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ABSTRACT OF DISSERTATION

THE DEVELOPMENT OF PERFORMANCE-BASED WIND ENGINEERING FOR

RESIDENTIAL STRUCTURES: FROM CONCEPT TO APPLICATION

The majority of buildings and approximately 90% of residential structures in
North America are light-frame wood construction. Many of these structures are subjected
to high winds along the eastern seaboard and Gulf Coast and as a result routinely suffer
damage resulting in significant financial losses. Losses for residential wood construction
during hurricanes occur for a variety of reasons, i.e. from different sources. These include
sources such as (a) the failure of structure due to high wind loading; (b) water intrusion as
a result of high uplift pressures on the roof system resulting in gaps or as a result of a loss
of roof coverings and/or roof sheathing panels; and (c) debris impact from windborne
debris. A relatively new paradigm in earthquake engineering is performance-based design
(PBD). PBD is, by and large, felt by most to be a system-level philosophy that allows
inclusion of system level behavior including the improvement in performance as a result
of this assertion. However, in wind engineering most failures are understood to be at the
component and sub-assembly level. This study outlines and demonstrates the

development of performance-based wind engineering for residential structures based on
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losses to the owner. To date, this is the first time a mechanistic model has been used to
develop fragilities for performance expectations related to all levels of performance:
occupant comfort, continued occupancy, life safety, structural integrity, and manageable

loss.

Thang Nguyen Dao

Department of Civil and Environmental Engineering
Colorado State University

Fort Collins, CO 80523

Summer 2010

v



Table of contents

CHAPTER Luiivunuiminusinsaiiisiarisismiimsisissaasmisasisrines 1
INTRODUCTION. . scusimicsmmimsvsinissisisssisisisvenssinsssisas assiiniisissssisrausmoravivasasssopeasssne 1
1.1 PERFORMANCE-BASED DESIGN. ....cuveiiureeeeureeiarereeeiisesinessesarsesosssessessseeersssesssasssnsesssnnsnne 2
1.2 FINITE ELEMENT MODELS FOR WIND 1.vvvveeeeuirrreessnsensnssessnessssssseessssessessomssssesesesssesmssesssnsnns 4
1.3 WIND DRIVEN RAIN ENTRY .eeeeasereeeusrassseeenseeesnssesssonsesssnsessssssssssessessonsssomsessssssomsusssessess 5
14 WINDBORNE DEBRIS MODBELING «csiissaviniminimmmsiiis s isssmiiirassisss it bensinsosncoabpssessntis 7
1.5 REVIEW O LOSS RADITELING ovvainisvomimiins i o stvasos s s s sy ssia das s s s s s s avies 8
1.6 ORGANIZATION OF DISSERTATION s sics s swssssuns o vasesniassissas oaiame v s vins ot dassasiasassnas 9
CHAPTER 2..eiiieiiiiettiesie st sensessesnssssessassnsssasnnssssssssssnsesssnsesnssssssenssnnsssnnsessnnsssnnnsan 11
PERFORMANCE-BASED DESIGN FRAMEWORK ....oeeerreeereeenrrenrssersssesssrsssssenssenssssssssnsnns 11
2.1 PERFORMANCE-BASED PROCEDURES ...vvvvvveeeissesiesieeesenressesessaseesenmnmnmnesessnssnseseseesesennnns 11
2,2 PEAFCRMANCE EXPECTATIONE oo vvumvimiis s o s i s i e sl s 16
2.3 FRAGILITY DEFINITION AND RELIABILITY APPLICATION .....vvtieinenemeneeessennsmnessasnessaesesseesennnnns 20
T 5 L S e e e 22
LOAD AND RESPONSE NUMERICAL MODEL.......eteeureurserersnsnsnseseenssssseeseesssssensssssnsessns 22
3.1 FINITE ELEMENT METHOD FOR OVERALL STRUCTURE. ....uveieeeieseeeeaeeesseeessenesessasseennsesnesaennes 22
3.1, T BRANT CICIIBIES. sviiviniacvvosisssiss s Voo s vy oo s s Ea v s G s s 22
B S Bl B O T S ssssmnssis s oas s e U S R S AL S A S S B TR S 27
3.2 NEW NON-LINEAR NAIL MODEL .. uvureinnuasersscsnsssssssesionsassssseessesssssssssassesssssassesessssnesasesees 34
3.2.1 Finite Element FOrMUIGTEION.............coccueeeeeeeeeeeeeeeeeeeeeeeeeeaeseseseesesenneeessesseeesees 34
i B o L 39
3.3 ComMPUTATIONAL FLUID DYNAMICS (CFD) AND WIND-DRIVEN RAIN ...ccovvveieeecniee e 45
3.8 DEBRIS TRAIECTORY ooinisuinssimimimississiiis iy s s s s s sy S s i s s e 51
3.5 NUMERICAL HURRICANE MODEL v s isonicunsssisin s s sasesisason i i e sis s ioiss deiss bt adasass csusad 55
3.6 CONSTRUCTION QUALITY EFFECTS ON PERFORMANCE=BASED DESIGN ..vvvvvveseireiesenereereeseeeseess 58
3.6.1 Fragilities for Panels MiSSiNG NQIlS ............ccoeoeeeeeeereieavereerersseeseseeeeeseeesseesaneens 61
3.6.2 Effect of Missing Fasteners on Performance-Based Design............................. 64
26.3 Constraction QUalily DECUSSION o uuvmmsmimswissmssmismiamas 75
CHAPTER 4 ..ccoimnsnsininminmmsennsssisionsinssivsevimsisosissssivissisnssssiissiasiiisiossniinssiivsssspisersissasnis 76
WIND-DRIVEN RAIN WATER INTRUSION FRAGILITIES FOR LIGHT-FRAME WOOD ROOF
SYSTEMS (iicviinainisssussssossnissasmusnssossnsnsnasssosssssresnsnsssenmssnennynssnamshyrisnsnorassssssennesssnsnsseonnes 76
4.1 FRAGILITY DEFINITION FOR RAIN WATER INTRUSION . ..eeeeemseeeteteeeeeeeeeseseneeaeeesesenneeseaaennennnnn 76
4. 2 RAIN-WATER INTRUSION EVALUATION v s 78
4.2.1 Modeling of the Roof-Sheathing OPenings..........cccccccvcvveeevevesiiiveceseeesiiieraenns 79
4.2.2 Wind-Driven RainWater MOAeliNg ...c.ssisisovsinmissssisammssissiisisasisiss 80
4.3 CONSTRUCTION OF FRAGILITIES FOR WATER INTRUSION VOLUME ...t aeeeeeaeseeeeeaeennannn 81
CHAPTER §iivcsiisinsiusasinsisniansssisivaiiasasssnossitinsesisnmesesssmsnasunnensssessmnantssssssmsnessraynssnsasens 87
MODELING WINDBORNE DEBRIS IMPACT RISK IN HURRICANES .....ccuvvvremeeeernnnnnerennnns 87
5.1 LOAD AND RESISTANCE MODELING FOR ROOF-SHEATHING PANEL UNDER WIND PRESSURE UPLIFT.. 87
5.1.1 Wind and dead foad modeling ........cimiansismminsnsiimeimissii 87
5.1.2 ReSISTANCE MOAEIING ....vveeevreieeiieesieeeeeee e et et eaeessiaseaesssssansesenens 89



5.2 CONSTRUCTION OF FRAGILITIES FOR WINDBORNE DEBRIS IMPACT TO WINDOW ....ovveeueeeenieeennns 90
5.2.1 Probability of the target window being hit during each hurricane hour......... 91

5.2.2 Probability of an RSP hitting the target window during the i"" hurricane, Rf”
5.2.3 Probability of a RSP failing during the i"" hurricane hour, P, ..........ccooe........ 94
5.2.4 Procedures for construction of fragilities for windborne debris impact to

1 oy .

