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Comments
General Comments No Alternate Language Yes

Related Modifications
Related definitions in Section 202
Summary of Modification
Adds section for exterior elevated flooring systems.

Rationale
Exterior elevated flooring systems are increasingly seen on rooftops and other exterior locations. The systems are used to create
space typically used for assembly occupancies such as restaurants, bars, and nightclubs, and gathering places. The code does not
adequately address such systems. This proposal is to address that need.

In many cases, the flooring system is treated as a roof, and overly restrictive provisions are applied. The exterior elevated flooring
system is not a roof but is a floor created on a rooftop or other supporting structure. The proposal provides for continuing to treat the
systems as a roof by attaching the support pedestals to the roof surface. However, considerable research has shown that these
systems due to their air-permeability react to wind forces differently than the typical rooftop. The application of current literature and
the use of wind tunnel testing coupled with new provisions on air-permeable cladding in ASCE 7-16 will allow more economical
construction of these popular systems with no reduction in safety.

Fiscal Impact Statement
Impact to local entity relative to enforcement of code

No impact on the cost of enforcement of code.

Impact to building and property owners relative to cost of compliance with code
The provisions will likely result in savings to property owners desiring to turn rooftops and other exterior spaces into useable
areas.

Impact to industry relative to the cost of compliance with code
The provisions will allow economical expansion of the conversion of unusable spaces. The provisions will likely result in savings
to industry constructing exterior elevated flooring system to turn rooftops and other spaces into useable areas.

Impact to small business relative to the cost of compliance with code

The provisions will allow economical expansion of the conversion of unusable spaces benefitting the
owners of small businesses. The provisions will likely result in savings to small businesses seeking to
add useable areas to their business by installing exterior elevated flooring systems.
Requirements
Has a reasonable and substantial connection with the health, safety, and welfare of the general public
Occupied roofs using elevated flooring systems are becoming more common and the code does not adequately address the
systems. This proposal will help to assure the health, safety, and welfare of members of the public using such facilities.
Strengthens or improves the code, and provides equivalent or better products, methods, or systems of construction
The change to the code will improve the code by addressing a system not adequately addressed by the code and helping to
assure the safety of the public.
Does not discriminate against materials, products, methods, or systems of construction of demonstrated capabilities
The change does not discriminate against materials, products, methods, or systems of construction of demonstrated capabilities.
Does not degrade the effectiveness of the code
The proposed change does not degrade the effectiveness of the code.
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Alternate Language

d Comment Period

Proponent Joseph Belcher Submitted 5/26/2019 Attachments Yes

Rationale
Forgot to attach files.
Fiscal Impact Statement
Impact to local entity relative to enforcement of code

2 None.

'i Impact to building and property owners relative to cost of compliance with code
n None.

™0

00

Impact to industry relative to the cost of compliance with code
None.

Impact to Small Business relative to the cost of compliance with code

The provisions will allow economical expansion of the conversion of unusable spaces benefitting the owners of
small businesses. The provisions will likely result in savings to small businesses seeking to add useable areas to
their business by installing exterior elevated flooring systems.
Requirements

Has a reasonable and substantial connection with the health, safety, and welfare of the general public
None.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of construction
None.

Does not discriminate against materials, products, methods, or systems of construction of demonstrated capabilities
None.

Does not degrade the effectiveness of the code
None.

Alternate Language

2nd Comment Period

Proponent Joseph Belcher Submitted 5/26/2019 Attachments Yes

Rationale

See uploaded file. The system says the Rationale exceeds the allowed 2000 characters. MS Word Count says the Rationale
statement is 1981 characters including spaces.
Fiscal Impact Statement
Impact to local entity relative to enforcement of code
No impact on the cost of enforcement of the code.
Impact to building and property owners relative to cost of compliance with code

The provisions will likely result in savings to property owners desiring to turn rooftops and other exterior spaces into a
useable area.

8357-A2

Impact to industry relative to the cost of compliance with code

The provisions will economically allow the conversion of heretofore unusable spaces into attractive useable spaces. The
provisions will likely result in savings to industry constructing exterior elevated flooring system to turn rooftops and other
spaces into a useable area.

Impact to Small Business relative to the cost of compliance with code

The provisions will allow economical expansion of the conversion of unusable spaces benefitting the owners of
small businesses. The provisions will likely result in savings to small businesses seeking to add useable areas to
their business by installing exterior elevated flooring systems.
Requirements
Has a reasonable and substantial connection with the health, safety, and welfare of the general public

Occupied roofs using elevated flooring systems are becoming more common, and the code does not address the systems.
This proposal will help to assure the health, safety, and welfare of members of the public using such facilities by providing
guidelines to designers, contractors, and code enforcers.

Strengthens or improves the code, and provides equivalent or better products, methods, or systems of construction

The change to the code will improve the code by addressing a popular system not addressed by the code and helping to
assure the safety of the public.

Does not discriminate against materials, products, methods, or systems of construction of demonstrated capabilities

The change does not discriminate against materials, products, methods, or systems of construction of demonstrated
capabilities.

Does not degrade the effectiveness of the code
The proposed change does not degrade the effectiveness of the code.
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This is not alternate language. I forgot to attach the new referenced standards and the research to the Alternate
Language submitted earlier.
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202

n ala o 11 . 2 nHorbino

Exterior Elevated Flooring Svstem.A
struetures: An assembly installed over a roof assemblv —&ﬁd4 or other exterlor supportmg structure conmstmg ofa
walking surface of pedestrian deck panels £ or pavers mounted on pedestals using other accessory components, and
mechanical fasteners and- or adhesives as required by the manufacturer’s installation instructions for attaching
pedestrian deck panels £ or pavers to pedestals and other accessory components. Exterior elevated flooring systems
may have pedestals attached to the roof or other supporting structure or pedestals installed independentlv of the roof
or supporting structure with the restraint of the pavers at the perimeter and-erdiscontinuous edges. Exterior elevated
flooring svstems are not part of the roof assembly.

S8357 -A2 Text Modification

Attached systems. Attached svstems are those where pedestals are attached to the roof or other supporting
structure by mechanical fasteners, adhesives, or both.

Independent systems. Independent systems are those where pedestals are not attached to the roof but rest on
the roof or other supporting structure.

Pedestrian Deck Panelsand or Pavers. Pedestrian deck panels £ or pavers for thepurpese-of this section are
manufactured from materials such as naturally durable wood, ceramic, stone, or concrete suitable for exterior

applications.

Pedestal. A fixed or adjustable-height support column composed of a plastie-support base, plastie-vertical structural
element, and a plastie load bearing top cap f surface.

Accessory Components. These¢ Components are used in the installation of pedestals and pedestrian deck panels /
or pavers of the exterior elevated flooring system. These Accessory components are made of either plastic, er metal
or other approved materials. Fhese Accessory components may be used to provide lateral bracing of the pedestals, to
provide vertical support, for leveling the pedestal-and to restrain the pedestrian deck panels £ or pavers to the top of
the pedestal, or for other svstem requirements.

3101.1 Scope. The provisions of this chapter shall govern special building construction including membrane
structures, temporary structures, pedestrian walkways and tunnels, automatic vehicular gates, awnings and canopies,
marquees, signs, and towers and antennas, and exterior elevated flooring systems.

Section 3115

Exterior Elevated Flooring Systems.

3115.1 Scope. This section is-applieable applies to exterior elevated flooring systems installed over roof
assemblies or other exterior supporting structures such as an exterior deck. Each exterior elevated flooring
system consists of pedestrian deck panels / or pavers supported by pedestals placed directly on roof

I:I
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assemblies or other exterior supporting structures, to provide a level walking surface. Pedestals ean mav be
adjusted adjustable te-varieusheights-or-installed-at or a fixed height.

The pedestals need not be mechanically or adhesively attached to the supporting structure. The exterior
elevated flooring svstem comprised of the pedestrian deck panels ¢ or pavers and pedestals smuast shall be
restrained on all sides and alone any ramps and fer walkway areas against horizontal and vertical movement
using a perimeter-restraining system.

S8357 -A2 Text Modification

3115.1.1 Attached exterior elevated flooring systems. Attached systems shall be designed and constructed
as a roofing system in accordance with Chapter 15 of this code.

3115.1.2 Independent exterior elevated flooring svstems. Independent svstems shall complv with the
provisions of Section 31135.

3115.2 Materials Information Submitted with Permit Application. In addition to other information required to
accompany the permit application, product-specific information shall be provided as follows:

3115.2.1 Pedestrian Deck panels/ or pavers. Documentation describing the weight, dimensions
specifications, and the manufacturing process of the materials. Specifications for eementitiousmaterials sueh
as-concrete-pavers shall include required material strength properties used in analysis or reference to
appropriate tests used to determine paver load capacity.

3115.2.2 Pedestals. Documentation describing materials, dimensions, specifications, compressionstrensth
and manufacturer’s installation instructions. Specifications shall include the allowable axial compression
capacity of the pedestal.

3115.2.3 Fasteners. Documentation describing mechanical fasteners and adhesives as applicable. A

statement shall be provided regarding whether or not the fasteners are commonly available or are proprietary.

3115.2.4 Plastics for outdoor exposure HVHZ. Plastics for outdoor exposure in the HVHZ shall
comply with Florida Building Code-Building Section 2615.2.

3115.2.5 Packaging and Identification. A description of the method of packaging and identification of
pedestrian deck panels £ or pavers, pedestals, and accessory components. Identification provisions shall
include the manufacturer’s name, the product name, and copv of the installation instructions, as packaged

with the product.

3115.3 Product Approval and Manufacturer’s Installation Instructions.

3115.3.1 Product approval. Exterior elevated flooring systems shall have Florida Pproduct
A- approval or local product approval.

3115.3.2 Manufacturer’s installation instructions. Manufacturer’s installation instructions shall include
information on the protection of the roof surface during installation, procedures for removing pavers to
facilitate reroofing, roofing repairs, and roofing maintenance. In addition to the copy of the manufacturer’s
installation instructions submitted with the permit application, the manufacturer’s installation instructions
shall be kept on the job site and made available to inspection personnel.
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3115.4 Structural Requirements for Exterior Elevated Flooring Svstems.

S8357 -A2 Text Modification

3115.4.1 General. Exterior elevated flooring systemsshall withstand the applicable uniform loads of Florida
Building Code-Building Table 1607.1, the applicable load combinations, and other applicable loads
contained in FBC-B the Florida Building Code-Building, Chapter 16.

3115.4.2 Pedestrian Deck panels £ or pavers. Where analvsis of panels or pavers is not consistent with
codified material design procedures, testing for uniform load and concentrated load capacities shall be
performed in accordance with ASTM E2322 and CISCA Recommended Test Procedures for Access Floors
achieving a load capacity three (3) times the uniform load capacity designated in the specifications.

3115.4.3 Pedestals. Where analvsis of pedestals 1s not consistent with codified material design procedures
testing for axial load capacity shall be performed in accordance with CISCA Recommended Test Procedures
for Access Floors, 2016, Section 5 achieving a load capacity three (3) times the axial load capacity
designated in the specifications.

3115.4.4 Wind resistance. Wind resistance of independent exterior elevated flooring systems shall be
determined by wind tunnel testing in accordance with ASCE 7 Chapter 31 and Section 30.1.5 where
applicable. Testing shall be conducted, and the data analvzed by a registered design professional. Exterior
elevated flooring svstems shall be evaluated bv a registered design professional to withstand applicable wind
loads as specified in ASCE 7 Chapters 26 through 30, as applicable, as well as combined load effects of
other applicable gravity loads in EBE-B the Florida Building Code-Building, Chapter 16, such as live and
dead loads.

3115.4.5 Deflection. Pedestrian deck panels or pavers shall meet the deflection requirement of floor
members in Table 1604.3 and Section 1616.3.1 inthe HVHZ.

3115.5 Substrate Requirements for Exterior Elevated Flooring Systems.

3115.5.1 Bearing Capacity. Pedestal support surface or roofing membrane shall be able to support a
concentrated surface load of 40 psi under the pedestal base.

3115.5.2 Drainage. The substrate immediately below the pedestals shall provide positive drainage.

3115.5.3 Analysis. Load effects on structural members and their connections that provide support for
independent exterior elevated flooring systems shall be determined by methods of structural analvsis that
take into account equilibrium, general stability, geometric compatibility and both short- and long-term
material properties. Roof structures that provide support for exterior elevated flooring systems shall be
checked for deflection in accordance with Section 1604.3.6 or Section 1616 for buildings sited in the HVHZ.
Roof structures shall be checked in accordance with Section 1611 for ponding. The design shall account for
concentrated loads of the pedestals.

3115.6 Accessibility. Accessibility shall comply with the Florida Building Code-Accessibility.
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S8357 -A2 Text Modification

ASTM:

E2322-03 (Reapproved 2015) Standard Test Method for Conducting

Transverse and Concentrated Load Tests on Panels used in Floor and

) S Te Nl OfeV a0 i Te Loy 1 VOO PO 3115.4.2

CCIS Ceilings and Interior Svstems Construction Association

1010 Jorie Blvd., Suite 30

Qak Brook, IL 60523

Recommended Test Procedures for Access Floors............... 3115.4.2.3115.4.3

ASCE/SEI: (Add to existing code section references)

N T 3115.2.3.3115.44
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s8357 Text Modification

202

Exterior Elevated Flooring Svstem. An elevated flooring svstem installed over roofing svstems or other supporting
structures. Exterior elevated flooring systems may be attached to the supporting structure or installed independently
of the supporting structure or a combination thereof.

Attached svstems. Attached systems are those where pedestals are attached to the roof or other supporting
structure by mechanical fasteners, adhesives, or both.

Independent systems. Independent systems are those where pedestals are not attached to but rest on the roof
or other supporting structure.

Exterior Elevated Flooring System. An assembly installed over a roof assembly and/or exterior supporting
structure consisting of pedestrian deck panels/pavers mounted on pedestals using other accessory components, and
mechanical fasteners and/or adhesives as required by the manufacturer for attaching deck panels/pavers to pedestals
and other accessory components.

Pedestrian Deck Panels/Pavers. Pedestrian deck panels/pavers for the purpose of this section are manufactured
from materials such as naturallv durable wood. ceramic, stone, or concrete suitable for exterior applications.

Pedestal. A fixed or adjustable-height support column composed of a plastic support base, plastic vertical structural
element, and a plastic load bearing top cap/surface.

Accessory Components. These components are used in the installation of pedestals and deck panels/pavers of the
exterior elevated flooring system. These components are made of either plastic or metal material. These components
may be used to provide lateral bracing of the pedestals, vertical support, leveling the pedestal, and to restrain the
deck panel/paver to the top of the pedestal.

3101.1 Scope. The provisions of this chapter shall govern special building construction including membrane
structures, temporary structures, pedestrian walkways and tunnels, automatic vehicular gates, awnings and canopies,
marquees, signs, aad towers and antennas, and exterior elevated flooring systems.

Section 3115

Exterior Elevated Flooring Systems

374
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3115.1 Scope. This section is applicable to exterior elevated flooring systems installed over roof assemblies or other
exterior supporting structures. Each exterior elevated flooring svstem consists of deck panels/pavers supported by
pedestals placed directly on roof assemblies or exterior supporting structures, to provide a level walking surface.
Pedestals can be adjusted to various heights or installed at a fixed height.

The pedestals need not be mechanically or adhesively attached to the supporting structure. The exterior elevated
flooring svstem comprised of the deck panels/pavers and pedestals must be restrained on all sides against

horizontal movement using a perimeter-restraining svstem and along anv ramps and/or walkwav areas.

s8357 Text Modification

3115.1.1 Attached exterior elevated flooring systems. Attached systems shall be desiened and constructed
as a roofing svstem in accordance with Chapter 15 of this code.

3115.1.2 Independent exterior elevated flooring svstems. Independent svstems shall complv with the
provisions of Section 3115.

3115.2 Information Submitted with Permit Application. In addition to other information required to accompany
the permit application, product-specific information shall be provided as follows:

3115.2.1 Deck Panels/Pavers. Documentation describing the weight, dimensions, specifications. and the
manufacturing process of the materials. Specifications for cementitious materials such as concrete pavers
shall include 28-day compressive strength (1), impact resistance, and density.

3115.2.2 Pedestals. Documentation describing materials, dimensions, specifications, and manufacturer’s
installation instructions.

3115.2.3 Fasteners. Documentation describing mechanical fasteners and adhesives as applicable. A
statement shall be provided regarding whether or not the fasteners are commonly available or are proprietary.

3115.2.4 Packaging and Identification. A description of the method of packaging and identification of
deck panel/pavers, pedestals, and accessory components. Identification provisions shall include the
manufacturer’s name, the product name, and a copy of the installation instructions, as packaged with the

product.

3115.3 Product Approval and Manufacturer’s Installation Instructions.

E’yl 15.3.1 Product approval. Exterior elevated flooring svstems shall have Florida Product Approval or local
product approval.

3115.3.2 Manufacturer’s installation instructions. In addition to the copy of the manufacturer’s
installation instructions submitted with the permit application, manufacturer’s installation instructions shall
be kept on the job site and made available to inspection personnel.

3115.4 Structural Requirements for Exterior Elevated Flooring Systems.

3115.4.1 General. Exterior elevated flooring system shall withstand the applicable uniform loads of FBC-B
Table 1607, the applicable load combinations and other loads contained in FBC-B Chapter 16.

Page: 2

_2.png

8357_TextOfModification

http://www floridabuilding.org/Upload/Modifications/Rendered/Mod

2020 Triennial Structural 375



s8357 Text Modification

2020 Triennial

3115.4.2 Wind resistance. Wind resistance of independent exterior elevated flooring systems shall be
determined by wind tunnel testing in accordance with ASCE 7 Chapter 31and Section 30.1.5 where
applicable. Testing shall be conducted and the data analyzed by a registered desien professional. Exterior
elevated flooring svstems shall be evaluated bv a registered design professional to withstand applicable wind
loads as specified in ASCE/SEI 7 Chapters 26 through 30, and the combined load effects of other
applicable gravity loads in FBC-B Chapter 16, such as live and dead loads.
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S8357 -A2 Rationale

The proposed code change is not intended to provide instructions on the specific design
of exterior elevated flooring systems but to provide guidance for the design and
installation of the systems. There is no guidance in the code for designers or code
enforcers. There is considerable research available on the systems and ASCE 7
permits the use of wind tunnel studies, test data or recognized literature for the design
of air permeable systems in Ghapter 30 (ASCE 7-16 §30.1.5). (See uploaded file.) The
proposed change requires the use of wind tunnel testing per ASCE 7 Ghapter 31 and
§30.1 where applicable.

Alternate Language A-1 expands the section on structural requirements, adds a section
on substrate requirements, expands the requirements to be included in the
manufacturer's instructions, adds two reference standards for testing of pedestrian deck
panels or pavers, and adds deflection criteria. The change is also modified to address
the comments of the Structural TACG members and members of the public.

The definition was corrected to a single definition at §202.

Concentrated loads on the roofing material are addressed at §3115.5.3.
Protection of the roofing membrane during installation is addressed at §3115.3.2.
The provisions for limiting pedestals to plastic were removed at. §202 - Pedestal.
. The provisions have been made as material neutral as possible throughout the
roposed change.

Plastic weathering requirements for the HVHZ were added at §3115.2.4.
Reference to the ADA requirements of the code were added at §3115.6.
Provisions addressing interaction between the system and the roofing membrane
were added at §3115.5.

9. Provisions related to reroofing, repair, and maintenance of the roofing membrane
were added to §3115.3.2.

10. HVHZ specific references are provided. Generally, references to Chapter 16 are
intended to invoke the Scope of Chapter 16 to direct users to either the non-HVHZ
sections or the HVHZ sections as appropriate.

PNST AN
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This publication,
Recommended Test Procedures for Access Floors
was reviewed and no revisions were suggested by the Gommittee, February, 2016.

Review Committee:
Jim Scissom, Chalrman Bill Reynolds
ASM Modular Systems Inc. Tats, Inc.
8500 Industrial Center Drive 7510 Montevideo Dr,
Ladson, SC 29456 Jessup, MD 20754
B43-534-1110 410-789-4720

[scesomilasmproducts.com

Jelf Musculus

Steelcase

PO Box 1267

Grand Rapids, MI 48501

616-08B-4685 jmusculu@steslicase com

Rlyan Hulland
Matflocr LISA

374 Crompton Strest
Charlotte, NC 28273
(B44) 638-3568
ryan@netfloorusa. com

Scott Carmichael

Seal Bond

14851 Michasl lane

Spring Lake, Ml 43458
g00-2524144 X 100
scarmichas| @seal-bond.com

Amy Rapson

Hawoarth, Inc.

Cnes Haworth Canter
Holland, Bl 404233
618-835-3000
amy.rapson@haworth.com

breynaldsitateinc.com

Mark Erauk

ASM Modular Systems Inc.
B500 Industnal Centear Drive
Ladson, SC 204506
843-534-1110

mark, lrauk@asmproduwcts.com

BrianVogel

Haworth, Inc.

One Haworth Center
Holland, BAl 49423
6168-830-3000
brian.vogel@haworth.com

Earl Geeartgens

Freefxez 1810 Underwood Blhwd,
Deiran, M. 080TS

856-764d-0400
earliffresansz.com

CISCAX

Ceilings & Interior Systems
Construction Association

Ceilings & Inlerior Systems Comtruclion Assaciation (CISCA)
CISCA exigts bo provider a network of opportenitios with all
industry leaders throwgh education and a forum lo allow the
inkerios Sonstnuction indusing o interect, vl and prodgeern.

CISCA% vision is to be the acknowledged |eader of participating
decision-makers in the: promotion and suppon of the: ingeriorn
construction industry, CISCA aspires bo be a dynamic,
accestible, and valusble network which is mrarketdeiven and s
transformational in continually leading the ceiling and inserior
SyEbeur indl.ﬂtry o mew kevels of succes.
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S$8357 -A3 Rationale

Recommended Test Procedures
for Access Floors Introduction

The publication of CISCA Recommended Test Procedures for
Access Tloors by the Ceilings & Interior Systems Construction
Association (CISCA) represents a significant milestone in
establishing a commaon basis of accepted test methods,

This document is intended to benefit contractors, specifiers,
users, and manufacturers. By providing an accepted frame of
reference for access floor testing, product characteristics can be
judged in a fair cantext of industry-approved uniform test
methods,

CISCA’s intent is to provide a method for evaluating access
floar characteristics, not criteria requirements. Because differing
circumstances demand a range of performance levels, both
manufacturers and users benefit from a variety of types of access
ffours in the marketplace. CISCA is strongly committed to
developing test procedures that will appropriately address other
performance factors related to all types of access floars.

IUis essential, however, thal product comparisons be based
upon commonly used tests for valid results. These procedures
have now heen established in an industry-wide spirit of
cooperation o achiceve our common goal.

History

CISCA’s involvement with access floor test procedures began
in 1983, when interior contractor lim Whittaker, Chairman of
the CISCA Seismic Committee, proposed that the manufacturers
meet and recommend changes  the Uniform Building Code
(UBC). The International Conference of Building Officials
(ICBOY) then incorporated the CISCA-recommended chanpes
into the 1985 UBC,

When the access floor manufacturers met again in May
1985, this time with the intention of developing a fair method of
measurement for concentrated and rolling loads on access
floars, the CISCA Access Tloar Committee was horn. The
Committee agreed to develop test methods, not criteria; and
turther agreed that testing should be done by independent
laboratories.

