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Abstract

Recent research has shown thaignificant numberof the falls from elevation occur when
laborers are working on unfinished structures. Workei&ing on wood Jjoistson roofs and floors are prone to
fall hazards Wood Hoists havebeenreplaing dimension lumber fomany floor systems and a substantial
numberof roof systems in lightrame constructionWood I-joists are designed to resist axial stresses on the
flanges and shear stresses on the web while minimizing material used. Howewdr|-joists have poor
resistanceto applied lateral and torsional loaded are susceptible to latetalsional buckling instability
Workers walking on unbraceat partially braceavood Hoists can induce axial andteral forces as well as twist.
Experimental testing demonstrated ttheorkers cause lateralorsional buckling instability in wood-jbists
However, no research was found related to the latersional buckling instability induced by individuals
walking on the wood-joists. Furthermore, no research was found consigléhia effects of the supported end

conditions and partial bracing in the latei@isional buckling instability of woodjbists.

The goal of this research was to derive mathematical models to predict the dynamitdetdienadl buckling
instability of wood composite -joists loaded byindividuals walking considering different supported end
conditions and bracing system configuratiorftse dynamic lateratorsional buckling instability was analyzed by
linearly combiningthe static laterakorsional bucking instabilitywith the lateral bending motion of the wood |

joists. Mathematical models were derived to calculate the static critical loads for the simply supported end
condition and four woodijbist hanger supported end conditions. Additionally, mathieadanodels were derived

to calculate the dynamic maximum lateral displacements and positions of the individual walking on the wood |
joists for the same five different supported end conditions. Three differenbtedmnacing systems were
investigated, an-bracing, onédracing, and twdbracing systems. Mathematical models were derived to calculate
the amount of constraint due to the leambracing systeni he derivedmathematicaimodelswere validated by

comparison to data from testing for all suppoeted conditions and bracing systems.

Thepredicted critical loads using tiséatic buckling theoretical moddiar the nonbracing systenand thestatic
buckling theoreticamodelscombinedwith the bracingtheoretical models for the simply and hanger supported

end conditionagreed well withthe critical loads obtained from testing thetwo wood Hoist sizesnvestigated



The predicted maximum lateral displacements and individual positions usinigetidng motion theoretical
modds for the simply and hanger supported end conditamrsed wellvith the correspondingnaximum lateral
displacements and individual positions obtained from testing for both wjoist sizes. Resultshowedthat; a)
the suppded end condition influenced the critical loads, maximum lateral displatgued individual positions,
b) the bracing system increased the critical loads and redueedakimum lateral displacements, o tcritical
load increased as the load positthsplaced awajrom the wood Jjoist mid-span, d)he critical load reduced as
the initial lateral displacemeénf the wood Jjoist increased and #)e wood 4joist mid-span was the critical point
in the dynamic lateratiorsional buckling instability.
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Notation

@ = distance from the neutral axis of the crssstion to the loading point
&) = coefficients in the anglof twist function

Q = lateral displacement of the top flange of the woqmidt

Q = lateral displacement of the bottom flange of the wojmisk

Q = dynamic force

Q = walkingfrequency

"Q0 = adjusting function

Q = depth of the-beam

Q ="Q observation of the crossection height of the wooéddist

ko) = lateral bending stiffness of the woefbist hanger

Ko ="Q observation of the lateral bending stiffness of the wejoist hanger
a = effective wood Joist length

a = untbraced wood-Joist length

a = mass of the woodjbist

a = mass of the woodjbists braced to the loaded woo{blst

a ="Q observation of thenassof the wood Jjoist

a = adjusted mass

a = mass of the loaded wooddist

€ = sample size

N = constant for the load eccentricity factor equation

i = distance from the end of the woojbist to the loading point

i ="Q observation of the dynamic critical latetalsional buckling position
o} = total time to transvergbe wood #joist

o} = wood Hoists lateral displacement

0 = wood Hoist axial displacement

0 = distance from the end of the woepbist to the bracing point

wUL = lateral deflection of the loaded woogblst at the bracing point

wa@ = lateral defletion of the loaded woodjbist at the loading point

a = number of standard deviations away from the mean of the normal distribution
B = wood Hoist hanger bearing constant
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o] = equivalent moment factor
0 = load eccentricity factor

0 = warpingconstant

O = modulus of elasticity

OO0 = axial bending stiffness

‘00 =lateral bending stiffness

‘0"0 = lateral bending stiffness of the woofblsts braced to the loaded woacfbist

OO0 ="Q observation of the lateral bending stiffness of the wejoist

‘00 = adjusted lateral bending stiffness

OO0 = lateral bending stiffness of the loaded wogdist

O = function of the force of the dynamic loading due to an individual wglki
O = function of the lateral component of the force of the dynamic loading due to an individual walking
O = shear modulus

"O0 = torsional rigidity

"O0 = torsional rigidity of the wood-joists braced to the loaded woofbist

O = weightof the individual walking

"O0 = adjusted torsional rigidity

"O0 = torsional rigidity of the loaded woogjdist

O = lateral component of the weight of the individual walking

O = total response of the walking surface to the force imposedetndividual walking
(@) = centroidal area moment of inertia

0 = wood Hoist length

0 = bending moment

0 = critical lateradtorsional buckling moment

0 = absolute value of the maximum moment

0 = critical lateradtorsional buckling mment for the fundamental case

0 = absolute value of the moment-at

0 = absolute value of the moment-at

0 = absolute value of the moment-at

0 — = moment with respect to theaxis

0 — = moment with respect to theaxis

0 , = moment with respect to theaxis

Ca

= load applied to the woodjdist
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0 = static critical lateratorsional buckling load
0 ="Q observation of the static critical latetaksional buckling load
0 = shear force
Y = torsional moment
Y = width of the tolerable error
% = strain energy increase in the woeggikt due to lateral deflection
Y = strain energy increase in the wogaikt due to torsion
@ = spatial domain to time domain transformation constant
® = work done bythe system due to the lateral bending deflection
W = work done by the spring
| = probability of committing a Type | error
| = dynamic load factor of the harmonic of the weight of the individual walking
| = elastic warping stiffness at thadeof the tbeam
1 =wood Hoist angle of torsion
[ = axial displacement
) = lateral deflection ofhe wood joist
1 & = spatial Dirac Delta function

- ="Q observation of the random error

‘“ mi = regression analysis model parameters

" = standard deviation of the population

. =¢ harmonic phase angté the weight of thendividual walking

= wood Hoist profile under the action of dynamic loading
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r = variation of the wood-joist profile
1 = frequency of oscillationf the wood {joist
g 0 =temporal Heaviside Theta function



1: Introduction

Workers in the residential construction industrggy need to walk on unfinished structures such
as floors or roofs constructed with wooampositd-joists, or simply wood }joists to perform construction tasks.
When workers walk on woodjbists, the wood-Joists deform and move, creating difficult walking conditions.
Wood Hoists commonly have long spans and large depthidth ratios.Under hese geometricharacteristics
andthewo r k e r 0, the woedidj@ishniay develop latergbrsional buckling instability. During construction
the end fixity of thewood Foistsvary according with théype of wood Jjoist hangelandmay not have bracing
installed. Poor end fixity installations and a lack of a bracing system increase the risk efdas@ail buckling
instability (Kirby and Nethercot 1979). Latettalsional buckling instability causes loss of balance of the worker
walking on the wood-joist andmay causehe worker tofall. After the fall, there is little to no evidence of the
cause because the woodjdist returns to its original unloaded fort@urrently, there is a lack of research on
laterattorsional buckling istability in wood #joists under several end conditions and bracing systechsling
those found in construction sitéalls from elevation are a cause of fatal work injures on construction sites in the
residential construction industry (Suruda et aBa)9Falls from the same level most commonly result in sprains
or contusions, but falls from elevation more often result in fractures and multiple injuries (Lipscomb et al. 2003).
Fatal falls were the second most frequent wetkted fatal everin the Unted Statesrom 1999 through 2010
only under highway accidents (Bureau of Labor Statistics 2011). Costs associated with a fatal fall could be
economically disastrous to small or medium sized construction industries (Bobick 2004). Persamnedsfall
protection systems can be effiet to prevent serious injurieepwever the workermay still suffer injures and
loss of personal reliability (Huang and Hinze 2003). Thus the importance in reducing potential fall hazards in
construction sites, such as latet@isional buckling instabilityRecently wood Foists have replaced dimension
lumber formanyfloor systems and a significant number of roof systems in-frgime constructiorfLeichti et
al. 1990) Wood }Hoists are designed to resist axial stressethe flanges and shear stresses on the web while
minimizing material used. However, woogolsts have poor resistance to applied lateral and torsional loads
(Hindman et al. 200%. Laterattorsional buckling instability is a critical condition in whidhetwood {joist
deflects axially and laterally as well as twist with respect to the neutral axis when a gradually increasing load is
applied to the vertical plane of the woogbist. The axial load at which latertdrsional buckling instability
occurs isknown as the critical laterdbrsional buckling load (Kirby and Nethercot 1979). Two main methods
have been used to analyze lateosbional buckling instability in wood-jbists; the differential equations of
equilibrium method, and the strain energgthod. Theprinciples of thestrain energy methodre based on the

equaliationof the loss of energin the systento the work done by the system.



The goal of this research was to derive mathematical models to predict thettatdosmal bucklingnstability of
wood Hoists focused on loads caused by individuals walking on the wgmidt$ for different supported end

conditions and bracing systems
Specific objectives included:

91 Develop a testing setup to measure the lateral stiffness of foeratifftypes of woodibist hangers for
two different wood Jjoist sizes.

91 Derive theoretical models for simply, fixed and hanger sugubend conditions to predict the static
critical laterajtorsional buckling loads in woodjdists

91 Derivetheoretical mdels for simply, fixed and hanger supjoiénd conditions to predict theaximum
lateral displacements and the positions of the individual walking on the woristsl

91 Derivetheoretical models for simply, fixed and hanger sumubehd conditions to jgdict the bracing
restraintin the lateraftorsional buckling instabilitand lateral bending motiatue toa bracing system in
thewood Hoists

1 Validate with testingthe static lateraiorsional bucklingtheoretical modelsand bracing theoretical
modelsfor all supporedend conditionsind wood Jjoist sizes

1 Validate with testinghelateral bending motion theoretical models and bracing theoretical models for all
supported end conditions and wogoikt sizes.

1 Developregression analysis models forghrdifferent bracing systems to predict the static critical lateral

torsional buckling loads in woodjdists.