CHAPTER B cccnsmmmsssusmmimmnvnsnsvivessis e domossons s e i somis s oes e s s o ey s s e b s 96

HURRICANE-INDUCED LOSS ESTIMATION: AN APPLICATION TO WOOD FRAME

BU LD TN G S iiiiiriiiinrininsiisennssmmmnsissnsmeassryasssnesinnssssvasmens ssassmenesssisnsanassssmpeansannssmanss 96
6. STRUCTURRL LIESS vitisisssaitinsss s imssassrrrs s sonsssmasnns asts st st e sanase s Ennnss men eas s AT LR SRS oR TR 96

6.1.1 Definition of structural damage StAte............cceerevcrveeeriieeierereeessessecsiiseeeeaesens 97
6.1.2 Probuability of o structural domage STote. ..cenmnunsmmmnmnssiz: 99

6.1.3 Roof-sheathing panel damage StAte..............cocveeeveveecrieeeeirreeesiaeressnsssesanas 100

6.1.4 Cost distribution given wind velocity of structural I0Ss .............cccccvvvvvcveen. 102

6.2 NON-STRUCTURAL LOSS ::0ss000s10ssmussesnrsanaasssesaransasssssssrsssnsssssssssansssasssssassssnasssasssssnesssssns 102

6.2.1 Distribution of rain water intrusion in €ach FOOM .........ccccoveeveeeseveerericrerersenn 103
6.2.2 Non-Structural component damage states from rain water intrusion and

[l 3= a0 o o)y 2 ) 4 SRR 104

B T OTALLOSE vasnerasusnsassmsanssynsnsasmovasnasmsnsstasvnsssnsansmsnsmnessams susss e smsmmkesssssiss canssvenssasnsnss 106

CHAPTER T casiisiminioism s it s e e ss s Al A st bm s i dyps b e maen o m o R o Saen 108

EXAMPLE AND DISCUSSIONS ....cisiiussiuinsiverssaiomnsisssssisssssitisssismsissmmmsesmrosioinsonis 108

7.1 EXAMPLE ON PBWE WITH DIFFERENT EXPECTATIONS ...vvveiitrieuneiineeensesaennesssnsssssesaseesesnnns 108

7.1.1 Numerical model and panel uplift capacity statiStics........cccceeereeevveecrreeaunnen. 108

7.1.2 Fragility @Nd PBWE QNQAIYSIS.......cueeeeereerereeeeiiieeeesicsseesssesessrasesssinssssssnessessasns 112

7.1.3 Occupant Comfort Performance EXpectation ..............cccccevevveeveeevveesceisnneene 115
7.1.4 Continued Occupancy Performance EXpectation................cccoeeeveevreesvensenaene 117
Z:1.5 tife Stifety Pérformiance EXPectaltlion . cumimnmnassmmesmnsmsnsmnss 118
7.1.6 Structural Integrity Performance Expectation ............ccccceevevevveeieensceeeesennnn. 119

7.2 |LLUSTRATIVE EXAMPLE OF EOSS ESTIMATION «vivsssususinnisusicasvisusainasinnessn snsinssssnonsivaias snsvas 122

7. 2.0 SETUCTUIGI JOSS..ueeeoneeeesseseeisee e eeeeeeeeaesasaaereeseseesesseseseseraasessesessesnsansranns 124
72,2 NON-SEFUCTUIQI OS5 ceeeeaeeeeeeeeeeeeeeee et eeeeeeeeeeeeess e s s ae s ssnnnaesasessesenns 139
CHAPTER 8...covcuiinmimnisiativasmssissimsisisi st asnisminamnmaians s 151
SUMMARY, CONCLUSION AND RECOMMENDATION.....c.cieummiiernnnrirnnsiansnseassesseennnsas 151
REFERENCES. ...iuconmsnnssosmusussisisinmmssvunnninisniisraiassiivsssissisisssosissssonsasuvisiossuissssvinins 154

Vi



Table of Figures

Figure 2.1 — Gable and Damage during hurricane Katrina. .........cceeccieeniniinncninnessiienaane 13
Figure 2.2 — Loss of a porch over-hang due to lack of support post anchorage................ 14
Figure 2.3 — Collapse of a wood frame (metal clad) building .........cocoeiiiiiiiciiinncnnn. 15
Figure 2.4 — Example of various levels of building performance as a function of Hazard
Level. . Sy S |
Figure 2 5 Photo of mlssmg fasteners ina humcane Cllp The roo’r llfted off after
several hours of UPlift PrESSUIES. ......ociiuieiirereiire e s e 19
Figure 3.1 — Local coordinates for member element .. DD
Figure 3.2 — End reactions of member under uniform chstnbuted load ............................ 24
Figure 3.3 — Local and global coordinates........cociiiivmiiiimivimomsaisisississsinemsssersmssisissn 25
Figure 3.4 — Nodal degrees of freedom for shell elements in local coordinates............... 27
Figure 3.5 — Resultant force vectors .. SRR .
Figure 3.6 — Degrees of freedom in current and new nall modeis TSI .
Figure 3.7 — Iteration procedure for stiffness MatriX .....c.cceeverereeieiieeiecese e 39
Figure 3.8 — Withdrawal test on 8d-boX Nail ..........cccoeovieiiirieiiiiriccsinineeeecriesessneseeerennnees 40
Figure 3.9 — Withdrawal test TeSULLS ......cceeiiriieiciiececcecie e 42
Figure 3.10 — Bending test on 83-DOX NA11.......c.eorerrermrseresessresmsesserssssmessmsresnsssssspmssaresass 42
Fighre. 3.1 1 = Moment 1est 1e8BIE ... umviauimmsnimmsinisisiissiismiasiii s s s —t
Figure 3.12 — Raindrop trajectory for droplet radius 0.5mm (0.2 in) at basic wind speed of
B T R 1 12 3 T 49
Figure 3.13 — FOrces acting On Plate......c.c.ceruiiiriiieiiieeieriee e et sieesaseeeresessseeeeseesaneenseens 52
Figure 3.14 — Wind velocity and wind direction during a hurricane ..........ccccceeeevveeenenn. 57
Figure 3.15 — Map showing the path of hurricane Katrina and analyzed house group
FOREIION . s orcnmeionsm s e A TP A A AR R O R A RS AN S AR B A A SRS 57
Figure 3.16 — Performance expectation occupant comfort for different nail patterns. ..... 62
Figure 3.17 — Different performance expectations of the same structure. ............c..c.e...... 63
Figure 3.18 — Loss of roof panel picture from hurricane Katrina. ..........ccccceeveevienreernennnens 64
Fignre 5. 19 = SEUCIUTE BIBITZRUL «.ouiounavimsmmeasesismiess 5o s aisms s iassm s s iesss 65
Figure 3.20 — Fragility and effects of missing fasteners..........cccovceerieeereeerieneenienreeeens 72
Fipure 3.21 — Fragilities of differenit CaSes. ... 73
Figure 4.1 — Rainfall areas and variables used in equation (4.4)....c..coceeeveeriereveerereennn 79
Fipire 4.2 — Fragility SUMaCE. .x.ouus v s i i s e e s s i 84
Figure 4.3 — Fragility curves for different nail patterns..........cocoveeirinrreesnnniniecnsesnneenans 85
Figure 5.1 — Portion of time that a roof-sheathing panel hits the target window ............. 93
Figure 6.1 — Limit sates and roof damage levels ... 101
Figure 6.2 — Damage states and cost diStribUtIONS........ccuerueeeeeerererieeieereseeie e 102
Figure 6.3 — Flow chart of total 1oss eStimation............ccoceeieeeccrinieniniiresisisssesssssseasessnenss 107
Figure 7.1 — Relative effect of using combined bending-withdrawal (6-DOF) fastener
MOAE]L of The DANEL BAPES. i memsiossmmnsimssnis ssmsmitnnsesmsssnsssassessssassnss dnssnnsinn rnsnitssssaise 109

Figure 7.2 — Axial force in critical nail by FEM analysis versus uplift pressure. .......... 111
Figure 7.3 — Comparison of FE Model based on fastener data and previously published

R RO s s i A G S e T M S A S R BR isis 112
Figure 7.4 — The simple wood frame building used in the illustrative example with roof-
to-tvall conniceton I0Cations SHOWE s simssiissiusserssmmrsmm st srnaosst i A s 112

Vil



Figure 7.5 — Fragilities for edge gap. These are app[ied for PBD at occupant comfort

performance expectation level.. . 116
Figure 7.6 — Fragilities for first pane] upllﬁ These are applled for PBD at the contmued
occupancy performance expectation level. . i 41
Figure 7.7 — Fragilities for Failure of roof- to wall connectors These are applled for PBD
at the life safety level.. . 118
Figure 7.8 — Fragility for structural 1ntebmty expectatlon iR s 120
Figure 7.9 — Plan of the house used in loss estimation example ..................................... 123
Figure 7.10 — House group in the loss estimation eXxample ...........cccoeeveeeeeeiecrereeeennne. 123
Figure 7.11 — Hurricane track and house group location...........ccccevveeecuinnciicvicsicinennenn, 124
Figure 7.12 — Trajectories of the roof sheathing panels that may hit the windows in house
group diring hurricane with Vi, = 180 Mph...cnmmmnmasnuiasasisis saesissinismes 126

Figure 7.13 — Pressure-tap and roof sheathing panel layouts (Datin and Prevatt 2009). 128
Figure 7.14 — Probability a window is hit during the example hurricane Vg = 160 mph129

