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Abstract
Series offull-scaletestswere conducted on polyurethane foarare Structural Insulated
Panels (PUR SIPs) to study thedoeesponse and creep behaviour of such pambks.
load response of PUR SIPs wamnparedvith conventional stud wall panelBhe effects
of debonding between the foanore and the OSB faesheets were also studied to-u
derstand the effects of sudmangeon the overall performance of PUR SIPs. At last,
computer modelling was employed to simulate and predict the behaviBWRSIPIn
different loading orientations andsebond ratios. It was found that PUR SIPs canteu
perform conventional studiall parels in every gsect. In the case of 165 mm (6.5 in.)
thick PUR SIPs, 3% disbond between the PUR foatore and the OSB facsheets
caused an average of 64% reduction ©t-n Oaxi
tion in 6transverasre dwardadge apfaci t Y% ataemmduct
pacity of the panslcomparedtio brand new fullyponded SIB. It was also found that
33% disbond in 165 mm (6.5 in.) thick PUR SIPs has minimal effect on the racking load
capacity of the panels. In theseaof 114 mm (4.5 in.) thick PUR SIP898 disbond le-
tween the PUR foarnore and the OSB faesheets caused an average of 63.3% reduction
in d6axi al | oadé capacity, an average of 79
average of 29% increasei 0r acki ng | oad &companedodbrndyewo f t he

fully-bonded SIB. All tested panels satisfied the code requirements for the creep-defle



tions (span/180xnd theyfully reboundedo their initial estate, 90 daysdter removal of

the simulatedsnow load. It was also found that weathering has minimal effect on the
bond between the faesheets and the PUR foamftér computer simulatianof fully-
bonded and dibonded PUR SIPs in two different thicknesséswas found that
SOLIDWORKSsimulationsoftwareis a useful tool to predict the load response of PUR
SIPs only when fullybonded panels are exposed to transverse load orientation regardless

of the thickness of the panel.

In general, available Canadian and American standards were followtus iistudy.
Where applicable, standards were adopted from other material testing methods for testing
PUR SIPs. It is believed that this independent research has addressed most frexjuently e
pressed concerns regarding the use and application of struosukdteéd panels such as
de-bonding issues and creep behawnd their relationship to durabilitfrhe hope is that

is research help increase the use and application of SIPs in greempetfigimance,

light-frame building construction in Canada.
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Figure 7-20: Mesh detail and deformation behaviour of modeled 165mm (6.5 in.) thick

PUR SIPs exposed to racking load (M65R) (Retidates zone of greatest deformation)

Figure 7-21: Mesh detail and deformation behaviour of model68mMm (6.5 in.) thick

partially disbonded PUR SIPs exposed to racking load (MD65R) (Red indicates zone of

greatest deformation)............oooe i 186
Appendix B
Figure B- 1: Axial test setup top plate details (Source: Dick, 2011).............c....... 216
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Figure B- 3: Axial test frame basic framing details (Source: Dick, 2011)............. 218
Appendix C

Figure C- 1. Axial tests results of five tested panels comparing the performance of
165mm (65 in) thick PUR SIPs to conventional 140mm (2 by 6) stud wall panel220
Figure C- 2: Transverse tests results of five tested panels comparing the performance of

165mm thick (6.5 in) PUR SIPs to three tested conventional 165n&mn(6stud wall

Figure C- 3: Racking tests results of five tested panels comparing the pearicarof
165mm thick (6 in) PUR SIPs to conventional stud wall panels. Solid lines represent

the maximum load vs. deflection in 165mm thick (6.5 in) SIPS.............cccvvvvieenn. 222
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Appendix D

Figure D- 1. Axial load resistance of 114mm (4.5 in.) thick-dended PUR SIPs
compared to fully bonded panels with the same thickness. This graph showsrtie ove
shortening of the SIP under axial load (top linear potentiometer.only)............... 224

Figure D- 2. Axial load reistance of 165mm (6.5 in.) thick ei®nded PUR SIPs
compared to fully bonded panels with the same thickness. This graph shows the overall
shortening of the SIP under axial load (top linear potentiometer.only)............... 225

Figure D- 3: Axial load resistance of 114mm (4.5 in.) thick-dended PUR SIPs
compared to fully bonded panels with the same thickness. This ghapés the overall
shortening of the SIP under axial load (Aedt linear potentiometer only). The first few
millimetres of negative deformation is due to slight rotation of the | beam (located at the
1/3 of the panel thickness) before it is fully statgti on under applied load........... 226

Figure D- 4: Axial load resistance of 114mm (4.5 in.) thick-dended PUR Bs
compared to fully bonded panels with the same thickness. This graph shows the overall
shortening of the SIP under axial load (Aedt linear potentiometer only). The first few
millimetres of negative deformation is due to slight rotation of the | bi¢acated at the

1/3 of the panel thickness) before it is fully stabilized on under applied.load.....227
FigureD - 5: Transverse load resistance of 114mm (4.5 in.) thiclhadmsled PUR SIPs
compared to fully bonded panels with the same thickness. The vertical blue line indicates

the serviceability deflection limit of L/180 (13 MM)......ccoovreeriiiiiiiiiiccceeeeeeeee 228
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Figure D- 6: Transverse load resistance of 165mm (6.5 in.) thiclhoigled PUR SIPs
compared to fully bonded panels with the samektigss. The vertical blue line indicates
the serviceability deflection limit of L/180 (13 mMm)..........coovvviiiiiiiiimmmneieeeeeeeiiieeen 229
Figure D- 7: Racking load resistance of 114mm (4.5 in.) thickbdiaded PUR SIPs
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Figure D- 8: Racking load resistance of 165mm (6.5 in.) thickkdiaded PUR SIPs
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Appendix E

Figure E- 1: All in one compressive tests conducted on 165mm (6.5 in.) and 114mm (4.5
in.) thick PUR SIP coupons with the area of 152 by 152 mm (6nx) @nd 25mm (1 in.)
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Appendix F

Figure F- 1. Pull-off test results of the New Paneli 1ISamples 1 to 10 Side A of the
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Figure F- 5: Pull-off test results of the New Paneli3Samplesl to 10 Side B of the

Figure F- 7: Pull-off test results of the Weathered Panél Samples 1 to 10 Side of
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Figure F- 8: Pull-off test results of the Weathered Panél $amples 1 to 10 Side B of
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Figure F- 9: Pull-off test results of the Weathered Panél 3amples 1 to 10 Side A of
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Figure F- 10: Pull-off test results of the Weathered Pané&l @amples 1 to 10 Side B of
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Appendix G

Figure G- 1: Load vs. deflection behaviour of the OSB fabtest coupons under pure

DENAING TESL...ceiiiieeeeee e eeer bbb 247
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Figure G- 2: Mesh detailof modeled 114mm (4.5 in.) thick fullyjonded PUR SIPs
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Figure G- 3: Deformationbehaviour of modeled 114mm $4in.) thick fully-bonded
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Figure G- 5: Deformationbehaviour of modeled 114mm (4.5 in.) thick partially-dis
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Figure G- 9: Deflectionbehaviour of modeled 1i@m (4.5 in.) thick partially ddoonded
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List of Symbols

A

Ds

EA

Crosssectional area

Shear area of the panel

Width of thdface-sheef(in y direction)

Sandwich width

Core thickness

Shape factor

Basicroof snow load factor

Slope factor

Wind exposure factor

Total thickness of sandwich panel

Flexural rigidity of the SIP

Flexural stiffness of the beam/striage shee}

Sandwich thickness

Axial Stiffness



= SIP modulus of akticity under transverse bending

Ec Modulus of elasticity of thevam-core
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FDp (t) Predicted fractional deflection

Fs Core shear stress

G Core shear modulus

I Moment of inertia of facing sheet about the centroid of the panel

Is Importance factor for snow load

K Constant to calibrate thieng-term effect®f dead load and live load
Ks Bending behaviour of thacesheet

Ks The spring constant for the sear behaviour of the core

I length of the ddonded area
L Beam or test spampanel length
M, Bendingmomentresistance

P Applied at the third ofthb e a m6s s pan
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Chapter 1

Introduction
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Structural Insulated Panels (SIPs) areaternative wall system toonventional stud

wall, joist and rafter systesnin commercial and residential construction. SIPs can be
used for wall, rooffloor, and foundation assemblies. SIPs are a composite maypital

cally made of two Oriented Strand Boards (OSBs), metal, cement or plywood as facings
and afoam-core Thefoam-coreacts adoth aninsulation material angrovidesrigidity

to the systenwhile the facings provide durability and strengButt, 2008) The foam

coreis usually made of expanded polystyrene (EPS), extruded polystyrene (XP$) or po
yurethane (BR or PB. Some nevalternativematerials such as compsssed ricewheat
strawsand bamboo particula{€ortezBarbosa et al., 201%)aste are also being used to

build SIPs.

SIPsare made in variety of sizes, but commomplgneldimensionsare 1220 by 2440 mm

(4 x 8 ft.) up to 2743 by 8534 mm (9 by 28 fwijth the thickness vging from 114 to

318 mm (4.5 to 12.5 inchegfonstruction with SIP is faster (one to four weeks faster
than conventional stick frame technique). The finished walls are also straighter than co
ventional stud wall and their insulatiqoroperties better. Further, the SIP walls are

stronger than the stiekame constructiofMorley, 2000)

The information related to the shaerm mechanical behaviour, the effects of thermal
and moisture conditions on senadwlity, and the load duration on SIPs can provide a

general objective on the matter. Although SIPs have been used in the construcsen indu

try since htehye dlid,m®as ,fully attract the cons
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1980s.The questiors which this thesignvestigates arehe two major concers about

SIPs their longterm durability,and the effect ofle-bondingon theirloadresponse

1.1  Thesis Structure

This has been authored in a style where the manuscript is a collection of artictes tha
gether, contribute toward the overall theme of the thesis. Although each chapter includes
its own conclusion, effort has been made to create a flow between the chapters and help
draw an overall conclusion related to the original goal of the thesis tAdsis consists of
a total of 8 chapters as follows:
1. Introduction
2. Literature Review
3. Experimental Measurement of the Structural Capacity of PUR-BRBseline
Tests
4. Experimental Measurement of the Structural Capacity obbrsled PUR SIPs
5. Experimental Masurement of the Flexural Creep Behaviour of PUR SIPs
6. Bond Strength as a Measure of Serviceability and Quality of Polyurethane Foam
Structural Insulated Panels (Roff Tests)
7. FEM Modelling of OSB PUR SIPs

8. Summary and Conclusions
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Chapter 1 introducesiBs in general and explains the significance of the propased r
search. This chapter also explains the research objectives and the overall deliverables of
the programme. Chapter 2 presents a review of other research and examines the available
literature onSIPs and SIP components including the history of SIPs, SIP types and their
applications, and, creep in sandwich panels. Chapter 3 contains an evaluation ofthe stru
tural capacity of conventional stweall and PUR SIPs in order to establish a baseline for
comparison purposes. This comparison presents the results of the load response of PUR
SIPs and conventional stuweall panels in three different loading configurations: axial,
transverse, and, racking. The findings of this chapter provide comparisomésdeli

the tests conducted in Chapter 4. Chapter 4 presents results of the load response of the
purposely disbonded PUR SIPs and compares them to the baseline findings in Chapter 3
in order to find the relationship between-tend ratio and its effectnooverall load ca

rying capacity of SIPs.

The creep behaviour of PUR SIPs is not well documented. The results of testirg the b
haviour of such panels exposed to creep loads for a period of eight weeks is discussed in
Chapter 5. Chapter presents the re#is of research focused on the evaluation of the
bond strength between the OSB skins and the PUR foam core as one measure of service
life and fabrication quality. Chapter 7 discusses the use of a commercially available FEM
software program to model thealdresponse behaviour of the panels. Lastly, Chapter 8
summarizes the findings of this research program and provides recommendations for f

ture work on PUR SIPs.
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1.2 Programme

Industry and code officials in Canada are reluctant to certify SIPs due to a liaérof

mation on longterm durability. Such resistance is understandable and so must be a
dressed. Where the Canadian Construction Materials Centre (CCMC) believessmost a
sessments done @IPs are circumstantial or subjective, rather than being scieatitic
standardized, it also suggests a need for universal evaluations to askesgdiing and

new assembliedVhile there are scattered studies on Canadian polyurethane SIP products
conducted by individual manufacturers, the absence of a regulatoryizatyam in the
Canadian SIP industry means that such information remains private, rarely getting
shared. The research presented in this thesis was made possible with financial support
from Emercor Ltd., an Alberta based polyurethane SIP manufacturem andsultation

wi th CCMC. 't ai Asertno diunrfadbrinh itthye offl oSnigPs qu

1.3 What is a SIP

A SIP is an engineered composite construction material made of two layers of ¢igid fa
ing and a rigidfoam-core that perforns asan insulating materia(Figure :1). The core
material sandwiched between twanelsis foam made of expanded polystyrene (EPS),
extruded polystyrene (XPS), isocyanurate, polyurethane or, compressed, insifating
Somemanufacturers are investigating ways of ustegientitiousand rigid fibrous ins-

lating materials as we{lJ.S. Department of Energy, 2011)


http://www.energysavers.gov/your_home/insulation_airsealing/index.cfm/mytopic=11720
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Continuous top plate

S < Interconnecting spline

5 Core of extruded
polystyrene or
urethane-based
foam core

5— OSE skin

Bottomn plate

Figure 1-1: Schematic details of an ordinary Structural Insulated
Panel(CCMC, 1996)

The facing sheetsr boardscan be sheet metal or aluminiuglywood, cementor ori-

ented strad board (OSB). Other materials, used as necessary, ingtedsure treated
plywood, drywall, fiber reinforced plastic (FRP), and finish lumber can be used as nece
sary(Morley, 2000)(Figure %2). Individually, SIP components are not made of signif

cant load bearing structural materllhen joined togethehowever they create a strong
composite material which is much stronger than the individual compofidoitey,

2000) To make a SIP panel with EPS foam, a block of foam is cut to size and then lam
nated or glued to the facing sheets using hydraulic press machines and liquid urethane
moisturecure adhesive. The bonding agent st curing adhesive. Each panel needs

only afew minutes in a press machine in order to set (FigtB¥ In the case oisocya-
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natesor polyurethandoam-cores, the facing sheets are kept apart from each other and
then the liquid foam is injected betwettre boardso expand and cure. This is done in a
horizontal orientationThe expanded foam fills the cavities and properly bonds with the
top and bottom facing sheets when it is Stucturally,when loaded perpendicular to
facesheetsS | Ps b e hbaamé Rigidksfoard-dore acts as the web and the fagsn
wor k as t h e-beand&iguget-4).0Mhen aubjected to force, facing skims u
demotension or compressiowhile the core resists against shear and buckMmusa &
uddin, 2010) By keeping the facsheets apart, th@am-coreincreases the stiffness of
the pane[(Mousa & Uddin, 2012)Thickening thefoam-coreadds to the moment of ine

tia while only slightly increasinghe weidit of the overall pane{Huang & Gibson,
1990) In a wall assembly, the OSB facings work as two slender columns, laterally and
continuously supported by tieam-core This helps the facings withstand comegsion

force and ava buckling(Morley, 2000)(Forest Products Laboratory, 2012)

Figure 1-2: Different facing materials used in SIPs manufactumg (Photo courtesy of Va-
tem Panels formerly Winter Panel, United States, 2012)
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Figure 1-3: Assembly line of EPS core SIPs (Photo courtesy of Premier SIPS by Insulfoam,
United States, 2012)
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|-Beam Structural Insulated Panel (SIP)

S Ll
R SR ot &
S T e e

B
§

Web = Core

Flange = Facing

Figurel-4: S1 P ¢ o mp abeaeti{Foandamiaates, 2008)

Some SIP producers claim that construction with SIP can reduce the time of construction
by mae than fifty percent and improve the energy efficiency of the building by up to fi
ty percent(PorterSIPS, 2012)Research conducted at the University of Oregon has
shown that a house made with SIPs needed 161 fewer houmhpéetmcomparedwith

the control indusy standard stickramed house. Further, tHf®P house required 34%
less onsite construction tim@Morley, 2000) The overall cost of construction with SIP is
about one US dollar more psguare fooin comparisonwith conventional construction
methods(Mc Leister, 1998) SIPs resist wind and lateral loads and can be designed to
withstand large seismic loads. Morlé3000)reports a SIP house witlsid a tornado in
Clement, Georgia, USAn March 1998 with no structural damage&vhile 7 housesand

25 mature treesearbythe house were completely destroyAtthough authorities have
reviewed several evaluation reports, SIPsehawtbeen yet recognized by Canadian or

American building code§PATH, 2001)and no universal standards or codes of practice
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are available for design and installation of S{Rengthonkit & Yang, 2009)While the
construction industry generalshowsresistace tonew products, the lack of acceptance
in building codes has further slowedPS from entering the Canadian constructiom-ma

ket.

1.3.1 Thermal Resistan¢cdemperature and Moisture

SIPsproviderelatvely uniform insulationcomparedo traditional construction methods
like stud or stick frame, and also, if properly installed, a more airtight construction
(Morley, 2000) In a specific research stugghaw Environmental System Analysis Inc,
2009) a oneyear monitoring of moisture and temperature skdwo evidence of ao
densation or excessive moisturglup during the cooling or heating season in a regular
SIP assembly. Examination of the moistaontent of the SIP members also sbdeon-

stant values below 10 perceBased on research conducted at the Oak Ridge National
Laboratory in the United StateKdsny et al., 1999)a SIP wall with 89 mm (3.5 inch)
thicknesshad anthermal resistancef 2.47nfK/W (14 h ff°F/Btu) comparedo a 38x89

mm (2x4 inch) stickframed wall with regular fiberglass batt insulati@nth an expected
thermal resistancef 1.73nfK/W (9.8 hft°F/Btu) (Fgure 1-5). This means that an 89
mm (3.5 inch) thick SIP wall witfEPS core has about 30% higlteermal resistance
comparedwith a 38x89 mm(2x4 at 16 inchspacing and 610 mm (24 iy stick frame

wall insulated with fibreglass batt
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Wall RValue [hféF/Btu]

15.0
13.93
10.0
5.0
0.0
3.5"EPS core SIP  2x4@16" o.c. with

fiberglass

2x4@24" o.c. with
fiberglass

2x6@24" o.c. with
fiberglass

Figure 1-5: Whole wall R-value comparisors between 3.5 in. core $ wall and can-
ventional 2x4 and 2x6 wood frame wallgKosny, Desjarlais, & Christian, 1999)

Some manufacturers publish their expedtegtmal resistancealuesfor ther producs.

This might be backed up by approved third party testing or just based on their pmivate i

dependent test results. Tabld is an example of expectdiSI andR-values published

by a SIP manufacturer in the United States.

Table 1-1: RSI and R-values of EPS core SIPs at different temperature@remiersips

2011)
: RSIRValud @ RSIRValud @ RSIRValud @
Cre s anees 24°C[75°F]  4.4° J40° F] 4° C[25° F]
89 mm 8.5 in.) 2.64 [L5] 2.82 [16] 3.00 [17]
140 mm (5.5 in.) 4.05 [23] 4.40 [25] 4.58 [26]
191 mm (7 ¥ id 5.28 [30] 5.64 [32] 5.81 [33]
235 mm (9 Y4 in.) 6.52 [37] 7.04 [40] 7.40 [42]
286 mm (11 ¥4 in.) 7.92 [45] 8.63 [49] 8.98 [51]
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As seen in Tablé-1, e the temperature of tlidosed celfoams such aEPSdecreases
the insulation valuef the foamlinearly increases. This caused byhe change in bla-
ing agent 06s (duthaoCFat a HOFEMSB ety)atzaracteristics due

to tempeaturevariation(DuPont, 2011)

There are also claims that a SIP wall assembly in a house can reduce the energy co
sumption by 60 to 70 percefButt, 2008) Tests have revealed that SIP constomctnay

allow around 20% less air infiltration than wood stick framed construction method. This
in turn, will give occupants more control over ithemdoor environmen{Medina et al.,

2008) In the meantime, a wetlesigned, installed, and correctly ogethmechanical
ventilation system is needed to help prevent indoor moisture issues, which is important
for achieving the energyaving benefits of an SIP structyté.S. Department of Energy,

2011)

The lack of proper mechanitaentilation system in an airtight building might cause
mold issues and affect the indoor air quality of the inhabiesides the effects ome
ergy savings, the other advantage ofdhrdightness can be better resistance against fire.
Lack of oxygenwithin the wall system can cause fire to extinguish itself (U.S. Depar

ment of Energy, 2011).
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1.3.2 SIPslInstallation

Constructioncompaniesbase their SIP orders on building pla8# manufacturers then
prefabricate SIPs in a plant and ship them to the jth Bhe builder assembles the wall
panels following the instructions provided by the SIP manufactusd#®. producers then
assist in custoamaking panels for specific jobs. They number the panels in sequence
and, further, guide the builderstime installéion of each panelAdditional modifications

such as ducts and openings can be applied at the job site. This -ocugttafpre
fabrication methogdin turn, decreases the construction duration and provides a Ioetter i
stallation quality with the minimum matatiwaste. There is a risk of creatiaghermal
bridge if the panels are not joineafjether properly. Also, a welbined panel system will

increase the overall integrity of the structure.