Three differensuppored end conditions were useéd this researchA simply supported end condition, a fixed
supporedend condition and a haegsupporédend condition. The hangsupporedend condition was modeled
using alateral spring support analogy. The hanger supported end cond#éatthe axial and the torsional
restrictionsfrom the simply suppoed end condition while the lateradstrictionis modeled as a spring support.
The hangersuppored end condition can be used for several wogdidt hangers bysubstitutingthe lateral
stiffnessof the hangerFour wood djoist hangers were testdd calculate thdateral hanger stiffnes3.hree
bracing sytems were used in this researchnén-bracing systema onebradng systemand a two-bradng
system TheoreticalModels to calculate the amount of bracingnast due to the bracing systamthe lateral
torsional bucklingnstability were derived. The three bracing systems were tested under five diffepgared

end conditionsthe simply supported and four hangapportedend conditions

Two different loading conditions were used in this research to develdpebeeticalmodels,static loading and
dynamic loading. The static loading which was a gradually increasing load was appliedvood Jjoist at the
mid-span top flange using a universal testing machine. The dynamic loading which ecastantload
(i ndi vi du aas éppliednethegModdjpist weinga singleindividual walking across the woogdist

span. The static latertdrsional buckling models were derived based on the strain energy method. The static



laterattorsional buckling models were compared when iptsso the models found itme Designing for Lateral

Torsional Stability in Wood Members Technical Repor{TR-14) (AF&PA 2003) which were derived using

the differential equations of equilibrium method and adjusting factors. The adjusting factous&gkte account

for different loading conditions and loading positions with respect to the neutral axis. The dynamiec lateral
torsional bucklingnstability wasanalyzedy linearly combining the static laterrsional buckling models with
thelateralberding motionmodelsof the wood Jjoists. The bending motion equations used the lateral component

of the force imposed by the individual walking on the wogqdidts. The dynamic laterébrsional buckling
instability equationsvereused to find theritical laterattorsional buckling position of the individual walking on

the wooddjoistc onsi dering the indivi dual fosiomalducldinginstdbiity ge en

Regression analysis models were developed to be compared wittetinetical static laterdbrsional buckling
models. The regression analysis models were developed using the measurements of the crititaisiatesal
buckling load, the lateral bending stiffnes$the wood Jjoists, the amount of bracing restrathie to the bracing
systemandthe wood {joist deptls as input parameter3he following chapter discusses the research problem
and its effects in the residential construction industry, the wgoidtl materials and characteristics, the static
laterattorsional buckling instability and the lateral bending motion of the weoibts.



2: Literature Review

The main goal of thisesearch watoderive mathematical models to predine lateraitorsional
buckling instability caused by individuals walking on the wogdists. Workers in the residential construction
industrymaywalk on wood Jjoistsin unfinished floors and roofth these structuregheend fixity of thewood
I-joists mayvary according with the type of woogdist hanger usedr may notbe braced along their spans.
Long untbraced or partially braced woogdists may develop latertbrsional buckling instability under the
wo r k er 6 Fhe waghtgdcessary tause lateralorsional buckling instability is called the critical lateral
torsional buckling load and is a function of the wogdi$t unbraced span anthe wood Hoist supporedend
fixity. Laterattorsional buckling instability may lead workers to lose their balance and fall. Falls from elevation
are a major cause of fatal work injuiaghe construction site$his chapter discusses falls from elevation in the
residential construction ingtry, wood }joists and lateralorsional buckling instability under static and dynamic

loading conditions.
2.1 Falls on Construction Sites

Floor and roof assembly in the residential construction industrylves tasks where workersay need to
traversdrom one side of thstructureto the other across the woaegblsts. The wood Jjoists may not have braces
installed and the end fixity of the woogdist endsvary according with the type of wooedist hanger used
Under these conditionghe wood Hoists may undergo latertdrsional buckling instability caused by the
wor k er 6 svhewtbd vgpikdr is walking on the woogolst. Laterattorsional buckling instability is a
condtion in which the wood-joist deflects axially deflectslaterally androtates with respect to its neutral axis

Laterattorsional buckling instability may lead workeuslose their balance and fall.

Construction workers are among the most likely workers to experience seriouatmtaignjuries (Suruda et

al. 1995). Fallfrom the same level most commonly result in sprains or contusions, but falls from elevation more
often result in fractures and multiple injuries (Lipscomb et al. 2003). Huang and Hinze (2003) found that fall
accidents are most frequent on projects inv@viommercial buildings and single family or duplex dwellings

and that in highrise buildings more faltelated hazards exist. Single residential buildings are frequently
constructed by small contractors who often provide inadequate personal protedpweesdjand informal safety
training (Huang and Hinze 2003). Falls from elevation most frequently occur when laborers are working on
roofing, erecting structural steel, and exterior carpentry (Webster 2003). These tasks are conducted at elevation
or on temprary scaffolding structures. From 1992 to 2002, roofing, siding and sheet metal workers had the most
fall-related deaths, an average of 64 worker fatalities per year related to falls occurred while workingrisa high
buildings (Bobick 2004).



According b the Bureau of Labor Statistics (2011), fatal falls were the second most frequentlatell fatal

event from 1999 through 2010 with only highway accidents having more fatal eA&eataging the number of
fatal falls from 2004 through 2010 thpproximatemeannumber of fatal falls totals 73¥er year thus fatal falls

is a major problem for the construction industry in the United States.

More than one half of the total falls were related to environmental factors involving surfaces or layout conditions.
One thirdof falls involving roofing tasks were caused by misjudgment of hazardous situ@icersg and Hinze

2003). Thus, elevated projéz may underestimate or ignore hazards not observed at lower elevations in the
residential construction industryWhen a fatal fall does occur, costs associated with the incident could be

economically disastrous to small or medium sized construction IsssigiBobick 2004).

Personal falarrest protection systems (PFAS) can be effective to reduce serious injuries from a fatal fall.
However these systems serve as afaitection measure, not as afatevention device (Bobick 2004). Even if

the worker isusing a PFAS system, a potential fall risk is always present. If a fall does occur when the worker is
using the PFAS, the worker still may suffer injuries and loss of personal reliability. Huang and Hinze (2003)
found that prevention was the most prongsimethod to avert falls. Personal protective technology (PPT) such

as guardrails, safety nets, and PFAS may provide ir
Hinze 2003) for instancewhen the workeneeds taarry oversized materialor when the wrker must perform
complicatetasks in a placs of difficult accessSuruda et al. (1995) found that workers belithag productivity

is reduced when the used of safety devis@screased.

Recent researdmasshown thaimany of thefalls from elevationoccurwhen laborers are working on unfinished
structures. Workergralking on wood Jjoists on roofs and floors structures are prondéalbhazardsRecently,
wood Hoistshaverepla@ddimension lumbefor floor systemsanda significant mmber ofroof systemsn light-
frame constructioriWoodI-joists have poor resistancedappliedlateraland torsionaloads. Workers walkingn
unbracedvoodI-joists can induce axial and lateral fora@swell as twistCurrent research has demonstrabed
workersmay cause laterdbrsional bucklingnstability in wood I-joists. To effectively prevent fatal falls in the
residential construction industry caused by lateredional buckling instabilitgf the wood joists,theresponse
behaviorof thewood Hoiststo the workers walking over the woogoists must be understooihis response
behaviordepends otthe intensive properties of theood Hoist composition materialas well as on thevood F
joist geometric characteristic¥he next sectiodescribes the woodjbists usedas structural members and the

laterattorsional buckling instability of the woo€gjists.
2.2: Wood |-Joists

Wood Hoists or wood compositejbists are structural members used in the residential construction indsistry
alternative to traditionalatid sawn lumber. Wood-jbists are manufactured using both solid sawn lumber or
structural composite lumber (SCL) materials in the flanges and plywood or oriented strand board (OSB) in the

web (Leichti et al. 1990). The prefed materials for manufacturing woogbists are laminated veneer lumber



(LVL) in the flanges and OSB in the web. LVL is a composite of wood veneer sheet elements with wood fibers
primarily oriented along the length of the member bonded with an extepmathesive (ASTM 2005a). LVL is

more consistent and has higher bending strength compared teaotidumber of equal dimension and species
(Leichti et al. 1990)OSB is a structural sheathing panebmmonly used in lighframe construction ang
manufatured from layer®f strandswith the face layers parallel to the length of the panel and the core layer
perpendiculathat providespanel dimensional stabilitfyWood Hoist flanges and web are bonded together with

exteriortype adhesives formingthesss e ct i on a l $Lbichtpetal. d900).an Al O

Wood Hoists replace solid sawn lumber joists in floor and roof applications where longer length and greater load
capacity are needed (USDA 1999). In carrying the same load wjmistd use less mateli@ompared to
rectangular wood beams (Leichti et al. 1990). Builders choose wigtd over rectangular solid sawn beams
because they are stiff, lightweight and are manufactured in long spans. Important advantages ¢bigtsod |
compared to rectangulaolid sawn beams include; greater dimensional stability, better elimination of floor noise,
fewer field modifications and rejections in the field (AF&PA 1999).

Wood Hoists use less material at the neutral axis and more material at the upper andbloyesy. Flanges in

wood Hoists are designed to resist bending moments while the web is designed to resist shear forces. Web design
requires that the woodjbist does not buckle axially under design loads (USDA 1999). The bending moment of
the wood Jjoist flanges is calculated using simple bending theory, while the shear stress of the web is most often

calculated based on experimental results (Leichti et al. 1990).

Wood Hoists are available throughout the United States in several sizes and matiarigles Fange fron/e0

to1Y/,0 t hi ck Yan d/of Bvd del Wejbists used in typical cesidential applications are either

30 ®Bed t hick. For r e-pistsdepths froml0 spans6owaond { y2006cal ly
Wood Hoists in used must be designed $erviceability consideratioriacluding deflection, vibration, creep,

lateral torsional buckling instability and strength retention under normal load conditions (AF&PA 2006).

The wood {joist is a complexassembly of orthotropic and anisotropic materials (Leichti et al. 1990). Anisotropic
materials are directionally dependent having different physical properties in all directions (Singer and Pytel 1980).
If a material possesses symmetry about three ortladgaanes in which the elastic matergantitiesare
independent of each other the material is orthotropic (USDA 1999). The-shaissconstitutive equations for
orthotropic and anisotropic materials under the action of complicated loading condaimn the most cases
overall complex solutions. In these cases, the elastic majadatitiescan be found by testing since the response

of thematerialsto the applied loadinglready accounts fahe orthotropic and anisotropic behavior.
2.3: Lateral-Torsional Buckling Instability

The fundamental definition of stability involves structural integrity of the elements of a given system. A particular
solution of a dynamic system is stable if all possible small perturbations of the initial conditiortsopdyrsmall

changes in the solution.nder certain minor restrictiorsability can be decided by analyzing linear systems



( B a ¢ a n tElasticdstaliilijymust satisfy two basic critetithe ability of the structure teupportthe imposed
loading(strergth) and the capacity of the structure to resist distort{stifness (Kirby and Nethercot 1979)n
contrastjnelastic instability is the condition where the structure does not return to its initial position when slightly
disturbed, even when the yield stress is assumed to be infinitely large (Kirby and Nethercot 1979). Elastic
buckling instability is frequently asciated with large changes of geometry which often occur quickly as the

structural membemoves from one geometrical position of equilibrium to another (Kirby and Nethercot 1979).

When a wood-joist is loaded in the plane it webby a gradually incresing load an axial deflection is the first
wood Hoist response to the applied load. This axial deflectios ladtl a particular load is reachefiny further
increaseon theappliedloadwill causenvood FHoist instability. This instability ischaracerizedby the presence of
additional wood Jjoists responset® the applied logdncludinga lateralwood Hoist deflection andotation of
the wood 4joist with respect tats neutral axisThis condition of instability is called latertdrsional buckhg
instability. The load at which latertdrsional buckling instability occurs is known as the critical latemadional
buckling load (Kirby and Nethercot 1979).

