the pressure
differential between the top and bottom of the vegetation layer

The DIN 10554 prescribes an aerodynamic coefficient for the outside pressure sfXy) that
would be multiplied with the velocity pres®.

Section 14 of the FLL presents erosion control methods, summariZieable/4 above.

4.1.3 Plantdesign andselection

The FLL Standard alsmcorporates a comprehensive plant design guide based on the intended
function for the green roof (e.g. protian of increased open space, ecology, or economic and
environmental protection) as well as the green roof type (intensive;iisemsive, or extensive).
Appendix A was extracted from Subsection 7.2.1 of the FLL, specifying the required substrate
depth fa a specific type of plant.

Section 11 of the FLL Standaplaces requirements on various vegetation types (seeds, shoots,
perennials, bulbs, shrubs/bushes/woody plants, lawn turfs, and vegetation nizsed) on
various DIN standards. The requiremerdage from type of fertilization, root ball height and
shape, to type of substrate depending on the type of vegetation being @oemecurring
requirementvas that plantsvere tobe propagated within nurseries and not picked from the wild.
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The initial portion of Section 12 in the FLL Standard specifies steps needed in the
implementation of various vegetation species, such as seeding application rates, bracing for
tree/shrub stability, etc. Thignal subsection presents the acceptance criteria for inteasd
extensive green roof system$hese acceptance criteria are defined within DIN 18916
Vegetation Engineering in Landscaping: Plants and Planting and DIN 189I&getation
Engineering in Landscaping: Lawns and Seeding. For extensive systemsyeitesded over

only after the plants have gone through a dormant phase and, ¢lieratéting, experienced a
period of drought or frost aprocess which takes 12 to 15 monthh€omplete.

Section 13 dictates the maintenance requirements for intersgn&jntensive, and extensive
green roof systems. Extensive systems require maintenance up until 90% coverage, whereas
intensive systems requiregularmaintenanceand irrigation

4.2 FM 1-35

The FM 135 was created ascmpliance methodf determiningwhether a green roof system
could be insured bydetory Mutual It was first introduced in 2007, but later updated in 2011 to
include design specddations from the FLL Standard, and also limit the wind speed restriction for
green roofs. The FM-35 serve as a general design guideline for green roof systgamst
various design loads (wind, hail, gravity, seismic), as well as design fire hazards, system
maintenance, and propplant selectionHowever, ike the previous subsection, this portion of

the eport will summarize the approach that the H@5ltakes on addressing the design against
wind hazards and the method presented in selecting the proper vegetation.

4.2.1 Wind design

First, the guideline restricts green roof installation to geographatitots where the wind speed
(3-second gust, as determined by FA28) is less than 100 mph. This limit was placed to reduce
the likelihood of windborne debris generation from either green roof growth media or dravel.
takes a similar approach to the widdsign/analysis of the green roof system as the FLL by
requiring users to utilizan external wind design guideline (FM28 Wind Design) to calculate

the wind design pressures to design a mechanically attached or fully adhered roof membrane
system(Global), 2011)

1 Subsection 2.2.3.2 of the FM 135 specifies that the usage of green roof growth media
as ballast against wind uplift for the roofing membrane and other waterproofing elements
is only acceptdle when the uniform substrate depth is at least 8 in. (200 mhrti)is
depth is fulfilled, a minimum safety factor of 1.7 is applied to the wind uplift calculations
to obtain the wind design pressures from FA8L A dry substrate condition with no
vegetaion is considered to represent the warase scenario.

1 Subsection 2.2.3.2.3 recommends usklgan, smooth, weliounded stone ballast
nominally measuring 1 to 2 in. in diameter, at a depth of at least 3 in.

1 Subsection 2.2.3.2.4 allows for green roofvgito media to act as secondary ballast
material. This means substrate can provide ballast for dagdeaoofing components
above the waterproofing membrane but not the membrane itself. A minimum safety
factor of 0.85 is used and the same dry condition28.2.2 is followed.
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1 Subsection 2.2.3.3 prohibits usage of woody vegetation when the wind uplift pressure at
the roof elevation is equal to or greater than the uplift pressure at an elevation of 15 ft. or
less for ground roughness B and a basic wind sf&sdc gust) of 110 mp{Global),

2011)

1 Subsection 2.2.1 specifies usagestoictly concrete pavers nonvegetated border zones
for buildings over 150 ft. highFor buildings less than 150 ft. higihetusage of either
stone ballast or concrete pavers can be used in those regions.

1 Subsectior?.2.14.1 specifies that the perimeter and corner zones (border zones) are free
of vegetation and growth medi@hese zones are recommended to:

1. Provide maintenancaccess

2. Provide additional resistance to high wind uplift pressures

3. Reduce scour of growth media

4. Reduce potential generation of wibdrne debris at roof perimeters and corners
5. Provide a fire break at rooftop equipment, penetrations, and structures

1 Subsectin 2.2.15.2 specifies that this zone must be at least 3 ft. wide in regards to wind
and fire hazardnitigation

1 Subsection 2.2.14.3 details the usage of parapet viFisbuildings >150 ft. high, the
minimum_parapet height is no less than 30 in., whefeaduildings <150 ft. high,
parapets are permitted to extend only 6 in. above the top of the growth media, stone
ballast, and concrete pavers.

1 Subsection 2.2.16.1.5 specifies erosion protection throughcomibustible photo
degradabl e me suntlVegetatind aclieves estaldished’coverage.

4.2.2 Plant design and selection

FM 1-35 stresses that the critical parameters to consider for the plant selection of gfeea

good fire resistance, good drought resistance, and aaggnessive veical root system that
reduces the risk of underlying waterproofing layer dam&géection should still be based off of

the local climate, typical green roof species, and also the rooftop microclimate (also specified by
the FLL Standard)Plant selectiofimitations specified by FM -B5 include(Global), 2011)

1 Avoidance of grasses and mosses due to potential fire hazard when dry.

1 At least three different species must be used to make up 60% of the wegethén
using groundcover plantings.

9 Full-grown, mature height of vegetation must not exceed 3 ft.

4.3 ANSI/SPRI RR 14

In June 2010, the ANSI/SPRI R was approved asrmaethod of designing the wind uplift
resistance of green roof systems. This desigdefjue focuses solely on the wind design and
therefore places no specification to the plant selection of the green roof system. -Tde RP
derived directly from the ANSI/SPRI R® and has a guideline layout which closely resembles
its predecessoilhe dowmment states its limitations (shown Tiable 4), but defaults the green

roof design to qualified professionals when conditions do not meet the guideline specifications.
TheRP-14’ s des i dfor grgen maf sydtenrsas briefly summarized iffable 4, is

linked to various gravel ballast wind tunnel studi@nd and Wardlaw, 1976, Kind and
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Wardlaw, 1985) the SIUE study, as well as the ASCEWind Load Prosions. The
methodology is specified in Section 6.0 of the RR shown belowW(ANSI) and (SPRI), 2010)

1.

Determine the geographical location of the building to extracb#sic wind speed{&c
gust, Exposure C at 3 ft. for storms with a 50 year mean recurremcerval, as
determined by ASCE’ s wi nd &and Expasude categqry).

. Determine the building height and parapet height. If the building height exceeds 150 ft.,

the design defaults to a licensed desigofgssional using current wind engineering
practices consistent with ASCE

With the basic wind speed, building height, Importance factor of the structure, and
exposure category, utilize the Design Tables provided to select the appropriate System
Design (12, or 3).

With the System Design determined, find the ballasting requirements based on the type of
supporting roof system of the building.

Review the design provisions chosen above and provide design enhancements as
necessary.

The remainder of this subgem will summarize design specifications specific to this design
standard:

T

1

Nominal vegetation coverage is defined as no area greater than a 5 in. diameter of
exposed growth media. Systems without nominal coverage are referred to as either
Unprotected Growh Media or Unprotected Modular Vegetative Roof Trays. Those with
nominal coverage or growth media bloff mitigation techniques are considered
Protected Growth Media or Protected Modular Vegetative Roof Trays.
Corner regions of the roof have side dimensiequal to 40% of the roof, and must be at
least 8.5 ft. in width.
Edge/perimeter regions of the roof must also have widths equal to 40% of the roof or 8.5
ft., whichever greater.
Buildings with an Importance factor Category Ill or [\or located withinExposure D
conditionsshall be designed to withstamdnd speeds equal to 20 mph gredtaan the
basic wind speed determined by the ASCE 7 wind s increased wind speed will
be used for the design tables.
Growth media not nominally covered will beopected with wind erosion prevention
technigues such as erosion blankets and liquid binders
No. 4 ballast can exist as:
o0 Growth media at minimum dry weight of 10 psf
o Interlocking, contoured fit or strappédgether green roomodulesftays with
minimum drygrowth media weight of 10 psf
o0 Green roof modulésayswith minimum dry weight of 18 psf
0 River bottom or coarse stone nominal 1.5 in. of ballast gradatio#4igpread at
minimum of 10 psf
0 Independently set concrete pavers with minimum weight of 18 psf
o Interlocking, beveled, doweled, or contdiir lightweight concrete pavers
(minimum 10 psf)
No. 4 ballast can exist as:
0 Growth media at minimum dry weight of 13 psf
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o Interlocking, contoured fit or strappédgether green roof modules/trays with
minimum drygrowth media weight of 13 psf

0 Green roof modules/trays with minimum dry weight of 18 psf

o River bottom or coarse stone nomi@abin. of ballast gradation siz&2 spread at
minimum of 13 psf

o Independently set concrete pavers with minimum weight of 22 psf

o Interlocking, beveled, doweled, or contdir lightweight concrete pavers
(minimum 10 psf)

1 For Ballasted Vegetative Roofing Systems (where the green roof provides uplift
resistance for roofing systems that are not adhered or mechanically attached td the ro
deck):

o System 1: Installed membrane ballasted with #4 ballast as defined above

o System 2: Corner area with #2 ballast, Perimeter with #2 ballast, Field with #4
ballast (#2 ballast if geographically located in winarne debris areas)

o System 3: Corner angerimeter areas with no loose stone, growth media or
modular vegetative roof trays placed on the membrane. Membrane will be
adhered or mechanically attached to withstand uplift forces as specified by
ANSI/ASCE 7 or local building code in these two regiolfigrotective covering
is required in these two regions, a fully adhered membrane system shall be used
installed with minimum 22 psf pavers. Field will be installed with #2 ballast.

1 For Protected Vegetative Roofing Systems (insulation installed overrpradéng
membrane):

0 System 1l & 2 as above

o System 3: The insulation installed shall be ballasted with pavers or other approved
material at a minimum weight of 22 psf. A minimum parapet height of 24 in. will
also be required to use the design tables.