Over the nexl year, dralls of proposed lest procedures were
circulated to all known access floor manutacturers for review
and comment. In 1987, The CISCA Board agreed to adopt the
documenls as CISCA's recommended lest procedures and Lo
encourage manufacturers to test their access tloor products in
this manner and report the data on the approved forms. The
procedures were approved and published in July 1987,

In 2003, the CISCA Access Floor Commitiee reconvened to
address changes in the marketplace. The committee agreed to
tackle the task in two phases. In phasc onc, immediale issues
were addressed and an updated version of Recommencded Test
Procedures for Access Floors was approved by CISCA’s Board of
Directors and reprinted in April 2004.

For phase two, the committee went back to wark to address
the more difficull issues as well as changes in the markelplace.
The final document was submitted for approval to the Board of
Directors in April 2007

Contents

Testing procedures were established for concentrated load,
ultimate lozad, relling loads, stringer load, pedestal axial load,
pedestal averturning mament, uniform load, drop impact load,
fire periormance and air leakage. These test procedures are user-
oriented and represent sound engineering principles,

Interpretation of Test Results

No particular testing agency is recommended for these tests.
Manufacturers are encouraged to select appropriate
independent laboralories o lesl and cerlify lest resulls,

Because sound engineering principles were used to develop
the testing pracedures, there should be no requirements to retest
components for use in specific installations. For example,
pedestals will be tested at the maximum design height; if
pedestals are used at lower floor heights, there is no need to
retest to assurc the desired performance for that lower height.
turther, system load tests will be perfarmed utilizing bare
panels, eliminating the need o lest with each ol the wide
variety and thicknesses of wearing surfaces utilized in actual
installations.

Note regarding the use and priority of units of measure:

All units of measure are expressed Inch/Pounds (inflb) units,
with the corresponding 51 (Metric) units noted parenthetically.
The inflb units arc to be treated as authoritative. Test results
canducted pursuant to these procedures may be expressed in
either unit, at the option of the proponent.
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Section 1
Concentrated Load

Purpose:
To determine the maximum deflection{s] and permanent set(s) of
an access floor under load.

Preparation:

i. Test shall be performed on three (3) randomly sclecled bare

panel assemblies. (Four (4] panels are required ir panel con-

figuralion is not structurally symmetrical.] Panels shall be
placed on steel blocks or supparts configured ta provide
support ideniical o that provided by an installed syster.

Any coatings, gaskets, pads, clips, fasteners, floor covering,

or other malerials as required by manufacturer shall be

identical 1o an installed system. Blocks or supports shall not
reduce the unsupported edge span below that normally
provided with a standard installed system.

Pancls designed for stringer support shall have siringers

spanning the biocks or supporls with panel perimeter sup-

port and/or interface in an identical manner to the configu-
ration of the installed floor systems. Stringers shall be iden-
tical to those of the installed floor system, attached or fitted
to the support blocks in an identical manner to the installed
floor system, and shall include any coatings, gaskets, pads,
clips, fasleners, finishes or other materials as reciuired by
lhe manufacturer in the installed floor system.

3. Height of the test mock-up shall be sufficient to accommo-
date deflections of stringers and panels and 1o allow for
instrumentation.

4. Concentrated loading shall be applied to the struciure
though a steel indentor 17 (25.4 mm] square {if applicable,
floor covering shall be removed at indentor location). This
square indentor may have eased edpes at maximum 008"
(0.20 mmij radii, but the footprint contact arca shall not
measure more than 17 x 17 {254 mm x 25.4 mm). A round
indentor (1.128" [28.65 mm] ciameter) may be utilized in
lieu of a square indentor provided the footprint contact area
shall nol exceed one square inch (645 mm2).

Test Procedure:

. [ach parel shall be loaded at its "weakest point,” as dater-
mined by the Manufacturer’s internal and /or independent /
certifying testing agency o be the location which allows
the grealest deflection under load, In addition (o the
“weakest point” panels shall be tested at the centroid and
midpoinl of edge. In Lthe case of access flooring systems
where panels are nof contiguous, loads shall alse be
applied to the “weakest point” of the connecting material
{e.p. steel cap) hetween panels.

2. Each panel shall be pre-loaded tor each test 1o the test load
at each lncation. A pre-load nf 500 Ik {222 N) shall then be
applied and the instrumentation measuring deflection and
lead shall be sel at zero. {Reference zero = 50 [h [222 N
pre-load)

3. Each panel shall be tested for each applied load location.
After the pre-load each panel shall be tested at each
applied load localion by increments not exceeding 200 b
{690 M), with initial load na more than one-half test load.
Rate of lgad application shall not exceed 1500 pounds per

S$8357 -A3 Rationale

ha

minute {5.673 kiN/min).

Top surface deflection and permanent set shall be measured
at each applied load lacation by recording indentor move-
ment. For products wilh uneven bolom surfaces and where
the deflection and sat are measured on the bottom of the
panel, the measurements shall be taken at the 'owest adja-
cent horizantal surface.

Loads shall be applied at each location for a mintmum of
ane (1] minute and deflection readings taken at the end of
that period. The load shall then be relaxed to reference
zera {Reference zero = 30 |b (222 N| pre-load) for a mini-
mum one {13 minute and deflection shall be recorderl.

Report:

1.

W

Reference of testing procedure desceibed herein by CISCA

AF section number shall be included in report.

All apparatus, equipment, inslrumentalion, accuracy

ranges, elc, shall be described including equipment

ralibration/certification dates.

Materials tested and mock-up configuration{s) should be

fully described in verbiage or referenced to manufaclurers

drawings and/or part numbers, cither containing the

following information:

Panels:

= Material(s) of pane! construction.

+  Weight, nominal dimensions and thicknesses

Stringers:

s Materialts) of constructian.

«  Weight, and nominal dimensions and thickness,
including fasteners, gaskets, coatings, clips, etc.

Other:

¢ tully describe paskering, pads, other items utilized in
the system,

Manel deflection measurements, of the top surface shall be

reporied to the nearest 001" (0.023 mm) for each applied

load.

Panel permanent set of the top surface shall be repaorted o

the rearest .001* {0.025 mm) for each applied load.

Recommended Test Procedures ror Access Flaors » 1
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Section 1: — Panel Loading Locations

| 3 FPanel Size (P.S.) o
i P.5./2
|
11 .
| L
|
| @
o
@ 1t T -
o (25 4mm) | ‘ * (25.4mm} !
& —Y———g}——" - — ——fl—— - - Fl—"
w — 1 - * i
) £ E
b= = E : E
o " ! T <f =
o 1" - - | W e
m54mmﬂ ‘ | & &
|
— =
j i E '
JE ‘
| S
S R =
| i
| - - | (Fig. 1A)
l . i |
L
T (Weakest Point)
This location to be determined
and reported by Testing Agency
LOAD Top Surface
Panel—. Deflection andfor

Permanent Set

andfar Permanent Set

A o S
"  (Fig.1B)
SETUP FOR CONCENTRATED LOAD TEST
(Fig. 1)

‘ — Bottom Surface Defleclion [ }

2 » Recommended Test Procedures lor Access Floors
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Section 1: Concentrated Loads

S$8357 -A3 Rationale

REPORT FORMAT
Deflection Set Deflection *Set
Top Top *Bottom Bottom
Surface Surface Surface Surface

Panel 1: Centor
50 Th. (222 N) Pre Load A iy - s
Concentrated Load Ibs. (N). .

Panel 2: C| Edge : )
50 Ib. (222 N) Pre Load E U- . -U-
Concentrated Load Ibs. (N).

Panel 3: Weakest Paint
50 1b. (222 N) Pre Load < 0- -0- e
Concentrated Load [bs. (N).

(INDICATE LOCATION OF WEAKEST POINT) E— —

*BOTTOM SURFACE DEFLECTION AND SET 1S OPTIONAL

LOADS AND DEFLECTION(S) MAY BE REPORTED AT ANY [INCREMENT LESS THAN OR EQUAL
TO 200 Ib. (890N,.

TOP SURFACE DEFLECTION IS DEFINED AS THE DISTANCE TRAVELED BY THE INDENTOR.

Recommended Test Procedures for Aceess Floors » 3
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2 Section 2

© . .

o« Ultimate Loading

)

<

?,’ Purpose: Report:

@ To verify the ability of an access floor to accept the 1. Reference of testing procedure described herein by CISCA
manufacturers’ published ultimate load, AJF section number shall be included in report.
Preparation: 2. All apparatus, equipment, instrumentation, accuracy

1 . ranges, etc, shall be described including equipment calibra-

1. Tests shall be performed on three (3) randomly selected Honfcartification dates
fJ;are !Jal;els 7u}}pﬂ$d :;1* an und;:rlsltrgn:luie sup'inrt syjtem 3. Materials tested, mock-up configuration(s) and restraining
taerical fo hal pihizect In 21T iraleg Sysm.holr (4) frames, if uced, should be fully described in verbiage or ref-
panels are required if pancl configuration is not structurally erenced to manufacturers’ drawings and/or part numbers,
syramelrical.) ) either containing the following information:

2. Any coatings, stringers, gaskets, pads, clips, fasteners, or Pariels: :
other malerials as required by manufacturer shall be identi- v Materialls) of panel consiruction
C_“l' to that um_md iy 2 Inetaiaf gystem. . *  Weight, nominal dimensions and thickness.

3. rinish floar height of the test mock-up shall be 12 inches or Pedestals:
the maximum height of the system whichever is less, . ng.ht

4. Ultimate loading shall be applied through a steel indentor « . Material sxid crossssection
1" (25.4 mm) square. This square indentor may have eased Stringcrs; o ’
edges at maximum of .008” (0.20 mm) radii, but the foot- . Matr;rialr'c] of constuction
el e meesire mere e * l e »  Weight, nominal dimensions and thickness, including
mm x 25.4 mm) square of a round indentor 1.123” (28.65 fasteners, gaskets, coatings, clips, etc
mm) diameter may be utilized in lieu of a square indentor Other: e > ’
provided the foolprint contact area shall not exceed one o Fully describe gasketing, pads, or other items utilized
square inch (645 mm), TS Ce
afery restraind canli 1 1 ili / o .,

5. ?afu\, restraining frames or configurations may be utilized 4. The applied load for each panel at the weakest point, edge
in the test procedure to restrain harizantal movement of the and centroid, shalfl be reparted. Additonally, the applied
tested mock-up if deemed prudent by the testing facility. i UtHPrfmSTed locations may be repnnéd
Frames shall not interfere with vertical movement of the ) o i
mock-up,

Test Procedure:

1. Tesling shall be conducted with the load applied at the
“weakest point” of the panel. The "weakest point” is to be
delermined by the independent certifying/test agency and is
that panel location which results in the lowest ultimate
load. In addition, testing may be conducted with loads
applied at the panel locations, such as center of panel and
mid-point of panel edge.

4 » Recommended Test Pracedures for Access [loors
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Section 2: — Panel Loading Localions

Panel Size (P.5)
P52
| 4
|
? |
)
(4 8
t 4 V] [P I
o (25.4mm) | l__' (25.4mm)| J
R iy = SR, B
e ’ T2 =
| iE BE
L b -
. (2514mm) r_{ i & 3
. - i il I
- ‘ L 5 ‘
4 <
_‘ - NS - -
I[ "‘:/ —"'4 ‘ (Fig. EA)
S\ (Weakest Paint)
This location to be determined
and reported by Testing Agency
LOAD
Panel—,
\\
]
(Fig. 2B)
SETUP FOR ULTIMATE LOAD TEST
(Fig. 2)

Section 2: Ultimate Loading — Reporl Format

REPORT FORMAT

SYSTEM 1 — Panel Center: Load Ibs. (N)
SYSTEM 2 — Pancl C| Edge:  Load Ibs. (N)
SYSTEM 3 — Weakest Point: Load

[bs. (N tindicate location)

Recommended Test Procedures for Access Floors ¢ 5
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Section 3
Rolling Loads

Purpose:

To determine the durability and/or defarmation of access floor
systems when exposed to commercially anticipaled casler tralfic
using a specificd load.

Preparation:

1. Each test shall be performed on a mock-up consisting of a
mizimum of three (3] randomly selected bare panels
installed on a supporl understruclure syslem identical W the
contiguration of a normal field installation with a finished
floor height of 12 or the maximum height of the system,
whichever s less,

A restraining frame which Taterally sopparts the mack-up
assembly may be ulilized lo prolect equipment or for
personnel safety, provided said frame is constructed to nat
‘nterere with the panels or supporting understructure and
orevides clearance from any point of the mock-up prior to
the start of test,

lesting apparatus shall be designerd to impose caster raliing
loads directly on the mock-up syslem, with Lhe load
traversing in a fixed path o2 the three panels being tested,
Dampening of mock-up, load, caster wheel applicator, load
carriage or load bed is prohibited.

2. Lnads shall be directly imposed through caster wheels man-
ufactured in accordance with allached drawings.

S$8357 -A3 Rationale

Rolling Load Wheel Specifications

10 pass lest

Wheel A -
3" diametar x 17%:” width (76.2 mm diameter
* 46,0 mm width)
Tread lype: hard rubber or phenolic malerial,
maximum 062" {1.57 mm) crow:

10,000 pass test
Wheel B - For loads up to 1500 pounds (6.675 kiN)
6" diameter x 2" width
(152 mm diameter % 5(1.8 mm width}
Tread Type: molded vrethane read, maximwm 7"
(1.59 mm;} crown
Wheel C - For loads over 1500 pounds (6.675 kM)
107 diameter x &7 width
(254 mm diameter x 102 mm width)
Iread lype: molded vrethane tread, maximum %.°
[7.59 mm) crown

Test Procedure:

1.

Bach mock-up assembly shall ba subjected to the imposed
caster rolling load traversing the center nanel alang a fixed
path at a speed of 100 FPM (0.5 mfs) (+ - 10%), ata mini-
mum stroke distance of 36”7 (914 mm) or panel dimension
plus 12 inches (305 mmb.

The fixed paths for the imposed caster rolling loads are

defined as follows, with the center of the wheel width

dimension being the locator of the path:

Path «17

Fixed path traversing across mock-up panels at panel

cenlters,

Path ~2%

Fixed path traversing across all three mock-up pangls.

along a line inboard and parallel from the auter edge as

determined by the “weakest point.” The "weakest paint” is
ta be detetmined by the certifying independent testing
agency and is defined as the path which vields the greatest
top suriace deformaticn under rolling loads as determined
by this scction.

Wheel A (See box with Rolling Load Wheel Specifications)

shall be applied to separate mock-ups for each lixed paths

1 & 2 tfor ten {10) passes with deformation measurements at

start and upon completion.

Wheel B and Wheel C shal! be applied (o separale mock-

ups far each fixed paths 1 & 2 for 10,000 passes with

deformation measurerments at start and upon completion of

500, 5,00¢ and 10, 000 passcs.

Measuremeni(s; and reference locations priar o test shali

be laken as follows:

a.  The center panel, prior to start of test, shall be neas-
ured for averall flatness utilizing 2 327 (313 mm) long
straightedge. The straightedge shall be placed parallel
with each panel edpge, flush with the edge or not more
than 127 (12.7 mm) inboard from the edge. The
straightedge shall alsa be placed along the diagonal in
each directinn. Measurement shall be taken at each
stralghtedge localion (6 localions) al the maximum
variation and recorded and located for reference.
(MNote: [ the panel configuration has an upward
“crawn”, it shall be so measured and reported.)

h.  Prior to the start of test, the center panel, at paints
along the proposed caster path, shall be measured for
lecal variation utilizing a 67 {152 mm) long straight-
edye. The largest six (6) variations shall be measured,
recorded and locatcd for reference.

Measurement upon completion of test:

a. The cenler panel, upon completion of lest shall be
measured in an identical manner as described in 4a
above. The maximum heam deformation measure-
ments (6 required) shall be recorded and located for
reference.

b.  Upon completion of test, the center panet shall be
measwred in an identical manner as described in 4b
ahove, The maximum local delurmation measurements
(6 roquired) shall be measured, recorded and [ocated
for reference.

6 * Recomnnanded TJust Procedures for Access Floors
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0. Actual vertical wheel force shall be verified with a foad call
or similar device before the start of each test.

7. Ascparate mock-up assembly shall be utifized for each
wheal type and path tested.

8. Panels ur understruclure systems which are not structurally
symmetrical, shal! he tested in accordance with the above
procedure and then re-tested with separate mock-up male-
rials installed (rotated) 90° to the first test mock-up,

Report:

1. Relerence of lesting procedures described herein by CISCA
AJF section number shall be included in report.

2. All apparatus, equipment, instrumentation, accuracy
ranges, etc. shall be described including equipment calibra-
tion/certification dates,

3. Materials tested, mock-up vonfiguralion(s), and reslraining
frames, it used, should be tully described in verhiage or ref-
erenced o r1anufacturer’s drawings and/or part numbers,
either containing the following informaticn:

Panels:

*  Material(s) of panel constructinn.

*  Weight, nominal dimensions and thickness.

Stringers and Pedestals:

e Materialis) of construction.

s Weight, and nominal dirncnsicns and thickness,
including tasteners, gaskets, coatings, clips, et

Cther:

+  Fully describe gasketing, pads, or other iterms utilized
in the system.

4. For the 10,000 Pass lesl, the resulis of the lesl with only one

wheel shall be reported.

Panel deformation shall be reported for each test and each

path in accordance with the attached report formet. Each list-

ing of data shall indicate the follawing:

Ji1

Whee! § A Bor(
lmposed Load {Lhis} (N}
Fixed Path {1 or 2}

Nurnber of Passes
*Deformation Reported {To nearest 001" [0.025 mml}
*Deformation reported shzll be the maximum measurement
for both beam deformation and local deformation.
6. Any visible structural damage to any mock-up component
shall be reported.

Zeconnnended Tost Procedores far Access Floors » 7
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Section 3: Rolling Loads

- Beam & Local

S$8357 -A3 Rationale

- Fixed Path 1 ar 2
- Deformation Readings

- Or panel dimension plus 127 {305 mm) to length of stroke

- Panel Size (P.S.)
[

pe

CENTER

i i {Panel) 92 (813mm) BEAM
. Straghiedde: - - DEFORMATION
| N
. [ S R _]
' i
|, ; H giiWheel Path |
I - e .
. | | “’I 2 i (Fig. 3B)
| . < FIXED PATH "A"
® i | @| 3 £  BEAMDEFORMATION READING
Ay ) ia
, e 8k
E | | s 68
& . S uwa 6" (152mm) LOCAL
= e ¥
] I _J|' ] 9 v Staightedge — | [~ DEFORMATION
w | = N
p W @ T . et g
3 ; | (s E:%]‘;,
. I i _ % g‘i o giWhee] Fath il
@) ® 3 ‘ 2
z ,
‘. 5 (Fig. 3C)
} _ =) FIXED PATH "A"
e LOCAL DEFORMATION READING
' \\\\
M TS FIXED PATH '8" = WEAKEST FOINT
. st § X" Dimansion to be delarmired by Testing Agancy
TG
vy | " FIXED PATH "A" = PANEL
(Fig.3A) |, Ps»2

SETUP FOR ROLLING LOAD TEST

(Fig. 3)
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- Wheel A
- Wheel B
- Wheel C

Rolling Load Drawings Section 3:

}e" (1.5mm) Crown
/,.—Fl 1418 {1.5mm} Typ.

-
WHEEL "A" ‘,,;j.:r\::\\
3" (76mm) Dia. x i | B 7(’,{}/.'\’*,\ W
113" (46mm) Wide ———= N\
F‘hefnolic Tread \:}:}-— /j/
With }s" (1.5mm) Crown N s

| 113" 3" Dia.

H [ f—
(Fig. 4A) {46mm) (78mm)

m‘fHEEL NBH

6" {162mm) Dia. x
2" (51 mm) Wide 4
Urethane Tread { _____

(Fig. 4B)

(51mm}

Max. k" Crown —._

WHEEL "C"
10" (254mm} Dia

3" (76mm) Wide
Ursthane Tread

(Fig. 4C) {l

4

(102mm)
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2
©
=
= Report: Wheel # (AB,orC)  Size
& Imposed Loac Load
P Fixed Path 1 or 2 Location
< Number of Passes
5 BEAM DEFORMATION: 32" STRAIGHTEDGE MEASUREMENT
P EDGE T - 2: Beam Deformation {Perpendicular to Casler Path)
@ Prior: _inches Location: Example (87 {203 mm] Afong Edge from Corner 1)
After: inches Locatian:
Difference: ____inches (Report only if the start/finish locations are identical)
FDGE3 -4 Beam Deformation (Perpendicular to Caster Path)
Prior: __ inches. Location:
After: inches, Location:
Difference: inches (Report only if the star/finish localions are identical)
EDGE 2 - 3 Beam Deformation (Parallel w/Caster Path)
Prior: inches. Location:
After: inches. Location:
Difference: inches {Report only if the start/finish lecations are idenfical}
EDGE4 - 1: Beam Deformation (Parallel to Caster Path)
Priar: inches. Location:
Aller: inches. Location:
Difference: inches (Report only if the startfinish lacations are identical)
DIACONAL Beam Defurmation
-3 Prio: inchos. Location: Example: (147 {356 minf Along Diagonal from Corner 1}
After; inches, Location:
Dilference: inches (Report only if the start/finish locations are identical)
DIAGONAL Beam Deformation
2-4 Prior: inches. Location: S
After: _ inches. Location:
| ¥ifference: inches (Repart only if the start/finish locations are identical)

Wheel & (A,B, ar C) Size

Imposed Load Load
Fixed Path 1 or2  location
Number of Passes

8357_A3_Rationale_CISCA_Access_Floors

LOCALIZED DEFORMATION: 6" STRAIGHTEDGE MEASUREMENT

Paint 1 Location: Example (8" {204 mm] Along Edge from Corner 1) Paint 4 Location:

Prior inches, Pricr inches,

After inches, After inches

Difference inches. Difference inches.
Point 2 Location: Point 5 Location;

Prior inches, Priar inches.

Alter inches. Alfter __ inches.

Difterence inches. Difference inches.
Point 3 Location; Point & Localion:

Priar inches. Prior _inches.

After inches. Alter inches.

Difference _____ inches. Difference ____ inches.

POINT MAXIMUM:  “Report this Maximum Measurement of Localized Defarmation.”

10 « Recommended Test Procedures lor Accass Floors
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Section 4
Stringer Load Testing

Purpose:
To determine the amnount of permanent sel sustained by stringer
when subjected to a concentrated load.

Preparation:

Stringers shall be randomly selected and supported on two
pedestal assemblies complete with all coatings, paskets,
clips, and lasleners, identical 1o that found in the installed
floor system. Height shall be equivalent to that found in a
12" (305 mm} finished floor height or the maximum height
of the system, whichever is less.

The loads shall be applied to the stringer through a steel
indentor 17 (25.4 mim) square, imposed and measured
through a properly calibrated and appropriately sized load
sensar. A round indentor 1,128 (28.65 mm) diameter may
be utilized in liew of a square indentor provided the fool-
print contact area shall not exceed one square inch.

Test Procedure:

1.

Re
1.

Load shall be applied vertically at mid span of the stringer
and held far a minimum of one-minute duration. The load
shali then be relaxed and permanent sel measured,
Permanent set shall be measured at the top surface of the
stringer ar the poimnt of load application. Rate of load appli-
cation shall not exceed 500 pounds per minute (2.224
kN/fmin).

port:

Reference of testing procedure described herein by CISCA
A/F section number shall be included in report.
Al apparatus, equipment, inslrumentation, accuracy
ranges, atc. shall be described including equipment calibra-
tion/certification dates.
Materials tested and mocleup configuration(s} should be
fully described ar referenced to manufacturers’ drawings
and part numbers containing the ‘ollowing:
= Materialts) of construction, weight, nominal
dimensions and thickness.
«  Span of stringer between pedestal center-lines
s Height of system
= Fasteners, gaskels, coatings, clips, etc.
Record corresponding loadts) applied.
Description of any visual defects of any component.
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Section 5
Pedestal Axial Load Test
Purpose:

To verify the axial load an access floor pedestal assembly can
withstand without structural failure or damage to components
inclusive of threads, nuts, collars, etc.