Depending on the core material and the thickness, different StRfactures offer &
ferent connection systems for corner and middle connections. Rigudepicts the wall
spline connections commonly used in construction with SIPs. Construction glueeand sp

cial long selftapping screws (Figurk7) fasten the conneoh pieces once in place.
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Wall Spline Connections

Foam block
spline

0SB thin spline

Dimensional
lumber spline

Figure 1-6: Most common panel to panel spline connection config
ration for SIPs (Morley, 2000)

Figure 1-7: Special screws used in SIP connections aitktallations (Trufast, 2012)
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1.3.3  Challengesvith SIPsin the Marketplace

SIPs with wood-facing membraneseedto be protead by fire retardant materiagsich

as drywall(U.S. Department of Energy, 201m)his protecs the foam and the OSBda

ing from fire for a length of time that may allow occupants to evacuate the house safely.
Along with Blazeguard FirdRated sheathingyhen applied by a licenced applicator, fire
retardant paints are another opti@iazeguard paneldave a layer of special cement
called Pyrotite applied over an OSB substi@t¢ernational Barrier Technology, 2008)

A good SIP installation providasiprovedair-tightness in a buildingAlso, ome studies
suggesthat the level of toxicity of the burning material in SIPs is not worse than gonve

tional building material§Morley, 2000)

As with conventional construction methods, fire, poor resistance against wind leerne d
bris, termie attack, insects, mold buildups, and rodents are areas of concern with SIPs
(Mousa & Uddin, 2012)Foam insulation products can provide an ideal environment for
insects and rodents to inhalditsects and rodents might tweirthroughout the SIPs and
damage the integrity of tfieam-core Some producers suggest solutions of insecticides
or boric acid, applied to the panels, locating yard vegetation 60 cm (2 feet) away from the
building walls, and also keeping the indoor huityidbelow 50% percent, may helpgsr

vent these problen{&).S. Department of Energy, 2011)

Another concern is th#hermal resistanceeduction of polyurethane foam by agingc-A

cording to Morl ey (200 @thane feam ha8 an§Rvadue ofs a mp | €
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1.04per 25.4 mmthickness of the materiéR 5.88 perinch thickness of the materjain
comparisonwith a drestd polyurethane foam sampieith an RSI value of 1.06 to 1.23
(R-value of around to 7). Although even with tis reduction, thehermal resistancef
this foam is almost 50% better than the EPS foam with the same thickRess the
homeowner 0s chprecalsip 8l tompoaents may imtuce pollutants into
the home Small amount of chemicals in foam instibn as well asormaldehyde in the
OSB, might be released from SIPs and cause heatiblens. Although,the latterwill

not be an issu# the OSB used is formaldehydieee.

Another possible issue with polyurethane SIPs is the foam density. It vinitbesistent
throughout the panel if the foam components are not been mixed projitérishe co-
rect ratios This inconsistency in foam density might cause local shrinkage, settlement
even buckling bthe panels irservice condition. Thign turn, mght require expensive,
time-consuming repairsSusceptibility of thefoam-core to temperature shocks may
slightly alter the panel dimensiona/hen aSIP building is exposed to extreme temgper
ture shockschange in paneldimension might cause breakagepoor connection poirg

within the wall, roof or floor assembly. ®can cause air leakage from the building.

The bngterm durability and longevity of panels aree major concerns othe industy

and consumers. Although SiRave been produced and usedhiehousing industry for
more than 60 years, researaidamaterial testing on the losigrm performance of the
panels remainelatively limited.More scientific investigation is needed to understand the

effects ofde-bondingand delaminatiobetween thedam and the sheet facings.
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1.4  Research Objectives

This researcfocusedon two structural perfonance aspects of Emercor SIPs:

1. The effect ofongtermbond degradation at the interface between the oriented
strand board (OSB) skin and the polyurethfo@n-coreand itsimpacton stric-
tural performance corresponding to the megand location of deondingwas

studied in his research

2. As a function of the environment in which they are ysembd-based structural
components are subject to epeffects.Moisture, temperature and magnitude of
load all play a role in longerm creepbehaviour This research component aval

ated the creegbehaviourof panel specimens in different thicknesses

1.5 Research Approach

The research approacised to investigatthe twoprindpal objectives is summarizedceh

low:

1.5.1  Structural Capacity Evaluation Baseline

Panels wretested to establish baseline values. Thesewsstsconductedn accordance
with ASTM E72 and E1803 standards. Talbi2 outlines the tests and number of $pec

mens for the baseline study.
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1.5.2 Dis-bonded Panels

Axial compression, transverse, and racking tests will be conducted to investigate the i
pact of lack of zonal bonding on panel performance. Thaggstotocol is contained in

Table 12.

1.5.3 BondIntegrity Evaludion

This component of the research evaldatee effect of bond strength between the OSB
and the polyurethane foam on panel structural capacity. The intent behind this phase of
the researchvasto investigate the loadeformation behaviour of panels witeduced

bond. The following approackasused.Pull-off tests were conducted @npaneko eva-

uate the bond between the festeeets and the PUR foatore Pull-off test locations

were randomly selectdéFigure1-8).

Table 1-2: Specimen quantity for PUR SIP baseline testin accordance with ASTM E1803(ASTM,
2006) ASTM E72 (ASTM, 2015)and APA (APA, 2013)

Test Type No. of Specimen$?®  Size mm [ft.] Comments

Axial 5 1220x2440 Vertical axial load véateral deflection at mid

[4x§ height of panel
Transverse 5 1220x2440 Lpad applu_ed at rlg_ht angle to panel height to
[4x8] simulate wind loading
Rackin 5 pairs 1220x2440 In-plane racking load applied to evaluate thé la
9 P [4x8]x2 eral force resisting capacity of the panel, shear
Note: 1.The number of specimens may be increased if an appropriate coefficient of variation (COV) is not met.

2. The number of specimens is indicated for each of 114mm (4.5 in.) and 165 mm (6.5 in) thick panels.
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The research objectiveere is to investigate the relationship between percentagecand |
cation offacing delamination on overall structural performance. The data collected from
this testing shall beomparedvith the fully-bonded panels or baseline values to develop
a computer mael to characterize this behaviotihis model could be used in further-r

searchand development to predict panel behaviour.

1.5.4  Durability andLong-termCreep Study

Facial and core material of the SIPs can undergo high creep behdvieunain case of
creepin SIP is the foam materi@Rungthonkit & Yang, 2009)The focus of this portion

of the researclvasto investigate the effect of lorigrm loads and measure tméd-span
creep deflections of SIP8ased onASTM E180306 Setion 11, a minimunof three
panelsweretested. While the standard indicait total test time of 30 days, these tests
were conducted for a minimum & weeks(56 day$ to develop a more complete creep
curve.Laufenberg et a1999)suggest such duration in order to simulate a typical snow
load in serviceExpected mode of failure in this test sereas shear in core (foam),
crushing andde-bondingof the facial OSBFurther, it is proposed to use ASTM C393
06 todetermne the core shear properties of the panel assembly. A total of 5 specimens
were evaluated. The polyurethane SIPS in this researete fabricatedhorizontally.

When injected inside the ralal, polyurghane foam rises fronthe bottom OSBand
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reaches the to@SB sheet. Hypothetically, thextureof the foamcanbe slightly diffe-
ent in top portionThere was arexpecationthe foam at the top aremay haveslightly
lower density.Furthermorepull-off tests (Chapte6) were conducted on different sides

of wedhered and brand new panels to test the validity of this hypothesis.
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Figure 1-8: De-bonding test sanpling scheme(Source:
Dick, 2011)

1.6 Deliveranles

The following are the principal outcomeskthis research program:
1. Areview of the literature written on previous reseascik

2. Reestablishing the baseline loadluesfor Emercor polyurethane SIPS
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3. Developing a relationship between percentaigge-bondingandchange irstruc-
tural capaity of the polyurethane SIPs

4. Characterizing thereep behaviounf PUR SIPs with two different thicknesses

5. Employing a computer mdel to characterize panel behaviour related to reduced
bond strengthWhen used in conjunction witexperimentaldata, this model

could be usetb predictaspects ofoadresponsdehaviour

1.7 Implications of the Researdor the Construction

Industry

SIPs lave been present in the construction for decades. The SIP industry holds a small
share of wood products and buildingaterial industry. Due to advantagesSHP, there is
potential for growth and a bigger market sh@agnon & A@ams, 1999)Although ce-

mand for SIPs has relatively increased in recent y@amens & Arif, 2006) their a-
ceptance by building code officials, building authorities, builders, and general public is
still over shadowed byncertainty and doubSome of this doubt is based on lack ofi-co
fidence inlong-term durability.

This research aims to address some aspects abthementionedssues which will as-

sist the public to better understand SIPs and use them with much mdicecoe. SIPs
reduce the overall engy consumption of a household. Therefdhejr application will

impect the overall national energy consumption.
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Recently some of the local building code and city offichelse demandeproducers pe-

sent their CCMC The Canadian Construction Materials Cent(€CMC, National
Research Council Canada, 201i8gncing numbein order to have their products used

on constuction sites within major citiedy conducting this research, the foundéthe

project will receive dependable research data that can be presented to CCMC to apply for
a licence number and obtain a product stamjs, Tin turn, enables the consumer to-o

tain the product from the local building material suppliers and use regidential and

possibly commercial building applications confidently.

There is a considerable body of knowledge generhyethe individual manufacturer,
both in the United States and in Canada. Most of the datheesm generated anithere-

fore, owned by individual SIP manufacturers. Duethe proprietary nature of th data,

the information remains scattered anghared with other manufactureasdthe public.
Consequently, published experimental research data on SIPs is rare and very infrequent
comparedo the other residential and commercial construction wall, flaod roof sg-

tems(Mullens & Arif, 2006)

Usually, every industry shows resistamo@ew products. Lack of information is theam

jor reason for this rekctance by code officials, contractors, engineers, building material
suppliers andhomeownersMullens and Arif(2006) in a case study, investigatdt d-

fect of SIP on the residential construction proc@$gy observed the constructioropr

cessof two Habitat for Humanity homes. One house was built using SIPs and the other
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one was constructed with conventional stickme walls.The peed of constructiorthe
amount of waste material, necessary skill levels, and equipment requirementoiwere
paredbetween the two buildings. Mullens and Arif (2006) found that using SIPs reduced
the neessary effoHevel of volunteer workers by 50% comparisonto using conve-
tional woodframe walls.They also found that using SIPs saved more than 60% of the

needed sitéraming labor for the walls and roof systems.

Manufacturerso variable methods for frami
type, and spacing issues caaudesign differences which directly affabe wallpanelas-

s e mb strgn@yth A unity among he SIP manufacturers is needed to harmonize ¢he d

sign values and installation guidelines in order to eventually promote the entrance of SIPs

guidelines into the national building codes.

Connecting these scatteréechniques and database of knowledgewell as the for-

mation of Structural Insulated Panels Association of Canada (SIPA Cam#ideypefu-

ly unify the industry with building and code officialButure ceoperation and the cae

tion of a common language for building code officials and manufrstoan causehe
establishment of a Canadian Si8sociatiorsimilar to Structural Insulated Panel Assoc

ation in the United States (SIPAlhe mission of SIPA Canada subsequently similar to

the goals set by SIPA in the United Stai®#?A, About SIPA, 2011)i To i ncr ease

use and acceptance of SIPs in green, high performance building by providing an industry
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forum forpromotion, communication, education, quality assurance, and technical and

mar keting researcho.
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Chapter 2

Literature Review
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2.1 Introduction

The termduilding paneléin construction industryrefers to modular construction rhet

ods. These methods can inclutdhee fabrication of stud walls or any composiie=
fabricated sandwich panélhe core of saiwich panels may contain insulation material

or not They nay also work as loatdlearing members dre used as cladding or partition
walls only (Butt, 2008) There are research studies on the performance of the sandwich
panels m generalbut not many research studiesthelong-term structural behaviour of

SIPs.

The following matterswill be reviewed in this chapter to better understand sandwich
panels and their overall behaviour:

1. History of SIPs
2. Different types of insulatecasdwich panels
3. Former studies olong-termcreep in insulated sandwich panels

4. Previousstudies orfoamand a-bondingissuesdn insulatedsandwichpanels

2.2  History of SIPs

Although SIPs have been around since 198@sy gained attention in the 1970s and
1980s.The first attempts of construction with

Wright merged beauty withpplicabilityin a low-cost housingproject in Usonian irthe
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United States. His panels consisted of three layers of plywood and two layerpa&f tar
per. These panelfhioweverwere not commercially successful dueattack of insulation
(Morley, 2000) Around the same time, engineers at the Forest Production Laboratory
(FLP), located in Madison, Wisconsiproduced panelsonsisting of insulation san
wiched between two skins with added framing members placed inside the paneifor add
tional support. Panels were used to build test homes which went under continueus mon
toring for about thirty years. Oveime, they experimeetl with new methods and neat

rial as well. Used panels were eventually dismantled aedamined by FLP for further
studies(Butt, 2008) They sold those pducts for the next thirty yeaf§oamlaminats,

2008)

Lack of suitable insulation and concerns about energy efficiency emgmx Alden B.

Dow, Frank Llioyd Wr ght 6 s student, to continue exper
195Q he created the first SIP witiminsulation coreHe has, therefre, been credid as

the creator of the first SPDowd s ear | y S l4Pmm (teein) Styrafoamd e o f
sandwiched in between two 8 mm (5/ib§ thick plywood facings. Those panels were

used in homes located in Midland Michigan amaah still befound n those homes today

(Morley, 2000)

Dowbs early success sparked the Compasyt maj o

who built the first automatic production plant in 1959 in Detribppers SIPs were
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composed oblown pre-expandedStyrofoambeads between to sheets of plywood and
glued together using steaand glue to create a rigid framewoBkventually, price, slow
speed of production, and the resistatwéheiruseby t he car penkKop-r sé6 un

persSIPs not commeially successfu{Foamlaminates, 2008)

Later in 1960sAlside Hope Program started a new line of SIP production. But after ma
ing less than 100 SIP houses, lack of demand forceccoinigpanyout of business too
(Morley, 2000) There are also records that Woods Constructors of Santa Paular-Califo
nia used SIP panel systems in their apartments and homes from 1965 t¢All984

Canadian Construction, 2011)

In 1990,U.S. SIP manufacturers estableshSIPA in order to promote and introduce SIP

to the construction industry. As of 2000, thare more than 100 SIP manufacturers in
the United States. SIPA has reported 24% yearly growth rate in SIP industry from 1991
to 1994. $hce thenthe growth rate increased to more than 35% annuall2000,o0ne
hundred SIP manufacturers produced SIPs for 5% of the buildings built in the United
Statesannually(Morley, 2000) Recently the construction indusyrhas beemaying more
attention to the SIP technology. This in turn, can encourage builders to use mere env

ronmentally friendly materials such as SIPs.
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2.3 Different Types of Sandwich Panels

Foamcores can be cast in or laminated with different types oinfacnaterialssuch as
various cement boards, aluminum and steel sheet metalydinferced polymers (p&a
tics), plywood and finish cladding produci®orley, 2000; Butt2008) Table 21 pro-
vides some of the advantages and disadvantages of some rfatiergals that are being

used by the SIP industry.

Table 2-1: Advantages and disadvantages of commonly used facing sheet materials for manufacturing
SIPs (Panjehpour et al., 2013)

Type of skin Advantages Drawbacks

Oriented Strand Board Costeffective Flammable, Pervious to insects

(OSB) Vulnerable to moisture, Requiremer
of sheetrock to comply with fire
codes

Aluminium and Steel Nonflammable, Lightweight Unable to insulate the core from

heat, Regirement of sheetock to
complywith fire codes, Requirement
of cosmetic finishes

Cement and Calcium silicate Fire resistant, Able to insulate th Having brittle failure under compse
board core from heat, Providing good sive load, Unavailabilitwith large
axial compressive strength size panels

Fibre Reinforced Polymer  Lightweight, Impervious to insect Potential flammability, Low ¢o-

(FRP) Waterproof pressive strength, Unable to insulat
the core from heat, Requirement of
sheetrock to comply with fire codes,
Lacking bacoustic resistance
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2.4  PreviousStudies on CreeBehaviourin Insulated

Sandwich Panels

There is limited literature otie structural performance of SIPs undieng-termloads. A
few studies have been conducted SIFPs with polystrene foam buthere is no study
testingOSB-faced polyurethanéoam-core full-sized SIPs. Although this research aims
to study the polyuretharfeam-core SIPs, studying the creep behaviour of general wood
products and foam as a separatgarial core panels can be beneficial. Also, reviewing
the existing reported work on ER&m-coreSIPs will help better understand and predict

the behaviour of polyurethane SIPs.

2.4.1  Creep in Material

Creep as an inelastic actiofiPollack, 1988)is the tendency of solid materials to deform
slightly or permanently due to the applied load or sustained mechanicalosteesstime
period There is a direct relationship between creep, stress, lewelthe temperature
which the solil material is subjected to. The higher the stress level and the temperature
the more the creep deflection will be. Creep happens when the strain continoes to i
crease even though the stress léewebnstant. In this case, removing the stress will result
in strain decreas@ollack, 1988) Creef rupturecanalso bedefined as the ultimate fai

ure due to loss of strength and increased deformation under-gelomdpad(Laufenberg

et al., 1999)
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Figure 2-1 depicts the typical eep behaviour of a viscoelastic material. The instaatan

ous region shows where the material reaches its immediate deflection. In the primary
creep region, deflection increases at a decreasing rate. The secondary creep region depicts
the regionin which thedeflection has aearconstant rate and in the tertiary region, the
material ends in rupture. Deflection immediately decredigbe material or the structure

is unloaded before the start of the tertiary s{@gglor, 1996)

A Failure

X

Y
7 Tertiary

o
5
= Secondary
O
o . Unload
S Primary
)
Instantaneous
‘\ _ _ Recovery
Time, t

Figure 2-1: Typical material creep behaviour(Taylor, 1996)

2.4.2  Creep in Insulated Sandwich Panels

Time-dependent creep deformation sandwich panels iselated to load duration.
Strength of wood based products has been known to be dependent of time under stress or

duration of loadLaufenberg et al., 199. Creep due to lonterm loads has no influence
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on SIPs when used in a wall assem{ihavies, 1987)The effect of creep on SIPs must

be considered when the panels are used as roof or floor panels. The National Design
Specifcation for Wood products (NDS) in the United States provides a formulalfor ca
cuating the t goyaf woalepfodluets eéxposed tongtprm loading

(NFPA, 1991);

D
C

Dl
Dl

(Eq. 2.1)

Where:

K= Constant to calibrate theong-termeffects of dead load and live load
PLongterm= IMmediate deflection under deambld +long-termportion of liveload

Pshort ter= Deflections under short term portions of dgsload

The&o Af aocrt offt e rimo e f | e ¢ rangeshetwerm In5sfdr seasbned
lumber and glulam timber products to 2.0 for green lumber. Since there was no-such i
formation for SIPst the time Taylor (1996) conducted series of tegtskd®S and poly-
rethane core S| Ro afnac troerc ovarennadse dofi 1. 53

for polyurethane core SIPs.

f

o
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Davies (1987) reported on research conductediisy(1983) ona series of creep tests on
sandwich beams with several @ifént polyurethan&am-core and plain metal facings

for ten years. Just (1983) found that the foam continued to creep even after 10 years. He
also concluded that the creep function was nearly linear (on the double logarithmic scale)
and the fact that 50%f the creep deflection is reversible but the recovery speed is slower

than the initial creep deflection.

Wong et al. (1988) researched the creep behaviour of O&E; &imber andstressed

skin panel (SSP) specimen for 90 days and concluded that theation in environme-

tal conditions have a negativimpact on creep behaviour of OSB and SSP. The effect of
humidity on creep is greater than the effects of temperature in an indoor test environment.
They also found that linear viscoelastic theories (uthale stress levels and controlled
environment) can be used to characterize the-tiepndent flexural behaviour of OSB

and SSP.