1 For Vegetative Roofing Systems Using a Fully Adhered Membrane Roofing System:

o System 1, 2, & 3 as for the Ballasted case

o0 The wind speed allowed for System 1 & 2 shall be increased by 10 mph off of the
design table§(ANSI) and (SPRI), 2010)

4.4 Summary

In evaluating the design standards in this section, it was apparent to the investigators that a
recurringtrend exists between the FLL Standard, FA35] and RPL4. All three guidelines
recognize that the corner and edge wagiof a roof experiendfe highest negative pressures,

and therefore specify that no vegetation be placed in those areas. The use of concrete pavers or
gravel ballast in these regions to provide adequate uplift resistance was also common between
design gidelines.This overall observation was expected based off of the literature reviewed in
Section 2.1.

While the FM 135 seemed to stem its plant selection methods from the FLL Standard, it can be
concluded that the regional climate will play a predomirrale in determining a suitable plant
selection. As reinforced by the FLL Standard, the investigators of this report are interested to see
what Florida’s unique <c¢limate/ weather effects
Florida not onlyhas drought periods, but also has short, intense deluges during its rainy seasons.
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Combined with high wind hazards during the summer, plant selection may further be limited as
the number of failure parameters increase. This will be addressed laterepahiein the bulk of
the investigators’ studies.

A major limitationin utilizingRP-14 s wi nd desi gn met hod w5 depe
wind map included in the document. One fundamental change from ASIBE& ASCE 710

was that the wind speed mapm the 2005 edition was split into three separate wind speed maps

based on the Risk Category of the buildings (I, II, lll & IV). Therefore, the wind speeds in ASCE
7-10° s maps ar e shanbtlsoseaspetifiechih ASCENB.i Thehchange betwee

ASCE 705 and ASCE 10 simply removed the step of multiplying the obtained wind map

speed by an importance factor which increased the loads for Categories Il & IV and reduced
loads for Category.IThe wind speeds on their respective maps in ASEB tan be used

directly in determining the loa¢lSmith, 2010) This would not have posed a problem if the

design tables in RB4 were reflective of ASCE-G 5’ s bare wind speed ma
limit of 140 mph, almoshalf of Florida could not use the RE% for the wind uplift design of

green roof systems since the ASCEXwind map for Risk Category Il Buildings in Florida has

140 mph wind speeds up through Highlands, A_possible solution to this would be to apply a

0.6 factor to ASCE -0 wind speeds to coart the wind speed from ASCEI/0’ s str engt
design methodto ASCEGC5' s al |l owabl e stress design.
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5. WIND TESTING STUDIES

Following the literature review conducted in 201l investigators plannddr full-scale wind
testing of various green roof systems. From the SIUE sthdyscour behavior of a single green
roof modules were well documented, bbe tpossibility of green roof uplift failure wesill

unknown at t hat s t u deasors, the mvestigators iweren interebtedrin t h i

obtaining comprehensive results on how green roof systems respond to wind flow highly

affected by the presence of a building (bloéfdy effects). This would require the construction
of a mockup structure thatvould attempt to mimic/simulate that bld§bdy wind effect. In this
section the machinery and equipment utilized to run the-Bdhle wind testsvill be detailed,
andthe methodology for andummary ofresults obtained from each phasenfid testing wil

be provided.

S.i mul at or
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Figure 7. (a) Isometrlc V|ew of
hurricane simulator(b) Frontal view
of hurricane simulatoi(c) Back
view of simulatoc

The University of Florida developea portable hurricane simulator2007 capable of producing
up to 1D mph winds— equivdent to a Category 3 hurricanEigure 7 above portrays three
different views of the hurricane simulatdihe simulator consists of eight (8) 5 ft. diameter fans
poweed by four (4) 70HP diesel engines. A 5,000 gallon water taniseused to cool the
enginesduring testing. The simulator’s wind
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and is raised 3 ft. above the grourithe longitudinal turbulence intensist the testingroof
height & 8 ft.) is approximately5-6%. This valueincreasesas the distanceotthe ground
decreasessshould beexpected.

5.2 Test procedures

This subsection summarizes the general test procedures between the two phases of wind testing
and the fundamental chgess maddor Phase 2

5.2.1Phase ldescription

&l Py
g 908

i ORZIA/
"'.:p'.w-"," 2‘.‘,' 4 ‘

Figljre 8. General ést setup foPhasel wind testing.

Wind testing in Phase 1 consisted of six (6) different trialls 54 green roof modulesonducted

over a series of 6 month®ugust 2011- February 2012)Each trial consisted of eight (8)

pl anted modules and a single unplanted modul
location would be varied between test tridlee intensive modules were 8 in. deep x 24 in x 24

in. while the extensive modules were 4 in. deep x 24 in. x 24in. These modules contained 6
differenttypesof plant speciesThe wind speedwere varied at 20, 30, 50, 70, and 90 mph for

30 seconds each, and a final 120 mph run at 2 minditeBM Young Anemoreter was used to

verify these wind speeds in the first three tridlse test structure was approximately 8 ft. ligh

7 ft. x 7 ft, and included a 12 in. high x 6 in. wide parapet which spanned the perimeter of the
structure. The windirection was normdo the windward wall of the structure.

Test day 1 tok place on August 18, 201(B months establishmeny, included a full perimeter

parapet and tested three sets of 4 in. modulds®T 1 , — B2, — H3) and one set of 8 in.
modul e%1).( 8"
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Testday 2 took place on October 20, 20(ELmonths establishmen), and had the same test
method and setups Test day 1, witbne setoBi n. mo d-ud2.es ( 8"~

Test day 3 took place on February 16, 202 Inonths establishment had the leeward parapet
wallremoved and tested-B).in. modules (8~

Phase 1 of the wind tests utilized visual documentation through two (2) high speed cameras
focused on the profile view and one (1) high definition camcorder on top of the simulator. The
modules were also weigl before and aftawind testingwith a singlepoint hanging load cell
(Prevatt, et al., 2011Results from Phase 1 will be explicitly published in a separate document.

This research report will merely review and compare Phase 1 results with thaseedbh
Phase 2.
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5.2.2Phase 2 é@scription

Figure 9. (a) Test structure from view of ofgerson scissor liftn Phase 2 wind testingb)
View of test setup from ground.

Further fullscale wind testing in Phasea?temptsto comparev ar i ous par ameter s’
green roof systemd.he test structurevasplaced 12 ft. away from theenter of the simulator.
However, the parapet wallasremoved, and the test structumas oriented at a 45angle to
simulate the worspossble conditions as suggested by the literature in SectionTRd .walls

were 5 ft. tall, and anchored to a deck that was raised 3 ft. off the ground, just underdhe
flow area of the hurricane simulatdBy orienting the walls at 45 it was deemed stiable to

utilize only two walls to obtain the flow effects desirallith the effects of various wind speeds
known from Phase 1, PhasevAsconducted at 3000 mph windgmeasured for each test trial
with an RM Young AnemometerThetestdurationwaslenghened from 5 minutes to a total of

10 minutes for the majority of the test trials. Four test trials will explore the effects of prolonged
exposure to high wind forces at 20 minutes in durattonew parametethat wasintroduced to
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the BIP testavasthe presence of high moistutevelsin comparison to normal moistulevels
gr owt h

observedn the substratée r o m

t he

Ssite

s irrigatio

Phase 2vasinitiated in two parts: eight (8) test trials on BuiiitPlace (BIP) green roof systems
and eight (8}est trials on radular tray green roof systems for a total simulator operation time of
200 minutes.

5.2.2.1 Builtin-place green roof windtests

The

growth for the second set of trays.

BI P

green

roof

speci mens
Construction ofhie BIP trays was completed on April 21, 20Jur monoculture trays @$1,

N-S2, NT1, N-T2) were planted on April 25, 2012, and the remaining four monoculture trays
were planted on April 28, 2012 &1, SS2, ST1, ST2). Testing during the week of Juaé,

2012 allowed for 7 weeks of growth for the first set of monoculture trays, and 6.5 weeks of

wer e

establishment before wind testiniche BIP test matrix is shown ifable 5below.

Table 5. Test Matrix for BIPSystems

bui

| t i n

The manufacturer recommended at @aatedks

Test | Plant Date | Wind Establishment | Moisture | Plant Plant | Continued

ID Testing Period Species| Height | Testing?
Date

S N/A 06/12/2012| N/A Wet A, J, L, | Mixed | No

M1 ** M, N

N-S1 | 04/25/2012| 06/12/2012| 7 weeks Normal N Short | No

N-S2 | 04/25/2012| 06/13/2012| 7 weeks Normal A Short | No

N-T1 | 04/25/2012| 06/12/2012| 7 weeks Normal M Tall No

N-T2 | 04/25/2012| 06/13/2012| 7 weeks Normal L Tall No

SS1 | 04/28/2012 06/13/2012| 6.5 weeks Wet N Short | No

SS2 | 04/28/2012| 06/13/2012| 6.5 weeks Wet A Short | No

ST1 | 04/28/2012 06/19/2012| 7.5 weeks Wet M Tall Yes*

ST2 | 04/28/2012 06/19/2012| 7.5 weeks Wet L Tall Yes*

A —Aptenia cordiflora®* Baby Sunr M-Lantanacamard Yel | ow Bush La

J—Galillardia aristata® Bl ank et f | N-Portulaca grandiflora® Ros e Moss"”

L —Bulbine frutescens St al ked B

* Continued testing will explore the coverage ratio effects as testing is prolfnoged0 minutes to 20 minutes<(4

5 minute intervals). Overhead photogrgphill be obtained before testing, and after each 10 minute interval. The
trials chosen represent the wecsise scenarios out of the test matrix.
** This trial was a test run to note any problems or errors during operatiohalso determine the best aggch to
each test trial
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5.2.2.1.1 Procedure

The stepby-step procedure for each BIP tray test trial will be as follpves including

“continued .testing” trials)
Step | Description
Transport BIP tray with forklift tg
photography station
1
Take overhead photo noting wind directi "
and tray ID
2
If tray is specified as highlysaturated
install three rain gaugess detailed in Ste
3(b). Attach sprnkler nozzle, irrigation
pump, and water until a full 55 gallg
barrel is emptiedThe time at which the gt
barrel empties is recorded.
3(a)
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3(b)

Rain gauges are to be installed across

diagonalof the designated BIP specim\ Wind Direction

(il'lTustrated by t
figure)

Raise and place on test structure. Seal ¢

between BIP ry and walls with backe |

rods and aluminum flashing.