Preparation:

1. A minimum of three (3} randomly sclected pedestal assem-
blies shall be tested far each flaor height. Fedestals shall be
identical tc thuse used in normal installations for their cor-
responding floor heights, including thread engagements
normaily utilized in fteld conditions.

2. Pedestal assemblics shall be tested for maximum floor
heights of each assembly design or configuration.

3. Loads shall be impused and measured through a properly
calibrated and appropriately sized load sensor over the
center of the pedestal head. The load indentor or applicator
may be machined to integrate with the pedestal head to
simulate the loading of the four carners of the panels.

Test Procedure:

. Align the Pedeslal assembly in the lesting apparatus and
apply an increasing load centered on the pedestal untf! the
desired load is reached. Hold imposed load for minimum
of one (1) minute duration. The load shall then be relaxed
and the assembly visually inspected for damage. Adjisting
devices, locking devices, threads shall be workable by
hand. Rate of load application shall not exceed 10,000
pounds per minute (44.5 kN/min).

Report:

T. Reference of testing procedure described herein hy {ZISCA
AJF section numnber shall be included in report.

2. All apparatus, equipment, instrumentation, accuracy
ranges, etc. shall be described including equipment calibra-
tonveertification dates,

3. Materials tested shall be fully described or referenced o
manufacturers” drawings and part numbers containing
the following:

*  Materials of construction, weight, naminal dimensions
and thicknesses,

4.  Report [oad applied and relaxed for each padestal and
describe damage o components, if any.

S$8357 -A3 Rationale

Section 5: Pedestal Axial Load Test - Report Format

FINISHED FLOOR HEIGHT: INCHES (mm)
IMPOSED LOAD
Pedestal Assembly 1 - (bs. (N)
Pedestal Assembly 2 - Ibs. {N)
Peclestal Assembly 3 - lbs. (N}
Average: lbs. (M)

Description of Component Damage if any:
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Section 6
Pedestal Overturning
Moment Test

Purpose:

To determine the overluring moment an access floor pedestal
assembly and its application to the sub-floar can resjst.

Preparation:

1. A minimum of five (5} pedestal assemblies shall be secured

ta a saund unsealed surface consistent with practice nor-
mally found in actual installations. Application methads
shall be noted in report and may include adhesive and/ar
mechanical fasteners,

Note: Where pedestals are not axisymmetric, additional sets

of pedestals may need ta be tested to verify the weakest

direction of force application,

For adhesive application, follow manufacturers’ adhesive

application procedure and allow 1o cure for the minimum

cure time recommended by the adhesive manufacturer.

3. For mechanical application, follow fastener manufacturers’
recommended procedure,

Test Procedure:

1. lateral loads shall be applied slowly and continuously to
the prescribed location of the assembiy until any failure of
the pedestal assembly or its methads of application to the
sub-floor oceurs, Where pedeslals are not axisymmetric,
loads shal! be applied in the direction which will result in
the least averturing resistance.

ra

Pedestal Overturning Moment Test

FORCE
7r—u~»- -h
Sy

% Extention
:E * Bar
= L =
% ﬁ; : ) ‘. E
- — o
= L=
©
T o Pedestal
‘ = Base
| A o
-! " x L —
(Base Plate Size)

TEST SETUP FOR

PEDESTAL OVERTURNING MOMENT

(Fig. 5)

Report:

L

Reference of lesting procedure described herein by CISCA

A/F section number shall be included in report

All apparatus, equipment, instrumentation, accuracy

ranges, etc. shall be described including eguipment

calibration/certification dates.

Materials tested and load application configuration shall be

fully described and referenced to manuracturers’ drawings

and/or part numbers containing the following:

*  Malerials of construction, weight, nominal dimensions
and thicknesses.

»  Adhesive il used, designate the manufaclurer, product
description, and identifying commercial stock
numbers, etc., curing time and canditions.

+  Mechanical fastencrs, if used, shall be identified by manufac-
turer, type, catalog numbser, size, and depth of engagement.

If mechanical fasteners are used, stale the number used,

location of fasteners in base plates, and relationship dimen-

stonally of fastener lacations (o applied loading direction.

Also state method of application. The height measured from

the sub-floor to the horizantal location of the applied load

tmoment arm} shall be reported along with the applied load
for cach loading,

Type of overturn failure and description thereof shall he

reporled for each test. Where lorces have been applied in

rare than one direction, report worst-case (weakest) results
in additian to any other results.
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Section 6: - Data Report Format

S$8357 -A3 Rationale

Pedestal Description:
*Fastening Method:

Pedestal Height
Height ol Applied Load

Pedestal Assembly:

{Adhesive, Mech., Ltc.)

for

Finished Floor Height.

1T Horizontal Load

lbs. (N)

2 Horizontal Load

3 Horizental Load

lhs. (N)

4 Horizontal Load

lbs. (N)

5 Horizontal Load

Ibs. {N)

AVERAGE

[bs. (N)

* FASTENING METHOD SHALL BE FULLY DESCRIBED:

inch pounds (Nm)
inch pounds (Nm)
inch pounds (Nm)
inch pounds (Nm)
inch pounds (Nm)

inch pounds (Nm)

* DESCRIPTION OF FAILURE (IF ANY) FOR FACH PEDESTAL SHALL BFE REPORTED:

14 « Recommended Test Procedurcs for Access Flooes
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Section 7
Uniform Load Test

Purpose:

Ta determine the maximum deflection{s) and permanent sel(s) of
an access floor under a uniformly distributed load.

Preparation:

1. Test shall be performed on a randomly selected bare panel
assembly. Panel shal’ be placed on steel blocks or supports
configured o provide support identical (o thal provided by
an installed systern. Any coatings, gaskets, pads, clips, fas-
teners, floor covering, or other materials as required by
manufacturer shall be identical to an installed system,
Blocks or supports shall not reduce the unsupported edge
span below that normally provided wilh a slandard
instailed system.

2. Panel designed for stringer support shall have stringers
spanning the blocks or supports with panel perimeter sup-
port and/or interface in an identical manner to the configu-
ration of the installed floor syslems. Stringers shall be iden-
tical to those of the installed flocr system, attached or fitted
to the support blocks in an identical manner to the installed
floor system, and shall include any coatings, gaskels, pads,
clips, fasteners, finishes or ather materials as required by
the manufacturer in the instzllad floor system,

3. Height of the test mock-up shall be sufficient to accommo-
date deflections of stringers and panels.

4. Load shall be applied as described in the air bag or vacuum

methods prescribed in ASTM E2322 Standard Test Method

for Conducting Transverse and Concentrated |.oad Tests on

Panels Used in Floor and Roof Conslruction.

Note: This ASTM test method is to be used in this section

only for evaluation of unifarm loading resistance, and is not

appropriate for use as a concentrated load test method for
access floors

Any restraining frames or configurations utilized in the test

procedure shall not interfere with vertical movement of the

test specimen.

Test Procedure;

1. Fxcept as outlined in this procedure, the panel shall be
loaded according to the air bag or vacuum methods pre-
scribed in ASTM E2322. In the case of access flooring sys-
tems where panels are not contiguous, Inad shall also be
applied to any connecling malerial {e.g. sleel cap) between
panels.

2. The panel shall be pre-loaded to the test load. A pre-lead of
50 |bs/t (i.e. 200 |b In the case of a panel thatis 4 ¢ -

2* x 2°) shall then be applied ana the instrumentation
measuring deflection and load shall be sel al zero.
(Reference zero = 50 Ibs/ft? pre-load)

3. After the pre-load, the panel shall be tested by increments
not exceeding 50 lbs/i, with initial load no more than one-
half test load. Rate of load application shall not exceed 375
Ibs# per minute.

S$8357 -A3 Rationale

wn

Deflection and permanent set shall be measured at Lhe
panel’s center, midspan of edge, and “weakest point” as
defined by (he manufacture and verified by the independ-
ent test agency.

MNote: For products with uneven battom surfaces and where
the deflection and set are measured on the bollerm of the
panel, the measurements shall be taken at the [owest
adjacent horizonlal surface.

Loads shall be applied for a minimum of one (1} minute
and deflection readings taken at the end of that period. The
load shall then be relaxed to reference zero (Reference zero
= 50 Ibs/fft’ pre-load) for a minimum one (1) minute and
deflection shall be recorded.

Report:

1.

Reference of testing procedure described herein by CISCA

AJF section number shall be included in report.

All apparatus, equipment, instrumentation, accuiacy

ranges, etc. shall be described including equipment calibra-

lion/certification dates,

Materials tested and mock-up configuration(s) should be

fully described in verbiage or referenced to manufacturers’

drawings and/ar part numbers, either conlaining Lhe follow-

ing information:

Panels:

+  Materialts) of panel construction.

*  Weight, nominal dimensions and thicknesses.

Stringoers:

s Material(s) of construction.

*  Vveight, and nominal dimensions and thickness,
including fasteners, gaskets, coatings, clips, ctc.

Other:

*  Fully describe gaskeling, pads, other items utilized in
the system.

Panel deflection measurements of the bottam surface shall

be reported to the nearest 001" (0.025 mm) for each

applied load

Panel permanent set of the bottom surface shall be reported

to the nearest 001" (0.025 mm} for each applied load.
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Panel Size (P.5.}
|_._ P&/ —ul
I
i f o [
I |
o ' | f
— g}' — o B
9 nl !
e :
g 1 _E /j;/ R
%] £
T i |
| =
g ol i + & (102 T
S T+t 1 ¥p-
T g el
a > | i
o T |
_ — |
— PG - - - 4" [102] Typ.
Typ
LCAD

Pressure Plste — —__

Prassure Plate  ~~

4" Square Blocks —_— ‘{ [ ‘

Fnuematic Bag —-.
(4" Min. Ovarhang)

Access Floor Panel "‘"“-Hkg—“ } R —r'
Steel Blocks at Corners — ‘ i I - |
To Simulate Understructure ~ Bottam Surface

Deflection and/or
Permanent Set

SETUF FOR UNIFCRM LOAD

~1-1/4" [32]
i

F 4 [102] Typ.

]
‘ 1-174" [32]

(Fig. 6)
Report Format:
Midspan “Weakest
Decf?:éﬁgn Fdge Point” Set
Deflection | Deflection

Fanel 1:

50 |bs/ft* Pre-load

Uniform Load

Ibs/[t?

LOADS AND DEFLECTION(S) MAY BE REPORTED AT ANY INCREMENT

LESS THAN OR EQUAL TO 50 LBS/t.

16 » Recommended Test Procedures for Access Floors

Structural

399

Page: 22

REVISED_2016_22.png

8357_A3_Rationale_CISCA_Access_Floors

http://www floridabuilding.org/Upload/Modifications/Rendered/Mod



S$8357 -A3 Rationale

2020 Triennial

Section 8
Drop Impact Load Test

Purpose:

The purpase of this test is to show the eftect upen access floor
panels and suppaorting understructure system(s) when subject o
impact from heavy loads being accidentally dropped onto the
floar panel.

Preparation:

Test(s) <hall be performed on three (3} randomly selected
bare panels placed on an understructure support system that is
configured idenlical to an installed system. Any stringers,
caatings, gaskets, pads, clips, fasteners, locking devices or other
malerials normally used shall be confligured identical to that
provided in an instalied system, The test mock-up configuration
shall be at a finished floor height suitable for the system being
tested. A safely-restraining device may be utilized for load
cansiraint to prevent possible injuries, providing it does not
restrict the purpose of the lest. The load o be dropped shall be
either a single hard object or objects placed inside a rigid
container that will not {lex or distort during the impact of the
test. The load shall be dropped vertically from a given height
onto the center of a steel “impact” plate of net less than one-
half inch (172%) [12.7 mm] thick x eightl inches (8] {20.3 mim)]
square that is placed centrally on top of a one inch (17)

[25.4 mm| square steel indentor not less than ane-half inch
(1423 [12.7 mmm] thick.

Test Setup:

i

| {

Weight —.

Haight
J : S Impact Plate

: S/ N B
— Indentor Y |

Panel Mock-Up At

SETUP FOR DROP IMPACT LOAD TEST

(Fig. 7)
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Test Procedure:

The load shall be dropped, free fall from a height of 36"
(914 mm} measured from the top of the steel “impact” plate
to the underside of the weight being dropped.

Two one-panel mock-up assemblies shall each be tested
with the load target directly in the center of each panel.
Twa one-panel mock-up assemblies shall each be tested
with the load target direclly on the midpoint of the edge of
each panel.

Twao one-pancl mock-up assemblics shall each be tested
with the load target at he discretion of the testing lab to
determine the weakest points.

After completion of the impact test on each panel, one
panel shall be tested according to Section 1: Concentrated
Loads at the peint of impact, and the other shall be tested
according to Section 2: Ultimate Load. {The weigh's
dropped on panels (or Concentrated and Ultimate Load
testing may be differant.)

NQOTE: Panels or understructure systems which are not
symmetrical, shall be tested in accordance with the above
procedure and then re-tested with separate mock-up
materials installed {rotated) 90° to the first test mock-up.

port:

Reference of lesting procedure described berein by CISCA
AT section number shall he included in report.
All apparatus, equipmen, instrumentalion otc. shall be
described including equipment calibration/certification
cates.
Materials tested and any load restraining device, if used,
should be fully described in verhiage or referenced to man-
ufacturer's drawings and part numhers, containing the fol-
lowing information:
a. Panels:
o Materials of the panel construction.
*  Weight, nominal dimensions and thickness.
Stringers and pedestals:
*  Malerial(s) of construction.
«  Weight, and nominal dimensions and thickness,
including fesleners, gaskels, coalings, clips, etc.
c. Other:
Fully describe any gaskets, pads, or other items utilized
in the system,
Amount af weight dropped onte system.
Height from which weight was drapped conto system.
For each panel subjected to testing under Section 1, repart
the impact weight, the concentrated load and deflection
realized. For each panel tested according to Section 2,
report the impact weight and ullimate {oad achieved.

18 = Recormended Test Procedures for Access Floors
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o
g
2 SECTION 9 Test Specimen:
3] = The test specimen sizes shall comply with those described in
% Flre Performan ce the test specimen section of the referenced test methods. The
< test specimens shall be butted against the vent end of the fire
N This guidance is nel all-inclusive of the fire test methods that test chamber and shall consist uf a continuous, unbroken lenglh,
o may he applicable to access floors. The authority having or of sections joined or butted end-to-end. The test specimens
7 jurisdiction (e.g. fire marshal, building inspector, etc.) makes shall have a width of 20 10 24 inches (510 10 610 mm}, a lenglh
the final determination of what test or other gualification of 24t (412 in /-G in) {7.32 m [+305 mm /=152 mm]} and a
methads may apply. Nor is it to be implied that CISCA requires maximum thickness of 4 inches (107 mm).
any ?f the fcl}(fwir.lg hg performed on access f_lu(]r:;. CISCA has Preparation:
provided clarification for sample preparation for the following . .
test methads: Access floor products shall be representative of the materials
. .. — for which the test is intended to examine.
Surface Burning Characieristics of Building Access floors with sufficient structural integrity to suppart
Materials themselves within the test chamber without sagging more than
»  ASTM E 84 Standard Test Method for Surface Bumning 1716 inch {1.5 mm) when measured at the center-line of the test
Characteristics of Building Materials i chamber shall be sized lo the width of the fire test chamber,
s+ NFPA 255 Standard Method of Test of Surface Burning butted end-to-end, and mounted on the ledges of the test
Characteristics of Building Materials chamber without using addiional means of support.
¢ UL 723 Test for Surface Burning Characteristics of Access floors without sufficient structural integrity to support
Building Materials themselves within the test chamber without sagging shouid be
»  CAN/ULC 5102 Method of Test for Surface Burning suppurt.ed in accor’daute with the guidance provided in the
Characteristics of Building Materials and Assemblies respective fest methods. .
e UBC Standard 8-1 Test Merhod for Surface Burning The Sal'mp|e shal! bfa representative of the standard
Characlerislics of Building Materials Cﬁnstrulctlon and ?[:pluca;ron of the accessl flootr. I ;aceways,
g . channels, cover plates, etc. are an integral part of the access
NOﬂ-CﬂmbUSflblht)’ Assessment of Materials floor wnsIaI{ation,pthen’these proclucts 'siall F;«:Isc he assembled in
¢ ASTM E 136 Standard Test Method for Behavior of the test chamber in the same manner as intended in use. Two
Materials in a Vertical Tube Furnace and 750° C tests should be run: ane test exposing the underside of the floor,
¢ CAN/ULC 5114 Standard Method of Test for the second lest exposing the topside of the floor.
BDe.tlilr.mmallcn IL:I Non-Combustibilily in Report:
uilcling Materials . o ‘ .
«  UBC Standard 2-1 Noncombustible Material - Tests 1. Report a detailed description of the material(s) being tested.
2. Report a detailed description of the specimen preparation
Purpose: method used, including adhesives, if used, and its applica-
To provide a standard practice for specimen preparation and tion method.
mounting af access floors for testing for Surface Burning 3. Report all information reguired in the reporting section of
Characteristics and Non-Combustibility of Building Materials. the referenced test method, including observations, graphi-

The following practice describes specimen preparation and cal resulte and the values of the flame spread index and the
mounting procedures for such materials. All testing shall be smoke developed index in each tesl.
f;??{;f:;sn g the methodology described in the referenced Test for l‘:-lon-Combustibility Assessment
Test for Surface Burning Characteristics of of M?“?’,‘_‘?‘ls . ) . . .

- . This praclice describes procedures for specimen preparation
B“'Idl"g Materials for tests for Non-Combustibility of Building Materials.

This practice describes procedures for specimen preparation This practice does not purpor to address all of the safety
angl mounting when testing access floors 1o assess flame spread concerns, il any, associated will ils use. IUis the responsibility of
and smoke development as surface burming characteristics Using the user of this practice to establish appropriate safety and
the tests methods listed above. This practice does not apply to health practices and determine Lhe app.icabilily of regulatory
discrete components such as diffusers, junction boxes, grommets, limitations prior to use
trim, EFC, Discreet r:umrponentst rrnay be tested per l}l 2043, Test Specimen:

Note: Under [lour supports cannol be tested using these lest ’ ] ]
methads, Test specimen should contain proportional amounts {by

This practice does not provide pass/fail criteria that can be weight) af each material contained within the tested product.
used a¢ a regulatary tool. Panels and support structures are to be tested independently.

This practice does not purport 1o address all of the safcty Report:

CONCErNS, if}a.m,', asaf?ciated Wilh-its use. It |:. the respons'\h)]lity of »  Report a detailed description of the malerizl(s)
the user of this practice to cstablish appropriate safety and Laing fested.
F‘tea'lth_practi(jes and determine the applicability of regulatary x RCle;rl a detailed deserption of the specimen prepara-
limitations prior to use. tion method used, including adhesives, if used, and its
application method.
*  Report all information as required in the referenced
test method.
Recommended Test Pracedures 1or Access Floors 19
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o
=
3
= SECTION 10
-
o Air Leakage Test
+ (Through Panel Seams)
[}
@
@ Purpose:

To determine the rate at which air will pass through the cracks

and gaps in an access (loor panel assenbly, al a specified and

controlled dirferential static air pressure. This test applies only to

floors used for underfloor air distribution.

Preparation:

1. The test shall he performed on a specimen of panels in a
reqatively airlight box or chamber, as shown below. The gap
hetween the perimeter of the floor panels and the chamber
opening shall be sealed to minimize air leakage.

Pansls =
i
= Seal doinls ; e Seal Jonks —, N
Comot — [/‘ f‘ \ "y i
Fan -~ ".. [ _i:: ‘ :;:
. 7 \t-/ = £ L )
2 Frammmatal ‘\L Pedestaly
SETUR FOR AIR 1 EAKACE TRET
{Fig. &)
: ange 2 e 2l

General arrangement of Air L eakapge lest Apparalus Test Procedure:

2. The dimensions of the panel assembly shall be al leasl 72 1. Calibrate the air leakage test cquipment in accordance with
inches (1829 mm) square. Finished [loor height shall he 12 the calibration instructions in ASTM E283 Standard Test
inches (305 mmy, or the maximum height of the system; Method for Determining Rate of Air Leakage Through
whichever is less. Exteriar Windows, Curfain Walls, and Doors Under

3. Any coatings, stringers, gaskets, pads, clips, fasteners, ar Specified Frassure Differences Acrass the Specimen,
other materials normally used shall be identical to that uti- excepl that the calibration pressure shall be 0.10 inch of
lized in an installed systern. The pedestals shall be water column (25 Pa).
anchored to the base of the chamber only if such anchor- 2. with the floor specimen installed as described abave,
age will affect the air leakage rale in some way. Il su, such adjust the totel airflow into the chamber to provide the
anchorage shall be described in the report specified test pressure difference across the test specimen.

4. A controllable blower, fan, or air pump shall be fitted 1o the When the test conditions have stabilized, record the airflow
chamber to supply airflow to the chamber at a rate suffi- through the flowmeter, and the tes: pressure difference.
cient to mairtain the pasitive air pressure required. The sys- Ihis measured air flow is designated the total air flow,
tem should provide essentially constant airllow for a period Qupln, where pis the pressure, and n is the number of the
of time sufficient to obtain readings of airtlow rate and measurement. Measure the barometric pressure, B, and
pressure temperalure of the air al the test specimen, T.

5. Aflowmeler or other suitable device to measure the rate of 3. Repeat the measurement of the leakage at each pressure
airflow into the test chamhber shall be fitted level at [east 4 times. Calculate the arithmetic average of all

A mancmeter or other suilable device to measure the leakage measurements at each pressure, Qupl
differential test pressures shall be connected between the 4. Seal all gaps and holes in the floor specimen.
chamber and almosphere 5. With the floor specimen sealed, measure the amount of air
Note: The referenced test method, ASTM E£283, requires the lcakage through the test chamber itself, at the same air
device be capable of recording the pressure within 2% of pressure differentials as in step 2. Fach measured air flow is
setpoint. The static air pressure differentials typically employed designaled the extraneous airflow, Qs(p/n.

in under flour air distribution systems are much fower than in 6. Repeat the measurement of the extraneous leakage at each

the referenced method, so care must be taken by the test agency pressure the same number of times as in step 3. Calcolate

to employ the eppropriate pressure measuring device, the arithmetic average of all extraneous leakage measure-
ments at each pressure, GQelp).

7. Measure the tofal crack length between the access floor pan-
cls, |, Do not include any of the joints between the perime
ter of the specimen and the chamber,

2U v Kecommended Test Frocedures for Access Floors
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1.
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1.

e

The Calculation:

Report:

!

Calculate ratic Ag/fs , where:
Ap = Area of a floor panel, ft* (nr)
[s = Perimeter of a single floor panel, [t ()
Note: For sume systemns, where muitiple panel sizes or
shapes are employed together in one floor assembly,
determination of Ip may require more carefu! analysis.
Generally. the perimeter of each panel should be measured
only once in determining Ip.
Express the tolal average air flow at each pressure Qu(p),
and the extraneous average air flow at each pressure Qe(p),
in terms of flow at standard conditions, as outlined in
ASTM E283.
Note: Ensure all units of measure referenced in the E283
calculation are observed, and that the correct equation fs
employed.
Express the air leakage thraugh the lest specimen at each
pressure, Qsipl, as

Qs(p) = (hip} — Qefp), 1t'/min (Ls) (1)
Calculate the rate of air leakage per unil crack length at
each pressure, gip), as

glip) = QsipiA, ft3/min-ft {L/s-my} (2)
Calculale the rate of air leakage per unit area at each pres-
sure, galp), as

gAlp) = glip) A2 (Ap/Ap)i, 13/min-f2 {Us-m*) (3}

Reference of testing procedure described herein by CISCA

AJF seclion number shall be included in the report.