Figure 7.15 — Probability of window #14 being hit during the hurricane.............c..c...... 130
Figure 7.16 — Probabilities of damage states by window impacts in house #4 .............. 131
Figure 7.17 — Probability of panel failure during each hurricane..............ccccovevieneennee. 132
Figure 7.18a — Probabilities of room damage levels after different hurricanes: Nail pattern
1 133
Figure 7.18b — Probabilities of room damage levels after different hurricanes: Nail

DAEE BT T2 it i st s st s AR e A e A e R B s e 134
Figure 7.19 — Probabilities of house damage states indicated by roof-sheathing panel
12t 1 L LA P PP e T TP S 135
Figure 7.20 — Probabilities of house damage states.. R L3
Figure 7.21 — Cost distribution given damage state for the example house ................... 137
Figure 7.22 — Structural repair cost given wind velocCity........cccoeeeeeireeciecceccereeseeneene.. 138
Figure 7.23 — Local intensity factor areas on the roof ...........cccccoeriireiiiniiiiennienneeennen. 140
Figure 7.24 — Cumulative distribution of rain water intrusion at panels ............c..c.ee.... 141
Figure 7.25 — Probabilities of damage states of none-structural components in each room
during hurricane Vv = 90 MPh oot s ae e 143
Figure 7.26 — Probabilities of damage states of none-structural components in room #2
WAEDL BUETETOHE Wtk s csonsinsmassnsiainommmsusnissnsiissss s s ssh S o o A s st .4 144
Figure 7.27 — Repair cost distributions of none-structural components in room #1 and #3
......................................................................................................................................... 146
Figure 7.28 — Cumulative probability distribution of total 10SS.......ccccevvreeeirieiieienicienns 147

viii



Chapter 1

Introduction

The majority of buildings and approximately 90% of residential structures in North
America are built using light-frame wood construction. Many of these structures are
subjected to high winds along the eastern seaboard and Gulf Coast and as a result
routinely suffer damage resulting in financial losses to their owners. A relatively new
paradigm in earthquake engineering is performance-based design (PBD). This
dissertation outlines and demonstrates the development of performance-based wind
engineering for residential structures based on losses to the owner. At the time this
dissertation was written, four papers have been published: 1) “New nonlinear roof
sheathing fastener model for use in finite element wind load applications” (Dao and Van
de Lidnt, 2008); 2) Performance-based Wind Engineering for Wood-Frame Buildings
(Van de Lindt and Dao, 2009): 3) “Methodology for Wind-Driven Rainwater intrusion
fragilities for Light-Frame Wood Roof Systems™ (Dao and Van de Lindt, 2010); 4)
“Construction quality issues in performance-based wind engineering: effect of missing
fasteners” (Van de Lindt and Dao, 2010); and one paper is in review: 5) “Fragility
Methodology for Windborne Debris Impact to Windows in Hurricane” (Dao at el.,

submitted to ASCE Journal of Structural Engineering, January 2010).



1.1 Performance-based Design.

Performance-based design has been defined many ways over the last decade with perhaps
the most general definition being provided by Ellingwood (1998) as “an engineering
approach that is based on (1) specific performance objectives and safety goals of building
occupants, owners, and the public, (2) probabilistic or deterministic evaluation of
hazards, and (3) quantitative evaluation of design alternatives against performance

objectives; but does not prescribe specific technical solutions.

In the U.S., performance-based design has been focused primarily on seismic, fire, and
manufacturing engineering. Perhaps the closest parallel to PBWE can be drawn from
seismic design. PBD is, by and large, felt by most to be a system-level philosophy that
allows inclusion of system level behavior including the improvement in performance as a
result of this assertion. However, in wind engineering most failures are understood to be
at the component and sub-assembly level. A recent paper by Ellingwood et al. (2006)
highlights the current status and future challenges for PBD for wood including PBWE. In
that paper it was stated that guidelines for PBWE do not currently exist in the U.S. It was
also stated that extreme winds (with the exception of tornadic winds) are not viewed as a
life safety issue in force-based design primarily because of the opportunity for prior
warning, which is not true for earthquakes. Thus, the parallel mentioned above stops at
what has become known as the life safety level to some degree. It was also articulated in
Ellingwood at al. (2006) that models are needed which model both load and non-load

bearing walls as an integrated system.



The majority of studies to date have focused on fragility development as a function of the
design wind speed. This design wind speed is usually the ASCE-7 Standard (2005) 3-
second gust and fragilities are characterized for various components and sub-assemblies.
Ellingwood et al. (2004) performed the assessment of light-frame wood structures using
fragility curves for both wind and earthquake hazard. That study demonstrated the
development of fragilities for roof sheathing, truss spacing, and shear wall nail patterns.
Lee and Rosowsky (2005) explained that breach of the building envelope and resultant
water penetration is the leading cause for financial losses in high winds. A fragility is
essentially a conditional probability of failure for a structural member or system for as a
function of some load (natural hazard) intensity. For example, the probability of loss of

roof sheathing due to uplift can be expressed as:
P[lossofsheathing] = z P[lossofsheathing|Demand = x]P[Demand = x] (1.1)

where the demand is wind velocity or wind load applied on the sheathing, x is a specific
value of the demand. The first term in the summation is a conditional probability known
as a fragility (Ellingwood et al, 2007). More details on development of fragilities will be
provided later. Fragilities for load combinations such as combined snow and earthquake

loading have also been developed (Lee and Rosowsky, 2006).

This dissertation is motivated by the SEI special project entitled: “The Next Step for
ASCE-16: Performance-Based Design of Wood Structures.” Specifically, it includes
results of the wind portion of (1) the 1™ Invitational Workshop on Performance-Based
Design of Wood Structures (van de Lindt, 2005); (2) the current literature leading the

way to performance-based wind engineering; and (3) extends these to a fragility-based
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approach for five different performance expectations. To date, this is the first time a
mechanistic model has been used to develop fragilities for performance expectations
related to all levels of performance: occupant comfort, continued occupancy, life safety,
structural integrity, and manageable loss. To do this, a new finite element nail model is
developed, modeling of wind driven rainwater is included, windborne debris is included,

and assembly-based vulnerability for loss estimation is formulated herein.

1.2 Finite element models for wind

The field of structural wind engineering has introduced several techniques that may
eventually lead to performance-based wind engineering (PBWE) for buildings with the
most promising being database assisted design. For wood frame buildings, one deficiency
1s the lack of accurate load/response models with the ability to go beyond first failure
leaving only force-based design approaches which protect life safety but only infer
certain levels of performance, i.e. implicitly. At the % Invitational Workshop on
Performance-Based Design of Wood frame Structures (van de Lindt, 2005), sponsored by
the Structural Engineering Institute of the American Society of Civil Engineers, one
critical need identified by the participants in order to enable the development of
performance-based wind engineering was numerical models that are able to model the
effects of wind beyond simply capacity and first failure of the building envelope. This
was later identified as critical by Ellingwood et al. (2006). In structural roof sheathing
studies the strength of each individual panel is typically modeled from panel tests
(Rosowsky and Schiff, 1996). While this approach has helped to substantially further

initial studies in structural reliability of roof sheathing to wind load (Rosowsky et el.,



1999) and fragility analysis (Lee and Rosowsky, 2005), it does not allow the
development of numerical models beyond first failure. In order to model failure
accurately, mechanistic models must be developed that accurately represent the unique
characteristics of fastener/wood fiber interaction. This is needed in PBD because the
ultimate capacity is not the only issue, but rather the explicit performance of structure is
also considered. For example, uplift of the edge of the roof sheathing panel may allow
water intrusion, and affect the occupants’ ability to remain in the property following an

extreme event.

With this objective in mind, one portion of this dissertation presents the results of a study
to develop a new non-linear roof sheathing fastener model for use in wind load
applications within a three-dimensional finite element framework. The new fastener
model is capable of accurately modeling the effect of load eccentricity (i.e. based on nail

spacing) on the coupled withdrawal-moment capacity.