Run simulator for 5 minutes at 100 mg
Have two profile view cameras recordi
at realtime and highspeed, one aeriq §
view HD camcorder The time testing
initiates is recorded.

After first 5 minute segment, observe a §
areas of interest (high scour, plant failu ®
etc.) and take spot photos -
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Run simulator for % 5 minute segment 4
100 mph with the same camera setug
Step 5 The time testing initiates
recorded.

Place BIP tray o photography station, ar &

repeat Step 2.

9(a)

Take soil samples at the 5 specifi
locations &s further specified in step 9]b
These samples are stored in a cooler { |
tested.The time the samples are taken
recorded.

60




The five (5) samie locations were the fou _ o
(4) corners and the center of eg. Wind Direction
specimen. The moisture contents of eacl ==
these locations were then averaged
provide a more accurate representatior
the BIP specimen. X-Y#-1 X-Y#-3
X-Y#-5
9(b)
X-Y#-7 X-Y#-9
where,
X = “ Ndrmafly®aturatedro “ S
High Saturation
Y = “T&al If opl ant S I
Short plant species
# = “1" or ‘hwahjch of thes
tall/short plantspecies
Return BIP tray to growth site
10

Post processing of the video data will foausplant failure and scour patterns given the domati

of testing. Soi l samples were sent mosturd F' s S
contentanalysis Overhead photos will be processed via Adobe Photoshop CS3, as detailed in
Appendix B.
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5.22.2Modular tray green rooftests

Modular traygreen rootests will be conducted in a similar fashionPdese Ivind testing The

12 month modles were planted in May 2011, whilee 6 month modules were planted at the

end of December 201 After the frst phase of testing, it was perceived that plant height plays a
large part in green roof survivability. Therefore, the plant design in December aimed to isolate
the tall species (T7, T10) from the short species (T8, T11). An addition to the previous test
procedure is t@ collection of soil samples to determine the moisture content of the growth
substrate. Special care should be taken to place previously tested 12 month modules in the same
exact position in the 3x3 grid as Phase 1 wind tesfiafple 6 below shows theroposed test

matrix for modular tragreen roofwind testing.

Table 6. Test matrix for modular tragreen roosystems

Test | Wind Testing | Establishment Media Plant Plant Continued
ID Date Period Depth Height Species | Testing?
T2 06/18/2012 12 months 47 Mixed A, B, C, No

D E,F
T3 06/18/2012 12 months 47 Mixed A, B, C, No

D E F
T5 06/20/2012 12 months 8" Mixed A, B, C, No

D E,F
T6 06/20/2012 12 months 8" Mixed A, B, C, No

D E,F
T7 06/21/2012 6 months 4" Tall B, G, G, H| Yes*
T8 06/20/2012 6 months 47 Short D, 1 J, No
T10 | 06/22/2012 6 months 8" Tall A G, G, |Yes*

H
T11 | 06/22/2012 6 months 8" Short I, J, K No
A —Aptenia cordiflora®* Baby Sunr ose G-Sedumrupesttt Lemon Cor al 7
B —Delospermacoopefi | ce Pl ant” H —Delosperma nubigenumY el | ow |
C —Dianthus grantianopotanus® Di a nt h u s | —Rosmarinus offcianali§ Ros e mar y”
D —Lantana montevidernsis Tr ai | i ng L J—Gaillardia aristata® Bl anket f | oy
E—-Salviarutilans®* Pi neappl e SageK-Coreopsislanceolata Sunr ay”
F—Sedumrupesttt Angel i na Sedu

* Continued testing will explore the coverage ratio effects as testing is proléroged0 minutes to 20 minutes{4
5 minute intervals). Overhead photography will be obtained befetiedeand after each 10 minute interval. The
trials chosen represent the wecstse scenaridsr each plant height
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5.2.2.2.1 Procedure

The stepby-stepprocedure for each modular green rtest trial will be as followgnot
including fToght.tnuatls) est

Step

Description

Weigh modules on digital scale and
photographThe time the initial weighing
is conducted is recorded.

Place on bare deck on photography stat
and note location and wind direction. Ta
overhead photograph

Photo

R LRI T Y s < gl

Following Test Trial T8, the leading edge §

of the two windward rows of modules
were tethered to the bare deck with-tigs
and eye screws. Modules were alsec zip
tied to each other in accordance to the
manufacturer’s req
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Raise deck frame tioeight on structure
with forklift. Position manually until snug
Seal with backer rods

Run simulator for 5 minutes at 100 mph.
Have two profile view cameras recording
at realtime and higkspeed, one aerial
view HD camcorderThe time testing
initiates is recorded.

After first 5 minute segment, observe an
areas of interest (high scour, plant failurg
etc.) and take spot photos

Run simulator for 25 minute segment af |
100 mph with the same camera setup ag
Step 5 The time testing initiates i
recorded.

Remove deck frame and place on
photography station. Take overhead
photograph, noting wind direction
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Remove modules from deck frame,

reweigh, and record. Photograph each

module.The time the postest weighing is

conducted is recorded.

9
Take soil sample from center of each
module, place in Ziboc bag, and store ir
cooler. The time the samples are taken is
recorded.

10

Post processing of the video data will focus on plant failure and scour patterns given the duration

of testing.So i |

sampl es were

sent

t o

UF’

S

rBodsture s

and

contentanalysis.Overhead photos will be processed via Adobe Photoshop CS3, as detailed in
Appendix B.

5.3 Results

This section of the report summarizes the wind testingteesbtained from the first and second

phase of testing. Results will be dieidl into the two different types of green roof systems that
were explored for this research study: modular tray green roof systems and BIP green roof
systemsFor Phase 2, the wingpeed target of 100 mph was achieved by throttling the engines

up to 2000 rpms, where the speed fluctuated from 100 mE®e:/

5.3 1 Modular tray green roof systems

The modular tray green roof systems were tested in both Phase 1 and Phase 2 ofrtiie resea
study allowing for in depth investigation on plant establishment performance against wind
forces, as well as recovery potential of any plants that fdiedthe retested i onth modules
Phase 2, the investi ga alcatsonswihintheiraraspeetie
test arrays in Phase 1. However, after the observed performance of the modular specimens in
Phase 1,ignificant changes in the testing methotlsre madedor Phase 2These changeare
described in Section 5.2 above awhmarized as follows:

i n

T
1
|l
T
T

Wind direction changed from normal to the ridge to cornering wind
Parapet wall was completely removed
Wind tests had much longer durations, with a single sustained wind speed

Nonvegetated modules were not utilized

Soil samples wereollected at the end of each trial
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5.3.1.1Failure of specimen ®ts T3 and T8

Complete &ilure of the modular tragreen roofsystens was observed on twseparate occasions

in Phase 2Test Trial T3 on 6/18/2012 and Test Trial T8 on 6/20/2F#lowing the failure of
specimen set T3 on 6/18/2012, the investigators consulted with the manufacturer who advised
zip-tying the individual modules together with a minimum of two (2) -ki2@ensile capacity,
UV-resistant plastic cableSpecimen set T3 had individumodule failures while T8 suffered
complete failure of the entire system.

Both sets of test specimens had a nominal substrate depth of 4amchizsled due to thmitial

uplift of the leading corner module. Specimenss&B and T8 both failed &2 seconds and 20
seconds, respectively, after the engines reached the 2000 rpm Taydollowing subsections

will provide stepby-step visual accounts from the aerial and profile views for specimen sets T3
and T8 during their failure.

5.3.1.1.1 T3 failue

Description

Aerial Vant
b 4

age Pint

Att=0s, the

plants have not
been exposed t¢
any wind forces| |

Att=22s,
Module T38 in
the leading
corner initiates
uplift.




The module is
completely
airborne within
less tharl
second, and
impacts sesral
others on the
test structure.

Modules T33
and T35 are
now airborne
due to initial
impact. Other
modules have
been shifted
about the deck.

Module T36
slides off the
leeward corner
of the deck.
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Finally, Module
T3-9 initiates
uplift and blows
off of the deck.
Total time for
failure was

under 2 seconds

The remaining
four (4)
modules stay
atop the deck.
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5.3.1.1.2 T8 failure

Description

Aerial Vantage Point

Att=0s, the
plants have not

any wind forces|

been exposed t¢ ¥ 4

Att=20s,
Module T87 in
the leading
corner initiates
uplift.
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The entire
system now
initiates uplift.

The entire
system is blown
off the roof.
Failure occurs
in less than one
(1) second.

5.3.12 Scour characteristics

Overheadhotograply was taken of eactet of themodular traygreen roospecimendefore, 10
minutes after, and 20 minutes after wind testing (if applicale)detailed byAppendix B, the
coverage ratio was calculated using Adobe Photoshalples 7a & 7b below summarize the
coverage ratiosbtained Wind direction in all of the following photos originate from the top left
corner of each figure.
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Table 7a. Coverage ratio comparison of modular tgrgen rooSpecimens subject to 10
minutes of winl testing.

Module .
SetID Before After 10 Minutes
T2
NELY
No Photo Taken- Premature
T3 \
Failure
59.67%
T5
87.58% 70.36%
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T6

63.17%  64.71%

No Photo Taken- Premature

T8 Failure

T11
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Table 7b.Coverage ratio comparisaf modular traygreen roospecimens subjected to 20 minutes of testing

Module Set ID

T7

T10

Before

After 10 Minutes

After 20 Minutes
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5.3.1.3Biomass loss

Biomass loss in the form of plant leaves, stems, flowers, or even entire plaatsneeitored
duringand betweerwi nd test trials by the researchers
review will allow for determination of specific plant failure locations, as well as degree of
damage the plants experiencd@ble 8 below will provMde a general indication of plant loss

during eachtest set omodular tray green roofs

Table 8. Biomass loss observations for modular tgagen roofwind tests

5 Minute Observation Segments
Plant
-I;ESt gslbgsrt]:a{te First Second Third Fourth
Depth
T2 | Mi x e d| Some plant loss observed No losses observed - -
T3 Mi x e d|Loss of some leave - - -
observed before failure.
Mi x e d| Some plant debris log Small plant debrig - -
observed. A lot of leave loss, but no full
were absent on leewal plants. Leewarc
T5
corner malule. corner module ha
wilted leaves at en|
of testing
Mi x e d| Taller plants bend ove Salvia and Lantany - -
T6 aluminum edge restrain regained structurg
Dianthus expose( integrity by 2™
substrate. segment.
Tal |l Gaillardia bent  ove| Plants remain berf None None
T7 apparent. Leading corn¢ over.
plants are bare of leaves.
T8 | Sh or t | None before failure. - - -
Tal | Plants all beng No losses observed No losseg No losses
downwards. Full plant los observed. | observed.
T10 was observed fau (4)
minutes into the 1
segment. Stem lodging
observed (broken stems).
Shor t|Small plant seen g No losses observed - -
windborne debris. No plar
T11
stresses observed fro
ground.
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5.3.1.4 Moisture contentand weight loss

Moisture content from each green roof module was taken after wind teShegresults are
summarized ifmable 9 below.