Two different theoretical methods have been used to calculate the criticatiatsi@tal buckling loadfor |-
beamsthe differential equations of equilibrium method and the strain energy méthedifferential equations

of equilibriummethodfor laterattorsional buckling instability in-beamss based on the elastic bending theory

of beams The problemto mathematically defiathe critical lateral torsional buckling load using the differential
equations of equilibrium method nonlinear for large deflectionsbut linearization for small deflectioris
possi bl e ( Ba g aipation grdcé&€s8eyelopstitear fourtharderanmdinary differential equation for
deflections. The critical laterabrsional buckling load is found by solving the linear fototder ordinary
differential equation using the suppatendconditions as bawdary conditions. The strain energy method uses

the equilibrium of the overall energy of the system. Wharl-beamexperiences laterdbrsional buckling
instability, the strain energy increases as the applied load is transformed into axial deflection, lateral deflection
androtation of the dbeam The point of load applicatiomovesdownwards and laterally producing work in the
system. The critical laterabrsional luckling loadis foundby equatinghe increas®f the strain energyn the
systemto the work done by the system (Timoshenko 1936). The strain energy method uses an approximate
function for the angle of twist of thebeamthat must satisfy thboundary caditions defined by theuppored
endconditions (Timoshenko 1936Jhus,the two methods, the differential equation of equilibrium method and
the strain energy method u$fee boundary conditions to mathematicalligfine the critical lateratorsional
bucling load. Besides of the boundary conditions, stiffness propeirigdading the lateral bending stiffness of

the Fbeam and the torsional rigidity of thdvéamare needed to calculate the criticatierattorsional buckling

load.

The presentesearcthis focusedon the study of the laterattorsional buckling instability of woodjbists The
lateral bending stiffness of the woogbists was calculad using simple bending theofyhe derivation of the

equations to calculate the torsional rigiditiythe wood Hoists was bsed on the analysis of torsiohhe next

~7 ~



sections discuss thgoundary conditiongienerallyusel on the development of the latetatsional buckling
instability equationghe lateral bending stiffnetiseoryand the torsional rigidittheory focused on woodjbists
Lateraltorsional buckling behavior in wood members has been stiuditek Designing for LateralTorsional
Stability in Wood Members Technical Report (IR-14) (AF&PA 2003) research was derived using the
differentialequations of equilibrium method and adjusting factors to account for different loading andexipport
end conditions.Research developed in the TR was used to suppahd compare¢he work developed in the
current papemMost of the lateralorsional buckng researclhn the literaturénas been conducted on stebelams

andit was used for comparison withe current research evood Hoists.
2.3.1: Supported End Conditions

To obtain theequations to calculate the critical latetaisional buckling loador either the differential equations

of equilibrium method or the strain energy methbis necessary ttake into accourthe mathematical relations

of theboundary conditionsSolutions of the differential equations of equilibrium for wogdi$ts found in the
TR-14were derived using a simply suppet end conditioas boundary conditiof&F&PA 2003).In thesimply
supported end conditiothe ends of thevood Hoist are free to rotate with respect to the principal axes of inertia
normal to theplane of the web and parallel to the plane of the web and load applioatide rotation with
respect to the axiparallel to the plane of the welut perpendicular to the load applicatia not allowed
(Timoshenko 1936). The simply supported end caoditvas used in the TR4 to analye different loading
conditions, including the cage which the load is not applied at the neutral axighe wood Jjoist as considered

in thederivationof the differential equations of equilibrivamdthe casavhen tle load is not applied at the mid

span of the woodbist.

Maljaars et al. (2005pvestigated lateraiorsional buckling instabilityn steel tbeams fosseveral real suppat
endconditionsfoundon structural application®Real suppodd endconditionsdiffer from the simply supported
end condition andonsequently theolutions of the differential equations of equilibridon the critical lateral
torsional buckling loadre also differentThese solutions amore complexexact solutions are availabbaly

for few cases, for the most cases numerical solutions are necssandifference between the simply supported
case and the real suppegtiendconditiors in research and design recommendations has been laggehedin
spite of its importancéMaljaars et al. 2005)in a similarresearch\Wang et al. (1987) found thgeometrical
imperfections and residual stress have significant influence on the-tatsiahal buckling instability especially
for beams in the region of medium slendernesstlaamdhis influence may be reduced applying proper restraints
at the ends of theleam Thesupporedendconditions also affected the maximum elastic deformations and post

buckling behavior of thebeams (Wang et al. 1987).

Timoshenko (1936) and Kirbynd Nethercot (1979) proved theoretically that warping stresses have important
influence at the ends tie I-beamsn laterattorsional buckling instability. Pi and Trahair (2000) noted that the

supporéd end conditions may induce flange momenisitt oppoe the warping stressesodifying the elastic



laterattorsional buckling rgmonseof the tbeam. Hence, to correctly determine the elastic datersional
buckling response of thebeamgahe warping effects at the ends of tHeehm must be estimated.d?id Trahair

(2000) proposed the following differential equation to account for the warping effects at the endsbefatime |

| — (2-1)

Where | is the elastic warping stiffness at the end of t#isedm,Ois the modulus of elasticityj is the
warping constant of the cressctionof the Fheam and is theangle of torsiomt the end of thetbeam Equation
2-1 was derived for steetdeams but can be used to compare results obtained in woistk| Equation 21

cannot be applied directly to woogdists since wood-joists are manufacture usitgmpositewood materials

and consequently the modulus of elasticity of the wegoistsasanentire entitycannot be directly calculated.

Kirby andNethercot (1979) stated that the influence of the suggertdconditions in the elastic lateradrsional
buckling instability for tbeams can be approximated by using effective length factors. However, under
complicated loading conditions the problendefermining the effective length factors are frequently not constant
but vary with the length to depth ratio of thkdam (Kirby and Nethercot 1979). Thus, the importance of deriving
the critical lateratorsionalbucklingloads for the suppatiendcorditions under consideration.

For the case of woodjbists, two different approaches to account for the effects oftipportedend conditions

have been used; the effective length approach and the equivalent moment factor approach (AF&PA 2003). The
two approaches were derived to account for both the loading position arslippertedend conditions. The
effective length approach adjusts theluaced length of the woodjdists to account fothe supportedend
conditions (AF&PA 2003). However, tabulatedwas to account for realupportedend conditions in wood- |

joists used in the residential construction industry were not found in design literature. Based on the current design
methods, all woodjoist supporédendconditions were assumeal be the simly supported case. The equivalent
moment factor approach adjusts the simply supported end condition tcsofipentedend conditions using a

factor (AF&PA 2003). The equivalent moment factor is an approximate value to the critical-tatsiaial

buckling moment calculated from the moment equations derived according to the loading and boundary
conditions (Kirby and Nethercot 1979). To @mahte the moment equation fgiven supportedend conditions

the differential equations of equilibrium must be sdlvBifferential equations of equilibrium derived from real
supportecend conditions found in practice in the residential construction industry are complex and in the most

casesa closediorm soluton does not exist (AF&PA 2003).
2.3.2: Lateral Bending Stifnessin Wood I-Joists

The lateral bending stiffnessf the wood Jjoist ‘O O is the capacity of the woodjbist to resistnormal to the

plane of the weldeformations whea normal to the plane of the wigladng is applied tahewood Hoist. In the
general casandfor anisotropic materials the lateral bending stiffness is determined by elastic material properties

of the beansuch as ektic moduli and shear moduliy geometric propertiesf the beansuch as the moment of
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inertia of the crosssection andthe length of the beam ary theloading andend suppored conditionsof the
beam Lateral bending stiffness for woogdistsin this researclwasanalyzed using linear elastic beam g

and simple bending theory.

Hindman et al. (2008 and Buow et al. (2006) reported lateral bending stiffness values for several types of wood
I-joists shown in Table-2. The height of the all woodjbists was 9.50 inches. Wooddist flanges were
composed of LVL and laminated strand board (LSL) materialsewhd web was composed of OSB for all wood
I-joists tested. LVL and OSB materials were composed of southernRimes (spp veneer and flakesand LSL

was composed of yellow popldriiodendron tulipiferg flakes The difference between Hindman et aD{23)

and Burow et al. (2006) lateral bending stiffness was most likely due to manufacturing differences between the
two sets of composite woogdists as well as small differences in the moisture content of the specimens (Burow
et al. 2006).

Table 2-1: Lateral Bendng Stiffness of Wood tJoistsHindman et al. (200%) and Burow et al. (2006)

Flanges Web Wood I-joists
Material | Width (in.) | Depth (in.) | Material | Thickness (in) | Height (in.) | Ely (Ib. in.?)
Sample 1 Hindmanetal. (2008) || \/|_ 1Y, 1Y,|0SB 3 9%, 1.90x 16
Sample 2 Hindmanetal. (200%) || S] 134 1Y%,|0SB 3g 9%, 2.14x16
Sample 3 Burowetal. (2006) || \/| 1Y, 1Y%,|0SB 3g 9%, 1.83x106

2.3.3: Torsion in Wood FJoists

An I-beamsubjected to torsional moments undergarping longitudinal stressggure torsional shear stresses

and warping shear stressdige to torsion of the crosectionas shown inFigure 21. Warping longitudinal
stresses are developed in the flanges, which are constant across the thicknesmmdabdout vary in the
transverse directions with respect to the applied moments from zero at tmimido maximum at the
peripheries. When-tbeams have a large span to depth ratio and narrow flanges like vmists,| warping
longitudinal stressesalve very little effect and can be safely neglected (Timoshenko 1936). Warping longitudinal
stresses in this research were not included in the derivation of the torsional rigidity equations or in the derivation
of the lateratorsional buckling equationsule torsional shear stresses dbelams vary across the thickness of
each element linearly. These stresses have their maximum effects at the outside peripheriededinthe |
Warping shear stresses Hhéams are parallel to the edge of the elements eldtemsses are constant across the
thickness of the flanges but vary in the lateral directions from the maximum effects at-{h@mhic zero at the
peripheries (Yu 2000). Torsion ifbeams is determined by elastic material properties such as eladtiti and

shear moduli, by geometric properties such as the warping static moment, the St. Venant torsion constant, the
warping torsion constant of the cressction and derivatives of the angle of twist. Torsional propertiebexrins

vary from the neu#d axis to the top and bottom surfaces and the derivatives of the angle of rotation change along
the length of the member (Yu 2000).
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Warping longitudinal stresses

.» Pure torsional shear stresse

Figure 2-1: Stresses in wood-joist flangesdue to torsion

Sincewood Hoists are composed of anisotropic materitiie calculation of torsional properties is a complex
task and carbe obtained only approximateliPure torsional shear stresses and warpingrsbgesses have
important effects on the laterrsional buckling instabilityin wood Hoists and must be includkin the
calculations of both the torsional rigidity of the woofbikts and the critical laterabrsional buckling load
(Timoshenko 1936)Although the wood-joist web mayexperiencewarping shear stressebese stresseare
usually small compared thé warping shear stresses of the wogaidt flanges and can be safety neglected.
Warpingshear stresseéis wood Hoists maybe interpreted as bending of the flanges in opposite directtmmsg

a vertical axis that crosses the shear center of the wjogstd, shown in Figure-2.

b)
a) =

y
L :
X

b

Figure 2-2: Torsion of a wood Hoist, a) crosssection, b) isometric view

Kirby and Nethercot (1979) presented the following differential equation férb@am loaded by a torsional

moment with both pure torsional shear stresses and warping shear stresses included.
Y "O0— —— (2-2)

Where, "Yis the applied torsional momefi@us the torsional rigidity;, is the angle of torsiorQ Qs the lateral

bending stiffness an@is the depth of thelbeam.

Torsional rigidity in this research is the capacity of the wejadst to resist angular deformations when a torsional

moment is applied to the woogdist through the neutral axis parallel to the plane of the Wkb.calculation of
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the torsional rigidityin wood Hoist is greatly influence by the croesgction shape and the boundary conditions
(Kirby and Nethercot 1979Fquation 22 can be solved for ¢hcase of a fixed woodjbist to calculate the

torsional rigidity as shown in Equatior32

Y — _ — (2-3)

Where, is the wood{joist length.lt is not possibléo solve Equation-3 explicitly for the torsional gidity and
therefore is necessary to use numerical solutions. Numerical solutions can reach any degree of accuracy needed

in real assembling situations.