All apparatus, equipment, instrumentation, accuracy

ranges, ete., shall be described including equipment cali-

bration/certification dates.

Materials tested, and specimen configurationis) should be

fully described in text and/or photograph and/or drawing,

or by reference to manufacturer’s drawings and/or part

numbers, including the following:

Panels:

+  Floor finishes

«  Materials of the panel construction

+  Weight, and nominal dimensions and thicknesses

Supporting structure:

«  Height

+  Materials, sections, fasteners, adhesives or ather
anchors

Other:

+  hully describe other materials used in the mock-up

For each of lest pressures, report the rate of air leakage per

unit crack length, and per unit area, as noted. At a mini-

mum, report the air [eakage rate at the pressures noted in

the table. Other pressures may also be reported, at the dis-

cretion of the prapanent or authorily.

Calculaled accuracy of the measured air leakage, based on

the precision of the air pressure measurement.

Test Pressure

Air Leakage Rate

inches h2o0 (Pa) Per unit crack length Per unit area
ft*/min-ft (L/s-m f/min-ft* (L/s-m?)

0.05 (12.5)

0.10 (25.0)
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Section 11
Sound Transmission

At the time of the release of this CISCA publication, the
ASTM E33 commiltee was working on a new ASTM standard for
airborne sound transmission loss through access floors and
therefore, CISCA has yel to review this test method.
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Glossary of Terms

Access Floor System

An access floor system is an elevated or “raised” floor area upon
another floor {typically a concrete slab in a building) creating an
interstitial space for service distribution. It consists of modular
floor panels that are designed to be removable from their
support so that “access” to services is quickly and easily
achieved. These services may include but are not limited to
electric power, data, plumbing, telecom, environmental control,
air conditioning, fire detection suppression, security, etc.

Air Leakage

As it pertains to access floors, air leakage is defined as the
passage of air from an underfloor air cavity through elements
ather than the designed air outlet devices. Leakage typically falls
into two categories: 1) leakage in the air cavity under the floor
due to construction quality, and 2} leakage through floor panel
seams and other non-air outlet devices.

Axial Load

A vertical load (or force) whose line of action passes through the
center of the member’s cross sectional area and is perpendicular
to the plane of the section such that no bending or torsion
moments are produced. This is the load that is typically
specified when referring to the axial load performance of an
access floor pedestal support.

Beam Deformation

Deformation is defined as the act of distorting or changing the
shape or dimensions of a structural element or body resulting
from forces or stresses. Beam deformation as related to access
floors is generally the term used when referring to the
permanent set of the entire span of the access floor panel after
application of a rolling load and is determined by measuring the
overall flatness of the access floor panel before and afier the
application of the load.

Cable Management Access Floor Systems

An access [loor system which incorporates an casy access, indepen-
dent of panel removal, creating an interstitial pathway for routing
cabling and other supportive services, excluding air distribution.

Concenltrated Load

A single load or force that has a small contact area as to be
negligible compared with the entire surface area of the
supporting member. Concentrated loads (sometimes referred to
as static loads) are typically imposed by stationary furniture and
equipment with legs. A concentrated load is applied to the
surface of the panel (1"x 1” square or 1.128” diameter indentor)
{(25.4 mm x 25.4 mm square or 28.65 mm diameter) resulting in
deflection and permanent set. Concentrated load rating is
specified in pounds force applied over a one square inch (645
mm2 ) area.

Deflection

Deflection is the vertical displacement of a structural member or
system under load. This is generally referred to when discussing
the vertical displacement a floor panel experiences upon
application of a concentrated load or uniform load.

Design Load

The load expected to be imposed on the floor system in service.
The access floor concentrated load rating is not the safe working
load or design load for the floor system.

Dynamic Load

Loads that vary significantly with time as measurements are
being made. Two dynamic loads are generally referred to:
rolling loads and impact loads.

Finished Floor Height

Finished floor height is defined as the height of the access floor
system as measured from the top of the supporting sub-floor to
the top of the access floor panel.

Impact Load

Impact loads are caused by objects being accidentally dropped
onto an access floor. These loads are defined by the weight of
the load, height or distance dropped, impact area, and
hardness/softness of the object. Impact loads generate severe
shocks that can cause structural and panel damage. Impact
loads most often occur during construction, move-in, and
equipment / furniture rearrangements.

Live Load

A live load is produced by the use or occupancy of the building.
This does not include construction, environmental, seismic, or
access floor dead loads. The live load should not be confused
with the uniform load capacity of an access floor.

Local Deformation

Local deformation is generally the term used when referring to
the permanent set recorded along the wheel path after a rolling
load test. It is determined by measuring the local flatness of the
panel along the wheel path before and after the application of
the load using a 6” (152 mm) spanner perpendicular to the
wheel path. The difference between before and aiter
measurements is defined as local deformation.

Overturning Moment

Overturning moment is the term generally used to refer to the
capability of the floor pedestal attached to a supporting floor to
withstand tip over forces generated by the application of a
lateral force applied to the top of a moment arm. Overturning
moment capacity is calculated by multiplying the lateral force
by the height at which the force is applied.

Panel/Panel Assembly

Modular and removable structural floor element or elements
designed (o rest on separate or integral elevated supports that
may be used as an interstitial space for distribution of huilding
services (wire, cable, air, etc.).

Pedestal (Adjustable Height)

An access floor pedestal with adjustable height option is defined
as the structural element that supports the access floor panel
and raises it off the floor slab to create an interstitial space for
service distribution. The adjustable height or leveling feature of
the pedestal allows the access floor panels to be installed level
regardless of the changes in elevation of the floor slab.

Pedestal (Fixed Height)

A fixed height floor pedestal is defined as the structural element
that supports the access floor panel and raises it off the slab to
creale an interstitial space for service distribution. The fixed
height floor pedestals and corresponding access floor panels
are designed to lay on the floor slab and follow its contour

and undulations.
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Permanent Set

A material that is deflecled so far thal ils elastic properlies have
beaen exceeded and it does not return to its original condition
upon release of load is said to have taken a “permanent set.”

Raised Floor System (See Access Floor System)
Rolling Load

Rolling loads are dynamic loads typically imposed by
equipment on wheels moving across the access floor.

Stanchion

The term stanchion is sometimes used to describe an access
floor pedestal.

Static Load

Static load! is defined as a force that does not undergo a change
in magnitude or direction during a measurement procedure.
Three static loads are generally referred to: concentrated,
ultimate and uniform loads.

Stringer

A stringer is a structural element used to connect access floor
pedestals together, thus providing lateral stabilily to the system
and floor supports.

Uniform Load

Unifurin load is a slatic force applied equally over the entire
arez of an access panel and is typically imposed by stationary
furniture, equipment without legs, boxes, pallets, etc. The
uniferm lead rating is specified in pounds per square foot or
Newtans per square meter.

Ultimate Load

The greatest applied vertical static force(s) beyond which
additional deflection is achieved without additional lead
or resislance,
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Design Guidelines for Roof Pavers against Wind Uplift
Maryam Asghari Mooneghi'; Peter Irwin®; and Arindam Gan Chowdhury”

'Ph.D. Candidate, Civil and Environmental Engineering/ International Hurricane
Research Center, Florida International University, Miami, FL. E-mail:
masgh002@fiv.edu

*Professor of Practice, Civil and Environmental Engineering/ International Hurricane
Research Center, Florida International University, Miami, FL. E-mail;
peairwi@fin.edu

*Associate Professor, Civil and Environmental Engineering/ International Hurricane
Research Center, Flonida International University, Miami, FL. FE-mail:
chowdhuri@fiu.edu

Abstract

The objective of this paper is to develop guidance for design of loose laid roof
pavers against wind uplift. Large-scale experiments were performed on concrete roof
pavers installed on the flat roof of a low-rise building using the Wall of Wind
(WOW) facility at Florida International University (FIU). Both wind blow-off tests
and pressure measurements on the top and bottom surfaces of the pavers were
performed. The results are used to develop specific guidelines for design of loose-laid
roof pavers. Account is taken of pressure equalization, the gaps between the pavers,
and the space beneath the pavers. These guidelines are intended to be simple enough
to be used by designers in parallel with the usual code provisions for exterior suctions
on roofs.

INTRODUCTION

Roofing systems are one of the most commonly damaged portions of the
building envelope during high wind events. The ability to withstand wind-induced
uplift forces across the building roofs is one of the critical design aspects. Suction
forces on the roof can loosen and lift both roof sheathing and roof coverings, such as
tiles, shingles, and roof pavers which might become wind born debris impacting other
structures downwind causing extensive damage. Also, water leaking through failed
roofing systems during hurricanes can result in considerable interior damage.

Flat roofs are commonly used in many residential and commercial buildings.
Loose-laid concrete roof pavers are usually used on flat roofs. Concrete pavers are
placed on the roof with gaps in between them and with spacing from the surface
undemneath the pavers (Figure 1).The gaps between the edges of adjacent pavers
allow communication of top surface pressures to the underneath which results in a
pressure equalization effect that reduces the net uplift {Asghari Mooneghi et al, 2014,
Bienkiewicz and Sun, 1992, 1997; Kind and Wardlaw, 1982; Kramer et al, 1979).
However, vortices emanating from roof comers can cause localized suctions on the
top surface which cannot be fully countered by pressure equalization. These are the
main cause of pavers being lifted off under strong winds. The pressure equalization
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effect is subject to a number of influencing variables such as location relative to a
corner, paver size, parapet height, building height, size of the gaps between pavers,
and the stand-off distance of the pavers above the underlying roof surface.

Parapet
-

Roof paver  Spacer I
]
e g B

H

posaiea

H, .
T
I" I" I" I"

3
\\.

(b)

Figure 1. a) Roof pavers on flat roofs; b) Geometrical parameter
definition

A number of experimental as well as theoretical research studies have been
published in the literature concerning the wind loading mechanism of loose-laid roof
pavers and the pressure equalization phenomenon. Researchers such as Cheung and
Melbourne (1988), Bienkiewicz and Sun (1992), O’Brien et al (2004) and Asghari
Mooneghi et al (2014) showed that the degree of pressure equalization depends on
ratio of the size of the gap between the pavers to the spacer height, in such a way that
the lower the ratio, the lower the pressure equalization.

Currently little guidance is supplied in most wind codes for the pressures
underneath roof pavers. In addition, wind tunnel testing to measure them can be
demanding considering both time and cost. With this in mind, some researchers have
developad analytical models which are mainly concerned with simulating time-
varying pressure distributions underneath roof pavers (i.e., interior pressure in the
cavity between the inner and outer layers) given the external pressure data (Amano et
al, 1988; Bofah et al, 1996; Gerhardt et al, 1990; Kind, 1994; Lou et al, 2012; Oh and
Kopp. 2014; Sun and Bienkiewicz, 1993; Trung et al, 2010). The complexity of the
current numerical methods makes it desirable to develop a simplified method that can
be used in codes and standards for caleulating the net uplift force of roofing systems
from the available external pressure data on roofs.

A large-scale experimental study is presented that investigated the wind
loading mechanism for concrete roof pavers on the flat roof of a low rise building.
Half-scale roof pavers were installed on a square portion of the flat roof of a low-rise
building. Results of wind lift-off tests and pressure measurements were used for
accurate investigation of the net pressure distributions and the effect of the pavers’
edge-gap/spacer height ratio on the wind performance of roof paving systems. Design
guidelines are developed for roof pavers against wind uplift.

EXPERIMENTS
The experiments were performed in the Wall of Wind open jet facility at FIU.

It can generate up to a Category 5 Saffir—Simpson Scale hurricane wind speed and
replicate the mean wind speed profile and turbulence charactenistics of hurricane

© ASCE
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winds. A set of triangular spires and floor roughness elements were used that generate
turbulence and boundary layer characteristics (Figure 2). It is to be noted that WOW
flow for large-scale wind testing is representative of a flow with partial turbulence
simulation. In partial turbulence simulation, only the high frequency part of the wind
spectrum is simulated and the low frequencies are missing mainly because of the
limited size of the facility. So, the turbulence intensity is lower than that for the ABL
flow containing all the low frequency fluctuations. However, using the method
proposed by Katsuchi and Yamada (2011), the adequacy of the current turbulence
intensity was shown. The size of the test sectionis 6.1 m wide and 4.3 m. high.

Figure 2. a) Wall of Wind, Florida International University; b) Spires and floor
roughness elements

Tests were performed in suburban terrain with the target power law
coefficient of o=1/4. The size of the 1:2 test building model was 3.35 m by 3.35m in
plan by 1.524 m high representing a low-rise prototype building with height of 3.48
m. The windward parapet was interchangeable to allow the study of the effects of
relative parapet height on the wind loading mechanism of roof pavers (relative
parapet heights tested were hy/H=0, 0.03, 0.05, 0.1, 0.15). In this paper, results are
given for the case that the windward parapet height was h, =7.62 cm above the paver
surface (Figure 1.b) resulting in a relative parapet height of h,/H=0.05. There were no
parapets on the leeward side of the building so that the roof can be representative of
the windward corner of a bigger roof structure (Asghari Mooneghi et al, 2014, Lin
and Surry, 1998, Lin et al, 1995).

Wind blow-off tests and pressure measurements were performed for three
different edge-gap to spacer height ratios (G/H~0.28, 0.083 and 0.028). Adjustable
height pedestals were used to change the space between the paver and the roof deck
(H;, Figure 1.b). A constant G=3.175 mm space between the pavers (Figure 1.b) was
maintained. Only one wind angle of attack was tested which was 45° which 1s the
most critical orientation for generating high uplifts under conical vortices on flat
rectangular roofs (Holmes, 2007).

Wind blow-off tests were performed first. Concrete pavers with a dimension
of 0.305 m by 0.305 m by 2.54cm thickness with weight per unit area of 535 N/m”
were installed on the roof which can be considered as modeling typical 0.61 m square
pavers at half-scale (Figure 3.a). The aim of these tests was to provide guidance on
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the location where the failure first occurred. This could then be used to decide on the
pressure tap layout. The tests were performed by gradually increasing the wind speed
in WOW and visually observing the behavior of the roofing system. The most critical
pavers which dislodged first were identified. Wind speeds were measured at the roof
height of the test model (1.524 m height) using a turbulent flow Cobra probe.

For pressure measurements, the original pavers were replaced by pavers made
from Plexiglas with the exact dimension as actual concrete roof pavers (Figure 3.b).
Pressure measurements were carried out at wind speed of 18.5 m/s which was below
the failure wind speed of concrete pavers (but required some special measures to hold
the Plexiglas pavers in place). A total of 447 pressure taps were installed on the
external and underneath surfaces of roof pavers on the whole roof Nine critical
pavers, identified during wind lift-off tests were fitted with total of 256 pressure taps
to allow detailed measurements of the pressure distribution above and underneath the
pavers (Figure 3.¢).

Figure 3. a) Test building for wind blow-off tests; b) Test building for pressure
measurements; ¢) Critical pavers instrumented with pressure taps

Figure 4 shows the numbering of the pavers and the location of the 9 critical
pavers. A 512 channel Scanivalve Corporation pressure scanning system was used for
pressure measurements. Pressure data were acquired at sampling frequency of 512 Hz
for a period of two minutes. A transfer function designed for the tubing (Irwin et al,
1979) was used to correct for tubing effects.
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Figure 4. Roof pavers numbering
DATA ANALYSIS

The mean pressure coefficient at any location was obtained from:

Pmean

Cpmean = (1)
where P, 15 the mean pressure, p is the air density at the time of the test (1.225
keg/m’) and U is the mean wind speed measured at the building height of the test
model (1.524 m). The peak pressure coefficient was obtained from:

142
=¥ Umnean

Ppeak
— ped
Cppeak -1 -
2PY3s

2)

where P, is the peak pressure. Data were low-pass filtered at 30 Hz (equivalent to
21 Hz at fill scale). The Sadek and Simiu (2002) method was used to obtain statistics
of pressure peaks from observed pressure time histories. Because estimates obtained
from this approach are based on the entire information contained in the time series,
they are more stable than estimates based on single observed peaks. For the
evaluation of these estimated values 95% confidence was considered. Uj; is the peak
3-s gust at the reference height. The peak value of the U7; was obtained by
performing moving averages. The net total pressure coefficient defined as the
instantaneous difference between the external and the corresponding underneath
pressure coefficient at the same location are:

Cpnet = Cpe;ct - Cpint (3)
The overall wind lift load, 1., acting on any single paver is obtained as:
L=2pU%[f,  CPuerlt,y)dA @)

paver
CL = % (5)
E'DU A
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where A is the surface area of the paver. The reduction in the net wind uplift can be
expressed as:

_ Cipet
B CoLext (6)
The blow-off takes place when the uplift force is equal to the paver’s weight,
W. Therefore, the critical wind velocity Uggyr at which blow-off occurs 1s:

W 7
Ucpr = ,m ™

RESULTS AND DISCUSSTION

Results from wind lifi-off tests and pressure measurements showed that in all
cases Paver 21 (Figure 4) was the most critical paver experiencing the highest uplift
force. So, results presented in the following are based on the results calculated for this
most critical paver (unless otherwise mentioned). Figure 5 shows a comparison
between the failure wind speeds when wobbling of pavers was observed, the critical
wind speeds calculated using net lift coefficient obtained for Paver 21 from pressure
measurement tests using Eq. (7), and a practice based on ASCE 7-10 pressure
coefficients for components and claddings using Eq. (7). It should be noted that
ASCE 7-10 does not provide any recommendations for the pressure coefficient in the
undemeath cavity of multi-layered roofing systems. So, the net uplift coefficient
cannot be calculated directly from ASCE 7-10. Consequently, a common practice
mainly proposed for roof tiles (FPHLM, 2005, Volume 11, p. 55) is to consider the
external pressure coefficient as the net pressure coefficient. For gable roofs with
slope 6 < 7° the largest external pressure coefficient for edge Zone 2 and corner Zone
3 for tributary areas less than 0.9 m? is given as -1.8 and -2.8 respectively in Figure
30.4-2A (ASCE 7-10). Results presented in Figure 5, demonstrate the effect of
pressure equalization for air permeable roofing systems in increasing the critical wind
speed at which failure ocours and shows that the values based on ASCE 7-10 external
pressure coefficients are conservative. This was in agreement with past studies in the
literature which showed that for double-layer roof svstems (e.g. roof pavers),
estimates of wind loads obtained in most of regions of the roof can be considerably
conservative by ignoring the effects of pressure equalization through application of
the building codes to the design of the exterior roof layer (Bienkiewicz and Endo,
2009; Bienkiewicz and Sun, 1992, 1997; Chino et al, 1991 ; Kind and Wardlaw, 1982;
Kramer and Gerhardt, 1983; O’Brien et al, 2004). Results in Figure 5 also showed
that by increasing the gap to spacer height ratio (G/Hj), the failure wind speed
increases. This is in agreement with studies of Bienkiewicz and Endo (2009). Also,
tests on the effects of relative parapet height (h,/H) showed that generally parapets
reduce the net uplift force on the roof pavers. However, a certain relative parapet
height in the range hy/H=0.10 exists in which the uplift loads reach the worst case
values.
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Figure 6 shows the varation of the net uplift force coefficient and the
reduction factor (r = %) with G/H; on Paver 21. The results show that increasing
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As explained previously, pressure equalization is dependent on the geometric
parameters of the roof pavers (Bienkiewicz and Endo, 2009; Bienkicwicz and Sun,
1992, 1997).
between the pavers and the roof, and the panel size. This research has focused on
characterizing the pressure squalization on roof pavers and the effect of the gap to
spacer height ratio (G/H;) and relative parapet height (hy/H) for developing simple
design guidelines for loos-laid roof pavers. A journal paper is in preparation which
includes these design guidelines which will be presented during the conference. The
guidelines have been formatted so that the existing information in codes and
standards such as ASCE 7-10 on exterior pressures on components and cladding can
be utilized. The effects of the paver’s edge-gap to spacer height ratio and parapet
height as a fraction of building height will be included in the guidelines as adjustment

These include the gap (G) between panels, the spacer height (H)
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factors. These guidelines incorporate appropriate factors of safety in order to achieve
the normal levels of reliability used in the design of building envelopes.

CONCLUSIONS AND FUTURE WORK

The objective of this paper was to investigate the wind loading mechanism of
concrete 1oof pavers with the ultimate goal of developing simple design guidelines in
code format for design of commonly used loose-laid roof pavers. The experiments
were performed in the Wall of Wind, a large-scale hurricane testing facility at Florida
International University. Experiments included both wind blow-off tests and detailed
pressure measurements on the top and bottom surfaces of the pavers. Large-scale
concrete roof pavers were installed on a square portion of a flat roof. The effects of
changing the pavers’ edge-gap to spacer height ratio were investigated. Based on the
information gathered in the current tests and review of literature, guidelines suitable
for codes and standards are being developed for the design of roof pavers and will be
presented. The gudelines will be formatted so that use can be made of the existing
information in codes and standards such as ASCE 7-10 pressures ceefficients.
Limitations and applications of the guidelines will be addressed.
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Abstract. Hurricanes are among the most costly natural hazards to impact buildings in coastal regions.
Building roofs are designed using the wind load provisions of building codes and standards and, in the case
of large buildings, wind tunnel tests. Wind permeable roof claddings like roof pavers are not well dealt with
in many existing building codes and standards. The objective of this paper is to develop simple guidance in
code format for design of loose-laid roof pavers. Large-scale experiments were performed to investigate the
wind loading on concrete roof pavers on the flat roof of a low-rise building in Wall of Wind, a large-scale
hurricane testing facility at Florida International University. They included wind blow-off tests and pressure
measurements on the top and bottom surfaces of pavers. Based on the experimental results simplified
guidelines are developed for design of loose-laid roof pavers against wind uplift. The guidelines are
formatted so that use can be made of the existing information in codes and standards such as American
Society of Civil Engineering (ASCE) 7-10 standard’s pressure coefficients for components and cladding.
The effects of the pavers’ edge-gap to spacer height ratio and parapet height to building height ratio are
included in the guidelines as adjustment factors.

Keywords: design guidelines; roof pavers; large-scale testing; wind uplift

1. Introduction

It is clearly important that roofing materials be designed so that they can withstand the uplift
forces that occur in strong winds. Some of the major losses that have occurred in hurricanes have
been due to loss of roofing materials (Huang ef af. 2009). Experience indicates that hurricane
winds are well capable of ripping off materials such as tiles, shingles, roof pavers and gravel
ballast (Smith 1994, Huang et al. 2009). The building itself then becomes vulnerable to
considerable additional damage through water infiltration and changes in internal pressure
(Bitsnamnlak ef al. 2009, Chowdhury ef af. 2012}. As well, the wind-borne debris coming from the
damaged roof often causes extensive additional damage to buildings downwind as it impacts them
with high momentum (Fernandez ef af. 2010, Masters ef al. 2010}.
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*Ph.D., E-mail: maryam.asghari @arup.com
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Wind uplift of roof pavers is not only the result of the suction on their top surface, but also of
the pressure on their underside for which no guidance is currently supplied in most wind codes.
Therefore, for lack of better information, building designers often make the simplifying
assumption that the net uplift acting on air permeable roofing elements is the same as the exterior
pressure specified in the building code (Florida Public Hurricane Less Projection Model
(FPHLPM} 2005}. In reality a significant amount of pressure equalization occurs which tends to
make this assumption quite conservative in many instances for roof pavers (Banks ef al. 2000). On
the other hand, the pressure equalization effect is subject to a number of influencing variables such
as paver’s location relative to a corner, paver size and geometry, parapet height, building height,
gaps between pavers, and the stand-off distance of the pavers above the underlying roof surface
(Bienkiewicz and Sun 1997, Banks ef af. 2000). This has deterred the development of more
specific guidance in codes. Interlocking and strapping systems are often used to improve the
resistance of roof pavers, and they can be very effective (Irwin et af. 2012}. However failures do
still occur and it will help in the design of such systems if better knowledge of the aerodynamic
forces working on the pavers can be obtained. The aerodynamic mechanisms that cause uplift are
quite complex but in this paper guidance is developed in the form of relatively simple rules for the
design of loose-laid roof pavers against uplift wind forces, rules that are amenable to use alongside
or within building codes.