Table 9. Percentage weight change andisture content of moduldray green roofs

Moisture
Pre Post Content | Pre Post Total
Test Test After Weight | Weight | Weight
Specimen| Specimen Weight | Weight | % wind Total | Total | Change
ID Location | (Ibs) (Ibs) Loss | Testing | (Ibs) (Ibs) (Ibs)
T2-1 5 48.4 47.4| -2.1%| 20.75%
T2-2 9 46.6 45.4| -2.6%| 17.14%
T2-3 8 49.6 48.2| -2.8%| 21.83%
T2-4 1 50.6 48.8| -3.6%| 23.02%
T2-5 2 49.6 47.6| -4.0%| 24.49%| 438.6 | 4234 | -15.2
T2-6 6 47.4 45.4| -4.2%| 23.52%
T2-7 7 49.4 49| -0.8%| 21.83%
T2-8 4 49 44.8| -8.6%| 20.77%
T2-9 3 48 46.8| -2.5%| 18.49%
T3-1 4 49.2
T3-2 3 48.6
T3-3 5 48.6
T34 7 51.6
T3-5 6 47.8 No Data Available- Premature Failure
T3-6 9 47.2
T3-7 8 46
T3-8 1 54.8
T3-9 2 40.6
T5-1 9 84.6 83.4| -1.4%| 10.98%
T5-2 5 89.2 88.6| -0.7%| 20.98%
T5-3 8 97.8 97.2| -0.6%| 21.52%
T5-4 4 88.6 88| -0.7%| 16.05%
T5-5 7 86.4 86| -0.5%| 26.49%| 813.2 | 807.4 -5.8
T5-6 1 95 94| -1.1%| 24.32%
T5-7 2 89 88.4| -0.7%| 10.80%
T5-8 6 88.2 87.8| -0.5%| 15.29%
T5-9 3 94.4 94| -0.4%| 20.37%
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T6-1 4 92.4 91| -1.5%| 17.10%

T6-2 1 101 98.8| -2.2%| 25.60%

T6-3 3 89.4 88.2| -1.3%| 20.69%

T6-4 6 87.6 85.6| -2.3%| 20.11%

T6-5 7 93.2 92.2| -1.1%| 24.17%| 850 835.6 | -14.4
T6-6 5 94.4 92.2| -2.3%| 22.25%

T6-7 2 92.2 90.8| -1.5%| 26.03%

T6-8 9 94.6 92.8| -1.9%| 23.19%

T6-9 8 105.2 104| -1.1%| 21.51%

T7-1 6 47 39.2| -16.6%| 23.57%

T7-2 5 45.6 43.4| -4.8%| 23.17%

T7-3 1 47.2 37.6| -20.3%| 27.68%

T7-4 9 45.4 44.6| -1.8%| 25.82%

T7-5 4 53.8 48| -10.8%| 29.97%| 426.8 390 -36.8
T7-6 3 49.2 49.6| 0.8%| 29.35%

T7-7 8 436 40| -8.3%| 31.07%

T7-8 2 42.8 36.8| -14.0%| 26.11%

T7-9 7 52.2 50.8| -2.7% | 22.29%

T8-1 4 35.1

T8-2 2 46

T8-3 8 46.3

T8-4 9 41.4

T8-5 3 45.6 No Data Available- Premature Failure
T8-6 5 52

T8-7 1 54.2

T8-8 7 51

T8-9 6 46.2

T101 7 90 89.4| -0.7%

T10-2 4 92.4 90.8| -1.7%

T10-3 9 106 105| -0.9%

T10-4 8 92.2 91.8| -0.4%

T105 6 94.8 95| 0.2% 851.4 | 829.6 | -21.8
T10-6 2 82.2 80| -2.7%

T10-7 1 93 80.4| -13.5%

T10-8 3 97.2 96| -1.2%

T109 5 103.6| 101.2| -2.3%
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T11-1 9 85.6 85| -0.7%
T11-2 5 107.4| 106.8| -0.6%
T11-3 8 105.8 105| -0.8%
T11-4 6 104.4 103| -1.3%
T11-5 4 105| 104.4] -0.6% 884 876.4 -7.6
T11-6 1 104.8 104| -0.8%
T11-7 7 97 96| -1.0%
T11-8 3 99.8 99.2| -0.6%
T11-9 2 74.2 73| -1.6%

To further illustrate the interaction between percentage weight loss, moisture content, and
position in relation to the wind flow, the tabularized data above was platedx3 arrays
representing actual placement of module specimenscimteat trial. The wind flow direction in
these figures is the same orientation as the rest of the report, with the wind originating from the
top left corner, illustrated on each figure.
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Wind Direction

Wind Direction

N Vo

—
T2-4 T2-5 T2-9 23.02% 24.49% 18.49%
50.6 49.6 48.0 -3.6% -4.0% -2.5%
T2-8 T2-1 T2-6 20.77% 20.75% 23.52%
49.0 48.4 47 .4 -8.6% -2.1% -4.2%
T2-7 T2-3 T2-2 21.83% 21.83% 17.14%
494 49.6 46.6 -0.8% -2.8% -2.6%

Top: ModulelD Top: Moisture Content (%

Bottom: PreTest Weight (Ibs) Bottom: PostTest Weight Change (Ibs)

Wind Direction Wind Direction

Bottom: Pre Test Weight (lbs)
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Bottom: PostTest Weight Change (Ibs)

1 N
— —
T5-6 T5-7 T5-9 24.32% 10.80% 20.37%
95.0 89.0 94.4 -1.1% -0.7% -0.4%
T5-4 T5-2 T5-8 16.05% 20.98% 15.29%
88.6 89.2 88.2 -0.7% -0.7% -0.5%
T5-5 T5-3 T5-1 26.49% 21.52% 10.98%
86.4 97.8 84.6 -0.5% -0.6% -1.4%
Top: ModulelD Top: Moisture Content (%)




Wind Direction

Wind Direction

L
[

T6-2 T6-7 T6-3 25.60% 26.03% 20.69%
101.0 92.2 89.4 -2.2% -1.5% -1.3%
T6-1 T6-6 T6-4 17.10% 22.25% 20.11%
92.4 94.4 87.6 -1.5% -2.3% -2.3%
T6-5 T6-9 T6-8 24.17% 21.51% 23.19%
93.2 105.2 94.6 -1.1% -1.1% -1.9%
Top: ModulelD Top: Moisture Content (%)

Bottom: PreTest Weight (Ibs)

Wind Direction

Bottom: PostTest Weight Change (Ibs)

Wind Direction

\‘ [\\

— (" ——
T7-3 T7-8 T7-6 27.68% 26.11% 29.35%
47.2 42.8 49.2 -20.3% -14.0%
T7-5 T7-2 T7-1 29.97% 23.17% 23.57%
53.8 45.6 47.0 -10.8% -4.8% -16.6%
T7-9 T7-7 T7-4 22.29% 31.07% 25.82%
52.2 43.6 454 -2. 7% -8.3% -1.8%

Top: ModulelD Top: Moisture Content (%)

Bottom: Pre Test Weight (lbs)
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Wind Direction Wind Direction

Vo R
T10-7 T10-6 T108 % % %
93.0 82.2 97.2 -13.5% -2.™% -1.2%
T10-2 T10-9 T10-5 % % %
92.4 103.6 94.8 -1.™% -2.3%
T10-1 T10-4 T10-3 % % %
90.0 92.2 106.0 -0.7% -0.4% -0.9%
Top: ModulelD Top: Moisture Content (%)
Bottom: PreTest Weight (lbs) Bottom: PostTest Weight Change (Ibs)
Wind Direction Wind Direction
K -
T11-6 T11-9 T11-8 % % %
104.8 74.2 99.8 -0.8% -1.6% -0.6%
T11-5 T11-2 T11-4 % % %
105.0 107.4 104.4 -0.6% -0.6% -1.3%
T11-7 T11-3 T11-1 % % %
97.0 105.8 85.6 -1.0% -0.8% -0.7%
Top: ModulelD Top: Moisture Content (%)
Bottom: Pre Test Weight (lbs) Bottom: PostTestWeight Change (Ibs)

5.3.2Built-in-place green roof systems

BIP green roofsvere also tested in Phase 2 of the study to explore how larger systems of plant
monocultures with relatively short establishment periods £6/55 weeks) wou respond to
high wind forces. The researchers aim to compare the qualitative data obtained by various video
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recording and personal observations with quantitative data provided by coverage ratio and
moisture content determinations.

5.3.2.1Scour characteristics

Overhead potography was taken of each BiReen roofspecimen before, 10 minutes after, and
20 minutes after wind testing (if applicable). As detailedhppendix B, the coverage ratio was
calculated using Adobe Photoshdmble 10a & 10b below summarizes the coege ratios
obtained.
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Table 10a. Coverage ratio comparisai BIP green roof systensubject to 10 minutes of wind

testing.
BIP
Module Before After 10 Minutes
ID
N-S1
N-S2
81.09%
.“ ‘ | L f gon 7
N-T1
aryieat Vasde - BY° A B <,
74.31% 43.61%




N-T2

' 50.92%

PN T

SS1

WAL . M T

SS2

97.97%

91.76%

78.09%
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Table 10b.

Coverage ratio comparison of Bfffeen roof systemsubjectedo 20 minutes of testing

BIP
Module
ID

Before

ST1

-
n

04,

ST2

47.

A\

0

41

00%

e —

-l

%

After 10 Minutes

After 20 Minutes

68.49

3, 3

35.2206

T 3461%
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5.3.22 Biomass loss

Biomass loss in the form of plant leaves, stems, flowergyvenentire plants were monitored
duringand betweerwi nd test trials by the researchers
review will allow for determination of specific plant failure locations, as well as degree of
damage the plants experiencé@able 11 below will provide a general indication of plant loss
during each BIP test trial.