Hindman et al. (2009 and Burow et al. (2006) tested several types of wegodsts to measure theiorsional

rigidity. The height of all wood-joists was 9.50 inches. Woogdist flanges were composed of LVL and LSL
materials while the web was composed of OSB for all womists tested. LVL and OSB materials were
composed of southern pinRigus sppveneer and flakesind LSL was composed of yellow poplairiodendron
tulipifera) flakes Results are shown in Table22 The difference between Hindman et al. (2§)Gthd Burow et

al. (2006) torsional rigidities is most likely due to differences inrntfaaufacturing process or materials used
when constructing the two different sets of test specimens, sampling error, or to the differences in specimen

rotation measurement (Burow et al. 2006).

Table 2-2: Torsional Rigidity of Wood I-JoistsHindman et al. (2005b) and Burow et al. (2006)

Flanges Web Wood I-joists
Material | Width (in.) | Depth (in.) | Material | Thickness (in) | Height (in.) [Ely (Ib. in.?)
Sample 1 Hindmanetal. (200%) || \/|_ 1Y, 1%,|0SB 3/g 9%, 2.22x16
Sample 2 Hindmanetal. (2009) || G| 134 1Y,|0SB 3/g 9%, 2.27x16
Sample 3 Burowetal. (2006) ] \/|_ 1Y, 1%,|0SB 3/ 9%, 1.83x106

2.3.4: Static LateratTorsional Buckling Instability , Differential Equations of Equilibrium Method

In deriving the differential equations efjuilibrium for the lateratorsional buckling instability in-beamsthe
following assumptionsare made.The I-beam is initially straight without distortions, thebéam behaves
elastically, loading is strictly applied in the plane of the web (no labertalrsional forces are applied), and the
beam is initially unstressethe case of a simply supportetidam loaded by equal and opposite moments about
theneutral axis parallel to the plane of the vikelown as the fundamental case was investigatedvn in Figure

2-3. In the simply supported end condition the ends of the weottl are free to rotate with respect to the
principal axes of inertia normal to the plane of the webxjs) and parallel to the plane of the web and load
application y axis), while rotation with respect to the axis parallel to the plane of the web but perpendicular to
the load applicationz(axis) is not allowed (Timoshenko 193@)he fundamental case is widely used in the

literature with correction factors applied to accoian different loadhg and suppoed endconditions.
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Neutral axis

Figure 2-3: Simply supported I-beam loaded by equal anadpposite moments

Lateraltorsional buckling instability is accompanied by an axial displacememntateral displacementand a
twist b aboutthe neutrabxis parallel to the-axis. The general coordinate system of theleformed wood-
joist is defired asx-y-z, andis fixed at the centroid of any cresection The coordinate system which rotates
with the wood 4joist when it undergoes laterdrsional buckling instabilitys defined as-d-e. Both coordinate

systems are shown in Figure42

(

Figure 2-4: Coordinate systems before and after lateratorsional buckling instability .

Equations 24 and 25 are the governing bending equatiansthe planes:-¢ and d-¢ describing the axial

displacement, and the lateral displaceman{Kirby and Nethercot 1979).
06— 0, (2-4)
00— U - (2-5)

Where,O "Os the axial bending stiffness, , is the momenwith respect to the axis, 'O "Os the lateral bending

stiffness and — is the momentith respect to the axis The governing equation for twistifigfrom Equation

2-2 is given below.
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"0 0 — (2-6)

Where,0 — is the momenwith respect tdhe— axis Thequantitiesh , ,0 — and0 — are related to the
projectionof the applied moments onto the— and— axes, as shown in Figure42 Linearization of the system
assumes that the quantitiesu andb are very smallAlso neglecting gantities of higher order, the following
relations are obtained (Timoshenko 1936).

0, ) (2-7a)
0 — T ad (2-7b)
0 - —0 (2-7¢)

Where 0 are the applied momentbout theneutral axis parallel to the plane of the weke Figure -3.
Substitutingthe values from Equations22into Equations 2, 25 and 26, the following set of differential
equations of equilibrium defining the axial deflectigrihe lateral deflection as well as the angle of twiktare

obtained.
06— 0 (2-8a)
00— T abd (2-8b)
"Ob— ) (2-8c)

The axial displacementfrom Equation 28a is mathematically independent of the lateral displacemamd the
angle of twistb from Equation2-8b and 28c. In practice, the effect of the axial deflectiwis very small for
wood Hoists with narrow flanges. This effect is beneficial (tending to provide a conservative result) and can be

safely neglected (Timoshenko 1936). Differentiating Equmat28c with respect taz and eliminating the

differential term—— by using Equation-8b, the following differential equation describing the angle of twist

was obtained.

T a m (2-9)

Equation 29 is a linear fourtforder differential equation with constant coefficients. The generalized solution can
be represented by a linear combination of four exponential functions. Equ&iba2innumerable solutions for
the applied momeni . Thesmallest solution corresponds to the critical latemedional buckling momeni

represented by Equatior1®.

b - 00

(2-10)

~14~



The first term inside the square root symbbEquation 210 correspondto the criticallaterattorsional buckling
moment for rectangular beams with the sapagling and boundary conditioriesecond term inside the square
root symbol of Equation 210 is the wood {joist response to thevarping effects. Warping effectsecome
progressivelymore importanas the dbeamdepthincreases ands the beam length decreasds.this research
the wood Jjoists areconsideredieep.Thus,it is important to consider warping effecfgcording to Equation-2
10, warping effects are affected by the faldbending stiffness of the woogdists, but not the torsional rigidity

of the wood {joist.

Yin et al. (2004) tested steel and aluminutrebms to measure the elagilastic response of the beams to the
laterattorsional buckling instability underyclic pure bendingStructural degradatiom I-beams was greatly
influence by the progressive growthtbe flange lateral deflection€ompressive strains at the rgdan point

of the Fbeams due to deflections in the compression flange (upper flanggepbgrogressively greater causing
wrinkles and buckling failurednitial laterattorsional buckling failures modes appeared in some cases after the
12" to the 16 cycle Yin et al. (2004) emphasizebde importance that warpirghearstresses have the lateral

torsional buckling instability.

Laterattorsional buckling instabilityin wood Hoists is influenced by several factors including loading
conditions, suppoetd endconditions, member crosection, urdraced length and loading relative to tieutral

axis (AF&PA 2003). Loading relative to the neutral agiects aremore significant in cases where warping
effects are important such as Hbdams (Kirby and Nethercot 1979). Loading applied to positdruvethe
neutral axis reducethe criticd laterattorsional buckling load, while loading applied to positidredow the
neutral axis increase$e critical lateratorsional buckling load (Helwig et al 1997 quation 210 applies
exclusively for loading and boundary conditions according tofthdamental case shown in Figure.2For
loading andboundaryconditionsdifferent to those of the simply supported case loaded by equal and opposite
moments through the neutral axis parallel to the plane of theamebsed forrsolution was not availdé and

the differential equations of equilibrium describing these cases must be solved by numerical methods or infinite
series approximations (AF&PA 2003n the Designing for LateralTorsional Stability in Wood Members
Technical Report 14AF&PA 2003) the following closed form solution for the fundamental case for weod |

joists is presented.

b — 0Omu — 08 (2-11)

Where,0 is the critical lateratorsional bucklingmoment,a is the urbraced wood-joist length, O is the

centroidal areanomentof inertia with respect to the parallel axis to the load applicaizdd is the warping

constant.

Warping shear stresses due to torsion of the @estion in Equation-21 are expressed by the warping constant

0 .TR-14 doesot address the problem of determining the warping constant so equatiota®not be applied
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directly to wood Jjoists (AF&PA 2003) For rectangular crossection beams Equationla can be simplifietb

Equation 212 which ignores the incread resistance providing by warping shear stresses.
0 — 0"0Dv (2-12)

For rectangular beams undergoing loading conditions and sedgord conditions different tha those of the
fundamental cas&quation 212 can bereadjusted. TRL4 presets the effective length approach and the
equivalent moment factor approach for adjusting Equati@@ AF&PA 2003) The effective length approac
replaced the ubraced lengtlt wi t h an @ e fdf shawh in Eqeatidn@3h gt h o

b — 00O (2-13)

For a concentrated load applied at the-spdn of the wootleamand at the neutral axis of the cresstion with

no lateral support the effective lengthis 1.35(AF&PA 2003. The case of a concentrated load applied away
from mid-span of the woodeamis not discussed in the TRL. The equivalent momeriactor approach uses a
factoro for adjusting the critical moment of Equatiofl2 to other loading anslipporéd endconditions. The
equivalent momerfactor0 is given byEquation 214 (AF&PA 2003).

o 38
6 — (2-14)

Where,0 is the absolute value of the maximum moment,s the absolute value of the momentat is

the absolute value of the moment-gtand0 is the absolute value of the momentat Equation 214 is

applicable to linear and nonlinear moment diagrams and also it can be applied to wood beams with bracing points.
TR-14 useghe load position relative to the neutral adgiation 215 to adjstloading applied at the neutral axis
to loading applied above or beldmm the neutral axi®AF&PA 2003)

6 — — p — — (2-15)

Where,0 is the load eccentricity factor amdis a constant based on the loading conditionssapgortecend
conditions For a simply supported beam with a concentrateddpadtied at the top surface of thmd-span, TR

14 usesa constanfj equals to 1.72 (AF&PA 2003). No values are given forcdee when loading is not applied
at the midspan or for cases when the beam is supported by different segbpodconditions. For all loading
casesl) can be conservatively taken as 1.72 (AF&PA 2003), and consequently in this research the@Rie of
was used for the constanfor all cases under investigatiddsing thel.72value forqj, the minimum valuedr

the load eccentricity factar become®.27 (AF&PA 2003).

Hindman et al. (2004 testedvood Hoists to investigate the laterdrsionad bucklinginstability of an unbraced
cantilever wood Hoist. Results shown that thevad and Resistance Factor Desi(lF&PA 1996) equations

were overly conservative and predicted values in some cases over 70.3 % less than the measujeistvood |
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critical lateraltorsional buckling loads. Theoretiqabdels for theeritical lateraltorsional buckling loads did not

use warpingeffectsof the torsion section. The difference between theoretical predictions and measurements of
the critical lateratorsiona buckling loadsmainly resulted from the composite construction of the wojmdsts
(Hindman et al. 200%.

Burow et al. (2006) applied three different mathematical models combined witbdbdeand Resistance Factor
Design(AF&PA 1996) to study the latertbrsional buckling instability of woodjbists in cantilever and simply
supported configurations under a concentrated load. Burow et al. (2006) used Equ#tiby Beplacing the
elastic buckling moment equation of thead ard Resistance Factor DesigAF&PA 1996) by theequivalent

moment factod from Equation 214 to calculate the critical lateradrsional buckling loads.

0 & 22— 0oy — 08 (2-16)
Equation 216 was found to be the best prdr model of the three mathematical models of the expected critical
laterattorsional buckling load for the simply supported configuration when loading was applied away from the

neutral axis (Burow et al. 2006).
2.3.5: Static LateralTorsional Buckling Instability, Strain Energy Method

The differential equations of equilibrium describing the latayedional buckling instability for-beams have a
closedform solution only for few cases found in practice. Another approach, the straigy method can be
used to investigate the latetatsional buckling instability of woodjbists by replacing complicated solutions of

the differential equations of equilibrium with the calculation of integrals with available solutions (Timoshenko
1936). The strairnergymethod is widely used in latertirsional buckling instability in research rather than in

practice where higher degree of accuracy is necessary (Robert 2002).