Based on Haung and Gibsonds (1990) Si mpl e
(1983), a 1oyear creep behaviour in metal éatsandwich paneisith any densityfoam:
coreunder any design load predictableonly when thefoam-coreis a linear viscoelastic

material such as urethane foam.
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Taylor (1996)conducted &0 day creep test on strips of EPS and polyurethane core OSB
facad SIPs Taylor considered static fourpointloading scheme and measured the-mid
span deflectiors. Based on his findings, the behaviour of EPS and urethane SIPseare lin
arly viscoelastic to the 2/3 and 1/3 of stress level respectigelgsearch prograrbe-

tween the United States Department of Agriculture (USDA) Forest Service, Fordst Pro
ucts Laboratory (FPL), in Madison, Wisconsin, and Forintek Can@dgporation in
Vancouver, British Columbia, Canada conducteccaep and creépupture behavior

of wood-based structural panelkaufenberget al., 1999) showed that plywood, OSB,

and waferboard (in that ordesje more sensitive to environmentainditions than Im-
ber.This six month period creep test was conducted on large specimens under three env
ronmental conditions at two low constdotd levels.Laufenberget al. (1999 suggest

that Creep and creépupture for panel products are extremely sensitive to both constant
or changing environmental conditions and consliaad levels.Butt (2008) conductd
flexural and creep tests on 53 falked OSB faced SIPs with EPS cores. Based on his
experimental findings, regardless of connection between panels, his entire specimen met
the serviceability limit state design with a minimum safety factor of 3 or niweaalso
concluded that deflection and the load carrying capacity due to live load in panels with

lumberi spline is less than deflection in panels with fespline connections.
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2.5  PreviousStudies orFoam ande-bondinglssuesn

Insulated Sandwich Panels

Since the main focus of this study is to evaluate the posgédt®ndingcharacteristics of
Polyurethane foam from the OSB skins, ttebondingmode in sandwich panels with
foam-cores needto be investigated. First and foremost, the foam itself needsliette
understoodThree major types obam arecurrently being usetb make SIPsXPS, EPS

and polyurethane foafPUR)which are individually discussed below.

25.1 EPS Foam

The BASF chemicalcompany invented expandable polystyrene (EPS) in 1@985ASF,

2007) Based on Mo roft 2600,8%0 offSIPs rdanufagtered indhse United

States useEPS foam in their SIPs. EPS foam has a closed cell struttairenakes it

moidure resistantHigh thermal resistance in EPSisduator pocket s wi t hin
body. A 16.02 kg/m (1.0 Ib./ft%) foam density provides aRSI value of 0.63 per inch

thickness R-value of 3.85 per 254 mm thicknggMorley, 2000) EPS, which fungi and
microorganisms do nattack and damage, is ndoxic. EPSstarts deflectingat 80 °C

(175°F)and its melting point is abodDO °C (212°F). EPS is a sleburning material e

cording to ASTM classificatio(iTeach & Kiessling, 1960)ike other plasticsmaximum

stress capacity of EPS depends on the load duration. EPS cannotibiagtidéem tensile
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stresses larger than MPa (2500 psi). As seen iRigure2-2, when loads are larger than

17.8MPa (2580 psi) fractureccurs in less than 1000 hours
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Figure 2-2: Creep behaviour of regular polystyrene at various stresses
[Source: Sauer et al, J. Appl. Phys., 20, 5101949](Teach & Kiessling,
1960)

2.5.2 XPS Foam

Although extruded polystyren®r XPS has better compressive and flexural strength,
beter shear resistance atttermal resistanctor unit of thickness, it is not used by the
major SIP manufacturersligher price, foam slab thickness ltations (up to maximum

40 or S htd@imemsjon instability are the major reasons for the lack of acceptance

by the SIP industr{Morley, 2000)
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2.5.3 Polyurethane (Urethane or PUR) and Polyisocyanurate (PIfR, pol
Iso, or ISO) Foam

Bayer developed polyurethane foai@41 to 1945. In 1952, Hochtlen introduced the
flexible format of the Polyurethane foan{grisch & Saunders, 1973polyurethanes are
formed by combimg polyol with adiisocyanatgan isoganate that has two isocyanate
groups) or a polymeric isocyang#&merican Chemistry Council, 20123Ithough poly-
socyanurate foam is chemicattpmpaableto polyurethane foam, the production met
ods as well as the physicaloperties of the foams are different. Foams made of 100%
isocyanate have bettdrermal resistancéhan polyurethane foams but they are expensive
and break down over time. Urethanes or polyurethanes are made with equal parts of po
yol and isocyanurate maleles(Morley, 2000) Table2-2 providesRSI andR-values for
three major foam tymaused in SIP industryPolyisocyanuratéoams tend to show better
fire resistance properties comparisorwith Polyurethandoam. In generalanincrease

in the isocyanatexcess, expressed as the isocyanat index, will enlthag¢socyanate

index,which in turn,will enhance the fire performance of the fo@airo et al., 2010)

Table 2-2: Comparison of R and RSl values for the cellular foam insulation
materials (M orley, 2000)

Cellular Foam InsulatioRSI R-Valueg

Temperature EPS XPS Urethane

75°F  24°C  0.63 B.57 0.68 B.85 1.21 B.8§
30°F  -1°C 0.68B.85 0.73 j.17] 1.21 B.8§
0°F -18°C 0.73 .17 0.80 §.55 1.21 p.89
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Service condition affects the dimensional stability andgearénce of the rigid Polyar

thane foamFor example,dw temperaturén combination with low humidity magignif-

icantly affectfoam integrity Changes in Polyurethane fognalsie to environmentalfe

fects are grouped as reversible and irreversible changesrmal expansion and B
pressive strengthreall categorized aseversible change#lthough the thermal expa-

sionin rigid polyurethane foam is reversibleut since the facing material has a different
expansion coefficientthere might be added strepsoduced in the structureausng
breaks in joints and thermal brid@idilado, 1967) Briody et al.(2012)conducted creep
compression tests over a variety of temperatures on viscoelasticgibbne foam sa-

ples. Based on their findings, higher temperatures accelerate thaleflsggion. As seen

in Figure 2-3, compressive strength of rigid Polyurethane foam decreases remarkably
with increasing temperature. Long exposure to high dry teryserabove 150 °C (302

°F) results in permanent changes (F&y24) (Hilado, 1967) Polyurethane foam (PUR,
HFC-245fa) provides superb adhesion to the OSB skins and offers the best insulation

protection for moisture transfeng (Panjehpour, Abang Ali, & Voo, 2013)

2.5.4  Compressed Wheat or Rice Straw Core

Compressed wheat or rice straw is a new kind of core ma(Ergalre 2-5). In 1935 in
Sweden Theodor Diedesuccessfully compressed straw and us@d construction i
terial. Stramit was the commercial brand for the developed and patented version of the

product made in in England in the late 194@dsrley, 2000)
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Figure 2-4: Typical curve of compressive

strength versus temperature in rigid Polyure-
thane foam(Hilado, 1967)

Figure 2-4. Effects of 100% humidity and tem-
perature on dimensional stability of typical rig-

id Polyurethane foam(Hilado, 1967)

Figure 2-5: SIPs made of compressed wheat straw, Timber Strand stfiame, Ex-

posure 10SB, (7/16in. - no urea formaldehyde addedl and, nontoxic adhesives

(Agriboard Industries , 2010)
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Rectangular 100@b. wheat or rie straw bales are brought to mill then prepared and
groomed. The material is then pressed together using a 150@0n while the natural

binder inside the materi& activated due to added heat (around 400°F/200°C). The final
product is a slab of commged straw which is 1220 mm {4 wide and 89 mm (3in.)

thick. The slab is then heated again and cut to size. Compressed board is then glued and
molded into panels consisting of OSB facings and engineered lumber frame. Panels are
made up to 7.3 m (2f.) long, 102 to 203 mm (4 to 8.)rthick depending in the appée

tion. Compressed wdat-core SIPs are blast resistanaveup to 2.5 hour fire ratingnt

sect and mold resistant, high aak believed to be 7 times more ight than conve-

tional constuction.

This environmentally friendly material hasegative carbon footprint because therfar
ers do not have to spend enedjgposingtheir agricultural waste product and instead
can use their unwanted waste insome.The relative heft of panelsaif theRSI andR-
Value they offer) has delayed their acceptafi@8kg/nt, 8.4 pcf, versus 16kgfnl pcf

in the case oEPSfoam-core SIPs) for thehermal resistancthey offer. Thehermal e-
sistanceon the other hands not as good alsasbeen claimd. The realistic value ranges
from RSI 0.25 to 0.35 fo25.4 mm(R 1.4 to R2.0 perinch) of compressed prodyct

while the manufacturers claim twice those val(Msrley, 2000)
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2.5.5 Characteristics of OSB Facings

The Structural Boad Associ ation defines OSB as: N a
range of construction and industrial applications. It is aforated panel made of strands
sliced in the long direction from small diameter, fast growing round wood logs add bon

edwih an exterior type bi(9BA,R1O4)under heat and

OSB has been used as the facing material for SIPsvtortajor reasons. First, it is an
engineered wood material which can properly handle loadsamudnd,t is available in
thelarge sizes demanded by the SIP indu@tgrley, 2000) OSB is widely available in
most parts of North America amglinexpensiveOSB is available in common thicknesses
of 8, 9.5, 11, 12.5, 15.5 and 58nm(*/1¢, /s, 116, /2, °lsand,*/, of an inch).OSB Panels
are available in 1228 2440 mm (4x 8 in.) sheets or cut to size dimensions.dearsizes

up to 2440 x 7320 mm (8 x 24)ftare available by special order. Some new millsuman
facture jumb@ands areas large as 36607320 mm (1% 24 in) (SBA, 2004) Table2-

3 and Table2-4 providethe basic and physical properties of the O&ESB panels used
in the SIP industry areisuallyrated as Exposure 1 (Figu2ed) in order to protect them
from weathering and possible moisture exposure during construghBA, 2011)
APAG6s recommendation for minimum pamr-el pr o

turingis listed in Table2-5.



Previous Studies onoam and Déonding Issues in Insulated Sandwich Panels 42

2.5.6  Failure Mode ad De-bondingin Sandwich Panels

Failure mode and facde-bondingof sandwich beams under dynamic load have been
studied by several researchers. Daniel ef28l02) summarizes them dacesheetcom-

pressive failurefacesheetde-bonding indentation failure, core failure arfdcesheet
wrinkling, al of which are dependenbn the loadingtype geometrical dimensions and

basic material propertie®©n theother hand, failure mode and fadebondingof sard-

wich wall panelsinclude global buckling, wrinkling or local buckling anfam-core

failure (Mousa & Uddin, 201Q)Major failure mode inBut 6 s (2008) -<creep
sized OSB faced SIPs with EPS cores and fsplme connections provds be due to
horizontal shear between the facings and the t6B®+core between the quarter points

and the supports regiom general, ddonding occurs when the tensile stress of tee fa

ing is more than the tensile stress of the core material.

Wrinkling of the facing in compression is the major cause dbateling of the facing
sheets. Another cause for-dending is the manufacturing defect caldds-bondd There
are few formulas to calculate the global buckling but several studies have suggasted si

ple formulas to calculate wrinklingMousa & Uddin, 201Q)
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Table 2-3: Basic properties of CSA 0437.0 OSB and Waferboart(SBA, 2004)
Grade G2 Grade G1 Grade R1®

Metric Imperial Metric Imperial Metric Imperial
Dimensional tolerances, dryas shippe(f
Length and width, from stated dimensions +0,-4 mm  +0,-5/32" +0,-4 mm +0,-5/32" +0,-4 mm  +0,-5/32"
ﬁgliareness, maximum difference in diag 4 mm 5/32" 4 mm 5/30" 4 mm 5/30"
Straightness, maximum deviation from 1.5 1/16"/ 15 1/16"/ 1.5 1/16"/
straight mm/edge edge mm/edge edge mm/edge edge
Thicknes$
- panel average from nominal +0.75mm  #0.030" #0.75mm  +0.030" #0.75mm  +0.030"
- within panel from panel average +0.75mm  #0.030" #0.75mm  +0.030" #0.75mm  +0.030"
Mechanical properties, dry, as shipp€d
Modulus of rupture- parallel 29.0MPa 4200 psi 23.4MPa 3400psi 17.2MPa 2500 psi
Modulus of rupture- perpendicular 124 MPa 1800psi 9.6 MPa  1400psi 17.2MPa 2500 psi
Modulus of elasticity pardlel 5500 MPa SOS’S?OO 4500 MPa 652‘5?00 3100 MPa 458’5?00
Modulus of elasticity perpendicular 1500 MPa ZZS’S?OO 1300 MPa 198’3?00 3100 MPa 458‘5?00
Internal bond ?\ASS: 50 psi 0,\'/'3;1: 50 psi ?\}Istl: 50 psi
'éftf}]rr‘;' Q?:ln:;ﬁ?;zea(;;régﬁzgss ofFPa  7ot(N)  400t(b)  70t(N)  400t(l)  7Ot(N) 400t (Ib)
Properties Following Moisture Exposufe
gﬂoci’ld“'“s of rupture- parallel- after 2 hr 145MPa 2100psi 11.7MPa 1700psi 8.6MPa 1250 psi
Thickness swell, after 24 hr soak, maximt 6.2 MPa 900 psi 4.8 MPa 700 psi 8.6 MPa 1250 psi
-12.7 mm and thinner 15% 15% 15% 15% 15% 15%
- thicker than 12.7 mm 10% 10% 10% 10% 10% 10%
Linear expansion, oven dry to saturated,
maximum
- parallel 0.35% 0.35% 0.35% 0.35% 0.40% 0.40%
- perpendicular 0.50% 0.50% 0.50% 0.50% 0.40% 0.40%
Notes:

1. Minimum requirements (maximum where stated) are based opan®&l| average, with no single panel more than 20%

below (or above asppropriate) the stated requirement.

2. Tolerances are for rough/sized boards. Tolerances for sanded panels are £0.40mm for variation from nominal, anc

+0.25mm for within panel variation from panel average.

3. Grade R is for waferboard, which is onlyqatuced by one Canadian mill.

4. These values are not for design purpos
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Table 2-4: Physical properties of OSB(SBA, 2009

Nominal Panel Uiz Vapour Flame Spread Sl
Thickness [mm] Weight [N/m?] Resistance Permeance Ratin p1 Developed

[MZCiw] [ng/(Pa.s.n)] g Index

9.5 60 0.08 145 148 137

11 69 0.09 120 148 137

125 79 0.11 85 148 137

15.5 97 0.13 65 148 137

18.5 116 0.16 65° 148 137

Notes:

1. These numbers are average test values obtained by APA, The Engineered Wood Association on kever
nesses of OSB.

2. Panel thicknesses greater than 15.5 mm were not tested, but can be assumed to aprideability e-
sistance equal to or better than that 0f15.5 mm panels. Vapour permeance values are given for 50% relati
humidity (R.H)., and increase slightly with increasing R.H.

- XN, B Ay
Figure 2-6: OSB grade stamp
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Table 2-5: Minimum properties for facing materials used for SIP (APA, 2011)

Thickness Density
Across Along Across Across
7/16 in. 5(5|ng 0 1(?;0 0 1940 4_60 7450 5800 34
in 2ft.) in 2/it) (Ibf-in.fft.)  (Ibf-in./ft) (Ibfrit.) (Ibf/it.) (pcf)
11 mm %Zis O(Klff 0.386 0.171 108.8 84.68 544.6
m2/m) m?/m) (KNm/m)  (KNm/m)  (N/mm) (N/mm) (kg/m’)
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Chapter 3

ExperimentaMeasurement of the Structural Capacity of
PUR SIPs Baseline Tests
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Although building code authorities have reviewed several evaluation refdiPts have
not yet been recognized bgny major code in North Ameri¢® ATH, 2001)and no ui
versal standards or codes of practice are availabledsign and installation of SIPs
(Rungthonkit & Yang, 2009)The only available set of standards for SIPs has been r
cently published bythe American National Standard Institute (ANSI) and The iEng
neered Wood Association undée title Standard for PerformanBated Structural Ins
lated Panels in Wall Applicatiof&PA, 2013) The standard does not cover the hamizo
tal application (floos and roo$) of SIPs.The Canadian wad design manual mentions
SIPs only in its 2010 version and does not recommengdasign procedure or test@fr
tocol for SIPS(CWC, 2010) The International Organization for Standardization geco
nizes SIPs inlSO 22452:2011 specifying test metotbr determining the structural
properties of doublsided, wooebased, loadearing structural insulated panels (SIPs)

for use in walls systen{#nternational Organization for Standardization, 2011)

Baselineexperimental test this researctwere conducted in accordance with available
ASTM standardsand guidelines and manuals provided by CCMC and APhe Engr
neered Wood Associatioklnderstanding the effects of -é@nding on overall structural
capacity of PUR SIPs can proeid basis to answer some of the questions regulatory o

ganizations have about tleng-termbehaviour and durability of PUR SIPs.
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3.1 Test Samples

Table3-1 provideghe quantity anddimensiors of panels tested in baseline test seres
seen in Table -3, for each thickness d?PUR SIPsfive panelswere be tested in axial
loading modefive in transverse loading mogdandfive pairs (two single panels joined
together)in racking load orientatiorAll panelswere brand new and randomly selected
by the manufacirer. All panels had 11mm (7/18.) thick OSBfacesheeton both sides.
PUR SIPs were kept in the lab environmuiith the average temperature of°€land
relative humidity of35 to 4@% for at least one week prior to testing in order to aléaw

climatizaton of the material to occur.

Table 3-1: Specification of PUR SIPs test specimeris accordance with ASTM E1803(ASTM, 2006),
ASTM E72 (ASTM, 2015)and APA (APA, 2013)

Panel Dimensions:

Test Number of Width x Length x Overall Thickness OSB Thickness
Crientation =i Specimens mm [in.]
P mm in. :

Axial A45 5

Transverse T45 5 1220x2440x114 48x96x4.5 11 [7/16]
Racking R45 5 (pairs)

Axial A65 5

Transverse T65 5 1220x2440%65 48x96x6.5 11 [7/16]

Racking R65 5 (pairs)
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3.2 Baseline Tests

Baseline tests include testing structural capacity of conventional stud wall panels and

PUR SIPs in axial, transverse and racking load condition.

3.2.1  Tests on Structural Capacity of Stud Wall Panels

A totd of twelve wall panels were constructed using conventional stick frame method.
Nine panels were made 38 x 140mm (2 x 6in.) lumber with a stud spacing of 608

mm (24in.) on centreand three were made B8 x 89mm (2 x 4in.) lumber with a stud
spacig of 608mm (24n.) on cente. One side of the wall panels was faced with 11mm
(7/161in.) OSB sheathing. The opposing side was covered with 12.5 @&in(.) thick
gypsum or drywall board. The nailing pattern was 150 mm.j&®n centreon both panel

types. Fasteners used to connect the SIP facing panels to framing were 8d common nails
(0.131 x 25in.) conforming to ASTM F166{ASTM, 2013) This type of wall panel g

resents and simulates a typical wall assembly in the Winrf(pagada) area for resiale

tial construction applications.

3.2.2  Tests on Structural Capacity of PUR SIPs

PUR SIPs used in this study were manufactured and supplied by Emerc@zalghry,
AB, Canada Two thicknesses of PUR SIPs were testieldt mm 4.5in.) and 165 mm

(6.5in.). Each panel was comprised of two 11.9 mm (154320SB faces with a poly
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rethanefoam-core Prior to testingdimensional lumber was installéol simulate top and
sill plates in accordance with standard construction pradtiedumbe was added to the

sides of the PUR SIPs.

According to thefoam supplieb sdlata sheet information, the density of &R foam

core is expected to b&2 kgm® (2 Ib/ft’). Based on proprietary tests conducted by
Emercor Ltd., thdoam densitywasfound tobe about 40 kg/fh(2.48 Ib/ff) (seeTable

A-1, AppendixA). The tests conducted on the stud wall assemblies were done id-accor
ance with ASTM E72ASTM, 2015) Evaluation of the PUR SIPs structural capacity
was conductedbasel on the following test standards and guidetinaSTM E1803
(ASTM, 2006) ASTM E72(ASTM, 2015)and APA(APA, 2013) All the tests were pe
formed at an average room temggere of 21 °C. The test frame in the Alternativé Vi
lage at the University of Manitoba was used to test the wall panels. Load cells attached to
the hydraulic ram systems on the test frame were used to measure the applied ésad. Lin
ar potentiometers wengsed to measure deformation. The data were continuouslyfecor
ed with a computer controllefigilent data acquisition/data¢igerswitch unit (34970A.

Newly arrived PUR SIPs were keptariab environment for a few weeksr them to be

aclimated
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3.2.2.1. Axial tests

Axial compression tests were conducted on panels set in the test frandg@edix B,

Figure B 1 to B-3) with the load applied in accordance wARA standard (APA, 2013).