Table 11. Biomass los observations for BIBreen roofwind tests

5 Minute Observation Segments

Tray | Plant | First Second Third Fourth
ID Height

No signs of damag| No losses - -
from ground. Plants observed.
N- Short | &€ seen to displace
S1 shape of wind flow
(refer above torable

104)

Plants stay relatively No losses - -
still. Windward corner observed.
Short | is exposed as plai
displaced in directior
of wind flow.

S2

Small, windborne Plant loss is| - -
debris is observed i| observed
the form of leaves an| approximately 2
Tall | flowers. Root lodgind minutes into 2™
is obsered as| segment.
predominant  failure
mode.

T1

No noted plant No losses - -
structure loss. All observed. Ro0
N- Tall plants bend in lodging 5
T2 direction of wind| magniied.
flow. Root lodging on

all plants.

No losses observe( Plant losg - -
Plant displacement irf observed a
S-S1| Short | direction of wnd | approximately 3
flow. minutes into
segment

Plants noted to sta No losseq - -
relatively still. No| observed.
SS2| Short | losses observed. Pla
displacement i
direction  of wind
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flow.
Plants were observe No losseg No losseg No losses
to bend, but not brea observed. observed. observed.
S :
T1 Tall | off. Root lodging was
noted as prominer
failure mode.
Three (3) plants wer{ No losseg Leaves are see No observeo
seen to be dlodged observed. to be dry ang losses. Roo
immediately. Leaves damaged fronj lodging is
were observed a impact of wind| prominent along
S Tall windborne debris forces.  Plantg the left
T2 Plant loss way located at thq windward edge
identified as leading edg are| where the
originating from noted to be bar( highest level of
leading corner of BIF of leaves. scour is
tray. observed.

5.3.23 Moisture content

Moisture content of each BIP specimen was obtained as defin8tem9) of Subsection
5.2.2.1.1Because the lead timerfsetting up preparing testing, and extracting the soil samples

for each specimenvas highly dependent upon external factors such as weather and proper
equipment operation, the amountvediter sprayed as controlled with the depletion of a single,

full 55 gallon barreland the time elapsed between barrel depletion and sample collection was
also determinedRain gauges were installed, as definedstep 3(b) of Subsection 5.2.2.1.1
Tables 12a & 12b on the following pagesummarize the moisture content findirfgs the BIP
specimensThe full moisture content analysis can be foundppendix D.
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Table 12a. Moisture content for hidlg saturatedspecimens

Rain Gauge
Reading
Averaged
Barrel Sample Time Sample | %
Tray | L C R Depletion | Collection | Elapsed | Sample | % Moisture
ID (in) | (in.) | (in.) | Time Time (min) ID Moisture | for Tray
SSI1-1 24.52%
S-S1-3 31.80%
SS1|11|15| 085]| 456PM | 5:33PM 37 S-S1-5 31.99%| 29.68%
S-S1-7 28.59%
S-S1-9 31.48%
SS2-1 26.32%
S-S2-3 28.99%
SS2| 14|15 1 3:50 PM | 4:36 PM 46 S-S2-5 30.27%| 28.92%
SS2-7 28.05%
S-S29 30.97%
ST1-1 20.65%
ST1-3 22.99%
ST1| 06| 27| 08 | 2215PM | 4:32 PM 137 | ST1-5 26.16%| 23.89%
ST1-7 23.00%
ST1-9 26.63%
ST2-1 21.89%
10:40 ST2-3 24.54%
ST2|0.95| 1.2 | 0.25 AM 1:28 PM 168 | ST2-5 25.70%| 25.79%
ST2-7 27.09%
ST2-9 29.73%
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Table 12b. Moisture content for normal saturated specimens

Wind Sample Time Averaged %
Tray | Testing Collection Elapsed | Sample | Sample % | Moisture for
ID Time Time (min) ID Moisture Tray
N-S1-1 21.16%
N-S1-3 24.05%
N-S1 | 6:29 PM 7:01 PM 32 N-S1-5 27.73% 23.71%
N-S1-7 19.99%
N-S1-9 25.61%
N-S2-1 15.02%
N-S2-3 24.78%
N-S2 | 10:36 AM 11:40 AM 64 N-S2-5 24.15% 21.16%
N-S2-7 19.70%
N-S2-9 22.14%
N-T1-1 23.83%
N-T1-3 24.46%
N-T1 5:30 PM 6:10 PM 40 N-T1-5 28.50 25.47%
N-T1-7 24.70%
N-T1-9 25.78%
N-T2-1 21.52%
N-T2-3 28.04%
N-T2 | 9:49 AM 10:36 AM 47 N-T2-5 25.72% 25.58%
N-T2-7 25.86%
N-T2-9 26.77%

5.4 Discussion

5.4.1 Moisture content

Because all of the samples in both the BIP amatular traygreen roofssets were stored
outdoors, moisture content was highly dependent upon the weather conditions the day before and
day of testing and soil samplinghe followingTable 13provides the precipitation history of the

days during the wéeand a half of wind testing and soil sampling that was conducted. Testing
and soil sampling were conducted in r&i@e conditions.

Table 13. Daily rainfall over the testingeriod (Source: Wunderground.com)

06/11| 06/12| 06/13 | 06/14 06/17 | 06/18| 06/19 | 06/20 | 06/21 | 06/22

Rainfall | 0.00 | 0.02 | 0.27 |2.03 0.00 | 0.00 |0.00 |3.96 |0.01 |[0.35

(in)

Time - 4PM | 10PM | 1AM - - - 7AM | 3PM | 4PM
to to to to
11PM | 2AM; 8AM 7PM

3:30PM
to
7:00PM
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5.4.1.1Built-in-place green roof systems

The BIPsystemswere tested and sampled during times with relatively no rainfall. Therefore, the
moisture content levels obtained are dependent upon the amount of sun exposure and time
elapsed from irrigation to sample collection. It can be seen that the highly saturated specime
exposed to 55 gallons of water resulted in generally higher moisture content percentages than the
normally saturated. -S1 and SS2 portray a clear distinction that a wetter condition was
experienced by the specimens in direct comparisons with themmatigrsaturated counterparts
(N-S1 and NS2). The tall specimens, however, do not provide as direct of a result. Beeause S
T1 and ST2 were both tested for 20 minutes as opposed to 10 minutes{asaNd NT2), a
significantly longer time elapsed betwemrtial wetting and sampling time. Knowing this, 55
gallons was still sprayed normally onT& and ST2. Because the final moisture content
between the highly saturated and normally saturated tall plant species are so similar, it cannot be
known whether ta increased elapsed time allowed for complete drainage of the substrate.

5.4.1.2 Modulartray green roof systems

Modular green roofspecimens were subject to normal saturation, and no additional attempts at
creating wetter conditions were made. These $snpad moisture contents which ranged
anywhere from 10% to 30% within a specimen set. A direct correlation could not be made
between module depth and measured moisture content.

5.42 Scour patterns

Both the BIP and modulagreen roof systertests sharedimilar visual characteristics in terms

of growth media scour anglant displacement/bending patterns. However, because the modular
tray green roofsystems essentially discretize a continuous green roof (like a BIP system) into
compartmental 2 ft. x 2 fimodules, located scouring was more apparent, whereas the BIP tray
exhibited globalized scour patteri&ubsections 5.4.1.1 and 5.4.1.2 willaliss the key areas of
interest when exploring the scour patterns in the BIP and modulagraay roosystems

5.42.1 Built-in-place green roofs

5.4.21.1 Problematic zones and scour direction

BIP green roof systenmexhibited extreme scour patterns on the windward edges for all test trials
as shown in blue circles below kigure 10 (a) These edge regions, @nes, lost up td’lants

appear to bend in the direction of the conical vortices, showing a distinct parallel bending with
the windward edges for plants near those edges, whereas plant bending was generally in the
direction of the hurricane simulator wirildw when located closer to the leeward corner of the
deck (Figure 10 (b). Coarse aggregate that did not bloff the roof generally was found to

build up in three key areas shown below in red circleEigare 10 (a) It should be noted that
specimen 2 is shown as a representative exangdethe lighter coarse aggregate contrasts
well with the darker colored fine aggregafEhe coverage ratios will be discussed in the
following subsections.

89



Figure 10. (a) Key areas of scoured circles represent coarse aggregate fupldand blue
circles represent edge lossés) The general direction of the conical vortices and wind flow
across the BIRystemis represented by the direction in whiplants bent, depicted by the red

arrows

5.4.21.2 Sheltering effect from plants

One apparent observation made by the investigators was the sheltering effect that plants have on
coarser aggregat&he $ort plant species resulted in very little loseéshe coarse material, as

was expected from their pronounced coverage ratio. Taller plants, however, also exhibited signs
of sheltering.As seen above iRigure 10 (a) plants that were bent ovarrther away from the
windward cornetowards the leeward canoffereda shelteringeffect forthe coarse aggregate.

This sheltering effect is more pronouncadross the declis he coverage ratio is increased, as

differentiated byFigure 11 (a) & (b).
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Figure 11. Comparison of sheltarg effect in leeward corner at the end of two different 20
minute wind test$or (a) ST1: Lantana, an¢b) S-T2: Bulbine

5.4.213 Tall vs.short

Both tall and short BIP specimens displayed very similar scour behaviors based on-tlestpost
overhead phtmgraphs.Comparisonsn coverage ratio lossdsetween the normall saturated
tests (NS1, NS2 vs. NT1, N-T2) show that shorter plant specresist scour effects much more
effectively than taller plants. In ten (10) minutes of testingsINand NS2 (short specimens)
lost 15% and 8% of their original coverage ratie compared tN-T1 and NT2 (tall specimens)
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losing 31% and 19%respectively. The authors attribute this with a larger frontal area being
exposed to the wind for taller plant species, wasrghorter plants stay relatively low to the roof
surface, avoiding the blunt force that causes the extreme bending. This reasoning also reinforces
the presence of those conical vortices close to the edges being the only possible forces which
could createhe plant displaement pattern in short specidhe authors also witnessed extreme
aggregate bloveff when testing the Bulbine specimens due to their incredibly low coverage
ratio. Coarse aggregate was nearly all blafrfor both NT2 and NT1.

5.4.214 Normal saturation vs. high saturation

A direct comparison between the short plant specimens will show that a correlation between
increased saturation levels and increased coverage ratio reduction exists. The scour patterns are
much more pronounced indhhighly saturated short plant specimens in comparison to the
normally saturated specimens. When comparing the tall plant specimens, however, that
correlation weakens, either due to the plants offering a somewhat wider spread of coverage once
bent downward (as in the case with theulbine species) or that the tall species highly saturated
conditions were tested a week after the normally saturated conditions, allowing for further plant
growthand higher coverage ratios.