In the equations derived using the strain energy method, small chastgegiirenergy due to aal deflection in
the plane of the web was neglectblding the differential equations of equilibrium methtte axial deflection
is also neglected since tleial deflectiongoverning equation has nmoathematical relation with thiateral
deflection andangle of twist governing equatiariBhe results obtainedeglecting the loss of energy from axial
deflectionare sufficiently correct for research applications when the rigidity of the wymst lin the plane of

the web is large in comparison with thgidity in the lateral direction (Timoshenko 1936).

Theincrease in thetrain energyn the wood Jjoist due to the lateral deflecticl is Equation 217 (Singer and
Pytel 1980)

Y

Qa (2-17)
The lateral component of the applied moment to the wqgoisti by the load is expressed by Equatiorgd.

06— 01 & (2-18)

~17 ~



Inserting Equation-48 into Equation A7, Equation 219 is obtained, whicprovidestheincrease in thetran

energyin the wood Jjoist due to the lateral deflectioi .

Y — —— Q4 (2-19)

Theincrease in thetrain energy in the woodjoist due to torsionY is equal to the product of one halfthe

torsional moment multipliedy the angle of torsion as function of the wogdibt length Singer and Pytel 1980

Yo -V (2-20)

An important assumption made when deriving Equati@® 2s that the torsional moments are applied through
the neutral axis of the woogdist. Thetorsional momentfor wood Hoist which includesvarping shear stresses

is taken from Equation-2.

Y - 0o ra (2-21)

Integrating Equation-21, Equation 222 is obtainedThis equation provides th@acrease in thatrain energy in
the wood {joist due to torsion.

~.

Y O — — Qa4 . Qa (2-22)

The expression of the work done by the applied lbddring lateratorsional buckling instability can be derived
by integrathg the infinitely small element8 i of the curvature of the woodjdist due to lateraand vertical
displacemerstas shown in Figure-3. The curvature of the woodjbist depicted in Figure-8 is considered to

be the curvature afs neutral axis.

<A
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Figure 2-5: Displacement of the load® during lateral -torsional buckling instability. Top view.

Considering the cross sectionn as fixedin Figure 25, thetotal angle—representing the lateral displacement of
the wood Jjoists under the action of the applied fooea beapproximately takefor small deflections as shown

in Equation 223.
—_ — (2-23)

Deriving Equation 223 with respect to thé variable Equation 224 is obtained.
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O ——Qua (2-24)

From Figure 25 and Equation-24 the differential lateral componéeqb of the total lateral displacement of the

wood Hoist due to the appliedadd is shown inEquation 225.
Q0 i 40— — i 4094 (2-25)

The total differential displacement of the loadan be obtainetly multiplying Equation 25 by the angle of
torsionf @ . SeeFigures 24 and 25.

I a i aQa (2-26)

The total displacement of the loAdluring laterattorsional buckling instability is consequently given by the sum
of all infinitely small element€ iand can be calculated by integrating Expressi@é fom one end of the wood

I-joist to the load application point

T

i aQa (2-27)
Theequationto calculate the critical latal-torsional buckling load wagdeduced from the condition that the total
increase in the strain energy in the wogdist is equal to the work done by the system. The work done by the
systemis given by Epressior2-27 multiplied by the applied loas, while thetotal increase in the strain energy

in the wood Jjoist is given by the sum d@he strain energyncreaseadue to lateral deflectiofY , Equation 219,

andthe strain energincreasalue to torsiodY , Equation 222.

o, 1 &

i & Qa

— — Q4 — — Q& . Qd (2-28)

Two variables related to the latetalsional buckling instability are present in Equatio2& the lateral
deflection of the wood-joist & & and the torsion of the wooeidist! & . These two variables are related (see
Equation 28b) as shown in Eqtian 2-29.

- (2-29)

The flexural momend in the lateral direction of Equation2® was calculated from geometrical considerations
and the reaction at the ends of the woqdidt to the loading conditionsfFor a wood Jjoist loaded by a
concentrated forc@ applied at a distandefrom one of the woodjoist endsthe corresponding flexural moment

is shown in Equation-20.

b — (2-30)

~19~



Inserting Equation-30 into Equation 29 a differential equation associating the lateral deflection of the wood

I-joist 6 & with the torsion of the woodjbistf @& is obtained as shown in Equatioi32.

(2-31)

Now, inserting Equation-21 into Equation 28, the following equation to calculate the critical latéoasional

buckling load isobtained

— . Tai & Qu— T ai a Qa

— — Qa . Qa (2-32)

Sinceit was assumed th#iietorsional moments applied to the woegikt to derive the equation for the increase

in the strain energy in the woogdist were applied througthe neutral axisandthatthe curvature of the wood
I-joist used to develop the expressions for the work done by the applied load to thej@isiodds the curvature

of the neutral axisEquation 232 can only be correctly used for loads applied at the neutral axis of the wood |
joists. Equation 232 is widely used in the literature along with adjusting factors to research different loading and
supporedendconditions ondbeams composed of different structural mate(itiimoshenko 1936 Howeverin

this researcHoading was not applied at the neutais, instead it was applied at the top surface ofdpdlange

of the wood Jjoist and therefore the effects of applying the load in a higher position relative toutnal reis

must be investigated (Timoshenko 1936 and Kirby and Nethercot.IBT®gffectsof applying the load in a
higher position relative to the neutral agie more importanfor wood Hoists with large depthto width ratio

thanfor shorter wood-joists (Timoshenko 1936)

Calling wthe distance from the neutral axis of the wagdist to the point of the applied load, an approximate
expressionfor the work done bythe additional displacement that the load undergoes can be obtained by
considering the rotation of the cressction during latergbrsional buckling instability oftte wood {joist. By
geometry considerations from Figurel2Equation 233 was derived to account for the effects of applying the

load away from the neutral axis.
—p AlTGd —— (2-33)

Inserting Equation-33 into Equation 32, Equation 284 was obtained to calculate the critical lateakional
buckling load when the load is applied at the top flange of the wjmist land at any point along the woaojblst

span.

fai & Q@ — 1T ai a Qg

— — Qua . Qa (2-34)
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To calculate the critical latertibrsional buckling load using equatior82 the function for the angle of torsion
I & must be known, however this function is unknown for the majarityhe loading andsupportedend
conditioncases encountered in real structural situations and therefore this function must be apprdavetal.
methods for approximating an arbitrary function toftivection for the angle of torsidn & had been destoped.
The arbitrary function can be approximated to the real function with any degree of acwerdey. Arbitrary
functions regularly are constructed by superimposing trigonometry fuaciiba arbitrary function must satisfy
the suppord endconditions of the loaded woodjoist under consideratiofarticular solutions of Equation 2
34 along with the requirefiinctions for the angle of torsion & are analyzed in the TheoreticablelsChapter
of this research.

The strain energy method has been used widely in the literaturestigatdaterattorsional buckling instability

in beamsmanufactured from severdifferent construction materialand crossection shapes arfdr several
applicationsunder diverse lading and suppat end conditions.Roberts (2002) derived equations using the
strain energy method to calculate the influence of shear deformation on the flexural buckling, torsional buckling
and lateral buckling of pultruded fiber reinforced plasiirdfiles. Testing performed on a simply supported test
configuration shown that shear deformation reduced the pure torsional buckling loads by up to approximately 9%

and the lateral buckling moment by up to approximately 1% for narrow flange profiles.

Qiao @ al. (2002)studiedlaterattorsional bucklinginstability of pultruded fibewreinforced plastics in an un
braced cantilever test configuratioAnalytical formulationswere developedto compae the strain energy
methods wittplate theorymethodsAn assunptionincludedin the formulation was thahe lateral deflection and
rotation of the web were coupledesults from testing proved that thealytical solutios from both the strain

energy method and the plate theory methad goochgreementwith the experimental data

Pi and Trahair (1992) performed an analytical comparison between the differential equations of equilibrium
method and the strain energy method for latemadional buckling instability of steeldeams. Préuckling
deformations and secdorder moments due to axial loads were considered in both methods. Results verified that
the strain energy method provides values for the latersional buckling instability with a higher degree of
accuracy compare to the differential equations of ldxniuim method even when effects from greckling

deformations were included in the mathematical formulations.

Kitipornchai and Trahair (1980) tested mesyammetric steel-beams and proved that calculations on the elastic
critical lateradtorsional buckhg loads derived from the differential equations of equilibriugive only
approximate solutions comparreo the test resultesign codes either avoid these calculations or replace then
by simplifications mainly becaushe effort required is prohibitivim routine designs (Kitipornchai and Trahair
1980).

The strain energy method is always conservaawel providevalues for the critical laterdabrsional buckling

loads slightlyless tharthe loads obtained from testingh& conservatisnof the strain energy methamin be
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reduced t@atany degree of accuracy need€&le limit ofthis reduction is the value of the critidateral torsional

buckling loads obtained by exact methods derived from the differential equations of equilibriund metho
(Timoshenko 1936)However, onlya few loading and suppagtl endconditionscases can be solved exactly by

using the differential gquations of equilibrium methodVhennumerical solutions of approximate solutions are
performed to solve the differentiadeations of equilibriumgenerallythe strain energy method is more accurate

(Pi and Trahair 1992)'he strain energy method simj#i$ considerably the calculations in obtaining the lateral
torsional buckling loads andwvgs accuracy sufficient for pracil applications (Timoshenko 1936). Energy
methods are also useful as the basis of approximate solutions of criticattatgaial loads in post buckling
instability (Bagant 2000). The strain eheguatogsoimet ho

equilibrium method in studying latertdrsional buckling instability in woodibists.
2.3.6 Dynamic Lateral-Torsional Buckling Instability

Dynamic lateratorsional buckling instability was investigated in this research by lineartybining the static
laterattorsional buckling models with the bending motion of the wogmisks caused by individuals walking

over them The load used in the static latetatsional buckling models was the weight of one individual walking

on the wood-joists while the load used in the bending motion equations of the wmistd was the lateral
component of theveight of the sameindividual walking on the wood-jbists. The goal of the dynamic lateral
torsional buckling models was to predict the pogsialong the wood-joist length in which the laterdbrsional
buckling instability occurs consi der i ntgsiohahbecklingrdi vi
instability. Dynamic instability in beanmis typically caused by vibration$ imcreasing amplitude, during which

the beam moved to absorb unbounded e n edarsgpnral bickliogn t he
instability in this research refers to loading applied duadividualswalking on wood Jjoists that cause latal

torsional buckling instability. In the next section, the forces caused by people walking and the bending motion of

the wood Jjoist under the action of these forces are described.
2.3.7: Forces Caused by People Walking

Forces imposed by individuals ikang under normal conditions at a regular pace can be mathematically described
as a function of time. Single footstep foreesmathematicallyexpressed using descriptive parameiteckiding;

the dynamic load factor, th@acing rate and the phase an@brahimpour et all996).Dynamic loading due to
pedestrians walking on structuissconsideredsaaperiodic excitation and is modeled by a Fourier series with

the fundamental harmonic frequency eqoahe pace dthe pedestriarHigher harmonics dve frequencies that

are integer multiples of the fundamental frequency (Pimentel et al. 206&)intensity of the dynamic force
induced by individuals walking varied with the pace. Pedestrians normally walk with a pace rate between 1.6 Hz
(slow pace)through 2.4 Hz (brisk pace), with a mean of approximately 2.0 He.dynamicload from each

footstepis approximately the samé&he summation of the load produced by continuous footstegisulated by
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creating pulse trains of single footstep loads. PRieleet al. (2001) described the force of the dynamic loading

due toan individualwalking™O 0, (H = 1) as Equation -35.
"6 00 B | OEG "Qo - (2-35)

Where"O is the weighof the individua) H is the total response of the \ialg surface to the force imposed by

the individual walkingfor a given particular direction is the dynamic load factor of th& harmonicof the

weight of the individual walkingQ is the pacingate of the individual walkingnde is then™ harmonic phase
angleof the weight of the individual walking he dynamic load factors h h B R are generally derived

from the analysis of the response signals in the frequency domain where the contribution of each harmonic is
identified and istated. About 10% of the verticdlynamic loadindrom an individual walkings applied laterally
(Nakamura and Kawasaki 2006). The center of gravity of the bodystateeally with theindividual footsteps

when walking his movemeninduces the laterallyforce.