Six linear potentiometers were attached to the panels to measure deflectsotts -

plied loads (Figure -3). As guided by ASTM E1803ASTM, 2006) ASTM E72

(ASTM, 2015)and APA (APA, 2013) the axial load must be vertically applied to one

third of the thickness of the panel. This eccenlwiading scheme will create etentre

loading which in turn exposes the panel to compression and buckling deformations. NTA

(2015 e x pr esses

such

|l oading s

End gages

measure in-plane

deformation

4
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-
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Figure 3-1: Axial compression test setup diagranfAPA, 2013)
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Figure 3-2: Axial test setup

Following is a summary of the availaldtudies on th@rediction of the maximum axial

load or critical bucking othe sandwich panels as follows:

According to Euled $ormula, the critical buckling load @pfor a compressiomember

with a height of Land pinpin supportss given by Mousa and Uddin, 2011):

0 — O % RoP
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The flexural stiffness for a sandwich structure is given by ASTFBBBas(Figure 33):

O 00 T % Hog
Eq. 3.2 assumes only isotrogaceshees. To consider orthotropitaceshees, such as
OSB, E (longitudinal modulus of elasticity dace shees/skins)in Eq. 3.2 should besr
placed by E(1- gzxy) whgiséeigpl ane Poi s s oantliosopicfege i o of
shees in the xyplane.This will consider the througthickness anisotropy effect due to

the orthotropidaceshees. Therefore, Eq. 3.2 can bewstten as:

O O0Op v —F—— p U % B o®
pPCq
When the compression load P reaches the critical value for bucklinth€’ sandwich

member starts to buckle. All§a969)suggests the following formula for the calculation

of general global kekling in sandwich panel with thin isotropic faces:

1
C

o ———— % Rod
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Foam core

ey i~

P OSB face sheet

Figure 3-3: Legend for Equation 3.2(Mousa & Uddin,
2011)

By substituting B from Eq.3.1 into Eq.3.4, then we can get:

- - 0 1N
5 ) % 808

Flexural stiffness D can be determined from &§.for orthotropicfaceshees while the

shear area A of a sandwich paffébure 3-1) is given as:
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06 W — % RBo®

Substituting Eg3.3 andEqg. 3.6 into Eq.3.5, yields

. O ° . -
U] T p v % Hog
4] 'O "Cp l‘)
P -0 0.
UOOT O

Where:

P = global buckling load of concentric loading sandwich panel (kN)

L = panel length (mm)

Eosg= longitudinal modulus of elasticity of OS&ceshees (MPa)

| = moment of inertia of facing sheet about the centroid of the panéf)(mm
Oy= Poi s s o rfagesheeimtheixyplane f

b = panel width (mm)

¢ = core thicknes¢émm)

d = total thickness of sandwich panel (mm)

G = core shear modulusMPa)
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Engineered design of SIP panels using listing reportafatae NTA incorporatedNTA
Inc., 2009)also recommends a similar formdta predicton of the critical bucking load

for a pinnedpinned column under axial loading:

0 $ 00 %8
v 00 oRoty

p§ 00

Where:

Ep, = SIP modulus of elasticity under transverse bending

| = SIP moment of inertiémnt)

L = panel lengthor span lengtiimm)

A, = shear ara of panel. For symmetric panels = 6 (h + c) (mnf)
h = overall SIP thicknesgmm)
¢ = core thicknesgmm)

G = SIP shear modulu@viPa)
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3.2.2.2. Transverse tests

Transverse tests simulate the lateral wind load that causes bending deflection in wall
frames As guided by ASTM E1808ASTM, 2006) ASTM E72(ASTM, 2015) two lin-

ear pagentiometersvere attached to theompression side of the panel (loading face)
order to measure the overall deflection duapplied transverse load§he testpanels

were loadedlaterally up to failure. As seen in Figure -3, transverse tests in this study

were conducted on five single 1220 x 2440 mm (4 x 8 ft.) paneadsvertical manner

Figure 3-4: Transverse test on stud wall in
progress
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3.2.2.3. Racking tests

Free rotéion of facesheetscan happen when wall panels are exposed to racking loads
only (Figure 35). Racking load is &ad applied in the plane of the panel assembly in
such manner as to elongate one diagonal and shorten the other diagonal simedating d

formation caused by wind or a seismic ev@figure 3-6).

No Vertical Load

RELEEEEL

Racking Load

@

Tension

v Compression

l Vertical Load l

l v ®)

Tension K T l |l

Compression

Figure 3-5: Racking behaviour of sandwich wall panels with or without vertical load¢Bregulla,
2003)
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In a system of two panels, the whole system will freely rotatesing compressive stress

in the opposite side of the loading point dedsileuplift force where the racking load is
applied. On the other hand, when a vertical load is applied to the system, the compressive
stress in the rear side is increased and the tensile stress is dedteaseder,this in-
creases the internal shear stress between the sandwich panel compBremifa,

2003)

Figure 3-6: Racking resistance test on 2240 x 2240mm (8 xt8 fPUR SIPs

ASTM E1803(2006)and ASTM E722015)recommend installation of a stopper system
at the rear end of the walls in order to avoid bamial movement of the system due to

applied racking loads. Also a stoppedta be installed on top of the wall assembly in
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order to eliminate any uplift or vertical movement when racking loads are being applied.
Each acking load capacity tests weterductedon a pair of panelsonnected together
usingOSB splines forming a 2440 x 2440 mm (8 K.8 panel(Figure 37). The nailing
pattern was 150 mm (6.)non centreand the nails used to connect the two SIPs together

were 8d common nails (0.131 ¥52n.) conforming to ASTM F1667 (ASTM, 2013).

As guided byASTM E1803(2006)andASTM E72(2015) racking load was applied at a
constant rate throughout the eSpecimens were loadién three stages of up to 3.5, 7.0,

and 10.5 kN (790, 1570, and 2360 Ibf). At the end of each stage, load was brought back
to zero, paused for 5 secondsd then increased to the next load level. After the third
stage, the specimens were loaded to failds suggested by the above mentioneddstan
ards,the speed ofthe tests was such that the first cycle of loading 3.5 kN (790 Ibf) was
not completed in less than 2 minutds.all racking tests, According to ASTM E72
(2015, if the failure did not occur before 102 mm (4 in.) of deflection, tests were stopped
and considered completéhe same procedure was repeated for stud wall paAslsie-

picted in Figire 3-8, load was applied to thep corner of the wall assembly ag a ly-

draulic jack. Stoppers were installed on the opposite bottom side of the panels in order to
stop them from moving towards the force direction. As recommended by (2F¥8)

four linear potentiometers were installen the panel to measure movements and@efle
tions of the specimen. Five sets of panels were loaded to failure at a constant load rate

recommended bASTM E1803(2006)
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Figure 3-7: A typical spline-glue connection used to ao
nect two Styrofoam foam core panels togethdFine
Homebuilding, 2006)

Lload applied directly through hald down
atached to top plote
Hold dewn,  Facing shall nad
c plate and bearaon the top
Lateral guides rollers plate
Lood o
| A
| |
#2 3PF
| | | 2% lumber,
I matching core
| | | thicknezss,
|| I | | =R and bottom
! i |
} I |
| I | | #2 5PF
| | | 2% lumber,
matching cors
|| I I | thicknass [top),
| | matching SIP
|| | | || width (bottom)
} | I
||c v il | ™D
"B .% ——————— e el b
[ ) | |
' i
Stop width equal to the plate width )
Gage A: Measure the horizontal movemantof the inssred op plate [not the focing) of the 3IP
Gage B: Measure the sliding movement of the inserted bottom plate [not the facing) of the S1P
Gage C: Measure the downward movementof the end stud [notthe facing) of the SIP
Gage D: Measure the upward movement of the end stud [nat the focing) of the SIP

Figure 3-8: Typical test setup for racking load test{APA, 2013)
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3.3 Baseline Test Results

3.3.1 Modes of failure

Crushingof the top plate, the OSB, and, consequeralslight rotation of the top plate,
governed the failure mode of the PUR SIP under axial |ddusrotation angle normally
widened on the compression due to intenti@talentrcity adoped when the axial loads
were appliedBuckling was not observed in any of the axial tests conducted ipattisf
the study. All panels, regardless of their thickness, crushetietop right beforethe fi-

nalfailure and sudden drop ithe handled load

In terms of transverse loadinganelsexhibited significant deflection before failure-d
fined as a sudden drop in load or material faildree faiure modewas governed by
crushing of the OSB on the compression side, visible stretci@®$B fibers orthe ten-
sion side and theappearance dfignsof shear fracture in the middreeightzone of the
foam-core As for thefoam-core normally, a small crack would start from the tension
side of the panel and the panel would suddenly fail with the crack gatipg to the

compression side and shearing fib@m-corealong the length of the panel.

Failure mode of the PUR S#fn racking load capacity testwas much harder to detect

and studyPUR SIPS tested for racking load capatiad uprightdimensionallumbers
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attached to their sidakereforethe foam-corewas not exposed for observatidgBenerk

ly, rotation of thefacesheetOSBs waghe only visible signvhen therackingload was
applied. In most caseshe panel would fail anthe load would drop withduan obvious
sign ofa physicalffailure. In a few caseghe panel would not fail and the loading had to
be stopped ahe deflection limit specified by the ASTM standa&&TM E1803(2006)
and ASTM E72(2015)as 102mm (4 in.).ie foam would deflect and rotate along with
the facesheetsand theultimate failure would occur when shear forcesly or partially

separate thtbam-coreand the OSBacesheets

3.3.2 Relative Behavior of PUR SIPypes

Tables3-2 to 3-5 represent the results for all the tests conducted on 16%%m( and
114mm @.5in.) thick PE SIPs and stud wall (stifkame) panels. Tabld-5 represents
the average values obtained for all the tests conduttesl.overall strictural perfo-
mance of the tested PUR SIPs can be concluded Table 3-5. In the case of axial
compressie loads, thicker PUR SIPisad an ultimate load capaci®3% morethan the
thinner SIPs. In the case of trapsse loadingl65mm 6.5in.) thick SIPshandled 26%
percent moreultimate load than the 114mm4(5 in.) thick SIPs. Howeverat failure,
when the panels were exposed to racking load, thicker panels handled 9%ines®

load than the thinner panels.
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As seen in Tabl&-5, 165mm (65 in.) thick PUR SIPs can handle Zbmore axial load
comparedo the same thickness of stud wall panels. PUR SIPs with 165mbBmm (6can

resist an average of 162 kN perearmeter. PUR SIPs with 114mm.$§in.) are able to

carry an average of 131 kN per meterthe case of transverse loading (which simulates
wind load), 165mm (& in.) thick PUR SIPs handled 37% more load than the stud wall
panel. When the panels were exposed to racking loads, PUR SIPs performed more than 4
times better than the same thicknesstud wall assembly. This value was more than 3
times better when 114mm (8 in.) thick PUR SIPs wereomparedto the racking e-
sistance of 114mm (8in.) thick stud wall panelsThe findings of this panf the testare

in agreement with former studieceonducted by Kermani and Hairstd@806) claiming

that a polystyrene SIP wall can outperform a conventional stud wall diaphragm.

Table 3-2: Baseline test results for 114 mm (4.5 in.) thick PUR SIP

114mm (45in.) thick RURSIP

Test number Maximum Maximum Maximum
Axial Load Transverse Load Racking_-oad
[kN] [kN] [kN]
1 145.74 28.36 43.50
2 201.33 30.51 41.34
3 126.38 30.83 56.11
4 160.70 32.38 71.51
5 165.70 29.92 53.26
Avg. 159.97 30.40 53.14

STD 27.72 1.46 12.03
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Table 3-3: Baseline test results for 165 mm (6 .5 in.) thick PUR SIP

165 mm (65in.) thick RIRSIP

Test number Maximum Maximum Maximum
Axial Load Transverse Load Racking Load
[kN] [kN] [kN]
1 188.66 35.87 44.78
2 183.00 39.62 39.66
3 211.72 37.40 57.04
4 199.33 39.07 50.42
5 204.80 40.19 50.90
Avg. 197.50 38.43 48.56
STD 11.69 1.77 6.60

Table 3-4: Baseline test results fo88 x 140mm (nominal 2 x 6 in) and 38 x 89mm (nominal 2 x 4
in.) stud walls

114mm (45 in)

165 mm (65in.) Stud wall panel Stud wall panel

Test number

Maximum Traan\)/(ieTsL:emLoad Maximum Racking Maximum Racking
Axial Load [kN] [KN] Load [kN] Load [kN]
1 149.76 30.26 11.75 14.92
2 129.80 27.11 12.34 15.22
3 192.66 27.06 10.75 16.42
Avg. 157.40 28.14 11.61 15.52

STD 32.12 1.84 0.80 0.79
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Table 3-5: Comparison between panel assemblies load capacity

114mm 165mm : 165mm 114mm
45in) 65in.) Ratioof  (g5in)thick (45in)thick Ratio of 165 Ratio of114
thick PUR  thick PUR ~ 165mm stud wal studwall  mm(6.5in) mm(4.5in.)
Test SIP Sl (6.5 in.jto panel’ panel’® PURSIPto PURSIP to
Orientation — A 114 mm 165 mm 114 mm
m;lirl?)g?j m;)fﬁ?)gz (45in)  Average max Average max gy qwall  Stud Wall
PUR SI®
e e load [kN] load [kN]
Axial 159.97 197.50 1.23 157.40 N/A 1.25 N/A
Transverse 30.40 38.43 1.26 28.14 N/A 1.37 N/A
Racking* 53.14 48.56 0.91 11.61 15.52 4.18 3.42

1.In the case o$tud wall tests, single 12202440 mm (4 x 8 ff.panels were tested while the case oPUR SIP tests, two
1220x 2440 mm (4 x &.) panels were joined together and tested to failure.

2.1220x 2440 mm (4 x 8 ff.thick stud wall with OSB facings attached horizontally to simulate the actual end use condition.

Figures3-9 to 3-11 represent theypical load-deflection curves of all panels tested. As
seen in all three sets of curvesmparedo stud walls PUR SIPs exhibit a higher energy
absorption capacity by having larger area under their-diedléction curves. As seen in
Figure 39, although tested65 mm (6.5 in.) thickPUR SIPs in transverse load ori@nt
tion did not have any stud them;they showed a similar behaviour except higher load
capacity compared to stud wall panels. In the case of racking load capacity (Fig)re 3
165 mm (6.5 in.) thickPUR SIPs not only exhibit ultimate load capacity of 4.18 times
higher tharstud wall panels witlthe same thicknesgheyhada steeper load vs. fiiec-

tion curve suggestingigher stiffness in thepecimenAs seen in Figure-31, when pa-

els were exposetb axial load, even without any stud, 165 mm (6.5 in.) thick PUR SIPs

exhibited 1.25 times higher ultimate load capacity than the stud wall panels with the same

thickness.



Ba<line Test Results

67

50

40 .
— 165mm thick
Z (6.5in.) PUR SIP
= with no upright stud 165mm
3 30 (6.5in.)
3 stud
p wall
) panel
> 20
c
o
|_

10

0
0 10 20 30 40 50 60 70
Deflection[mm]

80

Figure 3-9: Typical transverse tests results aoparing the performance of a 165mm thick (6.5 in.)

PUR SIPs to a conventional 165mm (6.5 in.) stud wall panels
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Figure 3-10: Typical racking tests results conparing the performance of a 165mm thick (6.5 in.)

PUR SIP to a conventional stud wall panel
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Figure 3-11: Typical axial tests results conparing the performance of a 165mm (6.5 in.) thick
PUR SIP to a conventional 140mm (2 by 6) stud wall panels

3.3.3 Comparison to theoretical critical buckling load

Actual specifications and property values of the tested panels can be input in Eq. 3.7, in
order to calculate the critical buckling load of the tested panels. Yielded theorelical va

ues can be compared with the actual results obtained in experimesstal test

L =2440 mm
Eosg= 5500 MPa
| = 3635983186800 mm

Oy = 0.195 (Thomas, 2003)
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b=1220 mm
c=142.8 mm
d =165 mm (6.5 in.)

G = 0.84 MPa (PUR foam)

Pcr (expected global buckling loaaf a concentric loaded 165 mm, 6.5timck sandwich

panel) = 157,578.94 N (157.58 kN)

This theoretical value is abous% less than the average ultimate axial load foundkby e

perimental tests of 197.5 kN (Table383

3.4 Conclusions

1. Polyurethane core Structural Insulated Panels (PUR SIPs) tested in thisxstudy e
hibited more rigidity, ad overall load capacity than the contienal stud wall

panels in all loading orientations of axial, rackiagd transverse.

2. Under axial compression loads, 165méi5(in.) PUR SIPshandled23% more

loadthan the thinner SIRE14mm,4.5 in. thick.
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3. When subjected to transverse loadingshé ©.5in.) PUR SIPs handled 26%

more load than the 114mm.bin.) thick PUR SIPs.

4. 165mm 6.5in.) PUR SIPsexhibited 9% less load than 114mm.g§ in.) thick

PUR SIPs when they were exposed to racking load.

5. 165mm 6.5in.) thick PUR SIPs cawithstard 25% more axial loadomparedo

the same thickness of stud wall panels.

6. In the case ofransverse loading (which simulates wind load), 165r6r8 iQ.)

thick PUR SIPs handled 37% more transverse load than the stud wall panel.

7. When the panels were exged to racking load, PUR SIPsindled4.18 times
more loadthan the same thickness of stud wall assembly. This value was 3.42
timesmorewhen 114mm4.5in.) thick PUR SIPs wereomparedo the racking

resistance of 114mnd(Gin.) thick stud wall panels.

8. Comparedo stud wall panels, PUR Slieflect less for the sanmackingload.
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Chapter 4

Experimental Measurement of tBéructural Cpacity of
Dis-bonded PUR SIPs
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4.1 Introduction

The effects of déonding and separation of SIP components enotrerall behaviour of
SIPs are currently unknowservice conditionsweathering effects, and manufacturing
malfunctions can cause partial separatibime main objective was to study the effects of
a certain percentage of OS&m debonding onthe overal structural capacity of the
PUR SIPs. Intentionally deonded or didoonded panels were tested in order to irivest
gate the effects of deending offoam-core and OSBfacesheetsof PUR SIPs on the

overall structural capacity of the panels.

4.2  Sample Preparain

Table 41 represents the number of panels tested in this part of the study. As seen in this
table, similar tdully-bondedpanels tested in baseline test series (Chapidiv8)panels

were tested in axial, five in transverse and five pairs in rgdkiad orientatios

Table 4-1: Dimensions of intentionally disbonded PUR SIPs test specimens accordance with
ASTM E1803(ASTM, 2006), ASTM E72 (ASTM, 2015)and APA (APA, 2013)

Number of Panel Dimensions: 0SB
Test Orientation Test ID UmBEr o Width x Length xTotal Thickness Thickness

Specimens

mm [In.]
mm In.

Axial DA45 5
Transverse DT45 5 1220x240x114 48x96x4.5 11 [7/16]
Racking DR45 5 (pairs)
Axial DAG65 5
Transverse DT65 5 1220x2440x165  48x96x6.5 11 [7/16]

Racking DR65 5 (pairs)
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While there is no specific standard testingdisbonded panels, a decision was made to
investigate the effect of disbonding on 1/3 of the panel length. It was decided to place the
disbonded portion at the top in the test appes.The Emercor SIP manufacturing facil

ty producedthe partially bondless or dishonded PUR SIPs. As seen in Figuré,4he

panels were made with a totiik-bondedareaof 33% (1220 x814 mm, 0993 nt or 4 x

2.67ft, 10.7sgft.). A comprehensive firgest study on SIPs conducted by Breg((1a03)

found that the top part of SIPs is the first zone to fail when SIPs are exposed ta fire.

the case of transverse and racking loading situations, locating tberdiszae on the

top or bottom area of the panel would cause asymmetry and simulate the worst possible
loading condition Similar asymmetric behaviour would be expected if thebdizded

portion were oriented to the bottom of the test frame.

In order to make sincpanelsthe designated area (darkened area seen in Figlijewas

covered by thick waxed paper (Figure}to prevent any contact between the injected

l iquid polyurethane foam and the OSBO6s int
ly no bond letween the OSB and the PUR foam on the desiredatid area of the pa
els.OSBfacesheetsand PUR foam used to fabricate theloided panels was identical

to those used to make thdly-bondedpanels (tested and described in Chapter 3 of this
thesis).Similar to regular panels, the soft side of the OSB faced the fBalRcoreand

the rough side facing outside
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Panels arriveat thelab without anyframing lumber. As for 114 mm (4.5 in.) thickrpa
els, 38 x 89 mm (2 x 4) dimensional lumber was addeti¢ top and bottom panels-b
fore being tested under axial and transverse load tests. In the case of 165 mm (6.5 in.)
thick panels, 38 x 140 mm (2 x 6) dimensional lumber was added to the top and bottom

of the panels.

Figure 4-1: Darker OSB area indicates the dis
bonded/debonded region on the surface of the PUR
SIP
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Waxed Paper B

Figure 4-2: Partially bond-less PUR SIPs ready for testWaxed paper used k-
tween the OSB facesheets and the PUR foam to avoid bond between the twan
terials

Similar to ra&ing tests conducted in baseline test series, OSB splines, constructen adh
sive, expandable spray PUR foam (Great Stuff Bypnails, along with two continuous
2438 mm (8 ft.) long dimensional lumber on top and bottom were employed to join two
panels tgether (Figure 8). The framing lumber was attached to the panels using foam,
construction adhesive (Lepage, Plemium™). Similar to panels tested in baseline tests,
the nailing pattermisedwas 150 mm (6 in.) onentrewith 8d common nails (0.131 x2.

in.) conforming to ASTM F1667 (2011).
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All panels were allowed toonditionin the lab environment for at least 24 hours in order

to allow the construction adhesive cuwll the tests were performed at amerage room
temperature of ZC. The test frme at the Alternative Village at the University of Ntan

toba was used to test the wall panels. Load cells attached to a hydraulic ram system on
the test frame were used to measure the applied loads. Linear potentiometers were used to
measure deformation amteformation. The data were continuously recorded using a

computer controlledgilent data acquisition/data logger switch U3i4970A).