1.3 Wind driven rain entry

A recent investigation (van de Lindt at el., 2007) showed that financial losses for
residential wood construction during hurricane Katrina were not only significant from
surge but also from wind and the resulting rainwater damage, thus improving the
performance of residential buildings during hurricanes would help mitigate these losses.
Losses for residential wood construction during hurricanes occur for a variety of reasons,
1.e. from different sources. These include sources such as (1) water intrusion as a result of
high uplift pressures on the roof system resulting in gaps but not loss of panels (Dao and

van de Lindt, 2010): (2) water intrusion as a result of a loss of roof coverings and/or roof



sheathing panels; and (3) debris impact from a failed roof sheathing panel. Heavy wind-
driven rain which occurs during a hurricane can cause rain-water intrusion through
breaches leading to substantial financial losses as a result of both the structure and
contents damage. In the present study, it is also proposed to move one step closer to full
mechanistic assembly-based vulnerability (Porter at el., 2001) to assess the damage of
residential construction due to hurricanes by introducing a probabilistic model for the
amount of rainwater intrusion in a wood frame building during a hurricane. To do this
requires that one have both the load and the resistance statistics in order to compute
failure probabilities accurately. However, the costs associated with conducting an
experiment for a single design is not possible in most instances, thus it becomes very
difficult to correlate roof-sheathing uplift capacity with water intrusion volume. It is
proposed herein to solve the problem numerically beginning with the numerical nail
model of Dao and van de Lindt (2008) which allows one to analyze the roof-sheathing
behavior beyond first failure, essentially allowing the panel to uplift and separate from
the roof trusses. Furthermore, this allows one to determine not only the roof-sheathing
uplift capacity, but also the panel edge openings as they uplift from strong winds. The
uplift of the panel edges is then related to water intrusion during a hurricane and allows
one to include these additional performance levels in the design even when they occur at

moderate load levels.

The computation of wind-driven rain water volume can be enabled using a combination
of the structural behavior of roof-sheathing during high winds and the calculation of
wind-driven rain water intensity, which has been well described by Choi (1993). In his

work, Choi described a method for determining a local intensity factor for rainfall from



which the amount of water falling on a roof can then be quantified. In the present study,
the method of combining the structural behavior of roof-sheathing during high winds and
wind-driven rain intensity will be presented. Fragility curves for water intrusion are then
developed with the intent that they may be eventually applied to perform assembly-based
vulnerability (Porter at el., 2001) analysis to mechanistically quantify losses due to

rainwater intrusion during hurricanes.

1.4 Windborne debris modeling

This study also focuses on a fragility methodology and subsequent risk analysis of
damage for residential windows during hurricanes due to impact loading from windborne
debris. It is important to note that while the wind model is a hurricane model within this
study, the methodology for window fragilities is applicable to tornadoes for which it is
less likely that residential windows would be protected by shutters (OSB, plywood, or

metal sheet).

A methodology for estimating the risk of debris impact to windows during hurricanes is
also introduced. The method is a combination of studies on windborne debris trajectories,
numerical hurricane modeling, and statistical analysis of structural capacity. Within this
methodology, one can estimate the risk of debris impact for one or several specific
windows in a certain house group as a hurricane approaches on its track. The risk was
analyzed not only for each hour during the hurricane but also for the entire hurricane
duration. An illustration of the method (second example, Chapter 7) is presented through
a risk assessment of windborne debris impacts to windows in a house group located near

the U.S. Gulf coast for a hurricane having the same track as hurricane Katrina in 2005.



Existing wind tunnel test data is utilized to ensure the accuracy of the wind load effects
on the example buildings. In this study a method to examine the building risk to debris
impact was presented. The method can be applied to other types of windborne debris
provided (1) that the statistics of their failure during a hurricane can be estimated, and (2)
their flight equations can be formulated. Results and discussion are presented to clarify
the methodology introduced herein with a focus on its application to performance-based

wind engineering for residential structures.

1.5 Review on loss modeling

The annualized loss to residential structures as the result of hurricanes in the United
States is billions of dollars thus this loss is in need of mitigation. In the past decade, there
have been several studies that focused on loss modeling of residential structures during
hurricanes. Vickery at el (2000a) introduced a hurricane wind field model for use in
hurricane simulations. That study was coupled with the simulation of hurricane risk in the
U.S. using an empirical track model (Vickery at el, 2000b) in order to estimate wind
speeds at any point along or near the hurricane coast line. Those hurricane models were
then applied to damage and loss estimation (Vickery at el, 2006a and 2006b). The method
was developed to estimate the loss for a single hurricane as well as over a period of time
(account for hurricane return periods). The loss estimation model was well developed in
that study, but the details of water intrusion and structural damage modeling were not
presented. The amount of rain water intrusion during a hurricane directly affects the loss

of both content and structural damage, and relates to the cost of repair or replacement. In



this dissertation, the content loss due to rain water intrusion and structural loss will be

estimated from damage states revised from those introduced by Vickery at el. (2006b).

Similar studies have focused on other natural hazards such as earthquake loading. For
example, Pel and Van de Lindt (2008) introduced a method for earthquake-induced loss
estimation applied within the context of performance-based seismic design of wood
frame buildings. In that study, a Bayesian updating procedure was applied to loss
estimation. For loss estimation of a residential structure due to a hurricane, the loss is not
only the result of high-wind loading, but also from the consequences of rain water
intrusion and even debris impact, which in turn, results in more rain water intrusion. The
structural damage states can be defined through different damage indicators which are
discussed later in this dissertation. In this dissertation the assembly-based vulnerability
(ABV) approach originally proposed by Porter at el. (2001) was applied to estimate

financial loss of the residential structure following a simulated hurricane.

1.6 Organization of dissertation

Chapter 2 introduces the general performance-based framework, including the general
definition of a fragility, recommendation of performance expectations and an overview of
modeling and loss computation/analysis. Chapter 3 focuses on load and response
numerical modeling. Specifically, a brief overview of the finite element method (FEM)
for the overall building, an introduction of a new non-linear nail model, debris trajectory
model, and finally review of computational fluid dynamics (CFD) in wind field modeling
around buildings. Also presented within this chapter is numerical hurricane modeling for

estimation of wind velocity and wind direction at a certain location as a hurricane



approaches on its track. Construction quality is also discussed in this chapter within the
context of the sensitivity of performance-based design to mistakes in nail pattern for roof
sheathing. The methodology for construction of fragilities for rain water intrusion is then
introduced in Chapter 4. Chapter 5 presents windborne debris modeling including
fragility development for this phenomenon. Chapter 6 focuses on loss analysis due to
wind load., a big step in performance-based design for wind. Then, several examples and
discussions are provided in Chapter 7. Finally, conclusions, contributions and

recommendations are presented in Chapter 8.
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Chapter 2

Performance-based Design Framework

This chapter describes the Performance-based design concepts and framework. Part of
this chapter has been published in the ASCE Journal of Structural Engineering (see Van

de Lindt and Dao, 2008).
2.1 Performance-based procedures

The proposed PBWE procedure is an extension of the fragility studies outlined earlier
(Rosowsky and Ellingwood 2002; Ellingwood at el., 2004). Returning to Table 2.1, five
performance descriptors are proposed (van de Lindt et al., 2005). To date, only two of
these have been addressed in previous studies: continued occupancy and life safety.
Continued occupancy is assumed herein to correspond to loss of the first sheathing panel
which is consistent with previous studies. Figure 2.1 shows a photograph of what, at first
inspection, looks like a moderate gable opening during Hurricane Katrina. The owner
was not able to remain in the structure following the hurricane and according to the
owner the 2005 insurance estimate was equal to the 1998 purchase price of the home (van
de Lindt, 2005). If this structure had not been insured for wind (and subsequent water)
damage, this would most likely exceed what can be called “manageable loss™ for most

homeowners. Manageable loss can best be explained as the upper limit of the cost that a
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homeowner can (or is willing) to pay (whether borrowed or out-of-pocket) to be able to
live in the structure comfortably. In Table 2.1 this is indicated as some percentage of the
reconstruction/replacement value for repair. The concept of continued occupancy refers

to the owner’s ability to inhabit the dwelling following the event.

Table 2.1 — Performance Expectations and Related Model Damage Parameters for

PBWE of wood frame buildings

Performance Pastornianes Describiion Model Damage Study
Expectation P Parameter Addressing Issue
Almost a
durability issues;
Occupant Little or no reduction in n\?vz?::?z;f; o, Brasant St
Comfort living/inhabitant comfort o 4 Y
limited to
moisture, i.e. no
pooling
Up to moderate reduction Kim and
: in comfort but no threat to | Loss of first gable | Rosowsky (2005)
Continued . . : :
safety or injury. Electrical, | or roof sheathing | Ellingwood et al.
Occupancy . e
plumbing, and egress still panel (2004)
present Present Study
Structural integrity is Roof truss-to-wall
ol s | cometon | oo s
Life Safety e ey . (2004)
¢ might occur; safety supporting
: ; Present Study
normally provided is not column/post
present failure
Visible si 1
1§1b ¢ signs of structura Cillapse ofrook;
Structural distress, i.e. permanent .
§ , loss of lateral Present Study
Integrity deformation, structure not :
capacity
safe
Cost to repair structure is
belo NN
Showa, Se acied Loss distribution
percentage of
reconstruction/replacement based o the
Manageable Loss o assembly of Present Study
value. This is dependent
damaged
on numerous factors, and R ETBLaTES
is often the result of P
rainwater intrusion
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Figure 2.1 — Gable and Damage during hurricane Katrina.