Figure 24 depicts a graph of the dynamic loading framindividualwalking as a function of time (Equation 2
35). The graph considers only the first two harmonics. The weight of the p&sandthe constantH were
normalized, the dynamic load factors 1@ cand| T wwere averaged values from Ebrahimpour et al.
(1996), Pimentel et al. (2001), and Figueiredo et al. (2a08)pacing ratéQ p& 1iOGwas an averaged

frequency from pace on pfatms (Ebrahimpur et al. 1996)he phase angles were  1tands —. In Figure

2-4 the loading from a single footstep was outlined.
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Figure 2-6: Dynamic loading of one individual walking
The dynamics of the human body when walking is an organized leg movemeoaukas an ascending and
descending movement of the effectoenter of massf the human body at each step. When walkirggltuman
body mass acceleratiorsse associated to théobr reactionswhich are approximately periodic to the step
frequency (Figueedo et al 2008). Structuratésponse to dynamic loadimgpend on factors such as stiffness
and damping of the floor system as wasdlonthe relationship of the excitation forcesthenatural fequencies
of the floor systemSince wood Hjoists are usd to assemble the floor systetime wood {joists must have a

response behavior to the individuals walking somewhat similar to the floor system.
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Workers walking on woodjbistsin bending configurations induce axial and lateriatations. The level ohiese
vibrations is unlikely to be sufficient to cause structural damage to the system. However, the human body is very
sensitive to vibrations and these vibrations can cause disturbance to the wWPBikezatel et al. 2001).
Disturbance of the individual alking on the wood-joists intensifies the threat of latettaksional buckling
instability since the center of mass of the human body moves erratically increasing the lateral component of the
dynamic forceWhen the position ohie dynamic loading corrpendsto the excitation induced lifpe individual

walking thereis a substantial increase in the structural dynaesponse (Figueiredo et al 2008his response
increass the risk of lateratorsional buckling instability and thereforenitust be taken into consideration in

investigating théaendingmovement of thevood Hoistsunder loading byndividualswalking.
2.3.8: Bending Motion of Beams

Lateral dynamic loading frornmdividualswalking on the wood-joists generates lateral bendingtionin the

wood Hoist with their correspondintateral deflectionsWood FHjoist lateral deflections are initial conditions that
modify thestaticcritical laterattorsional buckling loaslsince the response capacity of the woguidt have been
altered Becausehe lateral deflections increase and decrease according with the bending motion of the wood |
joist the corresponding critical latesi@rsional buckling loads increase and decrease under the same pattern. Thus
the importance of studying thhateral bending motion of the woogdist in orderto fully understand the lateral

torsional buckling instability of the woodaist triggered by workers walking on the wogjbists.

Elementary beam theory assumptions applied to the bending nabtibe wood {joist include: rotation othe
differential elements is negligible compared to translation, angular distortion due to shear is small in relation to
bending deformation, tHengthto depth raticof thewood Hoistis relatively large, and th&ood I-joist does not

wrinkle due to flexure. Considering that the bending motion equations are conservative and linear, the partial
differential equation for bending motion of the woepbit under dynamic loading is given in Equatioi3&
(Meirovitch 200).

— 00 —~ Qi G d

¢

(2-36)

Where, Qis the dynamic force applied to the woepbikt andd is the mass of the wooddist. Assuming that
the lateral bending stiffne€3 ‘Cand the masa of the wood {joist are constants throughout the wogadist

length, Equation-36 can be simplified to Equation37.

¢

00— "Qdd @ (2-37)

The partial differential Equation-27 has a closefbrm solution only undespecial loading and motion cases, so
alternative solutions are needed. Woggists under the action of the dynamic loading from the individual
walking undergo synchronous motion (every point of the wegoist executes the same motion with respect to
the other points in time, passing through equilibrium and reaching the maximum displacements at the same time).

During synchronous motion, the woogblst exhibits a certain unique profile, and this profile does not change
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with time, only the amplitude ohe profile changesThe profile is defined by the static bending equations
according with the lading and suppoedendconditions In mathematical sense, the last assumption implies that
the solutionc ¢hd from Equation 237 is separable in the spatialand the tempordlvariables Equation 237

is a linear time invariant systetmencethe solution of this equation can be performed in two steps, solving the
wood Hoist response to initial excitationgnd thensolving thewood FHoist response to thapplied forces.
Linearly mmbining these two solutions the complete general solution of the motion efotb Hoist is

obtained. The solutioé GMd is expressed by Equatior38 (Meirovitch 2001).
oo B .. a7 o (2-38)

Where, ... & represents the woodjdist profile as a function of the spatial varialilealone, whilef o
represents the variation of the profile with respect to the temporal vadialdee Inserting Equation -38 into
Equation 237 and simplifying produces Egtion 239.

0P 6—B ...a Qid a..da—B [ 0O (2-39)

Integrating Equation-39 over the wood-joist length and multiplyinghe solutiorby a spatial function.. & to

transform the system into anthogonakystemandnormaliang the finalsolutions Equation-20is achieved
G—7 0., ..0..aQa 0D o0, ..ad—...aQd _ Qiv..daQa (2-40)

The two terms of the left side of Equatiol@ represent the wooddist response to #hinitial excitations and
are related for linear systems by Equatiefl2Meirovitch 2001).

O . .04 (2-41a)
00 .. —..aQda 1 I (2-41b)

Where] s the frequency of oscillation of the woogblst. The general solution to Equation4d is found by

using convolution integrals and is shown in Equatigi2 ZMeirovitch 200).
wav B — _ Qab.. ¢ QA0ET T QY (2-42)

In Equation 242 thewood FHoist profile... @ and the frequecy of oscillation remain undetermined’hese
two parameters can be obtained at the same time by equating both terms of Egiatienir2 Equation-23.

— 4 ] —. & m (2-43)

Equation 243 is a fourth order linear homogeneadaliferential equation. The solution of this equation will
contain four constants of integration in addition to the frequency of oscillatiofo solve Equation-23, the

supportecend conditions of the wooddist must be considered
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The solution otthe bending motion of the woogddist Equation 243 in addition with the solution of the static
critical laterattorsional buckling loadEquation 234, permits the calculation of the critical latetatsional
buckling position of the individual walkingn the wood joist. It is assumedhat the weight of thandividual

walking on the wood-joist is large enough to cause lateiaisional buckling instability.
2.3.9: Bracing Systems

Bracing systems applied to the woeopbikts in this research were ined to reduce the possibility of lateral
torsional buckling instability. When laterfirsional buckling instability occurs due the action of an applied
load the wood {joists experienceaxial deflection, lateral deflection and twiBtracing systemare intended to
increase the woodjbist response to the lateral deflection as well to the twist of the wjmst by transmitting
part of the applied loading to the braced wogaidt through the bracing system.bracing system with infinity
stiffness and enough strengthgapportall applied loads was assumed.

The primarypurposeof any bracing system in structural constructitnthe transference of loads between
individual beams antheincreaseof resistance aihdividual beams to out of planedds. The structural bracing

system compels higher modes of deformation in the principal members (beaisss, letc.) by providing
resistance to lateral or rotational displacements through axial, shear or flexural deformations in the bracing
members (Cheand Yura 2005). Structural bracing systems to control stability can be classified into two general
categories: lateral bracing systems, and torsional bracing systems. Lateral bracing systems are used to prevent or
minimize lateral displacements of thenmipal members. Lateral bracing systems can be classified into four
subcategories: relative, nodal, continuous and-teanTorsional bracing systems are employed to prevent or
minimize rotation of the crossection of the principal members. Torsionaldimg systems can be classified into

two subcategories: nodal and continuous.

Relativelateralbracing systems such as diagonal bracing or shear walls prevent relative lateral movements of
adjacent points along the length of the principal members. Relataralbracing systems are identified when a

cut at any location along the length of the principal member passes through the bracing member itself. Nodal
lateraland torsionabracing systems control the movement only in the points where they are atiadhed
principal member and do not directly interact with adjacent bracing points. Contitaiered and torsional

bracing systems provide uninterrupted support along the entire length of the principal memben tueaimg

systems rely on adjacent pecipal members to provide support. Leamlateral and torsionabracing links
together adjacent principal members in such a way that lkatesadnal buckling of one member requires all
members in the system to buckle with the same lateral and tordisgacements (Chen and Yura 2005h
investigatdaterattorsional buckling instabilityn wood Hoistsin this research learon lateraltorsional bracing

system was used in the form of crdisames interconnecting adjacent wogoikts.

The primaryfactors influencing the effectiveness of the lateral bracing systems are; the number of bracing

members, space between bracing members, vertical position of the bracing meitiberspect to the neutral
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axis, vertical position of the applied loading wittspect to the neutral axigype of loading andupportedend
conditions (Chen and Yura 200%)ateral bracing is more effective reduce lateraiorsional buckling instability
when positioned at the compression flaftoe flange) of the woodjbist. Lateral bracing applied at the neutral
axis of the principal members was not recommended due to effects efentiemand weldistortion (Chen and
Yura 2005).

The effectiveness of torsional bracing systems depends upon the resistance of thectivassf the principal
members to twist. The resistance of the csmEsgion of the principal members to twispismarily affected by

the number of bracing membetisespace between bracing membéhsyertical position of the bracing members
with respecto the neutral axjghe type of loading and suppediendconditions (Chen and Yura 2005). Torsional
bracing systems can be designed to effectively control twisting of the beam and reductlateral buckling
instability (AF&PA 2003). A torsionaltacing member is equally effective if attached to the top or bottom flange

of the wood Jjoists.

A combination of lateral and torsional bracing system is mdextafe thaneither lateral or torsional bracing
systems acting alone. An effective bracingtsgsmust prevent both relative displacements in the top and in the
bottom of the beam (Chen and Yura 2005). When lateral deflections in addition to torsional deflections are
prevented, the part of the beam between intermediate bracing members can leambasia simply supported

beam under the action of unequal end moments and a superimposed load (Hooley and Madsen 1964).

The bracing system must have sufficient stiffness to limit movement at the bracing point to the specified
permissible deflections, theby ensuring that latertdrsional buckling instability occurs only between bracing
membersThebracing system must also have sufficient strength to withstand the transmitted forces (Zahn 1984).
The calculation of the required strength of the bracingib@rs cannot be uniquely determined since it depends

on both the magnitude of the stiffness of the bracing member and tbésitdightness of the principal member
(Chen and Yura 2005).