A set of large-scale experiments was performed to study the wind leading mechanism of
concrete roof pavers using the Wall of Wind (WOW)} facility at Florida International University
(FIU)}. Concrete pavers were installed on a square portion of a flat roof of a low-rise building. Both
wind blow-off testing and pressure measurements were performed. Experiments included the wind
lift-off tests and detailed pressure measurements on the external and underneath surfaces of roof
pavers. The effects of the pavers® edge gap to spacer height ratio, relative parapet height and the
effects of connecting pavers were studied. The resolts from the pressure measurements were
compared with estimates obtained from American Society of Civil Engineering (ASCE} 7-10
pressure coefficients. Finally, guidelines were proposed for design of loose-laid roof pavers using
ACSE 7-10 components and cladding exterior pressure coefficients taking into account the effects
of pavers’ edge-gap to spacer height ratio, relative parapet height, and pressure equalization.

2. Background

Solid pavers are frequently used as ballast and walking surfaces on flat roofs and as decorative
elements on terraces. It is necessary that they be capable of resisting uplift forces due to wind. A
number of experimental and analytical studies are reported on wind leading and performance of
loose-laid roofing systems. Wind tunnel experiments on small scale models have been performed
by researchers to investigate the wind loading and failure mechanism of loose-laid roof paving
systern (Kind and Wardlaw 1979, Kind and Wardlaw 1982, Bienkiewicz and Sun 1992,
Bienkiewicz and Sun 1997, Irwin et /. 2012, Oh and Kopp 2015). Large-scale testing is preferred
for small structures and building appurtenances for maintaining modeling accuracy and
minimizing Reynolds number effects (Kargarmoakhar er al. 2015). However, studies using full-
and large-scale models (Aly ef al. 2012, Asghari Mooneghi ef al. 2014} have been limited. As
explained by Geurts (2000}, small scale wind tunnel experiments are not normally suitable for
investigating the pressure equalization over air permeable roof covering materials and its effects
on the net loading. This is because when the batten space and permeability are scaled, their sizes
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get toe small to simulate the realistic mechanisms in the flow due to Reynolds number effects.
Therefore, large scale test data or full scale field measurements are necessary for proposing
calculation models and design guidelines for these materials.

The complex nature of the flows above and beneath air permeable roofing systems has also
been explored using numerical simulations. Amano et al. (1988} proposed a simplified numerical
model based on the unsteady Bernoulli equation with one value of pressure at each paver edge for
obtaining the internal wind pressure distribution of roof pavers under a known external pressure
field. Correction terms were employed to take into account the effects of viscosity. The effect of
the gap between the pavers was also investigated. Kind ef af. (1988} proposed a correlation for
predicting wind lift-off speeds of loose-laid insulation boards based on extensive wind tunnel
testing results. The correlation accounts for the effects of building characteristics (low,
intermediate or high-rise building}, parapet height, element weight per unit area and interlock
effects. The tests of Kind et al. (1988} were primarily for pavers laid directly on the roof with no
spacers underneath. Gerhardt ef af. (1990} performed a set of experiments and calculations and
developed an equation for calculating the failure wind speed based on the external pressure, the
element size relative to smaller plan dimension of the building and the weight of the elements.
Diagrams were provided to help choose the best possible sclution when using these roofing
systems. Sun and Bienkiewicz (1993} stated that the flows between and beneath the loose-laid
pavers are very slow because of the boundary effects of the flow field, and should be treated as
viscous. They employed Darcy’s law to develop a numerical model for calculating the pressure
distribution underneath roof pavers. In their model, the pressure distribution along paver edges
was assumed piecewise linear. The experimental data and their numerical results show similar
trends. This model was refined later to allow arbitrary pressure distribution aleng paver edges, and
to teke into account the interlock effects between pavers. This flow model was limited to steady
flow and was sufficient to estimate the mean pressure distribution for small stand-off distances
between the roof surface and pavers and for low speeds of the flow, which means low Reynolds
number. However, it may not be so applicable for a relatively high flow speed with high turbulence
(Oh and Kopp 2012}. Kind (1994} proposed a numerical method based on Laplace’s equation for
predicting the underneath pressure distribution for loose laid roof pavers. It was assumed that
inertia effects are negligible in the under-element flow and it was thought to be viscosity
dominated. Also, the flow resistance in the element/roof deck interface plane was considered as
uniform. With these assumptions the flow continuity equation reduces to the Laplace equation. The
results were in reasonable agreement with measuored pressure distributions in cases where the roof
deck and the undersides of the elements were reasonably flat with uniform surface texture. The
results are more likely to be applicable for pavers lying directly on the roof surface. Bofah et al.
(1996} proposed a theory for calculating the pressure distribution underneath roof pavers based on
approximating the underneath flow by a two-dimensional laminar flow in a very shallow channel
with a porous upper roof. Sinusoidal and uniform outer pressure distributions were investigated
which were consistent with experimental results. Trung et al. (2010} applied a method based on
the Multiple Discharge Equations (MDE) as described in Oh ef af. (2007} to predict the underneath
pressures of a porous sunshade reoof cover from a known external pressure distribution.
Computational results were compared with experiments performed on a 1:50 scale model of a
low-rise building. The results of the computations were in good agreement with the experiments
for 3% and 10% porosity ratios (ratio between the areas of orifices to the area of the sheet} and 4.7
mm height from the roof deck to the cover used in the experiments. Oh and Kopp (2014}
developed a one-dimensionzl analytical model for simulating cavity pressures within multi-layer
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roofing systems from a known extemnal pressure distribution using the unsteady Bernoulli equation
and Couette flow assuming laminar flow in the cavity. The model was verified by comparing its
predictions with results obtained from wind tunnel testing.

Previous experimental and numerical studies on the wind loading mechanism of loose-laid
roofing systems like roof pavers, gravel ballast, green roofs, ete. can assist in developing code
specific models for design of such systerns. However, many unanswered questions still remain in
the current state of knowledge on this issue. In research aimed at codification of wind loading on
porous claddings and covers over roofs which have a similar wind loading mechanism as roof
pavers, Cheung and Melbourne (1986} and Cheung and Melbourne (1988) investigated the effect
of porosity on wind leading on such systems. Reduction factors were preposed as a function of
distance from the roof leading edge for different porosities and different internal volumes for a
typical low-pitch roof cladding, and adopted by AS/NZS 1170.2. Design wind loads could then be
estimated from external pressure coefficients given in the existing building codes. Bienkiewicz and
Meroney (1988} develeped a rough design guideline for leose-laid ballast pavers. The system
failure condition was considered in terms of the failure wind speed and the wind loading
parameters specified by the building code parameters (UBC, ANSI or ASCE 7-05 (Bienkiewicz
and Endo 2009}. This theory is limited to low buildings with rectangular flat roofs. The allowable
building heights are given in the design guidelines for a range of design wind speeds and wind
exposures.

Somie codes and standards do address the design of roof paver systems. In the Netherlands code,
NEN EN 1991-1-4/NA, a set of values for net pressure coefficients (difference between the
extemal and underneath pressure coefficients; Cp..,=Cp.-Cp:) is proposed for design of roofing
tiles and pavers. These values were based on a number of experiments and full-scale studies on
reof tiles on pitched reofs and roof pavers on flat roofs including those of Geurts (2000}, who
proposed equalization factors defined as Coq=Cpoe/Cp. from full-scale measurements on roof liles
and roof pavers. The equalization factors are to be applied to the external pressure coefficients
given in the Netherlands wind loading code. The proposed value of C,, for roof pavers with and
without interlock were 0.25 and 0.6, respectively. In the German Wind Code (DEUTSCHE NORM
2001-03} design pressure coefficients are provided for building envelopes with permeable facades
based on a study by Gerhardt and Janser (1995}, In the Australian Standard for wind loads (AS
1170.2 2011) reduction factors are given for estimating design wind loads on porous claddings.
These factors depend on the cladding poresity and the herizontzl distance from windward building
edge, and are based on the work of Cheung and Melbourne (1988}.

Major international codes and standards for wind loads in USA and Canada (NBCC; ASCE
7-10y specify roof wind pressures for typical roof geometries but there are no specific provisions
on how to apply such pressures to roofing elements such as tiles, shingles, and pavers. Using the
available numerical methods proposed in literature for designers and suppliers of roof pavers is
quite complex, and performing project specific wind tunnel testing is not practical, except for very
large projects. This paper proposes a simplified yet reasonably accurate method for calculating the
net uplift force on roof paver systerns from the existing external pressure coefficients in the current
ASCE 7-10 standard and takes into account the effect of pavers’ edge gap to spacer height ratio,
relative parapet height, and pressure equalization.
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3. Pressure gradient effects

Multi-layer building envelopes, e.g. roof pavers are particularly sensitive not just to pressures
but to spatial pressure gradients. Concrete roof pavers are usually placed on the roof with spacing
above the roof deck and with gaps between the pavers. The pressure distribution produced by the
wind flow over the outer surface of the roof produces secondary flows through the spaces between
and underneath the paver elements. The so called pressure equalization occurs very quickly,
provided the space between the pavers and the roof deck below is not too large, typically in a small
fraction of a second, because very small volumes of air exchange are needed to bring the underside
pressure into equilibrivm with the pressures around the paver perimeter. This phenomenon is
controlled by the same physics as the internal pressure. However, in pressure equalization, mauch
smaller volumes of air through many openings are involved. The pressure equalization effect
greafly reduces the net uplift force on pavers in most areas of a roof. However, in areas of very
high spatial gradients of pressure, such as those which occur under vortices near roof comers,
significant net uplift pressures can still occur. Figure 1 illustrates the typical path of the vortices
over a flat roof for cornering winds.

Along with the high suctions from the vortices there are also high velocities passing over the
surface as the flow rotates rapidly about the vortex center. The vortex is analogous to a small
tornado with axis approximately horizontal and with very high velocities near the vortex core.
Thus, not only are there high suctions tending te lift roofing material, but alse high tangential air
speeds immediately adjacent to the roof surface, which are prone to penetrating under the edges of
roofing elements and lifting them. It is very important to generate these vortices as part of the test
to fully replicate these wind effects on a roof. The bell-shaped curves in Fig. 1 have greatest
central suction near the roof corner but as distance from the roof corner increases, the suction
reduces and the width of the bell-shape grows larger (Banks ef af. 2000). The effect of these
suction distributions on the roof will depend on the type of roof system being used and is clearly
very different from a simple uniform pressure distribution. The diagram in Fig. 2 illustrates
schematically the general mechanism of uplift on roof pavers. The aerodynamic uplift force is the
difference between the pressure on the lower surface of the paver, P and the pressure on the upper
surface, Py, (Fig. 2}. The pressure on the upper surface due to the presence of a conical vortex
(solid curve) is negative (when measured relative to the static pressure in the surrounding air
stream)} and has a concentrated peak.

™ -
/;::\9 W |2%{//>

athof
conical
vortdices T

suelion varialion
under vortex /

a-
|
77+
7
{
/
/

Fig. | Conical vortices; Suction variation on roof under comer vortices
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Ilighest suction under a vortex
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{a) Pressure distributions on upper and lower surfaces

L oAt (b) Straps running transverse to the axis of the vortex

Fig. 2 General mechanism of uplift on roof pavers

The pressure on the lower surface is depicted by the broken curve and at the paver edge it is
shown as being equal to that on the top surface. In practice, the top and bottom edge pressures do
not always match exactly. The underneath pressure is dictated by the outer pressure distribution
and the relative magnitude of the joint resistances compared to the under-element resistance which
prevents a complete pressure equilibration between upper and lower surfaces of the element
(Bofah ef al. 1996, Gerhardt et al. 1990, Kind 1994}, Detailed measurements done by Kind and
Wardlaw (1982} showed that the underneath pressure does tend to vary roughly linearly between
the pressures at the paver edges as depicted in Fig. 2 (also discussed in Bofah ef af (1996}). It is
only due to the sharp peak of the upper pressure under a vortex (between points A and B) that a net
uplift might occur, signifiad by the large difference between the solid and broken curves. If the
upper surface pressure does not have the peak (e.g., the pavers are not sitting directly under a
vortex} then pressure equalization caused by flow around the edges of the paver results in much
smaller net uplift as shown by the small differences between the solid and dashed curves on the
pavers outside of the zone between points A and B. The impact of pressure equalization depends
on the size of the paver relative to the width of the conical vortex. If the paver is much larger than
the width of the vortex then the impact is reduced since only a small fraction of the paver area is
affected by the high suction. Also, if the paver is much smaller than the width of the vortex then,
even if it is sitting in a high suction zone, the pressure equalization effect of the gaps at its edges
substantially reduces the difference in pressure between top and bottom surfaces. If the paver and
vortex widths are similar the net uplift will tend to be maximized.

At sufficient wind speed the aerodynamic uplift force and/or the overturning moment on the
element may become higher than the weight and/or the resisting moment due to gravity or other
restraints, such as strapping, and lift off will cccur.

Interlocking and strapping systems are commonly used to improve the wind performance of
roof pavers. In this case, the uplift force tends to be shared across several pavers. Fig. 2(b} shows a
strapping system running transverse to the axis of the vortex which connects to the center of each
paver. The lift on the paver AB is now restrained not only by the weight of the paver AB but also
by at least part of the weight of the adjacent pavers, on which there is little if any 1lift. The 1ift on
the paver AB that is needed to both lift paver AB and also cause the adjacent pavers to rotate so
that their edges at A and B become airborne, but not the farther edges, is about double that needed
to lift the unconnected paver (Irwin ef al. 2012). The lift required to cauvse the farther edges also to
become airborne is about 3 times that for the unconnected paver. These considerations, along with
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the assumption that lift on real pavers varies approximately as wind velocity squared, lead to the
expectation that strapping in the direction transverse to the line of the vortex will increase the 1ift
off speed by a factor of approximately V2 = 1L.4to '3 = 1.7 (Irwin ef af. 2012, Aly ef ai. (2012)
also showed that locking a group of pavers together can be very effective for preventing lift-off of
pavers located in critical regions on the roof. They recommended using a locking system able to
hold a group of at least 4x4 or 5x5 pavers together.

4. Experimental setup and testing protocol

A number of large-scale experiments were performed by the authors, and described in an earlier
paper (Asghari Mooneghi ef al. 2014, Mooneghi ef al. 2014}, In the work discussed in this paper,
the same experimental setup was used for additional tests to facilitate the development of design
guidelines. The experiments were performed in the 12-fan Wall of Wind (WOW) open jet facility
at FIU which is able to generate hurricane winds up to Category 5 Saffir-Simpson Scale that
replicate a representative mean wind speed profile and the high frequency end of the turbulence
spectrumm. A set of triangular spires and floor roughness elements was used to generate appropriate
turbulence and boundary layer characteristics (Fig. 3).

Fig. 4 shows the comparison of longitudinal WOW spectrum and the Von Karman longitudinal
spectrum at full scale using L,=12 m and [,=0.3 at 3.048 m height in suburban terrain (z0=0.2}.
It can be seen that there is a good match between the two spectra at high frequencies which has
been noted by a number of previous researchers as necessary for correct simulation of local flow
aerodynamics on low-rise buildings (Melbourne 1980, Saathoff and Melbourne 1997, Kumar and
Stathopoulos 1998, Tielernan 2003, Richards et ai. 2007, Yamada and Katsuchi 2008, Irwin 2009,
Banks 2011, Kopp and Banks 2013}. However, at low frequencies turbulence energy is missing.
This is a common limitation when testing at large model scales, due to the limited size of wind
tunnel working sections, but it can be largely overcome in post-test analysis using Partial
Turbulence Simulation (PTS) theory based on quasi-steady assumptions as described by Asghari
Mooneghi (2014} and Asghari Mooneghi ef al. (2015}.

A

A Ay .-

et view, Spires and floor roughness elements

{a) Inlet view {b) Outl
Fig. 3 Wall of Wind, Florida International University
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Fig. 5 Simulated Suburban Terrain

The mean wind speed and turbulence intensity profiles for suburban terrain are shown in Fig. 5
for 20.1 m/s wind speed (larget power law coefficient was a=1/4}.

The dynamic similarity requirements for the tests and how they were satisfied have been
described by Asghari Mooneghi ef af. (2014). The size of the 1:2 test building model was 3.35 m
by 3.35 m in plan by 1.524 m high, representing at half scale a low-rise prototype building with
height of 3.048 m. The size of the test section was 6.1 m wide and 4.3 m. high.

The test model height was around 35% of the wind field height generated by the WOW. This
was within the 33% to 509% of the wind field height recommended by Aly ef al. (2011} for
obtaining roof pressure measurements with insignificant blockage effects in open jet facilities
(Habte er af. 2015}, The test model was located at a distance of around 13.70 m from the WOW
fans, thus abiding by the minimum proximity requirement recommended by Bitsuamlak ef al.
(2010},

The roof deck was made from plywood and was completely sealed and rigid. The rectangular
sharp edged parapets on the building model were interchangeable which allowed the parapet
height to be adjusted. There were no parapets on the leeward side of the building. This was done
with the intent that the model roof could be representative of the windward corner of a bigger roof
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structure on which the downwind parapets would not significantly influence flow over the upwind
pertions of the roof. Lin and Surry (1998} and Lin ef af. (1995} showed that, for low buildings
which are large encugh to have reattached flows on the roof, the distribution of pressure
coefficients in the corner region is mainly dependent on the eave height, H, and not so much on the
building plan dimensions for similar terrain conditions. Moreover, external pressure coefficients
measured in the wind tunnel by Kopp ef al. (2005} on roof corners of a nearly flat building model
were consistent with those measured on roof comers of flat roof low-rise building models with the
same height but with different plan aspect ratios (Stathopoulos 1982, Stathopoulos and Baskaran
1988, Ho ef al. 2003, Pierre ef al. 2005}.

Both wind blow-off testing (i.e., blowing at sufficient speed to dislodge pavers) and pressure
measurements were performed. For the wind blow-off tests, concrete pavers with dimensions of
0.305 m by 0.305 m by 2.54 cm thickness with weight per unit area of 535 N/m?® were installed on

the roof which can be considered as modeling typical 0.61 m square pavers at half-scale (Fig. 6(a)).

The pavers were numbered from 1 to 100 (Fig. 7(a)}. For the pressure measurements, pavers with
exactly the same dimensions as the concrete pavers (0.3053 m X 0.305 m X 2.54 cm thickness}
were made from Plexiglas which made it more convenient to install pressure taps on both upper
and lower surfaces.

In order to study the effects of the pavers® edge gap to spacer height ratio, adjustable height
pedestals were used to change the space between the pavers and the roof deck (H,, Fig. 6(c)). A
constant gap of G=3.175 mm at model seale (6.35 mm at full scale) between adjacent pavers (Fig.
6(c)) was maintained. Bienkiewicz and Endo (2009} carried out a wind tunnel study for studying
the effects of the gap (G) between pavers, and the space (H.) beneath the pavers on the pressures
underside the loose-laid reof pavers. Results from these experiments showed that G reduced the
underside pressure significantly but H, did not show clear tendencies. Instead, they introduced a
parameter of the gap to spacer height ratio (G/H,) and showed that this parameter controls the
underside pressures, in a way that the higher the ratio, the less the net pressure on the pavers. Here
the authors have adopted the same approach of using the G/H, ratio as the governing parameter.
For very small gap sizes, Reynolds number effects could eventually make this assumption
questionable but for the size of gap tested here (which is typical for most current paver systems}
Reynolds number effects were expected to be minor.

A total of 13 experiments were carried out, including three wind blow-off tests and 10 pressure
measurement tests. A surmrnary of the parameters for each test is given in Table 1.

Ruof paver  Spacer 1 l’ar'upel
by -

AT el A 2
Test building for wind (b) Test building for pressur
blow-off tests measuremesnts

(c) Geometrical parameter definition

Fig. & Test setup configuration
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Table 1 Test number and characteristics

Test Number G/H* (ho/H)vindwara™*
Wind Uplift 1 0.25 0.05
Wind Uplift 2 0.083 0.05
‘Wind Uplift 3 0.028 0.05
Pressure 1-1 0.25 0.05
Pressure 1-2 0.25 0.067
Pressure 1-3 0.25 0.1
Pressure 2-1 0.083 0.033
Pressure 2-2 0.083 0.05
Pressure 2-3 0.083 0.1
Pressure 2-4 0.083 0.15
Pressure 3-1 0.028 0
Pressure 3-2 0.028 0.05
Pressure 3-3 0.028 0.1

*Constant G=3.175 mm {(at madel scale) for all tests

*# Parapet height was measured from top of the pavers. Leeward building sides did not have any parapet.

Table 2 Failure wind speed

Failure wind speed when webbling of Failure wind speed when a couple of
Test Number
pavers started (m/s) pavers lifted off from roof (m/s)
Wind Uplift 1 50 537
Wind Uplift 2 45.7 50.1
Wind Uplift 3 37.6 41.3

The test procedure consisted of first conducting wind lift-off tests to find out the location where
paver lift-off first occurred so that the pressure tap layout for the pressure measurements could be
concentrated on the most critical pavers. Only one wind direction was tested, a quartering direction
of 45° relative to the roof edge. Based on past studies this wind direction was assessed to be the
critical orientation for generating high paver uplift under conical vortices on flat rectangular roofs
(Holmes 2015}, Also, extensive experiments on roof pavers by Kind (1981} showed that, even
though higher local roof suctions may occur for other directions, 45° is still the most critical
direction for paver lift-off. Presumably this is due to the shape of the pressure distribution being
less effective in lifting the pavers for other directions. The failure wind speeds measured at the
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roof height of the test model (1.524 m height) are reported in Table 2. These values are converted
to full-scale values using Fronde number scaling, i.e. full scale velocity =v2 xmodel velocity. The
values reported in Table 2 are equivalent to 3s gust speeds at full seale. A surmmary of the method
to calculate the equivalent 3s gust speeds is given in Appendix A.

The failure mechanism for the wind lift-off tests is explained in detail in the previous paper by
the authors (Asghari Mooneghi ef al. 2014). For pressure measurements, the original concrete
pavers were replaced by the Plexiglas pavers with installed pressure taps (total of 447 pressure
taps were used}. The pressure tap layout is given in Fig. 7(b) for the exterior surface. The pressure
tap layout for the underneath surface was about the same as the one given on the exterior surface
with some minimal difference in the locations of pavers on the pedestals (Asghari Mooneghi ef al.
2014). Nine critical pavers were fitted with a total of 256 pressure taps allowing accurate
measurements to be made of the pressure distribution on the top and bottorn surfaces.