Figure 4-3: Connection details of two 1220x2440 mm
(4x8 ft.) panels joined together for racking test purposs.
OSB splines, construction adhesive, expandable spray
PUR foam and nails used to join the panels together
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4.3  Test Procedure and Assembly

4.3.1 Axial Load Tests

In order to be consistent with the control (baseline) tests| lasd tests on dibonded
panels were conducted conforming to ASTM E1883TM, 2006) ASTM E72(ASTM,
2015)and APA(APA, 2013) A load cell with a capacityfod5 ton (00,000 Ibs) was

used to conduct the testsnear potentiometers wengsed to measure deformations of

the panels under the applied eccentric axial load. As seen in Figufeur linear pote-
tiometers were attached to the wall panehn@asureany in or owof-plane movement or
bucking. Two linear potentiometers were attached to theheiight of the panel on the
compression side and two linear potentiometers were attached to thesighdl of the
dis-bonded region of the panel to detect arabre possible buckling in those regions on
both compression and tension side. Two other linear potentiometers also were attached to
top of the panel to measure the shortening of the panel, one on the cross head df the loa
ing machine and one on the highpsssible part of the panel. The dataswontinuously
recorded with a computer controlled Agilent data acquisition/data logger switch unit
(34970A. All five specimens were loaded to failure. As seen in Figebe Huckling m-

ly occurred on the dibondedregion when the panels were exposed to axial load. This
was an expected mode of failure since OSB sheet ov&itHeondedarea acted as sle

der columns with no lateral support to control or limit the buckling.
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Axial load direction

Dis-bonded Zone
= 7
/ Tension Side

Figure 4-4: Location of linear potentiometers on dis
bonded panels tested under eccentric compreien axial
load

H

Figure 4-5: Dis-bonded panel under direct e-
centric axial load. Bucking occurred only at the
disbonded area of the panel at the time of failur
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4.3.2 Transverse Load Test

Similar to axial tests, ASTM E180ASTM, 2006) ASTM E72(ASTM, 2015)and APA
(APA, 2013)standards were adopted tandaoct transverse load tesés 9,000 kg 20,000

Ibs) capacity load cell was used to conduct the t&stforetesting, dimensional lumber
was glued and nailed to top and bottom of the panels. Nail pattern and glueetyge w

identical to those used in baseline tests described in Chapter 3 of this thesis.

Continuous, constant transverse load was applied tantbéheight of the disbonded
panels until failure happened (Figure&6¥ Two linear potentiometers were attached to
both sides of the compressiside of the panels on the rhigight mark (Figure ). Un-

like fully-bondedpanels (which failed at almost migkight line), all five tested spiec
mensfailed in tension at the border of éiended, bonded region of the pargear fdi

ure inthefoam first and thethetensilefailure in OSB facesheetdomnated the general
failure modeThe OSB sheet of the compression side also crushed and failed in sampre

sion.
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Figure 4-6: A failed disbonded panel subjecte

to transverse load

T
2

Dishonded Zone

Mid-height Linear
\( Potentiometers
L1

Loading Directi

=

Figure 4-7: Location of linear potentiometers on disbonded panels
tested under transverse load
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4.3.3 Racking Load Tests

ASTM E1803(ASTM, 2006) ASTM E72(ASTM, 2015) and APA(APA, 2013)stard-
ards were adopted to conduct racking tests o#baligled panels as well. Before testing,
two 1220 x 2440 mm (4 x 8 ft.) were joined together to form a 2440 x 2440 mm (8 x 8
ft.) panel. Similar tdbaseline tests, OSB splines, PUR foam, construction ghee nail
were used to join the panels together. Theo 2440 mm (8 ft.) long dimensionalnh
bers were glued and nailed ttee top and bottom of the assemblihe rail pattern and
glue type vereidentical to those used the baseline tests described in Chapter 3 of this
thesis.As has been directed by ASTM E1808STM, 2006)and ASTM E72(ASTM,
2015) theracking load was applied atcanstant rate throughout thete#\ 50K Ibs @-
pacity load cell was used to conduct the teSfsecimensvere loaded in three stages of
3.5, 7.0, and 10.5 kN (790, 1570, and 2360 Ibf). At the end of each thtalpmd was set
back to zerploading was pused for 5 secondand increased to the next load level- A

ter the third stage, the specimens were loaded to failure.

According to ASTM E72ASTM, 2015) if the failure did not occur before 102 mm (4

in.) of deflection,the experiments were stopped and considered complete. As suggested
by the above mentioned standartlge speed of tests &ve such that the first cycle of
loading 3.5 kN (790 Ibf) was not completed in less than 2 minutes from the start of the

test.The lackng loads were appliet the top (right) corner of the wall assembly (Figure
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4-8) using a hydraulic jack connected to a load cell. A stopper was installed on the opp
site bottom (left) side of the panels in order to block the specimen frornghtvards

the force directionAs seen in Figure-8, six linear potentiometers were attached on the
panel(s) to measure-plane and oubf-plane movementOne linear potentiometer was
installed at the point of load application (top right)measurehorizontal irplane ds-
placement, one at the bottom side (bottom right) of the panel to detect any upkft mov
ment and four linear potentiometers were instadieaiid-heightof the disbonded region

on each side of the single panel to detectaftglane and bucking dermations. In total,

five sets of panels were loaded to failure at a constant load rate and cyclesnas reco

mended by ASTM E180ASTM, 2006)

4.4  Experimental Results

Tables 4-2 and 43 containthe results of axial, racking driransverse load tests contiuc
ed on disbonded panels. Table4and 45 canpare the obtained results to thoske-o

tained fromfully -bondedpanels or the baseline tests described in Chapter 3 of this thesis.
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“\ A X Load direction
Dishonded area J k
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Figure 4-8: Location of the linear potentiometers on disbonded panels tested under racking
load

4.4.1 Axial Load Test Results

As seen inTable 44 and Table %, dis-bonded 14 mm (4.5 in.) and 165 (6.5 in.) thick
PUR SIPs resisted maximum averagé58.70 and 71.26 kN of eccentric axial loads r
spectively.As seen in Table 4.6pmparedo fully-bondedpanels, 3% disbond resulted

in 2.73 times less axial load capacity in 114mm (4.5 in.) thick PUR SIPs. 3%%ed&

bond caused 2.77 times less axial load capacity in thicker 165mm (6.5 in.) thick PUR

SIPs.
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Table 4-2: Test result of the disbonded 114 mm (4.5 in.) thick panels exposed &xial,
transverse and racking load

Disbonded 114mm (4.5 in.) thick PURP

Test number Maximum Axial Trahrﬁlz\)/(lzr?suemLoa d Maximum Racking
Load[kN] [KN] Load [kN]

1 53.82 6.90 74.99

2 64.01 6.35 56.73

3 53.44 6.35 61.57

4 64.50 6.07 84.72

5 57.73 6.21 64.67
Avg. 58.70 6.37 68.54
STD 5.35 0.32 11.25
COV(%) 9.11 4.97 16.42

Table 4-3: Comparison between results in axial, racking and transverse test conducted on ful
bonded 114 mm (4.5 in.) thick panels and dibonded panels

114mm (45 in) thick PUR SIPs

Type of Panel AverageMaximum

AverageMaximum
Transverse Load 9

AverageMaximum

Axial LoadkN] [KN] Racking Load [kN]
Disbonded 58.70 6.37 68.54
Fully Bonded 159.97 30.40 53.14
Difference[% -63.30 -79.03 28.98

Ratio[Bonded/Disbonded] 2.73 4.77 0.78




Experimental Results 85

Table 4-4: Test result of the disbonded 165 mm (6.5 in.) thick panels exposed to axial,
transverse and racking load

Dis-bonded 165 mm (6.5 in.) thick PURP

Test number Maximum

Maximum Axial Transverse Load Maximum Raking
Load[kN] [KN] Load [kN]

1 67.91 9.68 42.68

2 72.42 8.99 44.13

3 68.47 9.34 52.14

4 66.86 8.73 40.96

5 80.65 9.74 43.74
Avg. 71.26 9.29 44.73
STD 5.66 0.43 4.32
COV(%) 7.94 4.68 9.65

Table 4-5: Comparison between results in axial, racking and transverse test conducted on fully
bonded 165mm (6.5 in.) thick panels and dibonded panels

165mm (65 in.) thick PUR SIPs

Type of Panel AverageMaximum

AverageMaximum
9 Transverse Load

Axial Load [N]

AverageMaximum
Racking.oad [kN]

[kN]
Dis-bonded 71.26 9.29 44.73
Fully Bonded 197.50 38.43 48.56
Difference[%] -63.92 -75.83 -7.89

Ratio[Bonded/Disbonded] 2.77 4.14 1.09




Experimental Results 86

Table 4-6: Summary of ultimate load ratios for bonded compared to disbonded for 114 mm (4.5
in.) and 165 mm (6.5 in.) thick panels

Type of Panel Axial Load Transverse Load Racking Load
114mm (4.5 in.) thick 2.73 4.77 0.78
165mm (6.5 in) thick 2.77 4.14 1.09

Figures 49 to 412 presentypical axid load versusvertical degformation behaviour for
114mm (4.5 in.) and65mm (6.5 in.) thick PUR SIP3wo graphs have been plotted for
each panel thickness te€ine curve showghe axial load versus deflection behaviour of
the paneftead from thdop platelinear potentiometemwhile the otheone shows the mid
height deflection. Inclusive curves showingd@the five panels testeale showrnin Fig-

ures D1 to D-4 in Appendix D.As seen irthe curves,regardless of thpanelthickness
dis-bonded panels &ibitedload versus deflectiobehavioumwith lesserslope indicating

reducedstiffnessfor the partially disbondedpanes. While a basic implication is less

load capacitythis has to be considered within the context of what an actual design load

would ke which willbedependant of the building size and environmental loads.
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Figure 4-9: Typical axial load resistance of 114mm (4.5 in.) thick dibonded PUR SIPs
compared to fully-bonded panels with the samghickness.This graph shows the overall
shortening of the SIP under axial load (top linear potenttmeter only)
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Figure 4-10: Typical axial load resistance of 165mm (6.5 in.) thick dibonded PUR SIPs
compared to fully bonded panels with the same thicknessThis graph shows the overall
shortening of the 3P under axial load (top linear potentiometer only)



Experimental Results 88

\

g . Fully-bonded 114mm
/ (4.5in.) PUR SIPs
1 \\

Dis-bonded 114mm
(4.5in.) PUR SIPs

Axial Load [kN]

\"1 15 25 35 45 55
Deformation[mm]

Figure 4-11: Typical axial load fesistance of 114mm (4.5 in.) thick dibonded PUR SIPs
compared to fully bonded panels with the same thickness. This graph shows the overall
shortening of the SIP under axial\load midleft linear potentiometer only). The first few
millimetres of negative deformatiop is due to slight rotation othe | beam (located at the
1/3 of the panel thickness) before I is fully stabilized on under applied load

As seen in Tabld-7, under the axial loads, 114 mm (4.5 in.) thicklsb®ded PUR SIPs

shortened about 80% more than fo#y-bondedpanels. Asfor the 165 mm (6.5 in.)
thick PUR SIPs, the overall shortening hefore failure was about 100%, sagdésti

thicker panels experienced about 26% more shortening due to application of axial loads
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Figure 4-12 Typical axial load resistance of 14mm (4.5in.) thick dis-bonded PUR SIPs
compared to fully bonded panels with the same thicknes§.his graph shows the overall
shortening of the 3P under axial load (mid-left linear potentiometer only)

Table 4-7: Vertical deformation of PUR SIPs under axial load

Average maaxial Average max axial Ratio of
Thickress of the deformation of deformation of fully fully bonded to
Panel dis-bonded PUR SIPs bonded PUR SIPs disbonded
[mm] [mm]
114mm (4.5in.) 8.19 4.57 1.79
165mm (6.5n.) 9.66 4.82 2.00

Part 9 of the NBCQNRC, 2010) Canadian Standard Association (CSA O8ause

4.5.2) and Wood Design Manual (2010) suggesiaximum acceptablmid-spanelastic

deflection ofL/180 for structural members under the load combinations of serviceability
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limit states. th the case of 2438 mm (8 ft.) t&llPstested in this experiment, the acaept

ble deflectiormustbe limited to 13.6 mm (2438/180). As seen in Tab& #lly-bonded

and disbonded panels with different thicknesses satisfy the deflection limits undér axia
load exceptor the disbonded 14 mm (4.5 in.) thick PUR SIPs. T§meanghinner pa-

els (114mm, 4.5 in. thickgxperiencedwo timesacceptable deflection (13.6 mmiior

to failure.

When the axial load capacity of the panels is considered, evepordigd thinner
(114mm, 4.5 in. thickpanels will have enough load carrying capacity for a small single
storey residentiabuilding (See Appendi®). Neverthelessdis-bonced panels (114mm,
4.5 in. thick)do notsatisfythe deflectionlimit criterion On theother handwith regards
to axial load conditions,3% dis-bond in thicker (165mm, 6.5 in. thick) panels seems to

meet botlstrength and deflection limits of the panel required by the codes.

4.4.2 Transverse Load Test Results

Figures 413 and 414 representypical load versudateral deflection behaviour o114

mm @.5 in) and165mm 6.5 in.) thick panelsvhen subjected to transverse loads tb fai
ure Inclusive curves showing the behawi@f all tested panels can be seen in Figures D

5 and D6 in Appendix D.As seen in Figures-43 and 414, disbonded PUR SIPs egp
rienced more deflection before final failure demonstrating a more ductile behaviour while

fully-bondedpanels exhibited less deflection and a sudden failure.
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Based on observations during testinggppearedghear inthe foam occurredfirst as ew
denced by cracking within the foacore. This was followed byfailure in OSB face
sheetsSimilar tothe axial test resultsa maximum acceptablmid-spanelastic deflection
was checkedin accordancevith NBCC (NRC, 2010) Canadian Standard Association
(CSA 086 clause 4.5.2)and Wood Design Manual (2010). In the case of 2438 mm (8 ft.)
tall wall panels, 50mm (2 in.) on each side of the panel was considered s fiuet
edge esulting in a clear span of 2338 mg#88 mmi 100 mm = 2338 mm). Therefore
theacceptable deflectios limited to 13 mm (2338/180). Table9iprovides averageed
flections of all testedully-bondedand disbonded panels. As seen in Tabl®,4dis
bonded114 mm (4.5 in.) and 165 mm (6.5 in.) panels experig¢B8eand 34% moread

flections than théully-bondedpanels respectively.

Appendix C of the NBCENRC, 2010)suggests a wind load of 0.42 kPa for the city of
Winnipeg arean CanadaMultiplying the pressurdy the area of each panel (042.22

m x 2.44 m) yields a&erviceload of 1.25 kN which is smaller than all the values presen
ed in Table 410. This meansven with 3% disbond, all the panels satisfy the loaal ¢

pacty requirements at the maximum deflectiorL6i80allowedby the buildng code
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Figure 4-13; Typical transverse load resistance of 114mm (4.5 in.) thick disonded PUR SIPs
compared to fully bonded panels with thesame thickness. Red dotted lineepresents fully
bonded panels andsolid line represents dis-bonded panels. The vertical blue line indicates the

serviceability deflection limit of L/180 (13 mm)
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Figure 4-14: Typical transverse load resistance of 165mm (6.5 in.) thick disonded PUR SIPs

compared to fully bonded panels with the same thickness. The vertical blue line indicates the
serviceability deflection limit of L/180 (13 mm)
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Table 4-9: Average maximum deflection of the fully bonded 114mm (4.5 in.) and 165mm (6.5 in.)
thick PUR SIPs vs. disbhonded panels in transverse load tests (at the tind failure)

. . Average maxdeflection
Thickness of the Average maxdeflection of of fully-bonded PUR SIPs Difference [%]

PUR SIP dis-bonded PUR SIPs [mm
[mm]
114mm (4.5in.) 101.00 72.60 39.11
165mm (6.5n.) 80.60 59.99 34.36

Table 4-10: Average maximum load atthe deflection limit of L/180 for panels teste:
for transverse load capacity conpared to the code requirement of 1.25 kN maix

mum load
) Average max load at the dé&fction limit of L/180 [kN]
Thickness
of the PUR SIP
DisBonded Fully Bonded
114mm (4.5in.) 2.25 6.15
165mm (6.5in.) 4.57 9.05

Based on the data preseniedTable 44 and 45, 33% disbonding between the PUR
foam-coreand the OSB faesheets of SIPs caused 4.77 tinhess transverse load capac
ty in 114mm (4.5 in.) thick PUR SIR6.37 vs. 30.40 kNand resulted in 4.14 times less

transverse load capacity in 165mm5(@.) thick PUR SIPs (9.29 vs. 38.43 kN).
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4.4.3 Racking Load Test Results

Figures 415 and 416 representypical load versutateraldeformationbehaviour of 114
mm (4.5 in.) and 165mm (6.5 in.) thick panels when subjecteatctongloads to failure.

Unlike fully-bondedpanels, the deflection of the ei®nded panels $¢ed for racking

load capacityvas na limited only to inplane deformatiorAn image of disbonded pa-

el subjected to a racking load is shown in FigwE/4lt can be seen thatutof-plan

behaviour.

100
90 - /

80 - Fully-bonded
| 114mm (4.5in.)
70 PUR SIPs

Dis-bonded 114
4 / mm (4.5 in.)
60 PUR SIPs
50 -
40 -

acking load [KN]

b

60 70 80 90 100
Deformation[mm]

Figure 4-15: Typical racking load resistance of 14mm (4.5 in.) thick dis-bonded PUR SIP:
compared to fully bonded panels with the same thickness
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Figyre 4-16: Typical racking load resistance of §5mm (6.5 in.) thick dis-bonded PUR SIPs
campared to fully bonded panels with the same thickness

Figure 4-17: Racking test on disbonded in progress. Bucking of the didbonded area
of the left panel can be seen
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Based on data containéd Table 44, disbonded 114mm (4.5 in.) thickpanels handled
about 29% moreanaximum racking load than théully-bondedpanels withthe same
thicknes968.45 vs. 53.14 kNyvhen the deflection is disregardédgure 418 compares
the trend lines of the zero to failure curvestlnd disbonded panels (114mm, 4.5 in.
thick) andfully-bondedpanelsAs seen in the figure edpite the overall higher maximum
racking load capacity, disonded thinner paneldearly haveless stiffness and rigidity
and exhibit more deflection before lfae due to no oubf-plane resistance in the dis

bonded region.

On the other handsaseen in Table-8, disbonded165mm (6.5 in.) thiclpanels handled
about 8% less racking load than tlodly-bondedpanels withthe same thickness. This
can also be sedan Figure 419 where the trend lines of the zero to failure curves of the
dis-bonded panelarecomparedo the fully-bondedpanels (165mm, 6.5 in. thickjhere

minor difference in slopes is obvious.

Outof-plane lucking of dis-bonded panelsinder rackingoadswas measured on both
sides of thepanels in thaniddle zone on both singles pané@fgure 48). Based on the
dataobtainedfrom linear potentiometersinlike 165mm (6.5 in.) thick panelg)l the

buckling values of 114mm (4.5 in.) thick PUR Sikae in excess oan h/360 deflection

criterionwhen exposed to racking loads.
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Figure 4-18 Racking load trend-line comparisonbetweendis-bonded panels and fully
bonded panels for 114mm (4.5 in.) thick BR SIPs
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Figure 4-19: Racking load trend-line comparisonbetween Disbonded panels and fully
bonded panels for 165mm (6.5 in.) thick BR SIPs
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4.5 Conclusions

The following conclusions can be drawn from the experiments conducth ipart of
the research studyn the case of 165 mm (6.5 in.) thick PUBRPs, 3% disbond le-

tween the PURoamcoreand the OSBace sheetcaused the following result:

a) Dis- bonded panels exhibited an average @7#mesless6é a x i a | ir-oaddé c
ty when compared to disbonded pané&l$.26 vs.197.5kN). Vertical ds-
placemat of disbonded panels was an average of 2 times (9.66 vs. 4.82 mm)
more than fullyponded panels. Based on observation during the test, most of
the deformation occurred in the form of skin (OSB)-ofiplane buckling in

the disbond region of the panel

b) An average4.14 timesr educti on in Otransverse |o
(38.43vs. 9.29 kN) comparedto brandnew fully-bondedSIP. Dis-bonded
panels deflected an averafy@ timesmore tharfully-bondedpanels(34.3%)
in mid-heightof the panels. ¥enwith 33% disbond, panelstill satisfy load

carying capacityrequirements aa maximum deflectiorcriterionof L/180.

c) Thirty percent didbond between thiBbam-coreand the OSBacesheetover

area of both sides of each SIP caused an avdrdgemesre duct i &kn i n O
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ing | oadd c ap48b56 vs.y4.78@ kNcampaeedapasbrared new
fully-bonded SIPDis-bonded165 mm (6.5 in.) thick PUR SIPs handled only
a slightly higher ultimate racking load before failutemparedto fully-
bondedpanels.This means that36 dis-bondin 114 mm @.5 in.) thick PUR

SIPs has minimal effect on the racking load capacity of the panels.