Complex analyss basean the bracing configuration, the bracingesgth and the bracing stiffness as welbas

the loading and supped endconditions of the wood-jbist are necessary to derive the exact magnitude of the
critical lateraltorsional buckling load whea bracing system is installeBince, it is not podilsle to exactly
calculate the induced forces in the bracing memlieesequired stiffness and strengihefound approximately
(Kirby and Nethercot 19739Testing has confirmed that comparatively light bracing systems provide substantial
increment in thdateraltorsional bucklingstability of the principal memberKirby and Nethercot 1939An
approximate solutiofior the bracing system in woodjdists requires the bracing members to be capable of
resisting a lateral force of at least 2.5% of the maxmfiorce in the compressidlange of the principal member

and a stiffness of at least 25 times the lateral bending stiffness of the principal member to bgbiacedd
Nethercot 197
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Bamberg (2009)nvestigatedateral displacements on woogoists under dynamic loading from individuals
walking on the wood-joists using two different bracing patterns with five different values on the stifffless.
braces were placed at two different positions along the waidt$ length, spaced out 60 inches and 80 inches
from each end. The braces were placed exclusively at the top flange of the-joistsl The stiffness of the

braces was 0.0, 1.2—, 8.5—, 14.0—, and approximatel$00,000.0— considered as infinite stiffness. Results

shown that, increasing the amount of bracing reduced the lateral displacement of thgoisisedThe increase
of the amount of bracing haal greatereffect at low stiffnessraluescomparedwith high stiffnessvalues
Increasing the bracing stiffness the lateral displacement is redlicedstiffness of the braces controlled the

magnitude of the lateral displacements.
2.4: Conclusionof Literature Review

Falls from elevation are an essentialise of fatal work injures as well as excessive costs in the construction sites.
In the residential construction industry workers are in risk of a fall when they traverse-jpaid. Wood {joist

may undergo laterdbrsional buckling instability undet he wor ker 0 s -towienalgobckling L at e
instability is a condition in which the woo€dist deflects axially and laterally as well as twist with respect to the
neutral axis losing its steadiness. Static latemadional buckling models from twdifferent methods, the
differential equations of equilibrium method and the strain energy method were analyzed. Dynamic lateral
torsional buckling models were developed by linearly combining the static {aiesiainal buckling modelwith

the bending mavn of the wood Jjoists. The bending motion of the woogbists was analyzed using the lateral
component of the force imposed by the individual walking on the wgoidtl The final goal of the dynamic
laterattorsional buckling modelwas to calculateéhe critical lateratorsional buckling position of the individli
walking on the wood-joist. To reduce potential laterédrsional bucklingnstability problems in wood-Joist
structures, the improvement of the end fixity of the woguldt as well aghe installation of bracing systems is

recommended.
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3: Theoretical Models

The derivation of mathematical models to predict lateradional buckling instability focused
on loads from individuals walking on wooddists for different supported ermmbnditions and bracing systems
was the goal of this researdlaterattorsional buckling instabilityn wood Hoistsis influenced by the supped
end conditions,bracing systems as well as loading conditions (Kirby and Nethercot 1979). Three different
suppored end conditions were analyzed in this research: simply, fixed and haogported The hanger
supportedend condition was modelagsing a lateral spring analogiumerical values for the lateral spring
analogy were obtained by testing the wogdist hanger on their lateral stiffnegifferences between hangers
were incorporated into thaiversemodesk by ther lateral spring stiffnessalues Additionally, three different
leanon cross bracing systems were analyzed throughout all seggord conditions: No-bracing, one mid
span brace, and two quarsgran braces. Equations for the amount of bracing restrain due to the bracing system
were derived for the one mipan brace and two quargyan braces. Two different latetatsional buckling
models were developed for each of the three sup@ertdconditions, a static laterébrsional buckling model,
and a dynamic laterdbrsional buckling model. The static latetatsional buckling models were developesing
the strain energy metho@he dynamic lateratorsional buckling models were developed by linearly combining
the static lateraforsional buckling models with the lateral bending motion of the wegodsts. The bending
motion of the wood-|oists was analyzed using the lateral commraf the force imposed by an individual
walking on the wood-joists and an adjusting function to simulate the average variation of the response of the
wood Hoists to the individual walking. A different adjusting function was proposed for each of ridm th

supporedendconditions.
3.1: Supported End Conditions

Theequations for laterabrsional buckling instabilitglerived based on the differential equations of equilibrium
method as well as the strain energy method useduhbportedend conditions aboundary conditions. In the
strain energy method, the functibnd for the angle of twist must satisfy teepportedend conditionsSupported
end conditions are vital sinceopr end fixiyy configurations reduce thearitical lateraltorsional buckling lods
while strong end fixig configurationshave the opposite behavi@rimoshenko 1936). Three differesuipported
end conditions were used in this researchrtalyzethe lateratorsional buckling instability in woodtjoists,

simply, fixed and hangesugported end conditions
3.1.1: Simply Supported End Condition

In the simply supported end condition, the ends of the wgaidts can rotate freely with respect to the principal

axes of inertia parallel to theaxis andy-axis, while rotation about theaxis is preventedlhesimply supported
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end condition i®ftenused intheliterature since this condition can be approximated in pradtfioee complicated
supportedend conditions are often compared to the simply supported end corfHitioyn and Nethecot 1979).
When the simply supported end conditicemot be reached in practiceadjusting factorcan be applied to
approximateothersupportedend conditiongAF&PA 2003). In researcha simply supportedvood Hoist loaded
by equal and opposite momertbouits neutral axids considered thiindamentatase. Figur8-1is a diagram

of the simply supported end condition.

Figure 3-1: Simply supported end condition
Physically n thesimply supported end conditipthhe wood 4joist flanges are supported at the bottom and laterally
by round bars that allow rotatiomhe wood Foist web is not supported and is assumed to undergo zero lateral
displacement. Displacements and moments at the @rttie wood Jjoist for the x-axis andy-axis equal zero.

Mathematically the simply supported end conditions are expressed by the following equations.

oad T Al A " n & O m AT A& D (3-1a)

wad m AT A n Al O0a m AT A& O (3-1b)

3.1.2: Fixed Supported End Condition

Thefixed supportedcend condition has no rotation at the ends of the wgoisti in any direction. This condition
is the strongest end fiy that can be reached in theoretical analysis and practical circumstdahedied
suppored end condition is difficult toattainwith wood Hoists. However, thisupportedend condition can be
approximated in practice when strong end fixity hangers are Tikefixed supportedend conditioris shown in

Figure 32.

N

4

Figure 3-2: Fixed supported end condition.
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In the fixedsupportedend condition, displacements and deflections at the ends of the waistfor thex-axis
andy-axis equal zero. The wooddist web is fully supported and is assumed to undergo zero displacement and

deflection. Mathematically the fixed end supportedditions are expressed by the following equations.

oo m ATA — nm E O0a m AT Aa 0 (3-2a)

5

wadv 1w AT A n Al O0a m AT A da O (3-2b)

3.1.3: HangerSupported End Condition

The hangesupportednd condition is a model of realpportednd conditions found in practice in the residential
construction industry when woogdist hangers are used. Hangepportedcend condition allows the eadf the
wood Hoist to rotate freely with respect to the principal axis of inertia parallel ir-thaés andy-axis directions.
Lateral displacements at the emafsthe wood Jjoist in the direction normalo they-z plane are restored by
springs. Rotabn in thez-axis is preventedd physical model of the hangeupportecend conditioris shown in
Figure 33. The model uses a spring with a stiffness condtantthe lateral direction. The axial support was
assumed to be the same as the simply sugperte condition. Differences between end fixity from several wood
I-joist hangers were incorporated into thieersemodek by adjusting the spring stiffness constlilumerical

values for the constaktwere determined by testing the woejist hanges on their lateral stiffness.

N

Figure 3-3: Model of a hangersupported end condition.
The reaction force in the spring@artd . This reaction equals the lateral shear force produced by the wood |
joist. Assuming that the lateral bending stiffn€s%has a constant value throughout the wojuldt, the shear

force can be expressed with the following equation.
b ad  00—" Qi (3-3)

In the hangesupportecend condition, displacements in the axial direction and moments at the ends equal zero.

Mathematically, the hanger fixed end supported condition is expressed by the following equations.

h

00— Qi  HE 0 no0ET G T

(3-4a)
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~31~



wad T OEQ T QF a m wEQda O (3-4b)

3.2: Static Lateral-Torsional Buckling Models

Static loading refers tagradually increasing loaapplied at a single poiver the top flange of the woogdist
until laterattorsioral buckling instabiliy occurs. The static latertdrsional buckling models were developed
using the strain energy method. The strain energy method uses approximate fiinétidosthe angle of twist
that the wood -joist undergoes under the action of the applied loadiig. static lateralorsional buckling
models along with the dynamic bending movement models of the wjoisiwere used to develop the dynamic
laterattorsional buckling modelsAssumptions made in the development of the static latersional bucklig
models includd, the loading was applied at the top flange of the wejoikt, and small change of energy from

axial deflections was neglected.
3.2.1: Static LateralTorsional Buckling Model for a Simply End Supported Wood FJoist

To calculate the static critical latetftmrsional buckling loadlor a simply supported woodjdist Equation 234
was usedThe functiorf & for the angle of twist for a simply supported beam was described by Timoshenko
(1936).

a4 B ® Al 6— (3-5)

The best approximation for thstatic critical laterattorsional buckling loads obtaned by adjusting the
coefficients Fo fto 8 to minimize Function3-5. However, ly usinga single term iffunction3-5, the accuracy
of the solutionis suitablefor practical applications (Timoshenko 1936). Solvifguation 234 by considering

thatthe load isapplied athemid-span i - andusinga single ternforf & from Function3-5, the following

equation for thestaticcritical laterattorsionalbuckling load is obtainefibr a simply supported woogjbist.

0 (3-6)

Where®is the distance from the neutral axis of the ciEsstion to the point in which ¢hload is being applied.
If the load is applied at the neutral axisgquals zero) the accuracy of the remaining equation is 1.0135 greater
compared to the solution obtained by solving the system of differential equations of equiliirisraccuracy

is satisfactory for practical applications (Timoshenko 1936). In this research the load was applied at the top flange
of the wood {joist so thatoequals-. Equation3-6 accounts for the effects of the warping shear stredééesn

the warping shear strass from Equatio3-6 equals zero the remaining equation equals the static critical {ateral
torsional buckling load equation for a simply supported rectangularsectispn beams with the load applied at

the top surface.
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3.2.2: Static LateralTorsional Buckling Model for a Fixed End Supported Wood I-Joist

No research was found in the literature for the fundtioim for the angle of twist for a fixed supported woed |
joist. Function3-7 was derived in this research to mathematically describe the torsion thatyetsiduhdergoes
under the influence of latersdrsional buckling instability. Functio®-7 was derived by cadering the

supportedendconditions from Equation3-2.
4 B Al 6—— (3-7)
Function3-7 can be minimized in the same form as Func®&n Solving Equation-34 by considering that the

load is applied at the misban i - and using a single term for & from Functior3-7, the following equation

shows the static critical lateredrsional buckling load obtained for a fixed supported wejwist.

0 (3-8)

Comparing Equatio-6 with Equatior3-8, thewarping shear stresses are greater for the simply suppovtet
I-joist compared to the fixedupportedwood Hoist. Solutions derived from the differential equations of
equilibrium methodfor the case of a fixed woodadist were not found in the litenate. Therefore Equation3-8
cannot becompared with exact solutiond/hen the warping shear stress term from EquaiBrequas zero, the
remaining equation becomes the static critical latenaional buckling load equation for fixesupported

rectangular crossection beams with the load applidhe top surface.
3.2.3: Static LateralTorsional Buckling Model for a Hanger End SupportedWood I-Joist

No research was found in the literature for the fundtiom for the angle of twist for a hargfixed supported
wood Hoist. Instead of deriving a new function foré , Equation 234 was modified to account for the effects
of the lateradeflectionsof the wood {joist hangersnodeled by restoringpringsplaced at the ends of the wood
I-joist and Equation3-5 was used for the functibpn & . The increase in thevood Hoist strain energy due to
lateral deflection and torsion remains the same as for the case of the simply supportefbistsithite the wood
I-joist response to the applied loatiges not change. The woao{blst response to the applied loading is a function
of the intensive properties of the woggbist including the lateral bending stiffnes® "O and torsionatigidity
"Ov, which do not change whehe specimen igesedunde different loading andupportecend conditions. So,
the only quantity that needs to be readjusted is the work done by the appliethieadrk done by the springs
w can be found using Equati@3 and the reaction at the end of the woguidt.