Pressure measurements were carried out at a wind speed of 18.5 m/s which was below the
failure speed of concrete pavers. A 312 channel Scanivalve Corporation pressure scanning systern
was used for pressure measurements. Pressure data were acquired at a sampling frequency of 512
Hz for a period of three minutes. Data were low-pass filtered at 30 Hz (equivalent te 21 Hz at full
scale). A transfer function was used to correct for tubing effects in the post-test analysis (Irwin ef
ai. 1979},

5. Experimental results and discussion
5.1 Aerodynamic pressure results

In this section the results from the pressure measurement experiments are discussed. The mean
pressure coefficient at any location was obtained from

_ (P=Po)mean

Cpmean Y (1}

1
= 2
pu

Pavers with highest Wind
tesolution of pressure taps Wind

91 81|71 |e1 51|41 |30 (21|11

1
9z |82 |72 |62 |s5z|az|32|22 12| 2
3

{c) Critical pavers instrumented
with pressure taps

{a) Pavers numbering (b) External pressure tap layout

Fig. 7 Details of the Experimental Setup
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where Ppean is the mean pressure, Py is the static reference pressure, p is the air density at
the tirme of the test (1.225 kg/m?® and U is the mean wind speed measured at the building height
of the test model (1.524 m}. The peak pressure coefficient was obtained from:
P—P, ea
Cppeak = (%F’O% (2}
whete Ppeqi is the peak pressure, and Usg is the peak 3 gust speed at the reference height. The
tests were performed in partial turbulence simulation, hence the turbulence intensity at roof height
was lower than that of atmospheric boundary layer (ABL} which contains full spectrum of
turbulence. In order to calculate the peak pressure, Ppeq, a method called “Partial Turbulence
Simulation” (PTS) was used. In this method, the turbulence iz divided into two distinct statistical
processes, one at high frequencies which can be simulated correctly in WOW, and one at low
frequencies which can be treated in a quasi-steady manner. The joint probability of load from the
two processes is derived, with one part coming from the WOW data and the remainder from the
Gaussian behavior of the missing low frequency component. The PTS method is discussed in
details in Asghari Mooneghi (2014} 1t should be noted that in this method, the Cpyaqy is first
calculated based on mean hourly dynamic pressure, that would have been obtained had the full
spectrum been present which can then be converted to CPpeqr based on gust pressure
corresponding to any selected gust duration, e.g., 3 seconds. For the current test configuration,
Uzeoosarf Uzsar = 1.8 was used. This factor was calculated for suburban terrain at z=3.048 m.
The procedure for converting the wind speed averaging time was based on Harris and Deaves
(1981} model taken from ESDU (1985). For the evaluation of these estimated values, the peak
value with 85% probability of not being exceeded in one hour of full spectrum wind was selected
(Asghari Mooneghi 2014}, The choice of the 85% probability of non-exceedance for obtaining the
peak pressure coefficients is not materially very different from the 80% recommendation of the
18O 4354 standard (International Standard 2009).
The net total pressure coefficient, defined as the instantaneous difference between the external
and the corresponding underneath pressure coefficient at the same location, is

Cpnet(t) = Cpext(t) - Cpint(t) 33

Mean and peak external pressure coefficients, mean underneath pressure coefficient and net
mean pressure coefficients contours for the case of G/H,=0.028 and h/H=0 (i.e., nc parapet case)
are given in Fig. 8.

The results of the tests show that pavers close to the edges and corners of the roof are subjected
to the highest local negative pressures. These areas are under the conical vortices. As compared to
extemal pressures the underneath pressures are lower in magnitude and show more uniformity.
Pressure equalization reduces the net uplift force on the pavers. It should be noted that the peak
values correspond to the estimated peak values for each tap during the test and do not happen
simultaneously on all taps. In all tests, paver 21 was shown to be the most critical paver. So, in the
rest of the paper, results are calculated for this paver.

The overall wind lift load, L{t), acting on any single paver and the 1ift coefficient C,(t) are
obtained as

L) =3pU [f,  Cne(D)dA @)
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L{E)
C () =1——— 5
MO v (5

where A is the surface area of the paver. It should be noted that the highest suction on the paver
does not necessarily occur at the center of the paver. This means that even for cases where the total
uplift force is less than the weight of the paver, the weight of the paver might not overcome the
corresponding overturning moment from the wind suction forces. The overturning moment about a
selected axis and the moment coefficient €, () can be obtained from

M) = % pU? fprmr CPnee (1) X d X dA {6)
M (£}
Cyult) = (7}
fat %pUZAa

where d is the moment arm defined as the distance from a selected axis te each point on the paver

(Fig. 9).
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Pomt of action ot
resultant Lft force T
FPoint of action of

dx - . o :
== Center _ d 27 resultant lift foree

Clenler

(a)

Fig. 9 Definition of the point of action of the resultant lift force: (a) plan view and (b} side view

Table 3 shows the variations of the most negative mean and peak local Cp, .y values, Cpapy,
Crnets Cuxner 8N Cppypnee on paver 21. Fig. 10 shows highest local suction coefficients for
various G/H, and h,/H ratios. The G/H, ratio affects the underside pressures such that the higher
the ratio, the less the net pressure on the pavers.

The highest external single tap pressure coefficients and the external area averaged pressure
coefficient (...} observed on the most critical paver (paver 21} obtained for different cases
(Table 3} were compared to component and cladding external pressure coefficients for roofs as
given in ASCE 7-10. For gable roofs with slope 0 < 7° the largest external pressure coefficient for
corner Zone 3 for tributary areas less than 0.9 m? is given as -2.8 in Fig. 30.4-2A (ASCE 7-10).

Table 3 Cpevt. Crexer Cinetr Cotwmer and Cpyy ner On paver 21

Highest £y ot

Test case read on a tap Crar Crmas Cutnes Crymer
(paver 21)
G/H, h,/H Mean Peak Mean Peak Mlean Peak Mean Peak Mean Peak
0.25 0.05 -1.70 -3.14 -0.89 -1.38 0.44 -0.80 -0.02 -0.10 -0.02 -0.08
0.25 0.067 -1.44 -2.92 -0.90 -1.41 -0.44 -0.80 0.00 -0.10 -0.03 -0.08
0.25 0.1 -1.45 -2.43 -0.96 -1.39 .39 -0.77 0.01 -0.06 -0.02 -0.08
0.083 0.033 -1.68 -2.88 -0.86 -1.30 -0.57 -0.96 -0.02 -0.10 -0.03 -0.08
0.083 0.05 -1.71 -2.71 -0.89 -1.35 -0.60 -1.01 -0.01 -0.09 -0.03 -0.09
0.083 0.1 -1.60 -2.44 -0.98 -1.43 -0.59 -0.99 0.02 -0.07 -0.03 -0.09
0.083 0.15 -1.31 -2.05 -0.91 -1.26 -0.47 -0.81 0.01 -0.02 -0.02 -0.07
0.028 0 -1.20 -4.10 -0.70 -1.19 -0.52 -0.98 -0.06 -0.15 -0.01 -0.10
0.028 0.05 -1.86 -2.85 -0.97 -1.44 -0.75 -1.20 -0.01 -0.09 -0.03 -0.10
0.028 0.1 -1.53 -2.50 -0.99 -1.40 -0.74 -114 0.02 -0.06 -0.04 -0.09
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Fig. 10 Highest Iocal suction coefficients on the roof Caar. Ciners Carmner @nd Cogyner on paver 21

The highest single tap peak suction coefficients observed in the present tests for all cases
ranged from 4.1 for h,/H=0 and G/H,=0.028 to -2.05 for h,/H=0.15 and G/H,=0.083 in the critical

paver zone. The highest peak external lift coefficients ranged from -1.44 for hy/H=0.05 and
G/H,=0.028 to -1.19 for h,/H=0 and G/H,=0.028. The underneath pressure coefficients requirad for

calculating the net pressure coefficients are not dealt with in ASCE 7-10.
The reduction in the net wind uplift can be expressed as

=

Ciper

Clext

(8)

The reduction factor defined as the ratio of the net lift coefficient to the external lift coefficient
is plotted as a function of relative parapet height (h/H) for different G/H, for paver 21 (Fig. 11).
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Fig. 11 Reduction factor + = &, /€, ..

The results show that increasing the G/H, ratio decreases the reduction factor. This means that

Thus, increasing the ratio of the pavers’ edge-gap to spacer height can reduce the net wind-induced
uplift loading on the pavers and improve the performance of the pavers. The reduction factor is not
very sensitive to parapet height for h/H less than about 0.1. For h,/H ratios beyond 0.1 the
reduction factor reduces gradually, i.e., improved performance of the pavers can be expected.

8.2 Effect of connecting pavers

There are various types of interlecking and strapping systerns available to improve the wind
performance of roof paving systems. The effect of a specific system has not been dealt with during
the experiments in this study. However, guidance on the effectiveness of these systems can be
obtained by evaluating the net uplift on groups of pavers rather than only one. The €, value is
calculated for 6 different cases shown in Fig. 12 and compared to the highest €, . value
observed during the experiments on Paver 21 (Fig. 13}. In Fig. 12, the highlighted pavers were
assumed to act as a single unit for the case of G/H,=0.083 and h,/H=0.05. The most critical paver
is shown with an X mark.

i I
|

| i

I I

I I

i [ |

Loi Lo L_i_

Fig. 12 Interlocked pavers in different configurations

the correlation batween upper and lower surface pressures decreases with decreasing the G/H, ratio.
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1.2 F= Mean = Pealk

T
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Paver Case

(1)

Fig. 13 Comparison between €; ., values for different configurations defined in Fig. 12

The results illustrate the effect of connecting pavers together in reducing the net uplift force on
the linked pavers as a unit. Based on the characteristics of the strapping or interlocking system in
hand, different degrees of improvement can be expected. It should be noted that the surface
pressure variation along the axis of the vortex varies much more slowly than in the transverse
direction. So, strapping in the direction roughly parallel to the axis of the vortex is not expected to
be as effective in restraining pavers from lift off as strapping in the transverse direction. If there is
a high uplift on one paver the adjacent pavers in the direction along the vortex axis are likely to
also experience significant uplift. Real strapping systems rarely align directly with the vortex axis
or transverse to it. Therefore strapping in both orthogonal directions of a paving system is
preferable.

8.3 Comparison of the resulis from pressure measurement experiments with wind
lift-off tests

In this section the critical wind velocities for pavers’ lift-off are calcuolated from the pressure
measurement results and are compared 1o the results obtained from the wind lift-off tests. This is
dene to verify that the wind lift-off speeds that were caleulated from the pressure measurements
were in accord with the blow off tests. Lift-off takes place when the moment caused by the uplift
force equals (or just exceeds) the resisting moment from the paver weight, W. Therefore, the
critical wind velocity Ugg;r at which lift-off occurs is calculated from Eq. (10} in which the
moment is taken about the edge of the paver.

a

1 z ay a
= pUcrr? (A (d + ;) —W x 2 (9)

a W
Ucpir = @Xm (10}

where €, is the lift coefficient obtained from the pressure measurement results and a and d are
defined in Fig. 9. Fig. 14 shows the critical wind lift-off speeds obtained from wind lift-off tests
(Table 2} as compared to the critical wind lift-off speeds calculated from Eq. (10} using the
pressure measurement results. The wind speeds presented in Fig. 14 are the equivalent 3-sec gust
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speed.

For the limiting case of G/H, ~ zero (meaning a very large spacer height for a specific edge-gap
between the pavers) one can assume that the underneath pressure needed would be similar to the
internal pressure inside a building with a porous roof. The underneath pressure coefficient for this
case is calculated as the average of external pressure coefficients recorded at the center of all
pavers using

_1 =n
Cpint(t) W (Z}Ll Cp (t)ext leenter af paver i) (113
where N is the total number of pavers. The net lift coefficient was then calculated using
Cr net (t) =G ext,on paver 21 (t) -G int(t) (12}

It is not known in advance what averaging time for wind load the pavers react to except by
hypothesizing various values and seeing what lines up best with the lift-off test results. Therefore
the lift-off speeds from pressure measurements presented in Fig. 14 were calculated once based on
the mean C,,.: and once based on peak Cpner. The results showed that wobbling of the pavers
started at slightly lower speed than would be predicted purely on the basis of the mean €4 value
combined with 3 second gust speed. This implies that some of the high frequency gust action
occurring at shorter duration than 3 seconds was also necessary to initiate wobbling. However,
assuming that the full gust speed is required to start wobbling of the pavers would be on the
conservative side. The results show that beyond a certain value of Hs (i.e., for small G/H, values)
the pressures on the underneath can communicate very rapidly with other parts of the roof and
further increases in H, do not make much difference. Once this point is reached there are no further
decreases in lift-off velocity. The point where this situation is reached is around G/H, ~ 0.03 (H/G
~ 30}.

5.4 Comparison of the critical wind liff-off speeds from experiments with those obifained
from studies based on ASCE 7-10 pressure coefficienis

The design wind pressures on buildings in the United States are determined using the ASCE
7-10 standard. It provides wind loads for the design of the Main Wind Force Resisting System
(MWFRES}, as well as Components and Cladding. These provisions cover buildings with cormon
shapes, such as those with Flat, Gable, Hip, and Mono-slope roofs, under sirnple surrounding
conditions. For the design of roof components and cladding, the roof is divided into rectangular
shaped zones within which a constant pressure coefficient is specified. For permeable roof
claddings such as loose-lzaid roof pavers, the ASCE standard currently does not provide specific
guidance for estimating net wind uplift loads. Two methods were examined in this paper for
estimating the critical wind lift-off speeds from the exterior pressure coefficients given in ASCE
7-10 as follows

Case I: A practice proposed for reoof tiles (Florida Public Hurricane Loss Projection Model
(FPHLPM}), 2005, Volume II, p. 55} is to assume a zero underneath pressure coefficient and
consider the exterior pressure coefficient as the net pressure coefficient. The critical lift of speed
can then be calculated using

W

(13}

Uegir = |[T—/—
Epf:p extA
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Fig. 14 Comparison between wind lift-off speeds from wind blow-off tests and those obtained from pressure
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Fig. 15 Comparison between wind lift-off speeds from wind blow-off tests and those obtained from a typical

practice based on ASCE 7-10 exterior pressures on C&C and 1/3" Rule

Fig. 15 shows a comparison of this approach with the lift off speeds from the current
experiments. For the estimates based on ASCE 7-10 exterior pressures, the wind blow-off speeds
were calculated using GCp=-2.8 (external pressure coefficient in Zone 3 for A.;=0.09 m® < 0.93
m’}. In Fig. 15 the critical wind blow-off speed calculated based on this appreach is clearly very

conservative. This emphasizes the need for better guidelines.

Case II: In Building Research Establishment (1985} it is stated that the magnitude of the net
uplift coefficient was found empirically to be generally less than 1/3™ of the magnitude of the peak
negative external pressure coefficient on the upper surface of the paver. In other words as a rule of
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thumb, €, = —% CPpear- This is broadly in line with earlier findings of Kind and Wardlaw (1982).

Therefore, 1/3rd of the ASCE 7-10 exterior pressure coefficients for components and claddings

was used to estimate the critical wind lift-off speed (Eq. (13)) and results are also shown in Fig. 13,

This approach, called here the 1/3™ Rule, can be seen from Fig. 15 to over predict the wind lift-off
speeds for lower G/H, ratios and under predict them at higher G/H, ratios. The design guidelines
presented in Section 6 of this paper do take into account the effects of different G/H, ratios,
thereby improving on the simple 1/3" rule.

6. Design guidelines for roof pavers

Based on the results presented in the previocus sections, the fellowing equation is proposed for
the design of loose-laid roof pavers

CLnet - Rl X Rz X Cp (14}

ASCE 7—10.exterior, C&C,Zone 3

where R, is a reduction factor for different gap ratios and R, is a reduction factor for different
parapet heights. These are to be applied to the ASCE 7-10 exterior pressure coefficients for
components and claddings in Zone 3. Here, Zone 3 in ASCE 7-10 is chosen as the worst case
scenario for design of roof pavers. However, R; in Eq. (14) can be modified to tzke into account
the effects of location on the roof. Failure is defined here as the start of wobbling. By and R, are
to be calculated from the diagrams proposed in the following. The equivalent uplift force can then
be calculated by multiplying Eq. (14} by the dynamic pressure at roof height.

6.1 R, reduction factor: Effect of G/H: ratio

The R;reduction factor is defined as CLnet/CPext i which Cpext 1s the ASCE 7-10 exterior

pressure coefficient for components and cladding in Zone 3 and €, values were calculated

using the following formula in which failure is assumed to occur with the start of wobbling.

W WA
U= Iz - Cﬁestimated T : 2 (15)
EPCLA E‘JU CRIT(wabbling start from wind tests)

0.8
nr o
0.6 +
0.5 +
o
o 0.4
03
0.2

0.1

0 G/Hs

a 0.1 0.2 0.3

Fig. 16 R, reduction factor for different G/H, ratios
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The proposed reduction factor R; based on G/H, ratio is plotted in Fig. 16. The value at G/H,
~ 0 comes from assuming C; . = —2 in which ¢, is assumed to be -2.8 and €;, = —0.8
which is approximately calculated from averaging the extermnal peak pressure coefficients on
pavers 11, 12, 21, 22, 31, and 32. The R; factor changes an exterior local peak pressure
coefficient inte a net lift coefficient taking into account the pressure distribution over the paver and
the effect of G/H, on pressure equalization.

6.2 R, reduction factor: Effect of parapet height

R, reduction factor is proposed based on results presented in Fig. 11. For relative parapet
height ratios less than 0.1 no reduction in the €, value is proposed (i.e., R, = 1). In ASCE 7-10
Figure 30.4-2A it is stated that the external pressure coefficients for Zone 3 can be reduced to the
values in Zone 2 for parapets higher that 0.9144 m. (3 ft.}. This means about 36% reduction for
he/H ratio of 0.3 and higher for the current experimental setup. This value is considered as the
upper limit of the proposed reduction proposed in Fig. 17 (i.e., hy/H=0.3). Kind e al. (1987}
proposed h,/H =0.1, h/H =0.02 and h,/H =0.03 for low, mid and high-rise buildings respectively,
above which a somewhat rapid reduction in the worst suction values due to the parapet was
observed. This would imply that application of the reduction factor in Fig. 17 to mid and high-rise
buildings would be conservative.

In Fig. 18 the proposed curve in Fig. 17 for R; reduction factor is compared to the
experimental results presented previously in Fig. 11. The solid and dashed lines are plotted by
applying respectively the R, factor to the maximum of peak and mean reduction factor
T = Cp o/ Croye Obtained from experiments (given in Fig. 11} This was done to make
comparisons possible between the curves since due to pressure equalization effects, the
experimental reduction factor v = € . /Cr ., curves do not start at one as is the case for
proposed R, reduction factor. The results show a good degree of agreement. In some cases (e.g.
left graph in Fig. 18) the reduction due to parapet height from expetiments (v = C; . /Cr, .}
might start at h/H ratios lower that the assumed h,/H=0.1.

1.2
1 R.— 1Q(h /Hl1L 11R
\ 1.8 (hp/H)+1.18
0.1=h,/H=03
0.8 =

506 \
0.4
0.2
0 . . . h"/H.
0 0.1 0.2 0.3 0.4

Fig. 17 R, reduction factor for different h,/H ratios
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Fig. 19 Critical wind speed vs. G/H, (h,/H=0.05 for wind measurements)

However, h,/H=0.1 and the corresponding curve proposed in Fig. 18 are based on results obtained
from multiple experiments in order to have a universal curve. The h,/H=0.1 value is also obtained
from the experiments of Kind et al. (1987}. It should be noted that the rate of decrease of reduction
factor v = Gy, /Cp e versus h/H (slope of the diagram between hy/H=0.1 to hy/H=0.3}
obtained from experiments is in good agreement with that of proposed R, curve (Fig. 18}

Fig. 19 shows the critical lift-off speeds from the measurements compared to values from the
proposed guideline.

6.3 Applications and special notes

1. The proposed guidelines were derived assuming a full scale paver size of 0.61 m by 0.61
m by 3.05 cm thickness. This particular size was selected as it represents a very common
paver size on typical flat roof low-rise buildings vsed in the United States. The guidelines
will work best for pavers that have sizes close 1o the size tested. Future experiments are
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needed to investigate the applicability of the proposed guidelines for pavers with sizes and
aspect ratios very different from the ones tested for the current work.

2. The effect of building height has not been examined in this paper. The building in the
current experiments was a representative of a low-rise building. Based on the wind lift-off
experiments performed by Kind et al. (1987} on the failure wind speeds for roof pavers on
low-rise, mid-rise and high-rise buildings, the results presented in this paper are expected
to be conservative when applied to mid and high-rise buildings provided the increase in
roof height wind speed with building height is accounted for. However, further
experiments are needed to fully quantify the effects of building height for mid and
high-rise buildings.

3. The effect of paver size and geometry has not been evaluated in this paper. It is te be noted
that the element size have an effect on the failure of non-interlocking roof pavers (Kind ef
al. 1987}. Previous studies by Bienkiewicz and Sun (1997} indicated that square pavers are
more wind-resistant than rectangular pavers.

4. The general effect of interlocking and strapping systerns was investigated in this paper
through the effect of load sharing mechanism between pavers. These systems are vsually
effective and improve the wind performance of roof pavers. The application of the
proposed guidelines is primarily for loose-laid roof pavers without any interlocking or
strapping system. However, some guoidance of the effective reduction in lift-off forces can
be drawn from the results in Figs. 12 and 13. For more precise results it is recommended
to perform wind tunnel testing at large scale or full scale to find out the characteristics and
wind performance of a specific interlocking or strapping system.

5. The experiments were performed in a simulated suburban terrain. The effect of wind
turbulence was not examined in this paper but provided the 3 second gust speed is used to
estimate lift-off the effects of different turbulence levels should be reasonably well
accounted for.

6. The effect of thickness of the pavers on resistance to flow through the gaps between
pavers was not examined in this paper. Increased thickness for the same gap might be
expected to increase resistance to flow, thereby having a similar effect to reducing the gap.
This is an area for further research.

7. It should be noted that the developed design goidelines are intended for use with the
external pressure coefficients given in ASCE7-10 for components and claddings in zone 3.
Caution sheould be exercised in using the proposed reduction factors in conjunction with
external pressure coefficients given in other codes and standards.

7. Conclusions

The objective of this paper was to develop simple guidance in code format for design of
cornmonly wvsed loose-laid roof pavers. A set of 1:2 scale experiments was performed to
investigate the wind leading on concrete roof pavers on the flat roof of a low-rise building. The
experiments were performed in the Wall of Wind (WOW?} hurricane testing facility at Florida
International University (FIU). Experiments included both wind blow-off tests and detailed
pressure measurements on the top and bottom surfaces of the pavers. Several conclusions were
drawn:
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e The paver’s edge-gap to spacer height ratio affects the underside pressures such that the
higher the ratio, the less the net uplift pressure on the paver. This may be regarded as
increasing the failure wind speed.

e The relative parapet height, defined as the ratio of the parapet height to the building height,
affects the failure wind speed. For very low-height parapets (~h,/H<0.1}, a small reduction
in the failure wind speed was observed as compared to zero-height parapet. However, for
taller parapets, increasing the parapet height results in an increased failure wind speed.

e The general effect of interlocking and strapping systems was studied through the effect of
the load sharing mechanism between pavers. Interlocking and strapping systems improve
the wind performance of the roof pavers since the uvplift loads tend to be shared across
several pavers.