In the case of 114 mm (4.5 in.) thick PUR SIP¥03disbond between the PURRam-

coreand the OSBacesheetsaused the follomg resuls:

a) An average2.73 timesr educti on i n O6axial cdneadd c.
paredto a brand newfully-bondedPUR SIPs (159.97 vs. 58.7 kN)Dis-
bondedpanels shortened an averdgeé9 timeg8.19 vs. 4.57 mminore than
fully-bondedpanels anaxperiened 4.4 timesmore deflection imid-height

comparedo fully-bondedpanels(27.89 vs. 6.34 mm)

b) An average4.77 timesr educti on in Otransverse |o
(30.40 vs. 6.37 kNyomparedo a brand newully-bondedSIP. Dis-bonded
panels deflected an averaget times 89.199 more tharfully-bondedpanels

at themid-heightof the panelsEven with 3% disbond, testedpanels still
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satisfy load carrying capacity requirements at the maximum deflection of

L/180 allowed by the building des.

c) Dis-bondbetween thdoam-coreand the OSHacesheetsover both sides of
each SIP caused an averdg29 timess ncrease i n Oracking
the panel(68.54 vs. 53.14 kNyomparedio a brand newully-bondedSIP.
Althoughdis-bondedl114 mm(4.5 in.) thick PUR SIPs handled more ultima
racking load before failurghey experienced more deflection before failure
and showed less stiffness than fialy-bondedPUR SIPs with a similar

thickness.
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Chapter 5

Experimental Measurement of the FlexiuCreep Beha
lour of PUR SIPs
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51 Introduction

This part of the study investigatereep behaviouof two different thicknesses of PUR

SIPs under sustained loadoF t he Ot i me6é o HuangraedeGbsoh e st
(Huang & Gibson, 1990)roposedathousanehour period for the creep test @rglwich

beams with polymer foaroores.They based their findings on Ju49983) and Davies
(1987)who suggested creep parameters estimated from a thodsaundtest can give a

good prediction of creep of specimen after 10 years. Laufenberg(é088)also cm-

ducted series of creep tests on some composite panel pracheysnonitored deflection

of their specimens for 8 weeks (56 days) in order to correspond to a typical snow load in

service condition.

This author was not abl® find a specific timdength or definition folong-term creep
test of wooebased sandwich rnexials in any research paper or standard. Some studies
(Laufenberg, et al., 1999) refer to a six months creep test as-telongestwhile others

(Taylor, 1996)uggest a three or nine mon{Esarghooni, 2009as a longterm test.

5.2  Material Description

As seen in Tablé-1, two sets of three PUR SIPs with different thickness were tested u
der sustained deddad for a period of 8 week3he panels were oriented in creep test

apparatus the samey they are manufactured in the manufacturing facility.
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The panels tested for creep were manufactured by Emercor Ltd. Alberta, Canada, ra
domly sampled and shipped to the University of Manit@ased on technical reqek
ments for closeaell polyurethae and polyisocyanurate foam thermal insulation tested
to CAN/ULCS70403 and CAN/ULCS70411 (Standards Council of Canada, 20111¢
foam-coremust meet and demonstrate the minimum strength characteristics and specif
cations sggested in Tabl&-2. Actual mechanical properties of tf@am-core provided

by the polyurethane foam manufactuaee containeih Table5-3. The OSBfaceshees

used by the SIP manufacturer to fabricate the PUR SIPs were stamped as
1R24/2F16/W24 with aaminal thickness of 11 mm (7/16 or 0.4ib8. The mechanical
properties for OBS sheets, as supplied by the manufacturer are specified in-flable 5
Table 55 also provides the physical properties of type 1R24/2F16/W24 OSB specified

by OSB Design ManudSBA, 2004)

Table 5-1: Specification of PUR SIPs tested for flexural creep behavioun accordance with
ASTM E1803(ASTM. 2006) ASTM E72 (ASTM. 2015)and APA (APA. 2013)

Paneldimensions:

Test width x height x overall thickness OSB Thickness
Test ID .
Number mm [in.]
mm In.
1 CT451 1220x2440x114 48x96x4.5 11 [7/16]
2 CT452 1220x2440x114 48x96x4.5 11 [7/16]
3 CT453 1220x2440x114 48x96x4.5 11 [7/16]
4 CT651 1220x2440x165 48x96x6.5 11 [7/16]
5 CT652 1220x2440x165 48x96x6.5 11 [7/16]
6 CT653 1220x2440x165 48x96x6.5 11 [7/16]
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Table 5-2: Technical requirements for closeecell polyurethane and Polyisocyanurate foanthermal
insulation tested to CAN/ULCS70403 and CAN/ULC-S70411 (Standards Council of Canada, 2011

Physical Property
Requirements

Properties
P Type Type Type
1 2 3
Compressive strength, m, kPa 110 140 170
Tensile strenth, min, kPa, perpendicular to the plane of the faeheet 24 35 35
Flexural strength, rim, kPa 170 275 275
after conditioning, nmin per 25 mm(2 in.)thick 0.97
Thermal
resistance 1.90
2o .
(m™C/W): long-term thermal resistance (LTTR), mifor 50 mm (CAN/ULCS 7e3B)

thick product* 1.80
(CAN/ULC S7aul)

1.The LTTR of the material shall be reported for the purpose of energy calculations. The LTTR value shaH
ported for the 25 mm and 75 mm thick products

Table 5-3: Physical properties of the polyurethane foancore provided by the foam manufacturer

Property Value Unit

Core Density 31 (1.94) kg/m*(pcf)
Density of molded panel 36 (2.25) kg/m3(pcf)
Actual foam density based on SIP manufadzNS kiR testsA 40 (2.48) kg/m3(pcf)
Perpendicular Compressive Strengsth 10% deflection 110 (16) kPa (psi)
Perpendicular Compressive Modulus 2985 (433) kPa (psi)
Parallel Compressive Streng#t 10% deflection 214 (31) kPa (psi)
Parallel Compessive Modulus 4971 (721) kPa (psi)

Porosity (Closed Cells) 92 %
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Table 5-4: Physical properties of the OSB used in manufacturing of the tested PUR

SIPs
Mechanical properties (dry, as shipped) MPa psi
Modulus of rupture (parallel) 29 4200
Modulus of rupture (perpendicular) 12.4 1800
Modulus of elasticity (parallel) 5500 800,000
Modulus of elasticity (perpendicular) 1500 225,000
Internal bond 0.345 50

Table 5-5: Mechanical properties of the OSB used to manufacture the tested PUR SIPs

Property Value Unit
Bending Moment Resistance, M 228 N-mm/mm
Axial Tensile Resistance, T 57 N/mm
Axial Compressive Resistance, P 67 N/mm
Shear Through Thickness ftgtance, Y 44 N/mm
Planar Shear Resistance Due to bending, V 4.6 N/mm
Bending Stiffness (El) 730000 N.mnf/mm
Axial Stiffness (EA) 38000 N/mm
Shear Through Thickness Rigidity, G 11000 N/mm

* Orientation of applied force relative to panel length®= 0
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5.3 Creep Prelests

Prior to creep tests, it was of interest to gain some insight into relative compressive b
havior of the two panehicknessesndanindication of modulus of elasticityA series of

tests were conducted on PUR SIP coupons. Six coupons of 165mm (6.5 in.) and six co
pons of 114mm (4.5 in.) thick PUR SIPs with the area of 152 by 152 mm (6 x 6 in.) cut
from different brand new panels were exposedxial compressive load with a constant
speed of 2 mm/min. Compression tests were limited to 25 mm (1 in.) and the specimens
were unloaded after the deflection limit had reached (Figtlte Bhe rebound percén

age was also monitored and measiatthe tme of failure The amount of rebound was
measured up to 56 days (8 weeks) after the completion of the compression tests.-Figure 5

2 represents the load deformation behaviour of all tested coupons.

Compression

/ test coupon

bl

. ;“Qi(.,‘l',".;".i-.,
I

T'F‘y‘“,

== =

——

Figure 5-1: PUR SIP coupon under compression load test with a maximum deflection limitec
to 25mm (1 in.)
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Although comparedto thicker (165mm, 6.5 in.) PR SIP coupons/cubes, thinner
(114mm, 4.5 in.) samples seem to have higher initial stiffagssdicated byheir stee-

er load vs. deflection cur@n average 0f520vs. 29 N/mm) (Figure 52). The overall
difference in compressive strength limits toyofl7% (Table ) between the two spe

imen thicknessesNith increasing core thickness, deformation is greater for the same

given compressive force.

7000
Thinner PUR
= 6000 - SIP samples
= (114mm 4.5
® 5000 - in. thick)
A e
§ 4000 - ey TTTTTTTTT
7 2
@ 3000 - / \'
=3 /) Thicker PUR
S 2000 - )/ SIP samples
O / (165mm, 6.5 in.
1000 - )/ thick)
,/
/
0 T T T T T
0 5 10 15 20 25 30

Deflection [mm]

Figure 5-2: A typical compressive test conducted on 165mm (6.5 in.) and 114mm (4.t
in.) thick PUR SIP coupons with the area of 152 by 152 mm (6 x 6 in.) and 25mm (1 i
deflection limit

Table 5-6: Compressive stress handled by PUR SIP coupons with different thicknesses

Thicknessof the PUR SIP Averagg max Average max .
counon compression load compressive Difference [%]
P [N] stress MPd]
114mm (4.5in) 5101.27 0.22

9.69
165mm 6.51in) 4650.73 0.20
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The rebound behaviour of the compressed coupons was observed to study the resiliency
of the PUR SIPs tested in this thesis under compressive loads. Tested couponsnaere mo
itored for 56 days (8 weeks) in order to measure the rebound amounbtrapde the
behaviour ofthe two different PUR SIP coupons tested. Tablé represents the data
compiled from rebound/deflection measurements of the compression coupons tested. As
seen in Table &, Figure 53 and Figure &, right after the removal of the compression
load thinner panetoupong114mm, 4.5in. thick) exhibitedabout 5% shortening com-

pared totheir original thicknes$114 vs. 99.5 mmyvhile thicker panels (165mm, 6i5.

thick) shortened onl$% compared tdheir original thicknes$165 vs. 155.3nm). After

56 days (8 weeks)f relaxation thicker panels rebounded abo¥® (160.67 vs 165

mm), while the thinner panels rebound®@% compared totheir original thickness

(104.83 vs 114 mm)

Table 5-7: Compression and reboundingvaluesof PUR SIP coupons under axial compressive load

Average Total
Compression Average Rebound [mm] Rebound [%]
Thickness of the [mm]
PUR SIP coupon .
Right after
removal of the After 24 hours  After 30 days AIEFESCS || B CEYS
(8 weeks) (8 weeks)
load
114mm (4.5 in.) 99.5 104.17 104.67 104.83 88.55
165mm (6.5 1in.) 155.5 160.33 160.33 160.67 95.02
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200.00

Initial height Right after load  After 56 days
removal

100.00 -

50.00 -

Figure 5-3: Relaxation and rebound behaviourof 165mm (6.5 in.) thickPUR SIP cau-
ponsunder compressive load

Height of the PUR SIP Coupon [mm]

200.00

150.00

Initial height  Right after load ~ After 56 days
removal

100.00 ——-ﬁ_—

50.00 -

- 1

Height of the PUR SIP Coupon [mm]

Figure 5-4: Relaxation and rebound behaviourof 114mm (4.5 in.) thickPUR SIP cau-
pons under compressive load
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5.4 CreepTest Method

Based on the definition provided in ASTM C488STM, 2008) a flexural creep test of
sandwich constructiomvolvessubjecting a beam of the specimen to a sustained force
normal to the plane of the beam, using eitherpmidt or a 4point loading fixture. The
above mentionedSTM test methodstandargdalong with theavailable guideline prodk

ed by the National Research Council Canada (NRC) and The Canadian Constraction M
terials Centre (CCMC)niat describehe technical requiremenand performance criteria

for the assessment of stressed skin panels for walls arg] weosEe adopted as the test
standards for the creep testsandard ACO4ICCES, 2011)provided by ICC Evaluation
Servicegq(subsidiary of the riternational Code Coundih the United Statgswasalsore-
viewed in the developmerof this test Figure 5-5 and Table5-8 represent the loading
schedule fotthe shortterm creep test of SIPs recommended by the technical guide for
stressed skin panels for walls and roofs published in 2007 by the National Research

Council Canada (NRC).

NRCb6s technical gui de (200 7)theadtesnmonatidreof i n e s

creep and recovery performance under loadudthdate load capacity of SIPs:
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©
©
o
-
4 5 6
DL + LL
DL - Step 3 7
Time ”

Figure 5-5: Loading scheme for shortterm creep test of SIPs (NRC
2007)

9 Deflectionunder the action of live loads

The maximum difference in the ftkctions measured in Stepoft Table5-8 (dead load(s)
plus live load) and Step 3 (dead load only) shall not exc&&D of the span.

1 Creep deflection criterion

The difference in deflection at any one point, as measured between Step 6 and Step 4 of
Table5-8, shall not exceed 25% of that measured in Step 4 (attributable to the aeep pr
duced by the dead load(s) plus live load in place for approximately 24 hours).

1 Recovery from creep criterion
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The lack of recovery determined by the maximum differencedrd#flections measured
in Step 3 (dead load(s) only) Talde8 and that measured in Step 7 (on removal of live
load) Table 6 shall not exceed1440 of the span.

1 Sustained load capacity

The system shall survive the load exerted in Step 6 of TaBlavithout collapse. The

system shall then be taken to destruction, and the maximum load and mode of failure
shall be recordeBased on NRCO6s recommendati onn gui d
sidered acceptable for flexural creep capacity only if the results$ wfséd on three pa

els successfully meet the above mentioned criteria. The guideline recommendsione add

tional panel to be tested if the results of one of the tests do not meet the criteria.

The design is considered unacceptable and design valueseradjubted if the results of
the retest or of two of the original tests do not meet the criteria. Since the creeprtests co
ducted on PUR SIPs were subjected to {@rgn loads, instead dhe shortterm creep

test procedure expressed in Tabl@, steps stted in Tablés-9 were followed.
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Table 5-8: Loading schedule for shortterm creep test of SIPs (NRC, 2007)

Step Task (refer toFigure5-3)

Measure the moisture content of wood merats at a sufficient number of points to give
1 representative picture of the overall moisture condition of the members at the time of
test. If members are not accessible, moisture contents may be obtained shortly after the

2 Take zero deflectioreadings before applying any load.

Apply test load (D), representing the superimposed dead load, at the uniform rate wit
3 shock to the system. At the conclusion, daling a full five minutes (300 s) for the deflectic
to stabilize, take the deflewin readings.

Photograph the assembly.

Apply test load (L), representing the superimposed live load, at the uniform rate wit
shock to the system. At the conclusion, following a full five minutes (300 s) for the defle

4 to stabilize, take the eflection readings. For members continuous over two spans, the
load (L) shall be placed on one span only.
Photograph the assembly.

5 Measure the deflections at one hour from the beginning of loading (Step 3).

6 Maintain these loads (D + L) for additional full 23 hours and take deflection readingsiagz

7 Remove test load (L) [Design Live Load] and take deflection readings five minutes (80
ter its complete removal.

8 Reapply the test load (L) and increase the load to twice the total ¢dads described inaf

ble 1, i.e. 2 (D + L), and maintain for 24 hours.

Photograph the assembly. If applicable, at the conclusion of this period and before rerr
the load, take closeip photographs of any portion of the assembly that may show vislisle
tress.

Note: For members continuous over two or more spans, this overload shall be applied t

span, one span at a time, while maintaining test loads (D) and (L) on the other span, ar

to all spans at the same time. Maintain each completaling cycle for 24 hours.

Take sufficient samples from the members for measuring relative density to give @1
9 sentative measure of the overall density of the lumber and panel materials used in the

struction of the panel.

5.4.1  Duration of Applied Loads

Table5-10adopt ed fr om NRCAMW7)wguusadl énloider & calculate

the dead and live loads required to be applied to the specimens. Five panels of each
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thickness of PUR SIPs were weighted in order to find the averageaveaht of the spe

imens.

Table 5-9: Loading schedule for longterm creep test of SIPs

Step

Task

10

Measure the moisture content of wood members at a sufficient number of points to gi
representative picture of the overall moisture condition of the ntegrs at the time of the
test. If members are not accessible, moisture contents may be obtained shortly after the

Take zero deflection readings before applying any load.

Apply test load (D), representing the superimposed dead load, at the umifate without
shock to the system. At the conclusion, following a full five minutes (300 s) for the defle
to stabilize, take the deflection readings.

Apply test load (L), representing the superimposed live load, at the uniform rate wit
shock b the system. At the conclusion, following a full five minutes (300 s) for the defle
to stabilize, take the deflection readings.

Measure the deflections at one hour from the beginning of loading (Step 3).
Maintain these loads (D + L) for an #&duhal 8 weeks (1344 hrs) and take deflection readi
agan

Remove test load (L) [Design Live Load] and take deflection readings five minutes (80
ter its complete removal.

Remove test load (D) and take deflection readings five minutes (38fes)its complete e-
moval.

Remove test load (D) and take deflection readings five minutes (300 s) after its congple
moval.

Take sufficient samples from the members for measuring relative density to give et
sentative measure of the overaledsity of the lumber and panel materials used in th@-ci
struction of the panel.

Table 5-10: FIl exur al creep test pudalidegNRC,£@08)mme nded

Test Load Weight (kN/mz) Parameter Simulated by the Test Load

Dead Load 0.5

Dead weight of superimposed finished rowf and
ceiling materials. (For heavier roofing materials
this value must be increased, e.g.,
to 1 kN/nt for concrete tile.)

The anticipated snow and

Live Load rain loads for the anticiga Design live load

ed geographical areas.
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The test panels were weighed:

T

T

T

T

T

T

Average weight of a 165 m(6.5 in.)thick PUR SIP = 65 kg (Tab& 11)
Average weight of a 114 m@.5 in.)thick PUR SIP = 57 kg (Tablé-11)

Surface area of a PUR SIP over the support span = 1.220 x 2.360 = 2.879 m
0.5 kPa = 500 N/A= 51 kgm? (Dead weight of superimposed finishedfroo

ing andceiling materials)

2.879 x 51 = 146.84 kg

146.847 65 = 81.84 kg

146.841 57 = 89.84 kg

Therefore, the required dead load for 165 mm i&)ahick PUR SIPs was 81.84 kg (180

Ibs.) and the dead load needed for 114 mm i@)5thick PUR SIPs was 89.84 kg (198

Ibs.). A dead load 0600 N/nf (10 Ibs/ft), including selweight ofthe PUR SIPs, was

usedto smulate roofing and ceiling materialn terms ofthe live load, the following

eqguation taken from part IV of the Nanal Building Code of Canad&RC, 2010)was

adopted as follows:

0 Qi EQE i N QO WRRBWO 'R OYS6 6 66 Y % BU

Where:

Is= 1.0 (Importance factor for snow load)
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S=1.9 (1-in-50 year ground snow load in kPa)
Cp= 0.8 (Basic roof sne load factor)

Cw= 1.0 (Wind exposure factor)

Cs= 1.0 (Slope factor)

Ca= 1.0 (Shape factor)

S =0.2 (1-in-50 associated rain load in kPa)

Table 5-11: Actual weight of the tested panels

Pl LoD MITIED L) 114 mm(4.5 in.)
thick PUR SIP thick PUR SIP
1 65.3 56.2
2 65.7 56.0
3 66.1 56.7
4 63.5 57.7
5 64.2 57.2
6 65.3 56.5
7 64.9 57.1
8 65.0 506
9 658 55.5
10 64.7 57.8
Wﬁ{gﬁf 65.05 kg 57.03 kg

Insertingthe above mentioned factors in Eq. 5.1, yields:
0 Qe Gd'UYN Qo 'ONNND'E I
Y ppT@opopop & p& QO G p x (UG
Y Surface area of a PUR SIP over the support span = 1.220 x 2.360 = 2.879 m

1 1720/2.879 = 597.43 kg
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Thereforetherequired live load for botthe 165 mm (6.5n.) and 114 mm (4.5.) thick

PUR SIPs was 597.43 lay 5860 N.