Life safety is perhaps the most difficult to define, but is summarized here as being a
condition in which the safety normally afforded by a structure is no longer present. For
wind damage, this can be characterized as failure of the roof-to-wall connection or
supporting column/post failure. Figure 2.2 shows the collapse of a porch overhang as a
result of poor (or no) anchorage during hurricane Katrina. The life safety issue in this
case arises from the fact that the joists frame back into the ceiling of the first level and

failure then occurred within the living portion of the structure.
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Figure 2.2 — Loss of a porch over-hang due to lack of support post anchorage

Another performance expectation that have not been explicitly addressed to date is
structural integrity, which can be summarized as the state at which the structure shows
significant signs of distress. This may include the collapse of the roof or the loss of lateral
capacity either locally or globally. Although the general consensus is that complete loss
of lateral capacity from wind load is rare, it is possible as evidenced by Figure 2.3. This is
a convenience store in Mississippi that was literally blown over in Hurricane Katrina.
Van de Lindt et al. (2005) describes this failure with the following sequence: The roof
uplifted and there was a loss of roof sheathing. The front glass window “Blew out” and
the roof trusses collapsed. The trusses were tied to the walls with hurricane clips, but

without roof sheathing they did not provide lateral stability for the trusses alone. The
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structural instability performance expectation includes life safety, meaning none of the
performance expectations are necessarily mutually exclusive. For example, if the
structure collapses, i.e. does not meet the expectation of structural integrity, clearly all of
the other expectations were not met, albeit they may be tied to different hazard
intensities. The performance expectation of /ife safety may not be met even when there is

no local or global collapse.

Figure 2.3 — Collapse of a wood frame (metal clad) building

The other performance expectation which has not been addressed is occupant comfort.
This is intended to mean following the event since it is not anticipated that the

homeowner would necessarily be present during a hurricane. In the present study, it is



proposed to model this as water penetration at roof sheathing edges resulting in potential
mold and other issues related to moisture. A detailed finite element model, which utilizes
a new 6-DOF fastener model developed by Dao and van de Lindt (2008), is used to

detect/model sheathing uplift and help develop fragilities as a function of edge uplift.

2.2 Performance Expectations

Consider Figure 2.4 whose concept is adopted from performance-based seismic design.
Current force-based design utilizes a single peak 3-second gust and designs with some
level of safety or with both a load and resistance factor (e.g. ASCE 16, 1996). In Figure
2.4 the leftmost line corresponds most closely to current force-based design values.
However, it is important to note that simply by defining multiple performance objectives
the design philosophy is no longer the same. For this leftmost line, returning to the
performance expectations and damage parameters in Table 2.1, for a peak gust of 90 mph
(145 km/h) an owner would expect no damage and no water intrusion. For a well
designed and constructed residential structure this is typically the case provided wood is
in a non-decaying state and fasteners are spaced appropriately. For the same leftmost line
(squares in Figure 2.4) one would expect to provide life safety at 170 mph (270 km/h)
meaning no loss of truss-to-wall connections or supporting post failures. Although this is
the performance expectation described here the method described below is probabilistic
and thus there is always some probability of exceeding such an expectation, as examined
by Ellingwood et al (2004). Therefore some level of exceedance probability must be

selected, which for the present study is set at 50% for illustrative purposes.
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Hazard Level
Wind Speed for Peak 3-sec Gust in 50 Years
90 110 130 150 170 190 210 230 250

Occupant
Comfort

Continued
Occupancy

Life Safety

w
\\

Performance Expectation

Structural
Integrity
D lfy Dl,
Manageable ’ g -y O
Loss 0.5% 5% 10%
None| A 2%, & 59, .&IO"a

I. Manageable loss is defined as a % of the replacement cost of the building.
Figure 2.4 — Example of various levels of building performance as a function of Hazard

Level.

The concept of PBWE can be further explained by again returning to Figure 2.4. Now,
focusing on the rightmost line with triangles, one can see that no water intrusion or

damage would be expected at 130 mph (210 km/h), life safety expected at 210 mph (335
17




km/h), and structural integrity expected at 250 mph (400 km/h). Of course, it should be
noted that at wind speeds this high, debris acting as airborne missiles will ultimately have
to be considered in performance-based design but is not here. The force exerted by the
debris is understood, but unfortunately little beyond speculation is available for
occurrence modeling since it is related to many things beyond the engineer’s control, e.g.
equipment left out in the open. Several studies have examined this concept with the most
recent work being completed by Lin and Vanmarcke (2008). Finally, recall that the
pressure varies as the square of the wind velocity, so although the various performance
expectations are linear when expressed as pressures and subsequently in terms of strength
requirements, the force exhibited by these wind speeds increases substantially from

occupant comfort to even continued occupancy.

Manageable Loss

Perhaps the most important aspect of PBWE is addressing manageable loss through
modeling and detailed comparison of structural performance to estimated losses during
high wind events. For example, in Figure 2.4 how would one ensure that at 210 mph the
performance expectation level for the leftmost line (indicated by squares) only has losses
not to exceed 10% of the replacement value of the structure? Further, for the “triangle™
performance level, these would not be expected to exceed 5% at 210 mph. To accurately
assess the damage in terms of dollars requires the full inclusion of damage due to
windborne debris and a mechanism to assess volume and affect of rainwater entry, which
are also parts of this dissertation. This includes an approach known as assembly-based

vulnerability (Porter et al, 2001; Pei and van de Lindt, 2008).
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Additional Considerations

Figure 2.5 — Photo of missing fasteners in a hurricane clip. The roof lifted off after

several hours of uplift pressures.

Articulating, or quantifying, the performance expectations of a peak 3-second gust in 50
years does not address other “failure” mechanisms that may occur during a hurricane as a
result of the duration (sometimes in excess of 8 hours). Figure 2.5 shows a photograph of
a hurricane clip that lasted almost four hours during Hurricane Katrina and finally failed
(van de Lindt et al, 2005). Another factor is roof coverings and siding, which are not
designed to carry wind load, but are envisioned to protect the structural components such
as paneling from direct water exposure during storms, thus helping to maintain the
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integrity of the building envelope. In this study, the non-structural siding and roof
coverings are assumed to have been removed by the wind prior to the analysis performed
on the wood components and assemblies. Finally, it is again stressed that it is imperative
that PBWE ultimately consider projectiles and breakage of windows for an accurate

assessment of risk caused by wind events as in this dissertation.
2.3 Fragility definition and reliability application

As mentioned earlier, there have been several studies assessing structural performance for
different components using fragility curves. Before introducing the construction of
fragility curves for specific components in light-frame wood buildings, one must recall
the basic definition of a fragility as given by Ellingwood et al. (2004). In general, the
probability of the limit states, G(X) < 0, in which X is the vector of basic uncertain

variables that describe the limit state, can be expressed as:

P[G(X) < 0] =ZP[G(X) < 0|D = ylP[D =y] 2.1)
g

where D is the demand of a certain hazard such as wind speed, earthquake intensity, or
rainfall intensity. In the equation above, the term P[D = y] is the probability of the
natural hazard intensity. The conditional probability in equation (2.1), namely

P[G(X) < 0|D = y] = Fr, is defined as the fragility (Ellingwood et al, 2004).

The fragility function will be used to make design decisions for structural components as
well as overall structures depending on the performance expectations, which are decided

by the building stakeholders. A fragility function may be present for a limit state for a
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certain structural component, a structural assembly or the overall structure. Three
methods are available for construction of fragility functions: empirical, theoretical, or

judgment-based.

In this study, fragility functions will be developed theoretically by reliability analysis of
limit state functions or performance descriptors, G(X). To develop a fragility, the
reliability index, £, is computed as a function of the performance descriptor such as
panel uplift, or capacity exceedance for shear walls. The fragility of the performance
descriptor versus one or several inputs such as wind speed or rain fall intensity can then
be constructed as a function of the reliability index

Fr = &(—p) (2.2)
where Fr is fragility of the performance descriptor versus wind speed, ®(m) is the value
of the standard normal cumulative distribution function, and f is the reliability index.
The reliability index A is calculated by Rackwitz-Fiessler procedure, or First-order
Reliability Method (FORM). It should be noted that the use of the reliability index to
compute the fragility is typically for closed form limit state functions. In the present
study the behavior of the relevant capacity from (nonlinear) finite element analysis was

fit to a statistical distribution in order to develop this type of limit state function.
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Chapter 3

Load and response numerical model

This chapter presents the load and response numerical modeling used in the development

of the performance-based design concepts throughout this dissertation.
3.1 Finite element method for overall structure.