5.4.2.1.5 Extended testing time

Testtrials ST1 and ST2 were exposed to both higher saturation levels (exposure to 55 gallons

of water) and longer wind testing times to represent the warsst scenario for BIBreen roof

systems.lt was found that the initial 10 minutes of testing resulie the most significant

reduction in coverage ratio. The second 10 minute segment resulted in very minimal differences

in coverage ratio for both-$1and ST 2. The aut hors attribute this
stay bent and low, mimicking thieehavior of short plant specieBespite this, the lack of

coverage resulted in significant losses in growth media as shawgure 12 (a) and (b)
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Figure 12. Significant substrate scouring (@) S-T1, and(b) S-T2
5.4.2.2Modular tray green roof systems

5.4.2.1.1 Problematic zones and scour direction

The modular tray green roof tests did not exhibit significant problematic zones and as distinct
scour directions as the BIP green roof results. This could be due to theddcaditure of the

scour pattern, the significantly longer establishment period these specimens were allowed, the
smaller volume of substrate that these plants were confined to grow in, or the combined effect of
all three factors. Scour direction for diféant specimen sets varied unlike what was seen in
Section 5.4.2.1.1, and the problematic zones were typically the corners and edges of the modules,
as well as the leading corner module. However, these zones were highly dependent upon the
orientation of eacmodule, as well as the performance of each plant species within the module
both of which were not controlled or accounted féigure 13 (a)and (b) show scour patterns

and zones that are closely similar to those seen in the BIP green roofs in Seti#oh. 56
However in looking at specimen set T10 which utilized the same types of plants as specimen set
T7 in 8 in. deep modules, the scour direction becomes more uniform and parallel with the
direction of the hurricane simulator wind flow. Also, build of coarser aggregate seems much
more apparent in specimen set T10.
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Figure 13. (a) Problematic zonewith blue circles representing scour and aggregate loss, and red
circles representing coarse aggregatedaui; and (b) Scour direction determination after2@
minuteprolonged test on specimen set T7

Figure 14. (a) Problematic zonewith blue circles representing scour and aggregate loss, and red
circles represgting coarse aggregate builg; and (b) Scour direction determination after2@
minuteprolonged test on specimen séiT

5.4.2.2.2 Tall vs. short

With these problematic zones identified, it would be expected for the module located in the
leading cornerto experience the most notable weight loss. This assumption seems to be
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reinforced by the pogest weight differences for the specimen sets shown above (T7 and T10).
The two leading corner modules, -B7and T167, lost 20% and 13% of their original wetgh
respectively in comparison to notably smaller losses of other modules in their respective
specimen sets. To confirm that the leading corner was indeed a problematic zone which
experienced the highest losses, a comparison must be made with a speciroérsssae
establishment length and module depth. While the 4 inch specimen set, T7, lacked any a
comparable 6 month set due to premature failure, a comparison could be made between
specimen sets T10 and T11. Both specimen sets had rather similar covei@gdéram the
overhead photography, but surprisingly, the leading corner module in T136,Tdiily lost a

total of 0.8% of its original weight, and had average total losses when compared to the rest of its
specimen set. Therefore, the investigators cordd with their findings in the BIP test trials that
given a set establishment period, coverage ratio, and module depth, the plant height plays a vital
role in determining how much losses is experienced by a green roof.

5.4.2.2.3 Sheltering effect from plats

As seen in the BIP test trials, a pronounced sheltering effect of plants on the substrate was seen
for those specimen sets with high coverage ratios. This, as expected, was quite apparent in
specimen sets containing short, {oing plants. However, i the knowledge from a parallel

root uplift study showing signs that the modular substrate has been locked into a single system
by the intertwined root systemBigure 15), media losses in the modular specimens should not

be expect to be as extreme theder the establishment period.
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Figure 15. Uprooted substrate systengmpletelybinded by roots
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5.4.2.2.4 Moisture content effects

Referring to the figures in Section 5.3.1.4, moisture content effects can be seen asleagligib
determining the losses.

5.4.3 Failure modes

Observed in both BIP and modular green roof tests, the predominant plant failure mode observed
was root lodging. Stem lodging rarely occurred, and was only witnessed in taller plant species.
Complete faiire, however, did occur within two (2) of the modular tray specimen sets.

5.4.3.1 Builtin-place green roof systems

Only a few instances of plant uprooting were observed during the BIP test trials, as summarized
by Table 11 in Section 5.3.2. That said, géhLantana (NIl and ST1) portrayed the most
potential to become windborne debris in a windstorm event with complete plant failures
observed in both test trials.

Root lodging was the predominant failure mode observed in the BIP tests, appearing in all BIP

test trials. Root lodging was the instance when the root ball or system was exposed due to

significant scouring and/or the overturning of a plant. Stem lodging occurred, and was rarely

documentedFigure 16 shows the common root lodging and stem lodgiagecin a Lantana

specimen. Both types of lodging are seen to occur more commonly in taller plants than shorter

plants, as expected by the investigators.
— - S :

™
e N &

Figure 16. Root lodging shown in red circle and stem lodging shown imline circle
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5.4.3.2 Modular green roof systems

The first failure mode that should be addressed is the complete uplift of the modular tray system.
The investigators determined that failure mechanism resulted from a combination of high uplift
forces causedly the conical vortices, close proximity of the modules to the leading edges, light
weight of the extensive green roof moduke$3 psf), and the lack of a parapet. Once the parapet
wall was removed, very little remained to adequately prevent the wind ffoming off the
modules. The parapet wall, in Phase 1, was able to block direct wind flow from directly striking
as well as flowing underneath the windward row of modules to initiate uplift. A similar vertical

di spl acement , or “ hdward coraer imadyle, of specimenrset T3nandtTB e  wii
could be seen in test trial 4”7 T1.1 in Phase
were present on the back row of modul es, and

media off. This eventulyl led to a fluttering effect that worsened as more material was lost.
Failure in T3 exposed the high vulnerability of a system of 4 in. green roof modules set to a
worstcase scenario.

The modular tray specimens experienced both root and stem lodgingver, unlike the BIP

trays, these failure modes were highly localized to the individual module performance, rather
than widespread, uniform failures. Like the BIP green roofs, taller plants typically had a higher
risk of experiencing root and/or stem ¢alg. It should be noted that the Gaillardia species found

in specimen sets T7 and T10 are considénpcheavy meaning that the species typically grows

a heavy bud at the end of a long, slender stem to easily collapse and propagate. Therefore, stem
lodging is expected, but complete breakage is difficult due to the resilient nature of the stem.
Figure 17 (a)shows typical root lodging, whereas stem lodging in modular tray green roofs is
shown byFigure 17 (b)
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Figure 17. (a) Root lodging of Salvia ¢(b) Stem lodging of a Gaillardia
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6. PLANT PERFORMANCE

While the bulk of the project assigned called for a wind performance study, the investigators and
the FBC were also interested the specific plant species that would ithtive state of Florida.
Quantification of pl ant s’ performance during
amount of variability in the biology of plants (stem size, roots, etc.). While several of the plant
structure studies reviewed createddals to allow for manageable control over those variations,

the investigators of this report were more curious to see the failure mechanism of plants in their
natural state. This section will review the plant selection process that the authors un@estook,

well as summarize the proposed uproot testing of green roof plants.

6.1 Overview

The planting media of a green roof assembly is an aggregate media with limited organic
additives that removes water quickly from the roof. While this is useful to redededad on the

roof, with it goes the sustenance that is needed by plants. Green roofs are therefore a balancing
act.

Designing green roofs in Florida’s hot, humid
with summer surface temperatures of coieral roofs reaching more than 45 (Wanielista,

et al., 2008) and green roof aggregate media reaching F65Further, there is little cooling

relief through the night. Consequenttjreen roofs in Florida must consider:

1 harsh conditions of extreme heat and drought while
1 plant selections that can thrive in the epegsent humidity and seasonally heavy rainfall

In order to design green roof wind uplift test protocols for the RoBdilding Commission,
there are several considerations:

1. Identify the most common roof configurations in Florida

2. ldentify the most common green roof assemblies in Florida

3. Select plants that are most likely to be successful in Florida

4. Determine the parameteof plant form and planting condition in order to design the
research approach to measure wind uplift

6.2 Plant selection

The selection of plants for use in uplift tests were determined by identifying plants that:

1 Are commonly used in green roof apptioas in Florida

T Have been successful at the University of
installed in 2007), or in UF field trials

1 Represent a variety of species, forms and performance characteristics in wind uplift

This list includes 14 spéexs that would represent a variety of plants and wind resistance

characteristics needed for uplift testing including plant form (upright vs. spreading), leaf area
(small and large), stem strength (woody vs. succulent), and root characteristics (dense vs.
limited). Further, the list represents a variety of native plants, hardy ornamentals, and adapted
succulents that are proven in Florida applications. Each has certain useful characteristics for
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green roof applications including attractive color; resistaodeat and wet conditions; ability to
store water for use in dry periods; and moderate to fast grawatiie 14 displays the list of
plants for wind uplift trials in both Phase 1 and Phase 2. As mentioned above, thegleeted
to represent diverse cdlateristics thatepresent a range of plant mbgbogy and/or to achieve

wind uplift variables. The list should not be interpreted as a list of "best plants.”

Table 14. Plant list*

Phase 1
Botanical name Common name Size; Stemcharacteristics
A | Aptenia cordiflora Baby Sun Rose Short, succulent
B | Delosperma cooperi Ice Plant Short, succulent
C | Dianthus gratianopolitanus Dianthus Short
D | Lantana montevidensis Trailing Lantana Tall, woody
E | Salvia rutilans Pineapple Sage Tall, woody
F |Sedum rupest r ¢AngelinaSedum Short, succulent
Phase 2
Botanical name Common name Size; Stem characteristics
G | Sedum rupestre Lemon Coral Short, succulent
H | Delosperma nubigenum Yellow Ice Plant Short, succulent
I Rosemarinus @itianalis Rosemary Short, woody
J | Gaillardia aristata Blanketflower Tall
K | Coreopsis lanceolata Sunray Tall
L | Bulbine frutescens Stalked Bulbine Tall
M | Lantaa camara Yellow Bush Lantana | Tall, woody
N | Portulaca grandiflora Rose Moss Short, succulent
* Short plants are 127" 030"l)esisn imeihgehtg;htwo adayl | p lpa natnst sh

plants have soft stems and foliage and store water in their foliage and stems.