5.4.2 Test Procedure and Assembly

In order to accommodate the creep test frame assemblies, a chamber was buith-using d
nated PUR SIPs at the Alternative Village of the University of Manitoba. This diativ
air-tight, heated, and air conditioned chamber allowed the researcher to control and mai
tain the ambient temperature and relative humid#yshown in Table-23. The spek

mens were tested in two sets from July to January 2014. Panels with 165 mim)(6.5
thicknes were tested first and thetidlmm (4.5in.) panels were testedll panels were
adequately covered with impermeable protection covers and arrived at the lab in i
tact/dry condition. Panels were allowed to acclematthe lab environment for at least 3
weeks before being tested. As seen in Figuée a steel frame and pulley systemsrev
designed, built, and employed in order to apply the calculated sustained dead and live
loads to the panelsTwo 1Q000 Ibs load cells (Omega Engineering Inc.) and twd rhén

(4 in.) linearpotentiometergPenny and Giles) wergtached teachspecimerto record

load vs. displacement datall threesimilar sizel specimens were tested concurrently
while an Agilent 34972A LXI DAQ was simultaneously recording all the d&ta.spe-

imens were simply supported over a 2360 mm (@B span. A norstandard 4point
(third-span) loading (as defined by ASTM C393/C383%TM, 2011) was adopted with

theload acting on on#hird of the support spaio provide a 787 by 1220 mm (31 by 48
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in.) uniform moment zone at the cemof the specimen. Deflection was monitored at two
sides of the panel central axis (Linear Potentiometer ok BRd B).As seen in Figure-5

7 and Figure 8, the concrete pavemeitiocks, loading fixturs, andpulleys with spedi

ic weights were used dBe dead loadln the case othelive load, a water containet-a
tached to the pulley system was employed to apply the load at two points over the upper
surface of the panelhe wate container with a capacity of 100 lites (26.42 US gal)

was filled with water using hoses and control valves.

G

Linear Potentiometer(A & B)
Dead Load Blocks

L/3 =787 mm (31in.) ﬁ 50x50 mm HSS (2x2
2 T 3 PUR SIP

y

: A 4 ﬁl Pulley
| . n “‘ ] “‘Tzﬁ
W [ 1

WaterJCoﬁtainer(Live Load)
18!
L

Load Cell

> | 5
A R A R A o o e A AN o

L =2360 mm (93.in.)

Figure 5-6: Schematic drawing of the PUR SIP flexural creep test set up
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The pulley system was capable of multiplying the loasixdimes. Therefore, 100 kg of

water created approximately 300 kg ofald on each load point (total of 600 kg, very

close to 597.43 kg calculated required live load) on the panel. The load magnitude was
adjusted using control valves and the real time load level readings on the DAQ. Water
was shut as soon as the load cellsliregs reached the required amount of load. Prior to

each test session, moisture content of the OSB facings of all three panels was measured
and recorded using a digital moisture content reader (Mastercraft SW582).5THble
represents such moisture coritdata. Moreover, a standalone Onset 1012 Hobo data

logger (temp/RH) was installed in order to record the relative humidity and the ambient
temperature of the chamber on an hourly basis (Ta&d&). Once tle instrumentations

and test sefps were compted, the scanning started to record the zero deflectioni-cond

tion for at least 24 hours. This allowed the specimens to stabilize before any load was
added to the system. Thethe dead load was added to the panels while the DAQ was
scanning and recordindhé deflection every 60 secondBhe DAQGs scan r at e
changed to orvour interval after 24 hour3he live load was added 48 hours later. The

scan rate was changed to 24 hour intervals 4 days after the live load was added. In add
tion to DAQQthep amed @rsdidred | ect i aneasuredandee al s o
orded in a loghook. The ive load was kept on each panel for about 8 weeks (56 days)

and then removed.he cead load was removed 4 days afteeremoval of the live load.
Scanning continuetb record the rdound amount for 5 days. Overall rebound wassphy

ically measured after 30, 60 and 90 days. Pictures were taken from all steps.
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. 4 A‘!

Figure 5-8: Flexural creep test of PUR SIP in progress
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Table 5-12: Results of the physical measurements of the moistur@utent of the OSE
face-sheets(dry basis) of the PUR SIPs tested for flexural creep behaviour

Specimen ID
Reading #
CT651 CT652 CT653 CT451 CT452  CT453
1 6 6 6 6 6 6
2 6 7 7 6 6 6
3 6 6 6 6 6 7
4 6 6 6 6 6 6
5 6 6 6 7 6 6
6 7 6 6 7 6 6
7 6 7 6 6 6 6
8 6 6 6 6 6 6
9 7 6 6 6 7 6
10 6 6 6 6 6 6
11 6 6 6 6 6 7
12 6 6 6 6 6 7
Average Moisture g 4 7 6.17 6.08 6.17 6.08 6.25

Content [%)]

Table 5-13: Change in temperature and relative humidity of the test chamber during the 8 weeks of
creep test

Test Min Max Average Min RH MaxRH  Average RH
Series Temperature Temperature Temperature [%] [%] (%]

[°C] [°C] [°C]
CT45 4.01 26.60 17.61 4.38 30.80 11.92

CT65 14.48 28.42 21.22 14.47 68.62 45.37
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5.5 Data Analysis

The analysis procedureresented by Allei1969)and reported byaylor (1996) can be
used to predict the elastiid-spandeflection behaviour of PUR SIPs. Theevall flex-

ur al rigidity ADO or nEI oatedih Figare-9, avithdwoi c h b e

thinfaceshees of t hi ckness Ato, core materi al of
and, the width of AboO can be expressed as:
Q. w y
O 00— O— 00— % Bug&
o pPCq
Where:

Es = Modulus of elasticity of thiaceshees
E. = Modulus of elasticity of thebamcore

d = The distance between the neutral axis of theeuppd lowerfaceshees

And:

O& X OoBug

ol
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) P P
OSB Facing
PURFoam core l i~ A 0
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P = Total load applied to the specimen

L = Testspan

b = Width of the specimen

h = Height of the specimen

¢ = Thickness of the PUR foam core

d = Distance between neutral axis of the OSB facings
t = Thickness of the faegheets

1%

Figure 5-9: Physical specification of the flexural creep test span

The third term of the Equation 5.2 can be consequently considered negligible because it

contributes to less than 1% of the second when:

00X T O BLd
(P-O oo P (3
Based on EuleBer noul | i 6 sthemaxanom Hkerddieg deflegtion of a simply

supported homogenous beam can be calculated using the following equation:
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W g o) %8
A C'D"OOU T o v
Where:
L = Loading span
a = The distance between the support and

In the case of a third point loading scheme where thefloRds applied at the third of

the bean6 s = p B/3), thé mid-spanelastic bending deflectiorg) can be expressed

as:
0 2 a9 % B
Y eT@o ’
Or:
0 2 60 % Bud
y 0
‘ oTQ

When conditions of Eg. 5.3, 5.4 and5 Sre satisfied, the maximum bending deflection

(o) of the sandwich panel can be written as:
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¢ @O -
©w % Rugo

PTO——

Allen (1969)and Supplement 4 of the Rigod Design Specification published by APA
(1998) both cited and reported by Zargho¢2009) defined the totaiid-spandeflec-
tion of a sandwich beaifiy) as summation of deflectis due to bendinfa) and shear

() as:

® © % BUP T

Allen (1969) also suggested thah the case ofandwich beams with thin fasheets
(Figure 510), integration of egation dw,/dx can be used to find the deflection of the

beam due to shear as follows:

&) Q—U i % RBud p
Qw 00

Where:

w,= Deflection at x

Q= Shear force

G = Foamcoreshear modulus

A= Cross sectional area
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(@

oF—4—-+da
oF—+—o
obF—t——o

al—+--da

(b)

(c)

(@

Figure 5-10: Deflection of a sandwich bean{Allen, 1969)

And:

~
g

o) 2 % Bu
i oRNLP ¢
As for a nonstandard 4oint (thirdspan) loading case whexelL/3, the deflection due

to shear can be defined by Eq. 5.12 as follows:

C
cC:

w 0 — %RBuP o
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Therefore the total deflection of a sandwich beam exposed toPl@d./3 from each

support can be predicted using the following equation:

¢ @O 00
Mm@ Q @ O
PT O

%RLP T

Referring to the work presented by Wong et(1888) Taylor (1996) recommends the
following equation as an analysis technique to predict the creep behaviour ab®IP f

the individual creep behaviour of the face and the core material:

N
8
cC:

Q
O
o
E
C

00 o % Bud v

Where:

oa (t) = Time dependent total deflection

P= Applied at the third of the beamds span
L = Beam or test span
D = Flexural rigidity of the SIP

FDosg(t) = Fractional deflection of OSB face material
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A= Cross sectional area
G = Foamcoreshear modulus

FDroam(t) = Fractional deflection ofoamcore material

As per Taylor(1996) Equation 5.1%an be used to determine the creep behaviour of the
SIPs by using only spring constants and the fractional deflection relationship ofithe co
ponent material. He found that the three month predicted fractional deflection cdn be ca

culated by dividing Equatn 5.16 by the predicted initial deflection of the SIP as follows:

"00 6 — - %RUD @

Where:

FDe (t) = Predicted fractional deflection

oz (t) = Time depadent total deflection

oz = Predicted deflection due to shear

e = Predicted deflection due to bending

Ks= The spring constant for the sear behaviour of the core

Kg = Bending behaviour of thiacesheet
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Based on experimental results, Tay{®#®96) concluded that Equation 5.16 htuk po-
tential to predict of the creep behaviour of SIPs. Tabl®45shows the mechanical pro
erties of the components of the PUR SBand experimentally by Taylo(1996) and
used forthe prediction of the three month deflection of the tested PUR SIPs in this expe

imental study.

Table 5-14: Experimentally measured mechanical properties of PUR SIPs conducted Gyaylor
(1996)

Componert Material Property Value

Modulus of Elasticity (MOE) 541 GPa
OSB Three month fractional defle

tion at 1/3 of the bending stres: 1.799 mm/mm

level (FBsg

Shear Modulus (G) 1.97 MPa
UrethaneFoamCore Three month fractional defle

tion at 1/3 of theshear stress 1.806 mm/mm

level (FRoan)

Table 515 provides the analysis of the negligibility check of the first and third terms in
Equation 5.1 using equationgtand 5.5 for each thickness of panels testbd table k

so provides theredicted three month total deflection of each thickness of panel tested.
As seen in Table-45, both calculated values of Eq. 5.5 exceed 100 (1100.25 and 668.37
respectively). Theafore, inthe case of the tested panels in this sfumbth first and third

terms in Equation 5.1 are negligible.
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Table 5-15: Results of theanalysis of the negligibility check of the first and third terms in Equation 5.1
E E

d t ¢ b MOE of - MOE of by e Flioam P e
Panel facing core dit | 6(B/E)(t/c)(d/c)?
Thickness (OSB)  (PUR) K

[mm] [MPg [mm/mm] [N]  [mm]

114 mm
(4.5in) 104 11 94 1220 2360 5410 421 1.799 1.806 | 9.482 1100.25 2929 19.67
165 mm
(6.5in.) 155 11 145 1220 2360 5410 421 1.799 1.806 | 14.09 668.37 2929 12.18

5.6 Test Results

Mid-spandeflection readings frorthetwo sides of each panel were used to plot time vs.
deflection curves for all theested panels. Figuiell schematically represents maja-d
flection points as a key to the actual time vs. deflection curves plotted using the exper
mental data. Figure5-12 to 5-17, respectively, represent time (hours) vs. deflection
(mm) curves for dlthe PUR SIPs tested under creep for a duration of 8 weeks (56 days).
Table 5-16 representshe maximum deflection of each specimen under dead load only
while Table5-17 providesthe maximum deflection of each specimen und@ombira-

tion of live load ad dead load. As seen in Tal®e6, when subjected to dééoads only,

the average deflection of thinner panels (114 mm,id.%hick) was 9.21 mm while the
average deflection of thicker panels (165 mm,if.%hick) was 7.88 mm. Tik means

thatunderthe dead load, thinner panels deflected 16.9% more than thicker pentis.
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case othedead load plus live load loading condition (Tabl&5), theaverage deflection
of thinner panels (114 mm, 4.5.ithick) was 18.36 mm while the average deflection of
thicker panels (165 mm, 6.5.ithick) was 15.53 mnirhis meansinder the combination

of dead load and live load, thinner panels deflected 18.2% more than thicker panels.

SOGA 2

5S57F¢

A\ 4

Time [hrs]

Legend:

No= Zero Deflection Status
np = Deflection after application of dead load
v = Maximum deflection after application of dead load and live load

Figure 5-11: Schematic diagram showing the critical points of a typic
Deflection vs. Time creep curvéTaylor, 1996)

As seen in Table5-14 and5-15, the Coefficient of Variation (COV) dhe deflections

(in both dead load only arntie combination of dead and live load stages) for thinnar pa

els was consistently lower than the COV of the deflections of the thicker panels (3.44%
vs. 5.41% and 3.31% vs. 4.52%)iggesting more uniformity irhé averagemid-span

creep deflection behaviour of the thinner panels.
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Figure 5-12: Load vs. Deflection curve of the specimen CT45
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Figure 5-14: Load vs. Defection curve of the specimen CT48
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Figure 5-16: Load vs. Deflection curve of the spenien CT652
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Figure 5-17: Load vs. Deflection curve of the specimen CT6S3
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Table 5-16: Maximum deflection of each specimen under dead load only

1 CT451 8.88 8.87 8.88
2 CT452 9.52 9.49 9.51 9.21 0.32 3.44
3 CT483 9.28 9.21 9.25
4 CT651 7.54 7.59 7.57
5 CT652 8.42 8.31 8.37 7.88 0.43 541
6 CT653 7.76 7.66 7.71

Table 5-17: Maximum deflection of each specimen under combination of dead load plus live load

CT451 17.60 17.78 17.69
CT452 18.82 18.93 18.88 18.36 0.61 3.31
CT453 18.46 18.58 18.52

CTk-1 15.80 15.88 15.84
CT652 15.98 16.08 16.03 15.53 0.70 4.52

o 0 AW NP

CT653 14.66 14.80 14.73

The ceflection of panels was monitored by manual measurement until 90 days after the
removal ofthedead and live loads. TablelB provides the deflection tfietested panels
aftertheremoval of all loads. As seen in the table, all of the panels rebounded toitheir in

tial condition with no visible deflection.
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Table 5-18: Manual readings of deflection up to 90 days after removal of the design creey
loads

Permanent deflection after removal of all loads

Test Number Test ID o]

After 30 Days After 60 Days After 90 Days

1 CT451 5 3 0
2 CT452 4 3 0
3 CT453 5 2 0
4 CT651 5 3 0
5 CT652 3 1 0
6 CT653 3 2 0

NRCOGs techni csaggestgthait dlee (@@0i7mum di fference
measured in Step 4 of Table 7 (dead loads plus live load) and Step 3 (dead load only)
shall not exceett/3 6 0 of t h e5-19 pravides the diffarénteen deflections of

the above mentioned gis for all tested panels. As seen in Tab#9, thinner panels

(124 mm, 4.5n. thick) satisfy the ratios amid-spandeflection (p, )rofirL/268, 252

and 254 respectively. Thicker panels (165 mm,i6.8hick) also satisfy the ratios of
mid-spandeflection (p, )mfrh/285, 308 and 306 respectiveNNRC6s t echni cal
(2007) recommends the deflection limitlof360 for roof paels under the action ahe

live load and the serviceability limits for wood construction unidhertotal loads as

L/180. CSA 086CSA, 2009)and Wood Design Manu#&P010) suggest maximm ac-
ceptablemid-spandeflection ofL/240 for roofs under snow load. Part 9 of the NBCC

(NRC, 2010)imits the deflections t&/180 when no ceiling is presehf240 for ceilings
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not covered with plaster or gypsum board &n860 when plaster or gypsum boamt ¢

vers the ceiling.

Table 5-19: Average maximum deflection of tested panels under different creep load combinatisn

AN Average  Deflection due
Deflection : ) . Satisfies the Satisfies the Satisfies the Satisfying
Test Deflection D+L' minus Y Y . )
Test ID Due to . criteria of criteria of criteria of ratio of
Number LL+DL' Due to Deflection due r [ l’240[ L1360 [ K
‘DL' [mm] 'D' [mm] n n n n
[mm]
1 CT451 17.69 8.88 8.82 YES YES No 268
2 CT452 18.88 9.51 9.37 YES YES No 252
3 CT453 18.52 9.25 9.28 YES YES No 254
4 CTe651 15.84 7.57 8.28 YES YES No 285
5 CT652 16.03 8.37 7.67 YES YES No 308
6 CT653 14.73 7.71 7.02 YES YES No 336

As seen in Tabl&-19, over a span of 2360 mm (8R), both thicknesses of panels sati

fied the ratios oL./180 andL/240 but none of the panels satisfied th&360 ratio. Tls

meangthatin service conditionthe span width needs to be reduced so thatltespan

deflection meetshe L/3 6 0 r at i o. Based on PUR SIP06s m:
panels are normally used over 1830 mmifRspans. Further tests are required in order

to invedigate if such panels will creep within the code limits over the above mentioned

span.

In terms of creep deflection behaviour of sandwich panels, ASTM C480/C{3008)
requires the total shear stress in core matayidle reported. The standard suggests the

following formula to calculate the average shear streksam-coreof the SIPs:
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% BLD X

Where:

Fs= core shear stress, kPa
b = sandwich width, mm

c = core thickness, mm

d = sandwich thickness, mm

t = nominal facing thickness, mm

Equation 5.17 was used to calculate the aveshgar stress in tested PUR SIPsthe
two different thicknesses of panels tested. As seen in 2k when exposed toed
signed dead and live loadhe PURfoam-coreof the 165 mm (6.5.) thick panels exg-
rienced 16.05 kPa of shear stress whileftfzen-coreof the 114 mm (4.%n.) thick pan-
els experienced 24.18 kPa of shear stress.imticateshe shear stress the foam-core
of the thinner panels was 51% more than the shear stréssfaam-coreexperienced by

the thicker panels.
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Table 5-20: Shear stress level created in foam core due to creep loads in tested panels

P d c b F
Panel Thickness

[N] [mm] [mm] [mm] [kPa]
114 mm (4.5in.) 5858.6 104.3 94.3 1220 24.18
165 mm (6.5 in.) 5858.6 155 145 1220 16.01

Table 5-21 providesa comparisonbetween he experimental flexural creep of PUR
SUIPs vs.the predicted values calculated using Equation 5.15 (developed by Taylor
1996). As seen iffable 5-21, the experimentally measured average maximum flexural
creep defleton of 114 mm (4.5n.) PUR SIPswvas18.36 mm (0.722n.) while the value
derived from Equation 5.15 is 19.67 mm (0.7@4 This means the actual creep defle

tion was 7.14% larger than the predicted valoghe case ofhe 165 mm(6.5 in.)thick

PUR SPs, the experimentally measured average maximum flexural creep deflgaton
15.53 mm (0.611n.) vs. 12.18 mm@48 in.) resuted from Equation 5.15. Tik means

the actual cree@eflection was 27.5% larger than the predicted value. It can be concluded
that the proposed formula for prediction of flexural creep deflection (Equation 5.15) was
in agreement with the experimental findings in the case of the thinner 114 mim) (45

parels,but it was not the case for the 165 r{rb in.)thick panels.
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Table 5-21: Experimental maximum creep deflection of panels vs. the theoretical predicted
creep deflection valuegusing Eq. 5.15)

Average Maximum Deflection [mm] ET(?)tei:cr)ir%fetr:];\I
Panel Thtkness From the Predicted using over Difference [%]
Experimental Eq.5.15 Theoretical
Results g-> Results
114 mm (4.5n) 18.36 19.67 0.93 7.14
165 mm (6.5n) 15.53 12.18 1.28 27.50

57 Conclusions

1. When exposed tthe design live and dead load$e panels with 114 mm (4.5.)
thickness tested for flexural creep deflection over a span of 2360 mim)(8atisfied the

creep deflection limitations df/180 and./240while theyfailed o satisfy thd /360 lim-

itations. If panels are to meet the L/360 limit then the span would need to berstbrte

for the load conditions

2. The test pnels with 165 mm (6.5.) thickness satisfied the creep deflection lanit
tions of L/180 andL/240 but &iled to satisfy thd/360 limitations. 8nilar to thinner
panels, inorder to meet the criteria, loading span must be redaceordinglyfor more

restrictive deflection limits and greater loading.
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3. No permanent deflection waketected0 days after maoval of the applied loads to

both thicknesses ¢tUR SIPs tested for flexural creep deflection.

4. The flexural creep deflection prediction Equation (5.15) proposed by TE866)
was in good agreement with the espeental findings of creep deflection of 114 mm (4.5

in.) thick PUR SIPs.