Based con the experimental results and review of literature, guidelines are proposed for
designing loose-laid roof pavers against wind uplift. The guidelines have been formatted so that
use can be made of the existing information in codes and standards such as ASCE 7-10 on exterior
pressures on components and cladding. The effects of pressure equalization, the paver’'s edge-gap
to spacer height ratio and parapet height as a fraction of building height on the wind performance
of roof pavers were investigated and are included in the guidelines as adjustment factors. The
applications and limitations of the guidelines are discussed.
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Appendix: Method for obtaining 3-second gust speed from wind blow-off tests

In large-sale testing there are challenges in simulating the full wind turbulence spectrurn of the
natural wind mainly due to the limited size of the wind tunnels. As a result, just the high frequency
part of the turbulence spectrum can be simulated adequately and low frequencies are missing as
shown in Fig. 4 in the paper. A test procedure and analysis technique called Partial Turbulence
Simulation (PTS} methodology was developed by Asghari Mooneghi (2014} and Asghari
Mooneghi ef al. (2015} in order to produce aerodynamic data for low-rise buildings by using
large-scale models in wind tunnels and open-jet wind testing facilities like the Wall of Wind at
FIU. Asghari Mooneghi (2014} showed that Eq. (Al} can be used for approximately calculating a
cut-off frequency between the high frequency and the low-frequency turbulence.

TNERS
= 00716 —(— Al
ne () (AD
where the *L,, and U are the full spectrum values of longitudinal integral scale and the mean
velocity respectively. I, 4 is the turbulence intensity in a partial turbulence simulation and f,, is
the full-spectrum longitudinal turbulence intensity. For the current problem representative values
of U =30 mfs, *L, =12 m, [, =03 and [,g = 0.07 were used, implying »n, =14 Hz.

The cut-off frequency as calculated from the above Eq. (Al} can be used to estimate the
equivalent gust-duration at full scale using (Asghari Moeoneghi 2014}

tguse = 0,45/, (A2)

The derivation of the above equations is a separate topic by itself and has been described in
detail in Asghari Mooneghi (2014} and Asghari Mooneghi ef af (20153). Using the above
methodology, the equivalent gust duration at full scale for the current test is equal to 0.032 5. A
moving average was performed to calculate the peak 0.03 s gust from wind speed measurements
during the wind lift-off tests. In order to convert the wind lift-off speeds to a 3-second gust speed a
conversion factor equal to Uso../Upo3sec = 0.83 was calculated for suburban terrain at z=3.048
m (building height at full scale). The procedure for converting the wind speeds averaging time was
based on Harris and Deaves (1981) model taken from ESDU (1985},
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This paper presents a large-scale experimental study to investigate the wind loading on concrete roof
pavers on the flat roof of a low rise building. The experiments were performed in Wall of Wind, a large-
scale hwricane testing facility at Florida International University. Experiments included both wind blow-
off tests and pressure measurements on the top and bottom surfaces of the pavers. The effects of the
pavers’ edge-gap to spacer height ratio and the relative parapet height on the wind performance of roof
pavers were also investigated. The results showed that increasing the edge-gap to spacer height ratio
parameter decreases the net pressures by enhancing pressure equalization between top and bottom
surfaces. Alsp, increasing the relative parapet height reduces the worst suctions for the parapet heights
considered in this study. The resocluticn of the pressure taps was found to have significant influence on
the test results. Too few taps can result in underestimation of the net uplift and overturning moments
that can cause failure under stroeng winds. Guidelines on the resolution and location of pressure taps
were provided for better capturing the effects of conical vortices on wind loads on pavers. Results of the
wind blow-off tests are compared with those obtained from pressure measurements and a typical

practice based on ASCE 7-10 exterior pressures.

@ 2014 Elsevier Lid. All rights reserved.

1. Introduction

Due to the rising loss of life and economic losses associated
with the frequent occurrence of severe wind storms, wind induced
loads are one of the most critical design parameters for coastal
construction. Roof systems are exposed to higher loading than any
other building element (Smith and McDonnald, 1991). Suction
forces on the roof can loose and lift both roof sheathing and roof
coverings, such as tiles, shingles, and roof pavers. Dislodszed
roofing elements may become wind-borne debris impacting other
structures downwind. Internal pressure generated when windows,
doors, or sections of the roof are breached can lift and separate the
roof from the rest of the structure. This may result in total failure
of the building or increased losses because of water infiltration
and interior damage.

Loose-laid roof pavers are commonly used on flat roofs and as
decorative elements on terraces. Wind uplift of roof pavers is not
only the result of the suction on their top surface, but also of the
pressure on their underside. Designers of these materials often
rely on a significant amount of pressure equalization between top
and bottom to help keep them in place. Interlocking and strapping
systems are used to improve the resistance of pavers but these

* Corresponding author.

http://de.doiorg/10.1016/] jweia.2014.03.001
0167-6105/@ 2014 Elsevier Ltd. All rights reserved.

typically are not based on true knowledge of the forces involved
and failures still oceur despite such systems.

Wany studies are reported on wind loading and performance
of loose laid roofing systems. The failure mechanisms have been
extensively studied (Kind, 1988; Kind and Wardlaw, 1982}
Bienkiewicz and Sun (1992} performed wind tunnel experiments
to investizate the wind loading of loose-laid roof paving systems
on a low-rise building with flat roof. The effects of space under the
paver and the parapet height on the pressure correlation were
investizated. Kramer and Gerhardt (1982) investigated the critical
loading on permeable roofing elements including tiles and paving
slabs and presented typical test results for roof tiles and flat roof
elements. Bienkiewicz and Endo (2009} carried out a wind tunnel
study on wind loads on loose-laid roof pavers and photovoltaic
roofing systems. Effects of the edge-gap between pavers, and the
space beneath the pavers on the pressures underside the pavers
were discussed. Trung et al. (2009) conducted wind tunnel tests in
order to investigate the effects of parapet height and underside
volume on wind loading of porous roof cover sheets. They
concluded that the correlation between upper and lower surface
pressures decreased with increasing the underside volume. This
means that increasing the underside volume increases the net
pressure on porous roofs. Studies of wind effects on full- and large-
scale building models have been limited. Aly et al. (2012}
performed an experimental study to assess wind induced pres-
sures on full-scale loose concrete roof pavers using the 6-fan wall
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of Wind, at Florida International University (FIU}. A limited
number of numerical simulations of wind loading on roof paver
systems have been proposed in the literature (Amano et al., 1988;
Bofah et al., 1996; Gerhardt et al.,, 1990; Kind, 1994; Sun and
Bienkiewicz, 1993; Trung et al, 2010). Results from some of
the preceding studies have been used for the development of
models for design of loose-laid roofing systems e.g. roof pavers
(Bienkiewicz and Endo, 2009; Cheung and WMelbourne, 1986;
Cheung and Welbourne, 1988). Some codes and standards address
the desizn of these systems. In the Netherlands code, NEN EN
1991-1-4f{MNA, 1991, a set of wvalues for net pressure coefficients
(difference between the external and underneath pressure coeffi-
cients; Cpner= (p=— Cp;} is proposed for design of roofing tiles and
pavers. These values were based on a number of experiments and
full-scale studies on roof tiles on pitched roofs and roof pavers on
flat roofs including those of Geurts (2000}, who proposed equal-
ization factors defined as Coq= Cppet/Cp. from full-scale measure-
ments on roof tiles and roof pavers to be applied to the external
pressure coefficients given in the Netherlands wind loading code.
The proposed values for roof pavers with and without interlock
were 0.25 and 0.6, respectively. In the German Wind Code
(DEUTSCHE NORM, 2001-03} design pressure coefficients are
provided for building envelopes with permeable facades based
on a study by Gerhardt and Janser [1995) In the Australian
Standard for wind loads (AS 1170.2, 2011} reduction factors are
siven for estimating design wind loads on porous claddings. These
factors depend on the cladding porosity and the horizontal
distance from windward building edge. Other major international
codes and standards for wind loads in Canada and USA (ASCE
7-10; MNBCC, 1995) specify roof wind pressures for typical roof
geometries but there are no specific provisions on how to apply
such pressures to roofing elements such as tiles, shingles, and
pavers.

To better understand the effects of conical vortices on roof
pavers under cornering winds, the present work focused on a
large-scale experimental study on the wind loading mechanism of
concrete roof pavers using the 12-fan Wall of Wind (WOW) facility
at FIU. Half-scale concrete pavers were installed on a square
portion of a flat roof of a low-rise building. Tests in which pavers
were actually lifted off by the wind were conducted and pressure
measurements were performed. The aim of the study was to
investigate the external and underneath pressure distributions
over loose-laid roof pavers in order to develop more effective
protections against wind damage. In the course of the work
suidelines were developed for the resolution and location of
pressure taps on critical pavers to better resolve the effects of
conical vortices. The effects of paver's edge-zap to spacer height
ratio and the relative parapet height were also explored. Wind

blow-off speeds were compared to those calculated using a typical
informal practice based on ASCE 7-10 external pressures and also
with the current net-pressure measurements.

2. Wind loading mechanism on permeable roofing elements

Solid pavers are frequently used as ballast and walking surfaces
on roofs and it is necessary that they be capable of resisting uplift
forces due to wind. Usually concrete pavers are placed on the roof
with gaps in between them and with spaces between their under
sides and the roof deck. This is necessary to allow for water
drainage and for vapor diffusion when using an “inverse roof” in
which the principal thermal insulation material is applied on top
of the waterproof covering. Since air can readily leak around the
edses of pavers, the pressure distribution produced by the wind
flow over the outer surface of the roof produces secondary flows
through the spaces between and underneath the paver elements.
A pressure distribution is generated under the roof pavers which is
related to, but different from, that on the outer surface. The
pressure equalization occurs very quickly, typically in less than
0.1 of a second, because very small volumes of air exchange are
needed to bring the underside pressure into equilibrium with the
pressures around the paver perimeter. The pressure equalization
effect greatly reduces the net uplift force on pavers in most areas
of roofs. However, in areas of very high spatial gradients of
pressure, such as those which occur under vortices near roof
corners, significant net uplift pressures can still occur. Fis. 1
illustrates the typical path of the wvortices over a flat roof for
cornering winds.

The diagram in Fig. 2 illustrates the general mechanism of
uplift on roof pavers. The aerodynamic uplift force is the difference
between the pressure on the lower surface of the paver, Py and the
pressure on the upper surface, Py (Fig. 2). The pressure on the
upper surface due to the presence of a corner vortex (solid curve)
is negative (when measured relative to a non-zero baseline, e.g.
the static pressure in the surrounding air stream) and has a

Fig. 2. General mechanism of pressure distributions on upper and lower surfaces of
a roof paver.
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Fig. 1. Paths of corner vortices and resulting suction variations on roof,
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concentrated peak. The pressure on the lower surface is depicted
by the broken curve and it is shown as being equal to that on the
top surface at the paver edges. In practice the top and bottom edge
pressures do not always match exactly. The underneath pressure
depends on the outer pressure distribution and the relative magni-
tude of the joint resistances compared to the under-element
resistance which prevents a complete pressure equilibration
between upper and lower surfaces of the element (Bofah et al,
1996; Gerhardt et al,, 1990; Kind, 1994). Detailed measurements
done by Kind and Wardlaw (1982} showed that the underneath
pressure does tend to vary roughly linearly between the pressures
at the paver edges as depicted in Fig. 2 (this is also discussed in
Bofah et al. (1996}). More precisely, it should satisfy the Laplace
equation as explained by Kind (1994} 1t is only due to the sharp
peak of the negative pressure under a vortex (between points A and
B) that a net uplift occurs, signified by the large difference between
the solid and broken curves. If the upper surface pressure does not
have the peal then pressure equalization caused by flow around
the edges of the paver results in smaller net uplift as shown by the
small differences between the solid and dashed curves on the
pavers outside the zone between points A and B.

The aerodynamic uplift force and/or the overturning moment
on the element may become higher than the weight and/or the
resisting moment. Parameters influencing the wind loading
mechanism of roof pavers in terms of the nonlinear net fie.,
external minus internal} pressure distribution over the paver due
to conical vortices include: paver size, paver edge-gap to spacer
height ratio, distance of the paver from the roof corner, and height
of parapets. Roof external pressures are a function of building
height, exposure, building orientation, parapet height, and other
roof top features such as elevator housings, stairwell cover, and
cooling towers (Kramer and Gerhardt, 1983). The internal pressure
[i.e. pressure underneath the pavers) depends on the external
pressure distribution, the edge-gap to spacer height ratio, and the
flow resistance underneath the pavers. A large sap between the
pavers has a considerable effect on the reduction of the wind force
because it makes the internal pressure approach the external one
{Kramer and Gerhardt, 1983).

3. Description of the experimental set up and testing
procedure

3.1, 12-Fan Wall of Wind facility

The full-scale 12-fan Wall of Wind (WOW) open jet facility at
FIU was used to generate the wind field for the present study. 1t
can generate up to a Category 5 Saffir-Simpson Scale hurricane
wind speed that reasonably replicates mean wind speed and
partial turbulence characteristics of real hurricane winds. Fig. 3

—Full Spectrum Partial Spectrum  —Kaimal
1000
I p
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2 10 537 slope
E
E 1
w
01
0.01
0.01 0.1 1 10 100
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Fig 3. Comparison of ABL full spectrum for suburban terrain simulated in wind
tunnel by Fu [2013), WOW partial spectrum and the dimensionalized Kaimal
spectrum.

shows the comparison between the atmospheric boundary layer
(ABL} full spectrum for suburban terrain as simulated in a
boundary layer wind tunnel by Fu (2012} and the WOW partial
spectrum. The dimensionalized Kaimal spectrum is also shown.
Mote that the high frequency portions of the WOW and wind
tunnel spectra match satisfactorily and show good agreement with
the —5/3 slope corresponding to the inertial subrange of the
dimensionalized Kaimal spectrum. As noted by several researchers
(Banks, 2011; Irwin, 2009; Kopp and Banks, 2013; Kumar and
Stathopoulos, 1998; Melbourne, 1980; Richards et al., 2007;
Saathoff and Welbourne, 1997; Tieleman, 2003; Yamada and
Katsuchi, 2008}, accurate simulation of high frequency turbulence
is necessary for an adequate simulation of the separated flows on
local aerodynamic effects on low-rise structures. A set of triangular
spires and floor roughness elements were used to generate the
turbulence and the boundary layer characteristics (Fiz. 4).

The mean wind speed and turbulence intensity profiles for
suburban terrain are shown in Fig. 5 for 20.1 mfs wind speed at
z=2.6 m elevation (target power law coefficient was o= 1/4). It
should be noted that the tests were performed in a partial
turbulence simulation in which the turbulence intensity was lower
than that for the ABL flow containing the full spectrum of
turbulence. However, using the method proposed by Katsuchi
and Yamada (2011}, the adequacy of the current turbulence
intensity was shown.

3.2, Test condition

1f the tests results are to be meaningful, conditions must be such
that the test model behavior is dynamically similar to that of the
prototype. The wind approaching the model should satisfactorily
simulate the natural wind, and the Reynolds number (UL/8), the
Froude number (Uszg), and the density ratio (z_/p) should have
the same numerical values between the model and the prototype. U

Fig 4. (a) Wall of Wind, Florida Intemational University and [b] spires and floor
roughness elements.
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Fig. 5. Suburban terrain: [a) ABL profile and (b) turbulence intensity profile.

is the speed of approaching wind at roof height, L is a reference
length, § is the kinematic viscosity of air, g is the gravitational
acceleration, g is the density of air, and g, is the density of the solid
paver. In the case of thin objects, the requirement that the density
ratios be matched between the model and the prototype can be
relaxed, if the weight per unit area of the model is correctly scaled
meaning that (@, th /(2.0 = L /Lp in which symbol t denotes the
thickness of the pavers and subscripts M and P denote the model
and the prototype, respectively. Except at a scale of 1:1, Froude
number and Reynolds number similarity cannot be satisfied simul-
taneously. The flow underneath and through the joints might be
somewhat dependent on Reynolds number but it was assumed in
the present experiments that being out by a factor of 2 in Reynolds
number would have very minor effect on the results. Kind and
Wardlaw (1982} discuss Re effects and accepted a larger mismatch
in their experiments. The complete simulation of the atmospheric
boundary layer is not possible at » scale in most wind testing
facilities due to their limited size. Typically, the large scale turbu-
lence present at full scale cannot be senerated and only the hish-
frequency part of the power spectrum can be simulated (Fu et al.,,
2012; Yeo and Chowdhury, 2013). However, previous experiments
have shown that the flow pattern over the upwind corner of the
building roof is mainly dependent on the correct simulation of high
frequency turbulence, as was done in the present tests, and
achieving a Reynolds number of approximately the right order.

3.3. Test building

A test building was constructed to install the roof pavers (a total
of 100) in a similar way to real roof pavement systems. The size of
the 1:2 test building model was 3.35m by 2.35m in plan by
1.524 m high; thus it represented a low-rise prototype building
with height of 348 m. The model was engulfed completely in the
6.1 m wide and 4.3 m high wind field generated by the WOW. The
roof deck was made from plywood and was completely sealed and
rigid. The rectangular sharped edge parapets on the building model
were interchangeable which allowed evaluation of the effect of
parapet height on the wind effects on pavers. The parapet height

a
h,

G

H.

|2
=
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s
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g% |5
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Fig. 6. [a] Geometrical parameter definition, [b] test building for wind blow-off
tests, and [c) roof pavers numbering.

was measured from the top of the pavers (Fig. 6a). There were no
parapets on the leeward side of the building so that the roof could
be representative of the windward corner of a bigger roof structure.
The justification of this comes from the studies of Lin and Sumy
(1998} and Lin et al. (1995} who found that for low buildings which
are large enough to have reattached flows on the roof, the
distribution of pressure coefficients in the corner region is mainly
dependent on the eave height, H, and not so much on the building
plan dimensions as long as terrain conditions are similar. Also,
external pressure coefficients measured in wind tunnel by Kopp
et al. (2005} on roof corners of a nearly flat building model were
consistent with those measured on roof corners of flat roof low-rise
building models with different plan aspect ratios as reported by
Stathopoulos (1982), Stathopoulos and Baskaran [(1988), Ho et al.
(2005), and Pierre et al. (2005). The experiments included both the
wind blow-off testing (i.e. blowing at sufficient speed to dislodge
pavers} and pressure measurements. For the wind blow-off tests,
concrete pavers with a dimension of 0.205m by 0.305m by
2.54 cm thickness and having weight per unit area of 532 N/m?
were installed on the roof which can be considered as modeling
typical 0.61 m square pavers at half-scale. Fig. 6b shows the test
building for the wind blow-off tests with the concrete roof pavers
installed. For pressure measurements, pavers with exactly the same
dimensions as the actual concrete pavers were made from Flexiglas.
This made it more convenient to install pressure taps on both upper
and lower surfaces of the pavers. Adjustable height pedestals were
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used to change the space between the paver and the roof deck
{H,, Fig. Ba). Pedestals had top caps which created a constant
G=73175mm space between the pavers (Fig. 6a). Pavers were
numbered from 1 to 100 (Fig. 6¢). Pressure taps were installed on
Plexiglas roof pavers for simultaneous measurement of the external
and the underneath pressures. Fiz. 7 shows the external and
underneath pressures tap layout (total of 447).

3.4. Test procedure

A total of 9 experiments were carried out, including three wind
blow-off tests and 6 pressure measurement tests. A summary of
each test characteristics is shown in Table 1. Only one wind
direction was tested which was 45°. Based on past studies this
wind direction was selected as the most critical orientation for
generating high uplifts under conical vortices on flat rectangular
roofs (Holmes, 2007).

a | | ‘.b

The basic test procedure consisted of first conducting wind
blow-off tests. The aim of these tests was to provide guidance on
the location where paver blow-off, i.e. failure, first occurs, which

Table 1
Test number and characteristics.

Wind test Spacer height [H,) Windward parapet GIH: hpH
turnber (cm) height [cm)

Wind Uplift 1 1.27 762 0.25 0.05
Wind Uplift 2 3.81 7.62 0.083 0.05
Wind Uplift 3 1143 762 0.028 0.05
Pressure 1-1 1.27 7.62 0.25 0.05
Pressure 2-1 3.81 5.08 0.083 0.033
Pressure 2-2 3.81 7.62 0.083 0.05
Pressure 2-3 3.81 15.24 0.083 01
Pressure 2-4 3.81 22.85 0.083 0.5
Pressure 3-2 1143 762 0.028 0.05

* Constant G=3.175 mm for all tests.

4

Fig. 7. (2] External pressure tap layout, [b)] undemeath pressure tap layout, and (c) plexiglas pavers with pressure taps.
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could then be used to decide on the pressure tap layout. The test
was done by gradually increasing the wind speed in WOW and
visually observing the behavior of the roofing system. The most
critical pavers which dislodged first were identified. Wind speeds
were measured at the roof height of the test model {1.524 m
height) using a turbulent flow Cobra probe. After identifying the
critical pavers and deciding on the pressure tap layout, the original
pavers were replaced by the Plexiglas pavers with pressure taps.
FPressure measurements were carried out at wind speed=18.5 m/s
which was below the failure speed of concrete pavers (but
required some special measures to hold the Flexiglas pavers in
place). Nine critical pavers were fitted with total of 256 pressure
taps to allow accurate measurements of the pressure distribution
above and underneath the pavers. A 512 channel Scanivalve
Corporation pressure scanning system was used for pressure
measurements. Pressure data were acquired at sampling frequency
of 512 Hz for a period of two minutes. Each pressure measurement
test was repeated for three times to assure repeatability of the
data. A transfer function designed for the tubing (Irwin et al., 1979}
was used to correct for tubing effects.

3.5. Data analysis

The mean pressure coefficient at any location was obtained
from
CPrean zlp% (n

ZDUmEan
where Prean is the mean pressure, g2 is the air density at the time of
the test (1.225 keg/m?} and U is the mean wind speed measured at
the building height of the test model (1524 m}.

For the proper securing of individual pavers, measured values
of Cppak should be considered. Due to the highly fluctuating
nature of wind pressures, significant differences might be
expected in the pealt values of pressure time series obtained from
several different tests under nominally identical conditions. The
Sadel and Simiu (2002} method was used to obtain statistics of
pressure peaks from observed pressure time histories {unless
otherwise stated). Because estimates obtained from this approach
are based on the entire information contained in the time series,
they are more stable than estimates based on single observed
peaks. For the evaluation of these estimated wvalues, the peak value

Foint ol action of resultant 1 foree

Point of acrion of
¢ resultant §ift force

Fig. B. Definition of the point of action of the resultant lift force.

Table 2
Failure wind speeds and failure mechanisms.

with 85% probability of not being exceeded in one hour of full
spectrum wind was selected. The peak pressure coefficient was
normalized by the three second gust dynamic pressure as follows:

Ppeal(
1 2
U5,

Cppeak = 2)
where Py is the peak pressure, and Uz, is the pealc 3-s gust at the
reference height. For the WOW the wind speed Us. was obtained
using time scale A =0.7(Ad= (A =0.5)/4y,=0.71 (based on
Froud Number Similarity)), meaning that 512 =3 % 0.7 =1075
data points were required for its determination. The peak wvalue
of the U3, was obtained by performing moving averages. Data were
low-pass filtered at 30 Hz equivalent to 21 Hz full scale.

Fig. 9. Failure of roof pavers during wind blow-off tests: [a] G/H.=0.25,
{b] G{H.=0.083, and [c) G/H,— 0.028.