6.3 Uproot testing

As part of the continuing green rooéngformance studies at tié-, a test method of determining
individual plant resistance to uproot forces is currently being explored. The first phase of green
roof performance tests studied the performance efgirth established green roof modules on

top of a flat roof structure exposed to 20 to 120 mph wind speeds. From this testing it was
determined that further research was needed understand how a plants root system stabilizes green
roof media during periods of high winds.

The qualitative results pdoced fromPhase 1 of U R additiomitorthé outcenrses |
of previous studies suggest plardase attributed to providing sufficient soil/media stability and
anchorage through their root systems. The species of plants utilized for the ugnogtaies in
the green roof wind uplift study were selected based on availability, survivability, growth rates,
and also potential for wind resistance within the North Central Florida Region. The results of the
initial wind testing conducteth summer 201Hemonstrated the need to obtain additional uplift
resistance dataset between plant species to provide further beneficial guidance towards plant
selection in Florida. The purpose of tlisctionis to provide a background of three existing root

ng,
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uplift resigance studies and their testing proceduas well as to explain the methods, materials,
and test matrix of the current of uproot tests being conducted at UF.

6.3.1 Review of previous root wuplift studiesbo

6.3.1.120107 Mickovski, S.B. et al i Resistance of simple plant root systems to uplift loads

This study explored the axial uplift resistance of a single, vertical tap root. The authors first
measured the axial stiffness against the root diameter of three month old willow roots t@obtain
range for the mechanical properties of the root system. Then, to normalize for biological
variability factors (root size, branching, etc.) that would be present in real root systems, the
authors fabricated model roots made of two different materialsdbase the previous
measurements, Viton -Gng rubber and Linden wood rods. This allowed for the direct
comparison of the roegoil interaction without uncertainties. The authors acknowledged that this
simplification is not representative of real root systemmich are far more complex and variable

in terms of growth and dimensions.

The study validated the material of the roots via interface direct shear tests and rigid root pullout
tests. After preparation of the sand was completed, the authors clampegdtsed portion of

the root model, attached to the load cell of the universal testing machine (UTM) (INSTRON
5540), and pulled out of the soil at a constant rate of 1 mm/min. By varying the root material and
sand saturation (dry or saturated), the authase able to measure the loads and displacements

on each root testing scenario. The same test procedure was then followed for root samples
obtained from two 3 year old willow trees having similar geometry as the model roots.

6.3.1.220077 Hamza, O. et al.i Mechanics of rootpullout from soil: A novel image and
stress analysis procedure

The authors conducted a study similar to that by Mickovski et al. in 2010. Instead of focusing on

a single, vertical root tap, the authors utilized four different mod#l sgstems made of Viton

rubber. Again, model root systems were pursued to allow for control over variations in plant

bi ol ogy present in nature. Two of the root mo
of single vertical root taps, with the twmeodels differing in root length. The third and fourth root

models provided a somewhat more representative system as seen in real plants. The former
consisted of a single root tap with an additional two branches, while the latter has an additional

four branches. Comparisons were made between root uplift tests performed on the model root
systems and planted seedlings (Pea and Maize plants).

Li ke what was seen in Mickovski et al.’'s stud
5540) to measure the loaohd displacement of the root systems tested. The displacement rate
was set at 0.05 mm/s (3 mm/ min), which was a
rate. The authors clamped the free end of the root to the displacing end of the UTM using
screwhr ead grips with hard rubber surfaces. The

A sequence of photos was taken and a Particle Image Velocimetry (PIV) was performed to detect
the movement of pixels between images. This was only possible becausmtainer was made
of clear Perspex surfaces, enabling the authors to see the root system under the soil.
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6.3.1.320021 Balily, P.H.J. et al.i The role of root system architecture and root hairs in
promoting anchorage against uprooting forces in Alliuncepa and root mutants of
Arabidopsis thaliana

This study addressed the role of multiple roots, the impact of laterals and the contribution of root
hairs to anchorage. To do so, the authors utilized two species of plHinis, cepa(onion) and

Arabidopss thaliana(thale cress). The former was chosen to represent a root system that was
relatively thick, unbranched and uniform in width while the latter produced root systems that
were “wild” and branched out wi t hh whetleet a hai r s
deeper, more uniform root system (from the onion species) would increase anchorage or not.
This would provide insight on whether lateral growth was important or not.

The authors grew these plants within a controlled environment, noting hemwtb& plants were
watered, and the amount of light provided. Before testing with a UTM, the authors watered the
plots with tapwater until saturated, and allowed to drain between 30 to 90 minutes. The plants
were all clamped with a corrugated metal gripeti with thin pieces of rubber. If the stem broke
during testing, the results were discarded.

Uprooting tests were performed for both the onion and thale cress plants. The latter were pulled
up at 200 mm/min (200 mm/min for a different harvest, but didyreld differing results) while
the former was pulled up at 500 mm/min.

In determining individual root strengths for the onion, the root nearest the stem was cut. The
ends of this root were then sugggued between steel plates, and allowed to dry for
approximately 30 minutes. The central rgiue section was then tested by attaching the-steel
plated ends on the UTM and displacing at a 20 mm/min rate until failure.

6.3.2 Testing parameters

The following list of parameters were acknowledged to affectréisalts obtained from the
uproot tests. The parameters underlined will be accounted for:

1 Establishment lengtk 6 month (younger root system age and moderate root dispersal)
vs. 12 month (mature root system and dispersal)

1 Growth media depth4 " v s(great8r'media depth encourages greater plant and root
vigor)

1 Growth media moisture contertMoisture will enhance root pull resistance. Therefore
uproot tests will be performed as normally saturated or wet.

1 Plant speciedabit/shape- Taller plants aresubject to greater wind uplift vs. shorter

plants; woody plant stems are typically stronger than soft, succulent stems

Whether exposed to wind testing or not

Time between uproot test and simulator test

Location on flat roof during simulator te@nportantto keep 12 month modules in same

locations for Phase 2 studies)

= =4 =
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1 Density of plants in test celt Greater plant coverage enhances protection against wind
stress and will lessen any effects during simulator testing that may lessen pull out
resistance

1 Root ype and dimensions (length, spread, deptlB| ant s’
dispersal and strength vary by species.

root Syst ems

6.3.3 Uproot test matrix and selection procedure

Due to the modules being planted with either 4 to 6 different herbaceous, dicot @eietssp
similitude does not exist between these test results and those from the cited studies. Therefore,
with 100 planted modules, it is suggested that from the current stock of plant species (to be
provided), a standard selection is made, and each mbeéulgrooted only once. Reasoning
behind this would be due to root establishment of each plant species essentially affecting each
other.The plant selection in each group below was chosen to represent one (1) succulent and one
(1) herbaceous species.

Table 15. Plant species uproot test matrix

Establishment Time

12 months # 6 months # 1.5 months #
- 40 |A 3 C 3 - -
‘g B1 3 |D 3
o 80 |A 3 C 3 - -
©
g — Bl 3 D 3 . -
= B2 3
A — Aptenia cordiflora B2—- Lantanacamara  C-Delosperma cooperi

B1 - Lantana montevidensis D — Gaillardia aristata

6.3.4 Plant Uproot Device (PUD)

For the testing, a Plant Uproot Devig@UD) was designed and constructedsdr at the Powell
Laboratory, located at the University of Florida S&de Gampus. The device consisted af

custom designed, foam and rubber insert claghaped hanginipad cellwith 2001b capacity

1/ 16" steel rope c abactator, allncdnneated €0”a datd actquigition e | e c
system. Utilizing two, 4 -BJo | t s, the actuator was verticall
pressure treated lumber placedenrd horizontally betweetwo, 4 1”7 t r i(pigu@ 18 uppor
(a) & (b)). Testing was performed by attaching the foam and rubber insert clamp to thef base

the selected plants and retracting the actuatormprwar ds mot i on (system | t he
became detached from the green roof méeigure 19). Because the PUD was a combination of

two separate pieces of equipment (load cell and linear aciuatLabview program was created

to record the time history of the I|linear actu
a 50 Hz frequency. These records are printed and saved as output text files defined by the user.
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Figure 19. Foam and rubber insert clamp attached to different plants that have been uprooted
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Figure 20. Data recording equipment
6.4 Root documentation

Immediately following plant uproot testing, the root systems will be cleaned off and placed on a
clean, white gridded boardrigure 21). The goal is to photdocument the growth habit of their

root systems.Since the wind uplift testing involves a variety of plant species, different amounts

of time grown in situ, and different media depths, it is expected that there will be variations in

the potential success or failure of plant uprooting. Media depth &laséeen observed as a
factor in the better growth rate of plants i
photaanalysis is to determine the relationship (if any) between root spread, root uplift force, and
wind-induced failure of a plant. RAlrer, having plants grown in situ for 2, 6 and 12 months
represent 3 different phases in maturity, extent and strength of root systems, and each contributes
differently to the securing of the plant in wind uplift as well as the uptake of nutrients.

Figure 21. Lantana placed on gridded board with beginning of root system starting at depth = 0
in.
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APPENDIX A: STANDARD COURSE DEPTHS FOR VARIOUS TYPES OF VEGETATION

Depth of the vegetation support course
in cm

Moss-sedum

Sedum-moss-herbaceous plants

Sedum-herbaceous-grass plants

Extensive greening

Grass-herbaceous plants

Grass-herbaceous plants

Wild shrubs, coppices

Coppices and shrubs

Simple intesive
greening

Coppices

Lawn

Low-lying shrubs and coppices

Medium-height shrubs and
coppices

Types of greening and vegetation forms

Tall shrubs and coppices

Intensive greening

Large bushes and small trees

Medium-size trees

Large trees

((FLL), 2008)
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APPENDIX B: CALCULATING COVERAGE RATIO IN ADOBE PHOTOSHOP
1. Select the Polygonal Lasso tool (in tool palette to left of workspace).

2. Make selectionfaarea of interest.

3. Choose Select > Color Range.

4. Set the following options:
9 Click the Selection radio button
9 Selection Preview to Black Matte
1 Click Add to Sample Button

5. Click the plant(s) by making selections (as you make these selectiorarthshould become
more visible

6. To add additional tones to the selection:
1 Continue to click the shaded regions of the plant
1 Also move the Fuzziness slider to the right to increase selection
o Do this slowly and stop to add different tones of the plant

7. To make sure desired regions are fully selected, do the following, and click ok.
1 Increase Fuzziness till unwanted regions of the image are visible (such as soil artifacts)
1 Then move slider to position where unwanted regions are not visible any longer

Now only the plants are selected

8. Review image closely to make sure only plants are selected. If part of the plants are not
selected use the Quick Selection Tool or the Magic Wand Tool (hold down shift). When using
Magic Wand you may change the tolerat@enake your selection more precise.