5. The flexural creep deflection prediction Equation (5.15) proposedalyior (1996)
was not in good agreement with the experimental findingsesfp deflection of 165 mm

(6.5in.) thick PUR SIPs.
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Chapter 6

Bond Strength as aMeasure ofServiceability and Qality
of Polyurethane~oam Structural InsulatedPanels (PuHoff
Tests)
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6.1 Introduction

Possibilities of déondirg of the OSB facesheet$ foam-core interface under service
conditions and its effect on the overall structural capacity of the SIPs is anotimer una
swered question affecting the acceptance of SIPs as a construction material. Tlts exper
ment investigated the effects of weathgriand service conditions on the bond between
oriented strand board (OSB) faskeets and the polyurethane (PUR) fezore of PUR

SIPs. In order to do so, random poff tests were performed on new and highly weat

ered PUR SIPBased or”ASTM D4541(ASTM, 2009) apull-off test is a procedure for
measuring the bond or adhesion strength between two different materials usinga destru
tive method. A steel disk is glued to the surface of the coating, or the upper matdrial, an
pulled by a mechanical device in order to measure the tensile strength of theebond b
tween the coating and the substrate material. In the case of coating systems, this test
method evaluatewhetherthe surface remains intact due to applied perpendifoitee

(in tension) or if a plug of material is detached from the system and the bond. As defined
in ASTM D4541(ASTM, 2009) in a systentonsisting of test fixture, adhesive, coating
system, and substrate, the failurel\wtppen along the weakest plane within the system
and exposed by the fracture surface. Three different failure scenarios are expected when
this is conducted on SIPs: failure in the OSB material, failure ifiodn@-core or failure

in bond intersection Ieeen the OSB and tHfeam-core Testing the bond strengtteb

tween the OSB faesheet and thébam-corein SIPs has not been directly addressed in
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ASTM. The best available standardG4583/C1583M(ASTM, 2009) which, basd on
its definition,is a suitable test standard for evaluating the bond strength between rigid

substrates, such as plastic and wood.

Pull-off or pull-out testers are portable hand driven tools. Such machines are capable of
applying a tensile force pegpdicular to a disk attached to a surface.-Bffltesters are

equipped with a manual or digital gauge to show and record the ultimate load at the time
of failure. Not all available testing machines are equipped with displacement measuring

devices.

6.2 Materials and Method

Available pultoff testers in the market can only record the final failure load witharo ¢
pability of recording the displacement of the specimen. Therefonegs decided to d-

sign and build a pulbff tester that was capable of being carted to a computer and a
Data Acquisition System (D®). This allowed the researcherrecord and plot the load
versusdisplacement curve of each test. As seen in Figitleand6-2, the pulloff tester
consisted of a steel frame, a 2000 Ib load cell (Gartengineering Inc.), a 100 mm (4 in.)
linear potentiometer, or, displacement sensor (Penny and Giles), 12.5 mm diameter
threaded rod, and a cracking handle. The load cell and the linear potentimereteon-

nected to a DAQ in order to recdmhd versuglisplacementlata. Forty steel disks were
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cut from a solid steel shaft with a thickness of 10 mm with a diameter of 57 mm (2 % in.).
A 10 mm diameter nut was welded at the centre of each disk to connect the disk to the

pull-off tester.

Cranking Handle Threaded Rod

K\V

2000 Ibs Capacity Load Ce m Linear Potentiometer
\ / Pulloff¢ Sad SNDa {dS
@5/mm Test Disk Glued to the OS o OSB Facsheet
A
PURCore of the SIP

e vs‘
Wl

Figure 6-2: Hand-made pull-off tester
used conduct pull off tests on PUR SIPs
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Pull-off tests were conducted on two sets of PUR SIPs. Three brand new 1220 x 2438
mm (4 x 8ft.) panels were selected to represent the control sapgidsthree 1220 x

2438 mm (4 X8 ft.) naturallyweathered panels were selected to represesgriice,or

used panels. Weathered panels were exposed to harsh environmental conditions, such as
direct sunlight (UV), rainand snowfor at least two, and up to foyears before being

tested (Figures-3). As explained in Chapte? (page56), for both sets, eackide of the

panel surface was divided into four sections. Each quarter consisted of nine possible
sampling locations, for a total of 36 locations on each side of a panel. A compiter pr
gram was used to generate random numbers between 1 and 36 to sedacipimg o-

cations on each side of the surface of the panel. A total of 12@fpudsts were pe

formed.

i

Figure 6-3: PUR SIPs stored in a storage yard with minimum weather protection for more
than four years
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Once the sample locations were determiree63.5 mm outside diameter haaw was

used to cut through the OSB face layer to the foanhawrs in Figure6-4. The surface

of the steel disks and the OSB were cleaned using alcohol on the steel and vacuuming the
OSB to remove possible debris or dirt. A firenute fast curing epoxy gel was applied to

both the steel disk and the OSB surface tumethe disk at the test location (Figb)6

The epoxy was allowed to cure for 24 hours before conducting-afptdist. To conduct

a test, the sliding grip on the puiff tester was engaged with thfing bolt of the steel

disk (Figure 6€5). The cank was turned to take up any slack between the grip and the bolt
head. A puloff test was conducted by cranking the handle of thegdtitester in as

smooth and continuous a manner as possiti¢the coupon failed.

/ Lifting bolt

/ Nut welded to the disc

OSB

o

Foam

\/Vﬁ

Figure 6-4. Pull-off test assembly (Source: Dick, 2014)
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Figure 6-5: Steps in pull off testpreparation

A load rate of 35 £ 15 kPa/s (5 + 2 psi/s) was adopted, as recommended by the ASTM
C1583/C1583M(ASTM, 2013)standard. Preests were performed in order to find the
number of cranks per unit time to meet the standateria. In general, eactest contn-
ued until one of the following three failure modeasobservedFigure 66 and 67):

i) Bond falure at the OSHoam interface

ii.) Foam failure

iii.)  Delamination of the OSBacesheet
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0SB

(a) Failurewithin the OSBface-sheet

0osB

(b) Failureat the OSBfoam interface

0osB

(c) Failurewithin the foam

Figure 6-6: Schematic filure modes of the specimen plug
(Source: Dik, 2014)
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(a) Partially de-bond failure

(b) Failure within the toam-core

(c) Failure within the OSB facesheet

Figure 6-7: Actual failure modes of the specimen plugls
served in pulloff tests
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It should be noted that no failure of the epoxy bond between the@fpulisk and the

OSB interface occurred in any of the 120 tests.

6.3 Results and Analysis

Table 61 summarizes the modes of failure of all 120 4odfltestsconductedon brand

new and weathedePUR SIPsFigure 68 illustrates a typical loaftensilepulling force)
versusvertical movement(deflection)of the test plugsThe area under the loagrtical
movement plot was used to determine the energy or work done to pull the plug away
from the @mnel. Table6-3 summarizes the average potf energy for various specimen
types and failure mode3he energy was calculated by measuring the area under the
load-deformation curveBased on theomparisonpresented in Tabl6-3, there is min

mal differerce between the energy required to remove thegiflug from a panel.

600

N

-

ul
o
o

N
o
o

yd

w
o
o

yd
_

Pulling Force (N)
S
o

=
o
o

0.0 05 1.0 15 2.0 25
Vertical Movement (mm)

Figure 6-8: Typical load vs. deflection curve of the piHoff tests condut-
ed on PUR SIPs
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Table 6-1: Summary of failure modes based on panel type

Panel Type .
Mode of Eailure Ratio of New to Percentage of
Weathered Total Testd
New Weathered
OSB Facsheet 13 11 0.94 20
Foam 45 48 1.18 77.5
Bond Interface 2 1 2 25

Note. 1: Based on total of 120 specimens

A principal reason for conducting pudff tests was to investigate the bond behaviair b
tween new and weathered panels. A key result as illustrated in Tdbis #Bat only
2.5% of all failures occurred at the O$&am interface. Furthermore, the other failure

modes occurred essentially equally between the new and weathered panels.

As shown in Figure 4, in all three cases of this type of failure mode, thdalaling
was incomplete separation. Only an average of 50% of the bond area failed, wéh the r

mainder of the OSBoam interface staying intaffigure 67 a)

A t-test statistical analysis of thmill-off energydata(Table 64) assuming equal viar
ance indcated that there was no significant difference between the mean®,197 >

0.05.Therefore, there is no significant difference between the new and weathered panels.
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As seen in table-& (andTableF-1 in AppendixF), the average tensile or normal stres
of all pull-off tests inboth weathered and new panisl9.198 and 0.181Parespectively
The average tensile or normal stress in-pfflitests failed in foam region is 0.35 and
0.26 MPa for new and weathered panels respect{gely Table 2 in Apperix F). The
average direct shear stress in fffltests failed in foam region is 0.20 and 0.18 MPa for

new and weathered panels respectively.

The aea under the load vs. deflection curve of all tested samples was calculated in order
to comparehe magniude of needed energy to pulif the disks in both cases of new and

weathered panels.

Table 6-2: Comparison of load, vertical movement and stresg all failure modes combined

Average Mx- Average Verit  Average No- Average Average Shear
imum Load All cal Movement mal Stress All  Normal Stress  Stress (Foam
Specimens  atMaxLoad  Specimens  (Foan Failure) Failure)?
Panel Type (N) (mm) (MPa) (MPa) (MPa)
New 552.63 2.04 0.20 0.35 0.20
St. Dev. 78.97 0.18 28.40 160.40 34.11
cov’ 0.14 0.09 0.14 0.19 0.17
Weathered 501.44 2.12 0.18 0.26 0.18
St. Dev. 73.40 0.28 26.40 246.44 2251
cov 0.15 0.13 0.15 0.39 0.13
Rat|o4of Weatheredto 0.91 1.04 0.91 074 0.89
New
Note:

1. Based on maximum load acting over area of specimen.
2. Shear stress for specimens that failed in the foam. Based on the depth of foam sheared Dv (Fig. 5) times perimeter.
3. Coefficient of Variation (COV) is a ratio and does not have the units of the column.

4. Ratio does not have the units of the column.
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Table 6-3: Comparison of pull-off energy

Average PulOff Energy

Parameter (Joules)
All specimens new panels 0.82
All specimens weathered panels 0.85
Foam failure all specimens 0.86
Foam failure new panels 0.82
Foam failure weathered panels 0.89
All specimens OSB failure 0.71
Bond failure (3 specimens) 0.79

The panels tested in this reseavadre manufactured by injecting the polyurethgdnam

between two OSB faces with the sheets in a horizontaitatien. The bond between the

foam and OSB is formed as the foam expands against the sheets and carepaAson

of the pultoff energy for each side of the panel was done taf sbere might be a diffe

enceas foam injection mode could influence batdngth Table6-4 presents the axe

age energy values for the test panels for each side based on ten specimens per side. The
results presented in Talbbed4 were statistically analyzgd-test)and indicated there was

no significant difference between teeles of the panels or between panel typ@ased

on the results of this testing it appears that there is ilittactof weathering and aging

on thefoam quality and théond integrity between OSB facing sheets and polyurethane

for the panel tested iis study.
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Table 6-4: Comparison of pull-off energy (Joules)based oneach side of panel

Panel Type Panel Number

Side A Side B Side A Side B Side A Side B

Q) V) V)

New 1.02 0.98 0.62 0.71 0.74 0.82

Weathered 0.99 0.98 0.66 0.76 1.01 0.72

T-test result (p > 0.05 no significant difference):

New 0.406 Comparison of Side A to Side B for the new panels
Weathered 0.644 Comparison of Side A to Side B for the weathered panels
New to Weathered 0.593

6.4 Conclusions

A total of 120pull-off tests were conducted on new and weathered structural insulated
panels to evaluate the bond quality between polyurethane foam and OSB facing sheets.

The following conclusions were drawn fromdfstudy:

1. No significant difference was found in the bond strength betweenppesing

sides of the panels
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2. Based on shear stress for specimens that failed within the foam, there was no a

parent degradation of the foam

3. Only 2.5% of the specimsm®xhibited a partial failure at the interface between the
OSB facing sheet anfbam-core Of the three that failed, two specimens were

found in new panels. Thus, the failure was not related to aging or weathering.

4. Even with highly weathered panels, the bondrgjtle still performed well. Therefore,
structural performance of the SIP is a function of the integrity of the facing sheets. But
this does not negate the need to provide a cladding system to protect the OSBgfrom de

radation.
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Chapter 7

FEM Modelling of OSB- PUR SIPs
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7.1 Introduction

The intent of modeling within the context of this research programme was to see if a
computeraided design (CAD)/computa@ided engineering (CAE) software could be
used to create a simple model that would simuMtat was determined experimentally.
While it can be argued that the variability of wood and foam materials might make mo
eling problematic, it was of interest to investigate if a simple model create@litD-

WO R K S ébuld be used to predict panel behavibased on a comparison with exiper

mental data.

Vast research has been conducted on creep, stress, and constant rate stressimg of visco
lastic materials (Findley et al. 1976; Taylor 1996). Among the materials being r
searched, viscoelastic materials, sustwaod and PUR foam, have been a point ofinte

est and have generated a lot of data in this regard, but there is a little work done on some
composite materials such as G&Bm in SIPgTaylor, 1996) It was of interest to et

velop analytical models that could be used to predict the overall behaviour of PUR SIPs

for both thicknesses of PUR SIPs including bonded and partiallyatided panels were

devel oped. The model was created(Dassauing SOL

Systemes, 2015)
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7.2 Modelling of PUR SIPs under different loading-or

entations

A few available commercial finite element software programs such as-BIS@RISA
Technologies, 2015) ATENA (Cervenka Consulting, 2015and, SeismoStruct
(Seismosoft Ltd., 2015)ere studied in terms of thesompatibility of modeling comp-

site materials such as SIPs. Ultimatetlie commercial finite element software of
SOLIDWORKS (Dassault Systemes, 20Mas selected and used to perform simulations
of the loadresponse behaviour of PUR SIPs with two different thicknesses and bond
conditions fully-bondedand partially dis-bonded).The dsplacement formulation of the
finite element method is the technique SOLIDWORKS employs to calculate displac
ment, stress and strain formed inigid body under internal and external loads. SOLI
WORKS uses nodlinear stress analysimethods for the analysi$ non-metallic comp-

nentssuch as PUR foams or OSB shg@&assault Systemes, 2015)

As for the component materials of PUR SIPs, OSB facings were presumed as orthotropic
and the PUR foam core was presumed as isotropic mafErdder studs were added to

the racking load models in order to simulate the experimental specimens. Fulldsond b
tween the two panelsasconsidered instead of spline, nail and, glue connection method
usal in experimental racking test§he timber studsduded to the racking load models

were presumed orthotropic and the available published mechanical properties of Douglas
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fir were usedlt was also assumeitiat the components of the Siodelincluding the
OSB facesheets and the PUR foatore were fully -bondedwith no possibility of sip-

page between the two materialailure criteria were defined as the average ultimate

load det ermined from experi ment al testing.

used in the modelling, either from the publicatioregperimental testsyere taken from
the linear portion of the stressrain curve. Therefore, the expectation was not touacc
rately modelthench i near portion of the model 6s
approximation within the linear portiowhich is the design rangeone of the loade-

sponse curves

Similar to partially dis-bonded panels tested in Chapter 4;liaded panels were also
modeled. In both cases, panels where exposed to diffile@hbrientations ofracking,
axial (eccentric) ad transverseepresentindoading directions orx, y, and z axis Two
different thicknesses of 114 mm (4.5 in.) and 165 mm (6.5 in.) thick models were mo

eled and analyzed.

7.2.1  Microscopic evaluations

Coupons of PUR SIPs wepait and the bond region betwedre tOSB and PUR foam
core was visually inspected usingnécroscope with 40x magnifying powérhis inspe-

tion was conducteth order toseeif there isany penetration of PUR foam within the

beh
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OSB body and texture and therefore formation of a third matsred with the charaate

istics of both PUR foam and OSB material.

The manufacturer of the tested PUR SIPs in this study uses the soft side (stamp side) of
the OSB inside (facing the foam core) and leaves the rough side outside in order to allow
better bon for the stucco and other exterior/cladding materials. Thereforesrtmother

side of the OSB is facing the PUR foam and hence less penetration of the liquidPUR i
side the OSB material is \b&. As seen irthe magnified OSB PUR foam bond area in
Figure 7-1, there is a distinct line between the two materials meaning a third composite

material does not exist.

Distinctive border between
the foam core and the OSH
facesheet

g N 4 PN

Figure 7-1: Magnification (40x) of PUR foamOSB bond area in PUR SIPs.
Top part of the photo is the OSB and the bottom shows foam
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7.2.2 Compression tests for determining mechanical properties
of PUR SIPs

As explained in Chapter BJocks of PUR SIP coupons were subjdcte pure compie

sive force and compressed frleast25 mm (1 in.). Results of those tests were used to
find the modulus of elasticity (E) of the PUR foam cioreompressionit was presumed
that the soffoam-core would deflect earlier than the O&8e-sheets Therefore the da

culated OEOG represents theomMyodul us of el as

Table #1 and 72 provide the average compressive stress obtained from such tests. The
linear portion othestrain versus stress curves of all testedispats were used to cailc

late and average the modulus of elastioityhe PUR foam As seen irthe above ma-

tioned tables, average E found from both thicknes§&4JR SIP couponare within an
acceptable STD of 0.44 and 0.75, suggesting data pointsdlog® to the mean value.
Averaging the two average values (6.55 and V%), it can be concluded that the
compressive modulus of elasticity of the PUR foam usddeproduction of tested PUR

SIPs in this researchias 6.34MPa
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Table 7-1: Average modulus of elasticity of 114 mm (4.5 in
PUR SIP samples subjected to axial compressive load

Experimental

Sample Number Max load [N] Modulus of Elasticity,
E [mPa]

CC45l 5325.88 6.57
CC4= 488088 6.58
CC483 5209.04 6.79
CC444 5302.17 6.67
CC4% 4786.46 6.98
CC4% 5103.17 5.71
Average 5101.27 6.55
STD 0.44

COV [%] 6.70

Table 7-2: Average modulus of elasticity of 165 mm (6.5
in.) thick PUR SIP samples subjected to axial compse

sion load
Experimental
Sample Number Max load [N] Modulus of Elasticity,

E MP4|

CCo5l 4366.99 6.06
CCo=2 4734.30 6.95
CCo653 4649.03 5.27
CCoe4 4741.17 6.15
CC6% 4618.03 6.96
CC65% 4794.88 5.31
Average 4650.73 6.12
STD 0.75

COV [%] 12.19
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Table 53, 54 and, 55 (Chapter 5) of this thesis also provides the published physical and
mechanical properties of the rigid PUR foam and the @8BsheetsAs seen in Table

5-3, the actual core density of the PUR foam is 31 R¢In94 pcf) andhe density of the
molded panel is 36 kgf(2.25 pcf). This information is based on the data sheet provided
by the SIP manufacturefSome available published values have been provided in Table
7-3. It has to be noted that the following values resulted tfeerPUR foam with density

of 25.6 kg/m3 (1.6 Ib./ft3) which is about 20% lighter than the foam used in tested PUR
SIPs in this study. The author was not able to find published values for the PUR foams

with density of 31 kg/m3 (1.94 Ib./t3).

Table 7-3: Physical and mechanical properties of polyurethanéoam with
25.6 kg/nT (1.6 Ib./ft%) density(Shim et al., 2000)

Property Value
Density [kg/n] 25.6
Shear modulusNIPg 0.84
Plateau stressMIPd 0.12
Compressive yield strain 5%
Strain at onset of densification 80%
Maximum tensile strain 5%

Maximum shear strain 10%
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7.2.3  Experimentaldeterminatiorof modulus of elasticityf tested PUR
SIPOSB facesheets

Following ASTM D343 (ASTM, 2011) coupons wer@repared foathree point loading
scheme teevaluatethe modulus of elasticity of the SB facesheets used ithe tested
PUR SIPsA brand new PUR SIP was cut in pieces and strips of OSB were separated
from the PUR foanrrcoreusing a table saw (FigureZj. Three specimens were cut pgara
lel (major axis)and tree werecut perpendiculaminor axis) to the OSB strandd-his
would allowthe E valueof the OSB facesheet material to be evaluatedhe x andy di-
rections.Each specimen was)0 mm long (9.7 in.), 11.1 mm {/16 in) thick (h), and
47.6 mm { 7/8 in) wide (b). All specimensvere baded to failurewith a crosshead
movement rate of 6.5 mm/min (1/4 in./minhd overall deflectiony() of the specimen
was measured and recorded using the DAQched tathe testframe (Figure #3). The
testframe wasan ATSmachine(Series 1410, Computeontrolled universal testingan

chine)equipped withan Interfacel0000 Ibs. loadtell capacity.

Basedon EuleBer noul | i 6s beam d-sdan aastit deflentiontohae or vy ,
simply supported beam, loaded exactly in the middle of its sparbecaalculated using

the following equation:

e

% R X80

—
©
@)
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Figure 7-3: Test setup for evaluation of E of the OSB facesheet coupons
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Where:

F = Mid-span poinoad

L = Clear span

E = Modulus of elasticity

| = Moment of Inertia

Sincethe moment of inertia (I) of a rectangular section with a basehwidb f 0bd an

heightof 6 haan be calculated using the following equation:

0 — % RXP T

Equation 79 can bae-written for E

0 o - % RXP p

The load vs. deflection curves of all tested OSB specimens caadreinFigureG- 1 of
the Appendix GIn order to findthe E valuestheload vs. deflection coordinates of three
points within the elastic region of the load vs. deflection curvesweck@a | cul at ed E

were then averaged Table 7-4). As for the paralleto-strands specimens, 50, 100, and



































































































































































































































































