For structural problems, the finite element method is commonly used to solve general
problems for three-dimensional (3D) structures. Displacements are calculated for each
degree of freedom (dof) at each node. There will be six dofs at each node, three dofs for

transitions and three dofs for rotations in the X, y and z direction, respectively.
3.1.1 Beam elements:
3.1.1.1 Local stiffness matrix

Each member element includes two ends (Figure 3.1), six dofs for each end; therefore
cach member element has 12 dofs. The stiffness matrix [K,] in local coordinates can be
derived by shape functions or directly from the displacement method, both of which yield

the same result. This stiffness matrix can be expressed as
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where A4 is the cross-sectional area, £ is the elastic modulus, L is the length of the
member; [, and I, are moment of inertia in y and z direction and I, is the torsional

constant of the member.

3.1.1.2 The force vector:

w
wrﬁi‘&&&iﬂ&&&&&&k i
12 4 N 12

' 3 »

L [

Figure 3.2 — End reactions of member under uniform distributed load

For a uniformly distributed load ¢ applied on each member, the force vector in local

coordinates is formulated as

(3.2)

{Fed}=[wa wyl w,L -w,L?* wyl? w,L wyL w,l w,L? -wyLz]
2 2 2 12 12 2 2 2 12 12

Where wy,w,,w, are the uniformly distributed force in X, ¥ and Z directions,

respectively; L is the length of the member.
3.1.1.3 The transformation matrix

In order to solve the stiffness equation for the structure, the expressions in local
coordinates must be expressed in global coordinates. In the local coordinate system the

equilibrium equation can be expressed as
[Kel{de} = {Feq} (3.3)
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where [K,] is the local stiffness matrix, {d,} is the local displacement vector; {F.q} is the
local force vector due to the distributed load. The relationships between the global

displacement vector and the local displacement vector can be expressed as:

{d.} = [T]{d} (3.4)

where [T] is the transformation matrix, {d} is the global displacement vector.

Substituting equation (3.4) into equation (3.3) yields

[Kel[THd} = {Feq} (3.5)

Multiplying [T]" with both sides of equation (3.5) gives

[T]"[Ke][TH{d} = [T]"{Feq} (3.6)
but since K]y {d} = {F}y (3.7)
and [T]"{Fea} = {F}u (3.8)

where [K],, is member global stiffness matrix and {F},, is member global force vector,

one can write [Kly = [T]T[K,][T] (3.9)

Sy
)

y

FA

Figure 3.3 — Local and global coordinates
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&y
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In order to compute transformation matrix|[7'|, we assume that the local y coordinates of

members always parallels to xOy surface of global coordinates. We have:

[Tsp] [0] [0] [O]
[0] [0] [Tsp] [O]
[0] [0] [O] [T3p]

[ m n
m l
[Tspl =| D D
—ln —-mn b
D D
0 0 0
and [O]=[0 0 O
0 0 0
Xp—mdy . M= . =y _ [ >
= 7 mo= T R I :D [2+m

0 0 1
I[fD=0,andn>0then[T3p] =0 1 0

-1 0 0

0 0 -1
IfD=0andn < 0 then [T3p] = |0 1 0]

1 0 0

Where (x;,y,,2;) and (x3,y,, Z;) are coordinates of member’s ends.
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3.1.2 Shell elements

! b
2 ¢ > !
®
A h

Figure 3.4 — Nodal degrees of freedom for shell elements in local coordinates

To keep the degrees of freedom consistent with the member elements, one should use

Mindlin plates for the models. Mindlin defined the displacement field for shell elements

u=zx6,(x,y)v=—zx0(x,y);w=w(xy)

Where 6,(x,y) and 6,(x,y) are the rotations of straight line normal to undeformed

midsurface from the original position in x and v direction, respectively.

The stiffness matrix of shell elements can be obtained by coupling bending and

membrane components.

3.1.2.1 Bending component:

From the displacement field defined. we can compute strains in shells:

£, =2 X Ey,x'- Yoy = Z[H}'-}’ - Bx,x)
E}' =—7X 'Ex.y; }’yz = W.}" — Hx {31(‘1}
£z=ﬂl }'zx:W..I+H}"
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Where 0 x,0xy,0yx, 6yy Wy and w,, are the derivatives of 6,(x,y),0,(x,y) and

w(x,y) versus x and y, respectively.

Stresses in shell element are computed as:

z
Oy = = (Exﬂij - vEyﬂx_y); Tyy = Gz(gy}y — gx'x)

Z
O’y = —""'1 — e (VExgy,x = Eygx,y); Tyz = KG(Wy _— x) (3]?)
a, = 0: Top = KG(W,I + gy)
And:

)

7 s 2 3
Mx = f_%Jdez = J;%l —37 (Exﬂy‘x = VE},gx'y)dz = m(gxgij _ VEygx_y)
Mx = (ngyrx - vD}’GI,y)

&

My = J;t O'yZdZ = f f__l —7 (VExgy_x — Eyngy)dz — ———12(1 — VZ) (VEXBN — Eygx_y)

] 7
M, = (Vngy.x —Dy8,5)
:
T 5 Gt3
Mxy = ¢ TxyZdZ = ¢ Gz (93’:3’ - Gx_x)dz = E(Gy,y - gx,x)
i

_(De+Dy)(1 - f)

xy 4 (9y,y - Qx,x)
t t

Z 2
O, = f t*L'ﬂafz = f EKGx(w[x -+ Sy)dz

]
Qx = fot(w.x + 83}2

2 Z
Qy = J r1'3,2052 = f ; KGy(w.y — 0, )dz

2
Qy = KGyt(wy —6,)
From stresses and strains, taking integration throughout the volume for strain energy

density gives us:
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t
1 z
= Ef f t(crx&‘x +0y&y + TayVay + TyzVyz + sz}’zx)dsz
o (3.18)
1
= ‘2"f (Mxey.x = Mygx}y = Mxy(gx_x == Qy,y) + Qx(gy £ W.\:) = Qy(gx _ w}y)) dA

Where M, M, are moment in x and y directions; M _, is the twist in x and y direction;

O, and Q, are shear forces in x and y directions.

dv

A

.

dx

M,

t 1t "

Figure 3.5 — Resultant force vectors

In matrix form:

l -
U= —if[RJ{KM}dA (3.19)

Where: [R] = [M, My My, Q Qy]

(3.20)

¥.x
~By
{Ku}=1{—0xx+6,,
0y +wy
— & Wy

3.21)
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And:

ey.x 0o 0 0 0 N, O g
—0yy 00 0 -N, 0 Off7
(Ku} = {=Oxx+0yyp=[0 0 0 N, N, O0{g b=[By]{d} (3.22)
0y +w, 00N 0 N Offg,
6, +w, 00N -N 0 0f{g,

Where N is shape function; N, and N, are derivatives of shape function versus x and y,

respectively.
M, D, wvD, 0 0 0 6,
M, vD, D, 0 0 0 =
{R} — Mxy = 0 0 (Dx + D)’)(l B V) 0 0 “Sx,x + Gy_y
Q, 4 3.23
o 0 0 0 KGit 0 _‘gg ++W“ (5:23)
»2 o lo o 0 0  KGyt|* """y
= [Bp]. {Kn}
IRl = [Ky . [D,]" = |Kp . [Dy] = |d].[B,]".[Dy] (3:24)
Substituting equation (3.22) and (3.24) into equation (3.19) gives us:
1
U =3 [ 14118, 171D, . 8. (). a4 (3.25)

Taking variation for both sides of equation (3.25) leads to:

= fladj' [By]". Dy ). [By]. {d}. dA (3.26)

The stiffness matrix due to bending component:

[Ksp] = f (B,]".[D,]. [B,]. dA (3.27)
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3.1.2.2 Membrane component:

Membrane component yields constant stresses across the thickness of shells. The displacement

fields of membrane component are defined as:

u=u(x,y); v=uv(x,y);,w = const (3.28)

There are only three non-zero stress components:

1 1 du av
Oy = T—_v2 (Exsx + vEyey) = —-—1 —3 (Ex o + vEy 5)
1 1 du av 199
oy = —-——1 e (VExex ¥ Eyé‘y) = Tvi(b‘ﬁ‘xa + Ey @) (3.29)
_ —c (6u P 617)
Txy = bxyYxy = Uxy 3y | ox
Strain energy:
1 1
U= EJ-(U-"S" +0,8y + TyyYry)dV = Etf(o'xsx + Oyty + TyyVry )dA (3.30)
In matrix form;
1 &
U:Etjlax gy Txy[.[gy}.dfl (3.31)
Yy

Constitutive laws give us:
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1 |ve, B, o |[(®
[9x Oy Y= 4 1€

From equilibrium conditions, we have:

( Odu u
£ e Ne 0 000 0]Y
Yxy i ow Ny N, 0 0 0 O ey
L@ 3k dx/ 0z

Substitute equation (3.33) and equation (3.32) into equation (3.31) we get:

u=2 [101.18,7. 19,018, (4. a4

Where

E; VEy 0
t VvE E 0
D,] = -
(D] 1-—v2 & 3 1-v Ex+E,
2~ 2

Taking variation both sides of equation (3.34) gives us:

5U = f 15d].[B,,]".[D,,].[B,,.]. {d}.dA

Stiffness matrix due to membrane component:

[Ksu] = [ (Bl [Dp].[B,u]. 4

32

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)



3.1.2.3 Solution for stress

a) Bending component:

From equation (3.17), one can have:

A, VA, 0 0 0

2}
) |vAe 4 0 0 0 N5
y xy
rx}’ = (Ax + Ay)(l - V) 0 _'gx,x = gy y
Txz 4 0, +w
T 0 0 0 KG, 0 S
0 0 0 0 KG, Wy
= [Sp){Ku} = [S»][B,]{d}
Where
Bz _ Eyz
4 1—v2" 7Y 1-—y2
Finally:

{0} = [Sp]. [By]. {d}
b) Membrane component:
From equation (3.29) we have:
1 1 du av
=z (Exex + VEye,) = — (Ex o= VEy @)

1 1 du av
G=r—s (VE &, + Eyey) = — (vEx 5z T B @)
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- Cx VG, 0 .
X X
&z L E
{Uy}— s e 3 ) [Sy] where C = ——; (3.42)
i = -
xy 0 0 = s Yxy
Substitute equation (3.33) into equation (3.42) one can get:
{0} = [Sm][Bn]{d} (3.43)

3.2 New non-linear nail model

3.2.1 Finite Element Formulation

In current state-of-the-art axial nail models used in finite element analyses, there is only
one degree of freedom per node, and the nail is allowed to displace in the axial direction
only (Figure 3.6). In order to perform much of the analysis in this dissertation, a new
more versatile nail model was needed. For the new nail model, the nail is assumed to
possess six degrees of freedom for each node, and specifically accounts for the coupling
of axial force and rotational stiffness. This type of model provides more accuracy in the

estimation of overall capacity and incremental deformation of roof panels.

In wood structural analysis, wood beams and columns can be modeled using beam
elements. Sheathing such as oriented strand board (OSB) can be modeled using plate and
shell elements with in-plane isotropic elastic models for approximation of components

such as stress, strain, and displacement. The failures typically occur at the connections
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between structural components, e.g. the nails that connect the OSB to the trusses in roof
systems, and not the members themselves. In the present study, the aforementioned nail
model, which is intended for use in finite element analyses, is described as a non-linear

spring with six degrees of freedom (DOF).

d;
J
d.
i
a) Degrees of freedom in b) Degrees of freedom in
current nail model new nail model

Figure 3.6 — Degrees of freedom in current and new nail models

In order to transfer the force and moment from the OSB to the truss members, the nail is
modeled as a spring with six components including three components in translation and
three components in rotation. As previously mentioned, the OSB is modeled using shell
elements and the truss members are modeled as beam elements. Now, imagine the forces
and moments need to be transferred from one node on the OSB to another node on a truss

element via the nails. At the element level, the spring equation can be written simply as

[K]s{U}s = {F}s (3.44)

U}s = {U}; — {U}; (3.45)

where /U]y is the spring displacement, /U}; is the displacement at node i on the OSB and

{U}; is the displacement at node j on the truss, [K]s is the secant spring stiffness matrix
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for the six components and {F}s is the spring force. The spring stiffness matrix [K]s is
estimated at each load level based on the /Uls just obtained and the curves from
experimental data (described later). Iteration is needed until the force and displacement
align with the experimentally determined values. Because the experimental moment
curves have accounted for the effect of eccentricity, i.e. the effective moment arm acting
on each fastener, each component of spring stiffness can be considered independent to

one another, and the spring stiffness matrix can be written as:

[K]s = diaglkyy ki kzs kay kss kel (3.46)

where k, =—- is the secant stiffness; P, is the force corresponding to the displacement
..

"

component u#, on the curve for that component, and k, == for degrees of freedom not

considered. For the rotational stiffness components, both the moment and axial force in
the nail is computed based on the stiffness and displacement from the previous loop and
then the eccentricity is estimated (e = M/N). Then, the eccentricity and displacement from
the previous loop are used to compute the rotational stiffness for that component at the
present load step based on the experimental stiffness. This iterative procedure is shown in
flowchart form in Figure 3.7. Substituting equation (3.45) and (3.46) into equation (3.44),

one can obtain the force vector at node / as

[K1L{U}. = {F} (3.47)

where
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I—kll 0 0 0 0 0 ‘_‘kll 0 0 0 0 0
Okzz 0 0 0 0 O ‘*kzz 0 0 0 0
; 0 Oks30 00 0 0 —ks3 O 0 O
- 33 33
Kle=10 0 0kyo 0 0 0 0 —kye 0 0 (3.:48)
O 0 0 0 k55 0 0 0 0 0' _kss 0
L0 0 0 0 Okegs 0 0 0 0 0 —kgl

and (U}, = [d} d} di 6. 6 6 da d} da) o] 0, 6]] .

Then, from static equilibrium, the force vector at node 7 has the same absolute values as
the force vector at node ; but opposite sign, and the force vector at node ; can be

expressed simply as
[K1L{U}e = —[KLL{U}, = {F}] (3.49)
or (K], = —[K]: (3.50)
Combining (3.47), (3.48), (3.49) and (3.50), at the element level gives
[K1.{U}e = {F}. (3.51)

where:
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ky O 0 O O 0 —ky; 0 0 O 0 O
0 kj 0 0 0 0 0 —kp, 0 0 0 O
0 0 kyy 0 0 0 0 0 —ks3 0 0 0
0 0 0 kg 0 0 0 0 0 —kyy 0 0
0 0 0 0 ks O O 0 0 0 —kes O
0 0 0 0 0 kg O 0 0 0 0 —kg
LK. = k; 0 0 0 0 0 ky 0 0O 0 0 0
0 =k 0 0 0 0 0 ky 0 0 0 0
0 0 k3 0 0 0 0 0 kg O 0 0
0 0 0 —ky 0 0 0 0 0 ky 0 0O
0 0 0 0 —kss 0 0 0 0 0 kss O
0 0 0 0 0 —keg O 0 0 0 0 ke
and (U}3°* = [d} di, di 6. 6, 6 d] d) da) o] &) 8]].

The clement stiffness matrix is transformed into global coordinates and then added to the
global stiffness matrix. It should be noted that there are some finite element modeling
integration details that are not obvious. For example, when integrating the nail model into
a finite element program, node / and j initially have the same coordinates (before
loading), therefore the nail direction vector should be specified and used to create the
transformation matrix. The positive directions (node i to node j, translational and
rotational) should also be specified so that they can be checked at each load step. if each
displacement component is negative, the spring stiffness in that direction k; should then
be set to an “infinite” value. The flowchart in Figure 3.7 shows the iterative procedure for

assembly of the nail element stiffness in the global stiffness matrix.
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Figure 3.7 — Iteration procedure for stiffness matrix

3.2.2 Nail Tests

The capacity of a nail connection can be modeled using load-displacement curves from
experiment, including three components: Axial or pull-out, bending, and shear. For the

analysis of OSB pulled from a truss by wind lift on a roof, only the first two components
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need to be considered. As is well known, nail connections displace non-linearly with
load, therefore tests to obtain the load-displacement curves for the axial and bending
components of the nail stiffness matrix are needed. For the field nails, the moment and
rotation arising from wind load are quite small in comparison with the axial forces
because the moment in the OSB is balanced. Thus, the displacements of the field nails are
mainly caused by axial force which is best modeled by data from withdrawal tests on
nails. For the panel edge nails, the rotational angle and moment are significant, and the
moment-rotation relationship of the nail is affected by the ratio of the moment to the axial
force, i.e. effective eccentricity. In order to demonstrate this effect, a series of thirty
moment tests using three different eccentricities on the same (nominal) nails were

performed as part of this study.