Test number 1st failure wind speed (m/s)

2nd failure wind speed [m/s)

Wind Uplift 1

Wind Uplift 2
Wind Uplift 3

34: pavers 1,11 wobbling
28: pavers 1, 2 wobbling
30.7: paver 1 lifted off

37.2:paver 1 wobbling, paver 21 lifted off

4 paver 1 wobbling, paver 4 lifted off
43: paver 1 wobbling, paver 31 lifted off
372.3: pavers 4, 21 lifted off

34: pavers 3, 4 wobbling

37 pavers 2, 21 lifted off
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To properly design and secure the most critical pavers in place,
it is necessary to know the wind-induced loads acting on indivi-
dual pavers under the designed wind speed. 1t should be noted

External Cp___ {hp/H=0.033)
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that the highest suction on the paver does not necessarily occur at
the center of the paver. This means that even for cases where the
total uplift force is less than the weight of the paver, the weight of

Extemal Cp__,, (hp/H=0.033)

E
=
030609121518 21 24 27
RKim)
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E
= -2
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0306 091215 18 21 24 27
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0306 02 12 15 1.8 21 24 27
X(m}
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T
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E
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030609121518 271 24 27
X{m)

Fig. 10. External Comesn and CPoeak (GiH:=0.083).
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the paver might not overcome the corresponding overturning
moment. The overall wind uplift load, L), and lift coefficient,
C, (1), acting on any single paver are obtained as

1
Lty =5pU" f CPaulti,¥) dA 3)
Apaver
L)
Ciity= 4
() UA (1)

where A is the surface area of the paver and Cp,.(t) = Cpo.it)—
Cp..(t) is the net total pressure coefficient defined as the instan-
taneous difference between the external and the corresponding
underneath pressure coefficients at the same location. The over-
turning moment and moment coefficient about a selected axis are
obtained from

1
MOy, 1) =5pU° [ Cpautt, %, y) % dix,¥) % dA (5)
A prvsr
M)
Cpalth =——5— 6
w{t) %pUzﬂa {6)

where a is the width of the paver and dix,y) is the moment arm
defined as the distance from the selected axis to each point on the
paver (Fig. 8). Another important parameter is the point of action
of the uplift force {Fig. 8). Having the net lift, L, and moments M.
and M., offsets of point of action of lift from the center are

dy =ML dv =ML {7
The blow-off takes place when the moment caused by the uplift

force is equal to the moment from the paver weight, W. Therefore, the
criical wind velocity Uegr at which blow-off oceurs is calculated from

1 3 a a
SoUcer” CA{d+5) =W x5 (®)
From which it can be deduced that
U = a w d is the larger of d, and d,) 9)
CRIT = 219 X%,{)CLA( d i y {

4. Results and discussion
4.1. Wind blow-off test results

Table 2 shows the failure wind speeds and the failure mechanism
for wind blow-off tests (see Table 1 for each test characteristics). 1st
failure wind speed is defined as the wind speed at which minor
displacement and/or limited failure (wobbling of pavers andjor
1 paver lifted off} was observed. 2nd failure wind speed corresponds
to the situation when more failure occurred (2 or 3 pavers were lifted
off). The failure in each case is shown in Fig. 9.

The results showed that by increasing the spacer height (H.), the
failure wind speed decreases. This is in agreement with studies of
Bienkiewicz and Endo (2009} who showed that increasing the height
H. while having a constant edge-gap between the pavers increases
the net pressures on the pavers which may be regarded as lowering
the failure wind speed. The location of the failure was in all cases

Table 3

near the edge of the roof (Fig. 9). Pavers 1, 2, 3, 4, 11, 21, and 31 were
the most critical pavers. The pressure tap layout (Fig. 7} was decided
based on the wind blow-off tests for detailed evaluation of the
pressure distribution over the roof and the most critical pavers.

4.2, Pressure measurement results

4.2.1. Effect of relative parapet height (hy/H)

4.2.11. External pressure distribution. Fiz. 10 shows the surface
plots of the external mean and external peak pressure
coefficients for various relative parapet height ratios (hpfH). The
peak values correspond to the estimated peak wvalue for each tap
during the test and do not occur simultaneously on all taps.

Results in Fig. 10 show that pavers close to the edges and
corners of the roof are subjected to the highest local negative
pressures. It can be seen that the highest local mean suction
pressure coefficient is reduced by about 50% by changing ki /H from
0.033 to 0.15. The width of the zone of high suctions caused by the
conical vortices increases and their strength decreases with taller
parapets. This trend is in agreement with the results obtained by
Kind (1988) on the effect of parapet height on worst mean suction
pressure coefficient for a 1:20 scale low-rise building.

Several studies have been done on the effect of parapets on the
external pressure coefficients on flat roofs (Kopp et al, 2005:
Stathopoulos, 1982; Stathopoulos and Baskaran, 1987). In order to
rut the current data in context with the previously published data,
it was attempted to compare the external pressure coefficients with
those obtained in the literature. Table 3 shows the characteristics of
the experiments used for comparison. Note that comparisons

—a— Mean Cp [Stathopoulos, 1982]

- =~ Mean Cp
2
AL
EE =
i /Aﬂ’/ * tine ot cp
a A 7 comparison
o A s o
T 1 Ca
Py L
P Lt
[
a5
0 T T */L
0.5 0.7 0.9

Fig. 11. Comparison of extemal Cpmean [Ap{H=0.1; G/H:=0.083) with Stathopoulos
[1982].

= = = ~Prak p (o]

wotiers Pk O fenah {Kopp et al, 3005}
——— Mzan Cp fext) -+ Moan Ca o) (Kapp at al, 2005)

¥
Wt
* wee of
compasison

+ 0.05 a1 015 0. 035 03 035
@5
/M (at x/H=0.42)

Fig. 12. Comparison of external Cp (h{H=0.1; G/H,=0083) with Kopp et al.
[2005).

Characteristics of the experiments used for comparison between external pressure coefficients.

H (m) TpH Plan aspect ratio Terrain Scale Wind direction
Current study 3.48 0.1 1 Suburban 112 45
Stathopoulos, 1982 9.8 0.122 3 Suburban 1/250 Most crtical, from tests for 0-90 is presented
Iopp et al., 2005 4.6 0.1 15 Open 1{50 325
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b e Mean CMx — A — Mean CMy configurations as found in the literature and could not be per-
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0.12
0.1

0.08

0.06
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Q
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-0.04 4
Fig. 14. Vanations of (3] Cinee and [b) Crner on paver 21 with fp/H (G/H.=0.083).

formed for exactly similar test confizurations. Comparison was
limited to the comer region where 45° wind direction usually
dominates the behavior of peak suctions and since 45% was the only
angle tested in the present research.

Fiz. 11 shows the external mean pressure coefficients measured
at the edge taps of the building with the corresponding values
from the literature (Stathopoulos, 1982). Note that in the latter
reference the published wvalues are the highest ones as obtained
from all the wind directions tested, rather than those at 45* only.
However, close to the corner the 45° case dominates. It can be seen
that the walues obtained in the present work are generally in a
good agreement with those from Stathopoulos (1982).

As explained previously, the peak values presented in this paper
are normalized to the 3-s gust wind speed. In order to be able to
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Fig. 17. Highest underneath Cp (h/H=0.05).

compare our peak pressures with those obtained in wind tunnel by
Kopp et al. (2005} the procedure explained by Fierre et al. (2005} was
used to calculate the equivalent wind tunnel pressure coefficient

auCp

Hrom, 28K Kal = FwrCp (0

(GCP) =
where fp is the peak coefficient based on the mean hourly wind
speed measured at the eave height in a wind tunnel, gqq, 35 and gy
are the dynamic wind pressures at heights of 10 m and H, respec-
tively, as given in the ASCE 7-10, Kz is the topographic factor, Ky is
the exposure factor, Kq is the directionality factor and F is the
importance factor. The factors Ku, K4 and | were set to unity. The
coefficient Fyr was given as 0.38 for H=4.6 m in the open country
terrain which was used to re-reference the peak pressure coefficients
obtained by Kopp et al. (2005} for comparison purposes. Fig. 12
shows the comparison between the mean and peak pressure
coefficients obtained in the current study with the corresponding
values in Kopp et al. (2005). The comparison was limited to corner
region along the line of x/H=0.42 from the windward corner of the
roof as defined by Kopp et al. (2005). Results show that the mean
pressure coefficients are in very good agreement with the results in

—[4=— Mean CL (net)
- .~ Peak Cl{net)

n ceeeiireeo- Peak Cliext)

-C,andCp

0 -
o

b —r— Mean Chx

= == Mean CMy
—<— Peak CMx .

0.12

0.1 +

0.08

“Chanet

0.06
0.04

0.02 4

Fig. 18. Variation of: (2] Ciner and [b) Cune: on paver 21 with GiH: (f/H=10.05)

Kopp et al. (2005). The differences in the peak pressure coefficients
are probably due to different building geometries, different terrains,
and Reynolds number effect. Higher peak pressures are generally
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expected for suburban terrain as compared to open terrain results for
similar building configurations.

External pressure coefficients measured in this paper are in
very good agreement with an earlier full-scale study performed in
6-fan Wall of Wind facility at FIU on concrete roof pavers (Aly et al.,
2012} 1t is to be noted that although the 45° cornering wind is
usually considered as the most critical direction for pavers, very
localized higher suctions than seen at 45° can occur in small
regions near the roof edges for other wind directions (Aly et al.,
2012}, but apparently the size of the effected region is too small to
be the most critical case for pavers.

S$8357 -A3 Rationale

4.2.1.2. Net pressure distribution. Fig. 12 shows the variation of net
pressure coefficients for wvarious relative parapet height ratios
(he/H} showing that taller parapets (hp/H = 0.1} reduce the net
CPmean ON the roof. This was mainly due to reductions made on the
mean external pressure coefficients. However, results show that
low parapets might significantly increase the peak roof corner
suctions for oblique wind directions (Bienkiewicz and Weroney,
1988; Stathopoulos and Baslaran, 1987).

Figz. 14 shows the variation of the net uplift force coefficient and
the net pitching moment coefficient on paver 21 with hyfH. Results
show that in contrast to local suctions, the net uplift and the net
moment on a paver are both less sensitive to parapet height. For
example, in going from hg/H from 0.033 to hfH in the range of
0.05 to 0.10, the values of both Cpne and Cune are increased which
makes the range h/H=0.05 to 0.10 the worst case scenario among
the parapets considered for this study.

The variation of the location of the point of action of the net
uplift force with relative parapet height (hp/H} is plotted in Fig. 15.
It shows that increasing the parapet height to above h/H from
0.1 to 0.15 moves the point of action of the net uplift force more
towards the center of the paver while the lift coefficient also
decreases. This situation can be interpreted as an improved wind
performance for higher parapets. Thus from the current study it
was found that a relative parapet height ratio of 0.15 could
significantly reduce the suction pressure on pavers under conical

— <= — Mean dx(net) weeBee Peak dx(net)
—t=— Mean dyinet) = Peak dy[net)

Lift paint of action (m)

G/Hs
[} 0.05 01 0.15 0.2 0.25 03
Fig. 19. Variation of L. point of action on paver 21with GfH, (A /H=0.05).

External chu on paver 31 External CPM on paver 21

32 M. Asghori Moonreghi er of. / | Wind Eng. [nd. Aerodyn. 128 (2014) 22-38

vortices. 1t also reduces the offset distance of the point of action of
the lift force from the center of the paver.

422, Effect of pavers’ edge-gap to spacer height ratio (G/H.)

Fiz. 16 shows the surface plots of the underneath mean and net
mean pressure coefficlents for various G{Hs ratios. Results pre-
sented in Fig. 16 show the effect of edge-gap to spacer height
(Gf{Hs} ratio on the wind loading of roof pavers. It can be seen that
in these cases also pavers close to the edges and corners of the roof
are subjected to the highest negative pressures which is mainly
due to the wind-induced conical vortices. Compared to external
pressures, the values of underneath pressures acting on the lower
surfaces of the pavers are low in magnitude and exhibit more
uniformity. For lower GfH. ratios (larger height spacers), the
underneath pressure becomes nearly uniform, probably due to
the lower flow resistance underneath the pavers. As concluded by
Bienkiewicz and Endo (2009}, the G{H; ratio affects the underside
pressures such that the higher the ratio, the lesser the net pressure
on the pavers. Fig. 17 clearly shows that increasing the G/H; ratio
results in higher suctions underneath the pavers.

Fig. 18 shows the variation of the net uplift force coefficient and
the net pitching moment coefficient on paver 21 with G/Hs. The
results show that increasing G/H, ratio reduces the net uplift force
coefficient on the paver but the pitching moment is less sensitive
to this parameter. The variation of the location of the point of
action of the net uplift force with G/H, ratio is plotted in Fig. 19. For
higher GfH. ratios, the point of action of the lift force is more offset
from the center of the paver.

Comparing the results presented in Figs. 18 and 19 shows that
even though by increasing the G/H; ratio the lift force is more
offset from the center of the paver, nonetheless its value decreases
in such a way that an overall better wind performance is observed
for higher GfHs ratio.

Ao
Iy

Lx
Fig 21. Defining vortex core angle.

External Cp. on paver 11

External Cp____ on paver 1
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Fig. 20. External (prean 0N critical pavers [GfH:=0.083, fi,/H=0.05).
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4.2.3. Effect of pressure tap resclution on aerodynamic lift and
moment results

Fig. 200 shows the external mean pressure distribution on
pavers 1, 11, 21 and 31 and the line indicates the path of the
corner vortex. It is noteworthy that the highest suctions are
observed at the upwind edge of each paver. It {s hypothesized
that this is due to the interaction of the high velocity rotating flow
caused by the corner vortex with a vertical flow coming out of the
upwind end of the paver. Wind lift-off tests showed that paver
1 wobbled but did not fail, whereas paver 21 failed (corresponding
to Wind Uplift 2 in Table 2). Results showed that the magnitude of
the mean and peak uplift coefficients for paver 21 (mean
Crper= — 0.6, peak Ciper=— 1.0} was higher than that for paver 1
(mean Cipee = —0.25, pealk Crpee= — 0.76). This was because the size
of the high suction zone relative to the paver size was bigger for
paver 21 than for paver 1 (Fig. 20} The aerodynamic mechanisms
that cause uplift are quite complex, involving significant interac-
tion between the external flow and the internal flow into and out
of the gaps between pavers. This interaction can increase the offset
of the lift force from the center of the paver. As pointed out by
Gerhardt et al. {1990}, the impact of vortices on pavers signifi-
cantly depends on the size of the paver relative to the width of the
corner vortex. If the paver is much larger than the width of
the vortex then the impact is reduced since only a small fraction
of the paver area is affected by the high suction. Also, if the paver
is much smaller than the width of the vortex then, even if it is
sitting in a high suction zone, the pressure equalization effect of
the gaps at its edges substantially reduces the difference in
pressure between top and bottom surfaces. However, if the paver

M. Asghari Mooneghi er ol / | Wind Eng. Ind Aerodyn. 128 (2014) 22-35 33
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and vortex widths are similar the net uplift will tend to be at a
maximum.

Banls et al. (2000) proposed an empirical equation valid for
incident wind angle of w=30-70* to calculate the vortex core
angle: ¢, = 2.94 9297 @ (Fig 21). The vortex core angle measured
during experiments for G/H;=0.083, h/H=0.05 case, was 11.31°
which was in a very good agreement with the results obtained
from ¢, = 2.94 1029745 — 112" (Banks et al., 2000).

Fig. 22 shows the contour plot for the h/H=0.05 and
Gf{H.=0.25 case in which the same pressure tap layouts as for
pavers 2, 3, and 4 were considered for paver 11, 21, and 31. This
results in loss of detail and the resulting pressure patterns resemble
some of the earlier patterns obtained by other workers (Kind and
Wardlaw, 1982} who had less density of taps available to them at
the time of their experiments. 1t appears that a fairly high density of
taps is required to capture all the detailed aerodynamic effects.

In order to find the effect of the tap arransgement and required
resolution for pressure taps on the critical pavers, six different tap
layouts were evaluated, the results of which are plotted in Fig. 23.
The results show that having the pressure taps near the edges,
especially those edges which are perpendicular to the parapet, is
quite necessary for capturing an accurate measurement of high
suctions.

Figs. 24 and 25 show the net uplift force and net moment
coefficients on paver 21 for different tap layouts defined in Fiz. 23.

The results demonstrate that the net uplift force coefficient and
net moment coefficient are sensitive to the resolution and arrange-
ment of the pressure taps. Figs. 24 and 25 also show that there
might be significant differences in the calculated lift and over-
turning moment obtained from a particular layout. Case (f) shows
the tap layout used in this study on critical pavers with 30 pressure
taps (15 taps on top and 15 taps on bottom}. The results show that
inaccuracies can occur when having low resolution of pressure taps.
High suction areas can be missed as is the case of Tap Layout a, or
lift can be overestimated as in Tap Layout d. The latter is mainly
because one of the taps captured a very high local suction on the
paver. Integrating such local high suction using a large tributary

0.3 06 09 12 15 1.8 21 24 27
X(m)

Fig. 22. External Cppean: (2] high density of pressure taps and [b) low density of
pressure taps (A, /H=0.05, G/H.=0.25].

area and neglecting the effect of pressure gradient can lead to
overestimation of the lift. The results of this study show that to
obtain accurate measurements of aerodynamic lift and moment a
high density of taps is needed, higher than typically used in the
past. If the analysis requires hizher degrees of accuracy, it is
recommended that additional pressure taps be added evenly on
lines perpendicular to the corresponding building edgze. Of course
vortices do not only occur at roof corners but can also occur at
setbacks and next to roof obstructions, and similar detailed pres-
sure patterns can be expected at these discontinuities in building
seometry.

4.3. Comparison with wind blow-off tests and practice based on
ASCE 7-10 exterior pressures

The highest external single tap pressure coefficients and the
external area averaged pressure coefficient {Ci...) observed on the
most critical paver (paver 21) obtained for different cases (Table 1)
were also compared to component and cladding external pressure
coefficients for roofs as given in ASCE 7-10 (2010). Chapter 30 of
ASCE 7-10 provides the peal pressure coefficients for components
and claddings. For gable roofs with slope € < 7° the peak external
pressure coefficient for corner Zone 3 for tributary areas less than
0.9m? is given as —2.8 in Fig. 30.4-2A (ASCE 7-10, 2010). The
highest single tap peal suction coefficients observed in the
present tests for all cases ranged from —4.1682 for hy/H=0.033
and GfH,=0.083 to —3.5486 for hy/H=0.15 and G/H,=0.083 in the
corner zone. Being single tap wvalues, they correspond to much
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Fig. 23. Effect of pressure tap layout on extemal Cprean [f1p/H=0.05 and GjH.=0.25).

Fig. 24. (,, for different pressure tap layouts [k {H=0.05; G{H,=0.25).

smaller tributary area than 0.9 m? and so would be expected to be
somewhat higher in magnitude than the ASCE 7 value. The hizghest
pealk external lift coefficients ranged from —1.44 for hpfH=0.05
and GfH;=0.028 to — 1.26 for hpfH=015 and G/H;=0.083. The
underneath pressure coefficients required for calculating the net
pressure coefficients are not dealt with in ASCE 7-10. Cne informal
practice is to assume the underneath pressure coefficient to be
zero (FPHLM study on tiles, 2005, Volume 11, p. 55) and that the
net uplift force acts on the center of the paver.

In order to see the overall effect of high local Cp values on the
failure wind speeds, the critical wind blow-off speeds were
calculated from the pressure measurements using Eq. (9) and
compared to those obtained from the wind blow-off tests (Table 4)
and the wind blow-off speeds calculated from a typical informal
practice based on ASCE 7-10 exterior pressures (i.e. using the ASCE
7-10 external pressure coefficients, taking the effective internal
pressure as zero and simply assuming that the net uplift acts at the
paver's center}). Results calculated from pressure measurements
are for paver 21 which was shown to be one of the most critical in
all three cases. The values recorded for the wind blow-off tests
correspond to the case where both wobbling of pavers and first
failure were observed. For the practice based on ASCE 7-10

exterior pressures, wind blow-off' speed wvalues are calculated
using GCp=—2.8 (external pressure coefficient in Zone 3 for
Aup=0.09 m? = 0.9 m3}.

Results show that quite good agreement exists between the
results from wind blow-off tests and those obtained from mean
Cioer ¥alues. This means that although high peak suctions were
observed on critical pavers, which can cause instantaneous wob-
bling, the fluctuations did not last long enough to actually cause
lift off. The best agreement between the blow tests and the
pressure measurements would be obtained by calculating the lift
based on the mean coefficient plus a small contribution from the
fluctuations. The critical wind blow-off value calculated using
ASCE 7-1D0 exterior pressures is clearly conservative in comparison
to the current experiments.

Table 5 shows equalization factors, as defined by Geurts (20001},
for different GfH. ratios for the critical paver 21. A value of 0.6 was
proposed by Geurts based on full-scale pressure measurements.
Comparison between the results shows the present values ranging
around 0.6. The results presented in Geurts (2000} were for a
single G/H; ratio. The present results indicate the wvalue 0.6 may
underestimate the ratio on pavers with low G/H, ratios. The results
presented in this paper are for 45° cornering winds only which is
the most critical for paver lift-off on a flat roof. The equalization
factor may well be a function of wind direction and Geurts’ results
covered various wind directions. For the purposes of codification
the concept of an equalization factor is useful but it needs also to
take account of the results in Table 4. These results show that the
best correlation with observed blow off speeds is obtained using
the mean Cipe, not the peak Cige. It appears that most of the
fluctuations in Ciqer do not last long enough to disturb the paver.
Therefore a more meaningful factor for codification purposes is
likely to be the ratio of mean C .. (or perhaps mean plus a small
contribution from fluctuations) to the peak Cp that is provided in
codes for cladding design. Future work is in progress to explore
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Fig. 25. Cpaner for different pressure tap layouts (R, /H =0.05; G/H.=0.25].
Tabled needed to accurately resolve the uplift pressures were investizated.
Critical wind blow-off speed. A larger number of taps than typically used in the past was found to
f— - R be needed. Based on the information gathered in the current tests
ritical wind blow-off speed [my/s]

Practice based ot Wind Pressure measurement
ASCE 7-10 exterior blow-off tests
pressures tests

(Ucnrr Sp ’Iiﬁm)

(Ucmr = merg * m}

Based on Based on
mean Cine peak Cinet
GiH.=025 176 37.2 4184 2014
GiH, =0.083 35.7 35.72 26.8
GiH, =0.028 30.7 32.24 24.7

*22 [mys) for GCp=—1.8 [extermal pressure coefficient in Zone 2 for Aur=
0.058 m® = 0.9 m).

Table 5
Equalization factor based on G{H..

GfH, Hem G ek G Geurts (2000 s
0.25 0.49 058 0§

0.083 0.68 075

0.028 0.77 083

this aspect in more detail, as well as the effects of building
geomelry, paver size, G/H, ratio and hp/H.

5. Conclusions and future work

The wind loading mechanism of concrete roof pavers was
investizated in this project. Wind blow-off tests and pressure
measurements were carried out on a square portion of a flat roof
for the critical wind direction that senerates corner vortices. The
experiments were performed in the Wall of Wind, at FIU. The
influence of an edge parapet on net uplift pressures was also
explored. Increasing the pavers' edge-gap to spacer height ratio
improves the system behavior. A certain relative parapet height in
the range hpfH=0.10-0.15 exists in which the uplift loads reach the
worst case values, The results demonstrated that the net uplift force
and moment coefficients are sensitive to the resolution and layout
of the pressure taps. The location and spacing of pressure taps

and review of the literature, guidelines suitable for codes and
standards are being developed for the design of roof pavers. These
suidelines will need to incorporate appropriate factors of safety in
order to achieve the normal levels of reliability used in the design of
building envelopes. Similar phenomena observed for the roof
pavers affect roof tiles and shingles, further complicated by the
profiles of the particular tile and shingle systems used. The large-
scale testing methods used in the present investization are also
applicable to these other roofing systems and provide new insights
through accurately reproducing critical aerodynamic effects at full
scale, or close to full scale Reynolds numbers.
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