9. Find number of pixels in selected region using the Histogram:
A If Histogram window is not open in the Edit workspace or the Panel Bin, choose Window
> Histogram.
1 At top right corner of window select the Panel mend elick Expanded View and then
click Show Statistics
1 If the Cache Data Warning icon is displayed at the top right hand corner of the graph
(appears as a triangle centered around an exclamation mark), hit the Uncached Refresh
button (appears as a circle goosed of two arrows)
1 The number of pixels will be displayed at the bottom left hand corner of the window
10. Use this method to find the pixels that represent the plants. Record. Select total area
(including soil and plants) using the Polygonal Lasso tand find number of pixels for this
region using step 8. Record.
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11. Determine Coverage Ratio:
1 Divide the number of pixels of the plants by the number of pixels of the total area.
Record values. Repeat for each image

Deviations from Procedure:

For the before picturef NS-1 we calculated the ratimetween pixels of soil and that of total are
and subtracted that from 1 to find the coverage ratio because the plants covered >80% of the
area.
This strategy was used for the images:
1 NS-1 both before andfter
1 NS-2 both before and after
1 S-S1 both before and after
1 S-S2both before and after

113



APPENDIX C: TEST TRIAL DATA SHEETS

Module Weighing Data Sheets

Name PreTime: PostTime: Soil-Time:
. AM/PM| _:. AM/PM|__: AM/PM
Date: [ 12012
Media | Test Plant Height Pre-Test PostTest Soil Sample
Depth | 1D | Module# | (TaliShort/ [-\yiont (lbs) | Weight (bs) | | 2KeN?
Mixed) (Y/N)
1
2
3
4
5
6
I
8
Unplanted
Notes:
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Test Trial Data Sheet

Circle one: BIP Modular

Date: [ /2012

Time: .  AM/PM

Test Trial:

Failure? Y_ N
Time of Failure: ~ min

Name:

Notes:
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Soil Sample Labeling

Date: / /2012
Time: .  AM/PM
Test Trial:

Name:

Notes:(Top left to right: 1, 3; Center: 5; Bottom left to right: 7, 9)
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APPENDIX D: MOISTURE CONTENT DATA SHEET

Soils oven dried at 105 C for 24hrs

% moisture calculated on a mamsaks basis

Overall weight of soil sample provided in Column 2
Soil subsample wet weight in Column 4

Soil subsample dry weight in Column 5

Soil % moisture content in Column 8

Sample ID Bulk Bag| Weigh | Wet Soil | Dry Soill Wet Dry %
+ Boat, g | +weigh | +Weigh | Soil, g | Soil, g | moisture
Sample, boat, g boat, g m/m

g
ST1-1 221.0 1.01 17.67 14.23| 16.66| 13.22 20.6%
ST1-3 141.2 1.01 15.97 1253 14.96| 1152 23.0%
ST1-5 242.0 1.01 23.79 17.83| 22.78| 16.82 26.2%
ST1-7 195.4 0.96 18.92 1479, 17.96| 13.83 23.0%
ST1-9 232.0 1.01 23.62 17.60f 22.61| 16.59 26.6%
ST2-1 212.6 1.02 25.41 20.07| 24.39| 19.05 21.9%
ST2-3 243.1 1.01 21.06 16.14| 20.05| 15.13 24.5%
ST2-5 231.3 1.02 22.58 17.04| 21.56| 16.02 25.7%
ST2-7 272.4 1.01 22.79 16.89| 21.78| 15.88 27.1%
ST2-9 190.7 1.00 19.77 1419, 18.77| 13.19 29.7%
SSi1-1 201.8 1.00 20.37 15.62| 19.37| 14.62 24.5%
S-S1-3 275.7 1.02 27.28 18.93| 26.26| 17.91 31.8%
S-S1-5 218.5 0.98 21.58 1499, 20.60f 14.01 32.0%
SS1-7 250.9 1.00 24.61 17.86| 23.61| 16.86 28.6%
S-S1-9 286.6 1.02 21.70 15.19 20.68| 14.17 31.5%
SS21 220.4 1.00 19.88 1491, 18.88) 1391 26.3%
S$S23 267.3 1.00 20.87 15.11| 19.87| 14.11 29.0%
SS25 286.9 1.03 25.38 18.01, 24.35| 16.98 30.3%
SS27 234.1 1.00 22.00 16.11| 21.00| 15.11 28.0%
SS29 251.8 0.98 23.52 16.54| 2254 1556 31.0%
SM1-1 227.7 1.01 19.10 14.40, 18.09| 13.39 26.0%
SM1-3 218.5 0.96 26.09 18.47| 25.13| 1751 30.3%
SM1-5 199.2 0.99 24.69 17.45| 23.70| 16.46 30.5%
SM1-7 168.5 1.02 24.32 18.27| 23.30f 17.25 26.0%
SM1-9 106.8 1.07 19.94 14.60, 18.87| 1353 28.3%
T2-1 163.4 1.05 22.93 18.39| 21.88| 17.34 20.7%
T2-2 128.2 1.03 17.13 14.37| 16.10| 13.34 17.1%
T2-3 1245 1.01 20.25 16.05| 19.24| 15.04 21.8%
T2-4 134.6 0.97 18.69 1461 17.72| 13.64 23.0%
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T2-5 124.2 1.00 20.76 1592 19.76| 14.92 24.5%
T2-6 137.8 1.02 22.70 17.60, 21.68| 16.58 23.5%
T2-7 163.1 1.01 20.62 16.34, 19.61| 15.33 21.8%
T2-8 153.8 1.05 19.54 15.70| 18.49| 14.65 20.8%
T2-9 116.4 1.00 18.74 1546 17.74| 14.46 18.5%
T5-1 119.9 1.01 22.69 2031, 2168 19.30 11.0%
T5-2 167.4 1.02 23.61 18.87| 22.59| 17.85 210%
T5-3 196.8 0.99 20.88 16.60, 19.89| 15.61 21.5%
T5-4 144.6 0.99 24.73 20.92] 23.74] 19.93 16.0%
T5-5 206.7 1.00 22.82 17.04, 21.82| 16.04 26.5%
T5-6 185.5 0.98 22.28 1710, 21.30| 16.12 24.3%
T5-7 114.6 0.98 17.74 1593, 16.76| 14.95 10.8%
T5-8 142.2 1.01 24.62 21.01] 23.61] 20.00 15.3%
T5-9 2311 0.98 24.00 19.31| 23.02| 18.33 20.4%
T6-1 134.8 1.01 17.50 1468 16.49| 13.67 17.1%
T6-2 211.8 0.99 21.77 16.45| 20.78| 15.46 25.6%
T6-3 174.5 0.99 21.48 17.24| 20.49| 16.25 20.7%
T6-4 126.2 1.01 21.55 17.42) 2054 16.4 20.1%
T6-5 176.0 1.01 19.63 15.13| 18.62| 14.12 24.2%
T6-6 261.4 1.00 22.48 17.70, 21.48, 16.70 22.3%
T6-7 124.2 1.00 22.44 16.86| 21.44| 15.86 26.0%
T6-8 194.2 0.99 22.16 17.25| 21.17| 16.26 23.2%
T6-9 220.6 1.01 22.63 17.98, 21.62| 16.97 21.5%
T7-1 118.1 0.99 18.85 1464 17.86| 13.65 23.6%
T7-2 87.6 0.99 21.06 16.41| 20.07| 15.42 23.2%
T7-3 177.6 1.02 20.60 15.18| 19.58| 14.16 27.7%
T7-4 208.3 1.01 22.89 17.24| 21.88| 16.23 25.8%
T7-5 196.0 1.01 23.03 16.43| 22.02| 15.42 30.0%
T7-6 211.3 1.02 22.45 16.16| 21.43| 15.14 29.4%
T7-7 164.3 1.03 28.74 20.13] 27.71] 19.10 31.1%
T7-8 1195 1.02 21.55 16.19, 20.53| 15.17 26.1%
T7-9 187.8 1.00 2491 1958, 23.91| 18.58 22.3%
D-4"-5/T2-2 123.9 1.00 20.06 17.60, 19.06| 16.60 12.9%
D-4"-2/T2-3 124.4 0.95 20.17 17.08| 19.22| 16.13 16.1%
D-4"-3/T2-5 107.3 1.03 19.17 16.33| 18.14| 15.30 15.7%
D-4-5/T2-8 127.0 1.00 19.70 15.36| 18.70| 14.36 23.2%
D-4-1/APE LAN T2-9 164.7 1.01 20.58 17.49| 19.57| 16.48 15.8%
W-4-1/T1-1 Wet 180.9 0.98 26.96 17.52| 25.98| 16.54 36.3%
N-T1-1 225.2 1.03 21.34 16.50 20.31| 1547 23.8%
N-T1-3 192.8 1.00 25.24 1931, 24.24, 1831 24.5%
N-T1-5 174.8 0.98 22.89 16.63| 21.91| 15.65 28.6%
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N-T1-7 215.9 1.01 20.44 15.64, 19.43| 14.63 24.7%
N-T1-9 164.3 0.97 19.47 1470, 1850 13.73 25.8%
N-T2-1 325.0 0.97 20.35 16.18, 19.38| 15.21 21.5%
N-T2-3 256.2 0.99 23.64 17.29| 22.65| 16.30 28.0%
N-T2-5 247.5 0.96 23.82 1794, 22.86| 16.98 25.7%
N-T2-7 185.6 1.02 23.99 18.05| 22.97| 17.03 25.9%
N-T2-9 232.6 1.00 24.65 18.32| 23.65| 17.32 26.8%
N-S1-1 199.1 0.99 25.37 20.21] 24.38| 19.22 21.2%
N-S1-3 175.5 1.00 21.46 16.54, 20.46| 1554 24.0%
N-S1-5 213.3 1.01 24.09 17.69, 23.08, 16.68 27.7%
N-S1-7 142.2 1.00 22.71 18.37| 21.71| 17.37 20.0%
N-S1-9 264.5 1.01 19.40 14,69, 18.39| 13.68 25.6%
N-S2-1 133.5 1.00 25.77 22.05| 2477 21.05 15.0%
N-S2-3 238.2 0.98 23.82 18.16| 22.84| 17.18 24.8%
N-S2-5 266.4 0.97 18.07 13.94, 17.10, 1297 24.2%
N-S2-7 201.6 1.01 20.25 16.46| 19.24| 1545 19.7%
N-S2-9 255.2 0.98 20.09 15.86| 19.11| 14.88 22.1%
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