Withdrawal Tests

- 2x4
i | i Nail

71 | 15/32 0sB
P Actuator

i 15/32 0SB
I| ' g /
L= t] 2 Nail
2x4

a) Picture from the test b) Drawing for the test

Figure 3.8 — Withdrawal test on 8d-box nail
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Withdrawal testing on a set of specimens was performed in order to determine the load-
displacement relationship of the nails in the axial direction at different load levels. The
tests for nail pull-out capacity were done by pulling a 15.24x15.24cm (66 inches) piece
of 12 mm thick (15/32 inch) OSB attached to 2x4 (3.81x8.89cm or 1.5%3.5 inches)
members with 8d-box nails (6 cm [2.375 in]) long, 0.287cm [0.113 in] in diameter) at the
center. Ten tests using 2x4 hem-fir members with OSB were performed and the
experimental test setup is shown in Figure 3.8. Both force and displacement were
measured and the force-displacement curves for use in an FE model. The results in Figure
3.9 show that the maximum average load is approximately 0.688 KN (154.5 lbs) at a
displacement of 0.4064 cm (0.16 inches). Wood is non-homogeneous and an anisotropic
material, thus the physical and mechanical properties of wood are different from point to
point, from one direction to another and from specimen to specimen. All nails were
pulled out of 2x4 hem-fir members; therefore the nail capacity depends only on the 2x4
hem-fir member properties, e.g. the density, the geometric details of the nails; and the
density of the wood which varies in space from specimen to specimen. Figure 4 shows

that the variation from specimen to specimen is quite significant.
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Figure 3.9 — Withdrawal test results

Moment tests
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Figure 3.10 — Bending test on 8d-box nail
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Figure 3.10 shows the moment (bending) test setup in which the 15.24x15.24 cm (66 in)
12 mm (15/32 in) OSB was attached to a 2x4 hem-fir member by two nails placed 11.43
cm (4.5 inches) apart; two wood cross members were placed on top to keep OSB straight
during the test during the loading. The nails were placed consistent with current housing
construction practice, at a distance of 0.9525 cm (3/8 inches) from the OSB edge (see
Figure 3.10). The edge of the OSB is located at the center line of the 2x4 member.
Bending tests were conducted with different eccentricities (i.e. moment arms) to account
for the effect of eccentricity on bending capacity. In the present study, the loads were
applied at a distance of 2.38, 5.08, 10.16 and 15.24 ¢m (0.9375, 2, 4 and 6 inches) from
the edge closest to the nails. The moment arm of 2.38cm (0.9375 inches) was the smallest
moment arm that could be achieved with the present test setup because the 2x4 member

itself interfered with the loading point. The moment on each nail is computed as

. ;‘ ¢ (3.52)

where e is the distance between the load point and the OSB edge closest to the nail, and P

is the load applied on the OSB. The normal force on each nail is then

P
N=— 323
> (3.53)

Then, combining equation (3.52) and (3.53) to develop eccentricity gives

= 3.54
= ( )
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The distance e between the load point and the OSB edge on the nail side is the
eccentricity for each nail. The OSB rotation angle, 6, and the vertical displacement at the

load point, A, are related to one another as

g =tan2 (g) (3.55)

Following testing, both the load, P, and the vertical displacement, A, were recorded, and

then the moment, M, on each nail and the rotational angle, #, were calculated using

equations (3.52) and (3.55).

8d-Box Nail, MIN = 2.381cm (09375 inches) Average Moment - Rotation relationship for different
eccentricities
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Figure 3.11 — Moment test results
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Figure 3.11a shows the M — @ relationship for ten tests with e = 2.381 c¢cm (0.9375
inches) and the bold line shows the average curve. During the moment test, the nails were
subjected to both pull out and bending, thus the resulting moment capacity is therefore no
longer equal to only the combination of pure axial force (from the withdrawal test) in the
nail multiplied by nails moment arm. Figure 3.11b shows the average M — 6 relationship
for moment tests with different eccentricities. Among the four different eccentricities, e =
5.08 cm (2 inches) has the highest capacity in bending. Figure 3.1lc shows the
relationship between moment and eccentricity at different displacement levels. It can be
seen from Figure 3.11c that the moment varies non-linearly not only with rotation but
also with eccentricity. For these four different eccentricities, this particular type of nail
connection has the strongest bending capacity with e = 5.08cm (2 inches) at all
displacement levels. This can be easily seen in Figure 3.11d, which combines the effects

of both eccentricity and rotation to moment ratio on a 3D mesh plot.

3.3 Computational Fluid Dynamics (CFD) and Wind-Driven Rain

The rate of water intrusion into a building is a function of the size of the (edge) opening,
the wind velocity, and the rainfall intensity. The rain drop trajectory changes with the
wind velocity field, especially for locations in close proximity to the building, where the
wind pattern becomes a function of the roof and building geometry. Choi (1993)

introduced a method to determine the local intensity factor on building faces.

In Choi’s approach, first the wind pattern around the building is determined independent
of the raindrop trajectories. Wind velocities are calculated based on standard

computational fluid dynamics (CFD). In the present case the =& model for the Navier-
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Stokes equations were imposed. Clearly, more complex turbulent models could be
applied within the proposed methodology if desired, but the x=& model is used here for
illustrative purposes. It is also important to note that the accuracy of CFD models is
somewhat debated and thus utilized only as an interchangeable component within the

framework presented in this study.

The governing CFD equations following Murakami and Mochida (1988) are

aU;
— =0 Continuity equation. (3.56)
aX;
— A — — i t : (3.
T ox, AR K X, Ve ax; T ax, omentum equation. ( )
LWL L e Transport equation for k. (3.58)
5t T oK = TACR? VS —¢ ransport equation for k. (3.
i DL o W) T WP T rt equation for €. (3.59)
ot t ox, = TACRE 12 VeS = Ca. - ransport equation for &. (3.
1 K? . .
v = k2l = Cp.— Equation for determining v,. (3.60)
€
Hors: §=[oite 20} M o _ 19 1.3; Cp = 0.09;C; = 1.44;C, = 1.92
€re:; = aX} aX{ .axj,al— Moy = 1.5 Lp =0UY; 0, = 1.44; 0, = 1.94.
where U; (i = 1, 2, 3) are the three components of the velocity vector in X; direction, K is

the turbulence kinetic energy, € is the rate at which k decays or what is known as

turbulent dissipation, P is pressure, p is the density of air, and v, is turbulent viscosity.

Blocken and Carmetliet (2002) extended Choi’s steady-state numerical model into the

time domain. This extension was to enable the validation of wind-driven-rain (WDR)
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simulation (Blocken and Carmetliet, 2007; 2009), but requires a complex CFD model.
Because the focus is on the mechanistic procedure or methodology for construction of
fragility curves (and surfaces) for water intrusion, the simpler approach developed by
Choi was used to illustrate the method herein. More recent work and validation of the

WDR model can be found in Blocken and Carmeliet’s work (2002; 2007; 2009).

Applying Choi’s steady-state WDR model, in the present study, the upstream wind flow

a
boundary conditions follow the power law U = U, (1—};}-) where U is the wind velocity

on the boundary at height y (m), Uy is the basic wind speed (m/s), and @ = 0.25 is the
power value for hourly wind in exposure B, ASCE7-05 (2005). In addition, for
illustrative purposes, the wind direction is assumed to be unchanged but should

eventually be accounted for in a robust wind representation.

The raindrop trajectories are then determined by using the equations of motion for

particles, as examined by Choi (1993), which can be expressed mathematically as:

d*x 1 dx

i e 3.61
M. = g X T (U dt) CoR (3.61)

d’y 1 dy Pa

2 2 i = - 2 3.62
TR mr(v dt) LpR-—my (1 pw) (3.62)

d’z 1 dz

il ==~ o o= 3.63
m—— 4><;r,ur(W dr) CpR (3.63)

where x, y, z are the coordinates of the particle at time #; U, V, and W are the x, y, and z
components of the wind velocity at the particle location at time ¢, m is the mass of a rain

droplet, r is the radius of the droplet, p, is the density of the air, p, is the density of

47



water, 4 is the air viscosity, Cp is the drag coefficient of the raindrop which was

measured by Gunn and Kinzer (1949), and R is the Reynolds number based on the

relative velocity, defined as

R RO

Then, based on the raindrop trajectory for each droplet with radius r, the local intensity
factor of the rainfall can be computed for each combination of rainfall intensity and basic
wind speed. This is possible because the raindrop size distributions and their relationship

to a particular rainfall intensity have been characterized by Best (1950) as

2ry®
F=1-exp|— (_a-) where a = B,I? (3.65)

where F'is the fraction of liquid water in the air with drops of radius less than » (mm), 7 is
the rainfall intensity (mm/hr), and B;, p and n are constants with values equal to 1.30,
0.232 and 2.25, respectively. Other models are available such as the model developed by
Tokay (2008) and should be considered when applying the methodology presented in this

study.
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Figure 3.12 — Raindrop trajectory for droplet radius 0.5mm (0.2 in) at basic wind speed

of 70m/s (157.5 mph)

Figure 3.12 shows the raindrop trajectory for droplets having radii of 0.5 mm at a basic
wind speed of 70 m/s (157.5 Mph). The quadrangle upstream of the raindrop trajectory
indicates the area that raindrops must pass through if they will impact the roof-sheathing
panel shown on the roof. 