A — (3-9)

Incorporating the work done by the springsfrom Equation3-9 into Equation 234, the following equation to

calculate the critical laterabrsional buckling load for a hangseupportecend wood 4Jjoist is obtained.
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Solving Equatior8-10 by considering thathe load isapplied athe mid-span i - andusinga single term

fort & from Function2-5, the following equation for thstaticcritical laterattorsional buckling load is obtained
for a hanger fixed supported woogblst.

0 (3-11)

WhereQis the stiffness constant of the spring. Bapproaches infinity, the spring becomes a rigid body and a
simply supported woodjbist is Equation 36 is attainedEquation3-11 wasdeveloped to be applied to different
hangersupportedend conditions by odifying the stiffness constaiof the hanger in the lateral direction.

3.3: Dynamic Lateral-Torsional Buckling Models

In this research dynamic loading refers to the loading appliean individual walking on the woogdist under
normal walking. Normal human walking is characterized by a smooth vertical rise and fall of the trunk, occurring
once with each step or twice during a gait cycle (Gard and Childress 2001). In a normaalvsalking only one

foot at a time leaves contact with the ground and there is a period of -dopiplert (Pimentel et al. 2001).

The dynamic lateraiorsional buckling models were riled by linearly combining the static laterarsional
buckling modelswith the bending motion equations of the woejdists. The static lateral torsional buckling
models used the total lateral displacenwnihe wood Jjoist generated by the bending motion as initial conditions
to find the critical lateratorsionalbuckling position of the individual walking on the wogjbists. The bending
motion equations used theteral component of the foré® imposed bytheindividual walking to calculate the
total lateral displacemewnf the wood djoists Nakamura and &wasaki (2006) found that theteral component

of the force O imposed by an individual walking under normal walking was of 10% of the vertical component
while Huang et al. (2007) found that the same lateral component of the force was 4% of thecamjionent.

In Equaton 235 t he i ndi vO dalkang dnsthe weod -fpibts was substitute by the lateral

component of the forc® to account for the lateral dynamic loading on the wopmist.
o6 O 0O B | OEQG "Qo - (3-12)

The bending motion of the wooddist was investigated by using Equatio2which was developed for a
distributeduniformload, therefore the lateral dynamic loading in Equadid2 must be converted to a distributed
load. The conversionan be carried out by multiplying Equati8l2 by the spatial Dirac Delta & function

and the temporal Heaviside Thetad function as shown in Equati@l3.
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When an indszidual walks on a wood-joist, the lateral dynamicomponent of théoading is a discrete loading

in which the loading points correspond to the footsteps given by the individual walking. When this discrete
loading is applied to Equation42, it produces a unique solution for the wdgdist bending motion for each
footstep given by the individual walking. Consequently, the mathematical description of the response of the wood
I-joist to walking would require separate solutions from each footstep from Equatbthat must be summed.

This summation creates a complichtend cumbersome solution for the bemgdmotion of the wood-joist that

is challenging for practical applicatianslso, the risk of making mistakes when using this solution is increased
since alarge amount of mathemeaal information needs to be processkdthis research, a different approach
was proposed and developed. The lateral dynamic loading (Eq@&ati®was applied to the woogdist at the
mid-span and was adjusted by a functi@® in the time domainThis function simulated the average variation

of the response of the woodgdist to the individual walking. Adjusting functions were developed by taking the
ratio of the midspan wood-oist resposeto the wood Jjoist respose position of the individualalking from

the deflection curves of Equati@l4. To obtain the adjusting functigribe spatial solutions of Equati®il4

were converted to the time domain. The adjusting functions were derived solving EG@didar each of the

three suppoddend conditions given by Equatiorssl, 3-2 and3-4.

00— 0 & ™ (3-14)

The adjusting functions comply with the physical characteristics of the response of the-jmbdd the
individual walking. The adjusting functions are zero at theseadd gradually increase until a maximum value at

the midspan.
3.3.1: Dynamic LateralTorsional Buckling Model for a Simply End Supported Wood FJoist

The dynamic lateraiorsional buckling model for a simply supported woeji$t was derived by solving
Equation 242 to find the wood-joist lateraldeflections produced by the individual walking. Takeral dynamic
loading™QaMd was applied from Equatiod13. The spatial function.. & and the frequency of oscillatipn
were calculated by solvingquation 243. The adjusting functioi®06 was derived by solving Equatio®sl4
using the suppoed end conditions from Equation8-1. A normalized solution of Equatio®-43 for a simply

supported wood-joist andfor the first natural mode is shown.
L4 —OEL (3-15)
The natural frequency of oscillationgeown inEquation3-16.

| v (3-16)

The adjusting function for a simply supported wogdist was derived from Equatioi3sl4.

~35~



Q0 — m 0 —
(3-17)

Q0 — 0 0

Whereo is the total time needed for the individual walking on the weopmist to transverse the woogdist

from one end to the other.

Figure3-4 shows the adjusting function from Equat817 and the lateral dynamic load history produced by an
individual walking on a simply supported woogblst from Equation3-12 modified by the adjusting function
fromEquatio3-1 7. The | ateral ¢ omp o fiC nmas narrhalizd to @ maximumilaterald u a | 6
dynamic loading of one poundll other input parameters were the same than those used in SectiornBe3.7.

total time show in the graph corresponded to the necessary time for the individual walking on the-jstd |

to reach thenid-spanof the wood {Jjoist. Figure3-4 can be compared with Figuret2vhich shows the dynamic

load history for one individual walking on a common surface.

154

Adjusting functio
] )

One footstep
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Figure 3-4: Vertical dynamic load history for an individual walking on a simply supported wood -joist modified by
an adjusting function.

For a simply supported wooedist the bending motion equation was developed by solving Equaih The

lateral dynamic loadingdhd was substituted frorEquation3-13. The spatial function.. & wassubstituted

from Equation3-15. The frequency of oscillatipn wassubstitutedrom Equatior3-16. The adjusting function

"Q0 wassubstitutedrom Equation3-17. Thebending motion equation for a simply supported wogaist is

shown in Equatio3-18.

o Ohd (3-18)

Equation3-18 permits the calculation of the woaggblst lateral deflections when an individual is walking on the
wood Hoist for simply supported end conditions. Twierk done tqroduce thevood Hoist lateral deflectiomt
the point in which the individual walking is positionalbng the wood-joist spanwas inserted into Equation 2
34 to calculate the dynamic critical latetaisional buckling position of the individual watiy on a simply
supported wood-joist.
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3.3.2: Dynamic Lateral-Torsional Buckling Model for a Fixed End SupportedWood I-Joist

The dynamic lateratorsional buckling model for a fixed woogdist was derived by solving Equatiord2 to
find the wood Jjoist deflections produced by the individual walking. Takeral dynamic loadingQafd was
applied from Equatio3-13. The spatial function.. & and the frequency of oscillatipn were calculated by
solving Equation 213. The adjusting functioi20 was derived by solving Equatid®i14 using thesupported
end conditions from Equatior&2. A normalized solution of Equatio&43 for a fixed wood Jjoist andfor the
first natural mode i€quation3-19.

& - (3-19)

The natural frequency of oscillation is given by Equa8et0.

T C® X L— (3-20)
The adjusting function was derived by solving Equa8d for a fixed wood-joist.

Q0 @ ——- m 0 —
(3-21)
Qo6 —— — 0 o©

Figure3-5is a graplof the adjusting function from Equati@21 and the lateral dynamic load history produced

by an individual walking on a fixed supported wogdikt from Equatior8-12 modified by the adjusting function
fromEquatiol3-21. The | ater al ¢ o mp o riCe was narrhalizeditea maxintim haterdl u a | G
dynamic loading of one poundll other input parameters were the same than those used in SectiornBe3.7.

total time show in the graph corresponded to the necessary time for the individual walking on the-jotsbd |

to reach thenid-spanof the wood {Jjoist. Figure3-5 can be compared with Figuret2which shows the dynamic

load history for one individdavalking on a common surface.

154
Adjusting function
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0.5
S
L

0 4"!‘ T T T T 1

0 0.35 0.7 1.05 14 1.75 21

Time (sec.)

Figure 3-5: Vertical dynamic load history for an individual walking on a fixed supported wood tjoist modified by

an adjusted function
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For a fixed supported woodjdist the bending motion equation was developed by solving Equatitih 2
Equation3-13 was inserted into Equation42 to account for the lateral dynamic loadighd from the
individual walking on the wood-jbist. The spatial function.. ¢ was substitutel from Equation3-19. The
frequency of oscillation wassubstitutedrom Equatior8-20. The adjusting functioi®06 wassubstitutedrom
Equation3-21. Thebending motion equation for a fixed supported wogaidt is shown in EquatioB-22.

5 8 " 8  —
o G (3-22)

Equation3-22 permits the calculation of the woogblst deflections whemnindividual is walking on a fixed
supportedvood Hoist. The work done to produce theood Hoist lateral @flection at the point in which the
individual walking is positionedlong the wood-joist spanwas inserted into Equation3 to calculate the

dynamic critical lateratorsional buckling position of the individual walking offixeed supported wood-joist.

Figure3-6 is a comparison grapbetween the adjusting functions from the simply and the fsxggbortedend
conditions. The lateral component of the dynamic force imposed by the individual walking on thejaisbd |
was normalized to one pound fortbdunctions.All other input parameters were the same than those used in
Section 2.3.7The total time showin the graph corresponded to the necessary time for the individual walking on
the wood {joist to reach thenid-spanof the wood {joist. The adjsting function and consequently the lateral
dynamic load history for the individual walking on the woegjdist for the fixedsupportedend conditionare

more constricting showing smaller effects at the beginning of the graph than the simply suppoctediiod.

The adjusting functions of FiguB26 are not intended to show the woegdikt deflections rathethe graptshows

how the lateral component of the individual walking is applied to the wgaidtldepending upon of the wood |

joist supportecend conditions.

1.5
Simply supported end conditian
1 -
s
[}
2 0.5 1
o
L
Fixed supported end condition
O T T T T T 1
0 0.35 0.7 1.05 14 1.75 21

Time (sec.)

Figure 3-6: Adjusting functions comparing the simply and the fixed supporéd end conditions.
Figure 3-7 is a graph otthe hypothetical oscillation®f the wood Hoist lateral deflection and thadjusting
function under lateral dynamicadng from anindividual walking on the wood joist. The wood {joist response
to the dynamic loading increases as the lateral deflection of the wowd ihcreasesThe wood Jjoist lateral

deflection increaseas the individual walking on the wodgoists approaches to the woeggblsts midspan.
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Figure 3-7: Hypothetical oscillations of the wood {joist lateral deflection and the adjusting function

Accordingto Equations3-18 and3-22, the wood 4#joist deflections depend on both the positiorhaf footsteps
given by the individual and the weight of the individual,h&avier individualshot necessarily producertger

wood Hoist deflections. Individual deflections for each given footstep are linearly added to each other.
3.3.3: Dynamic LateralTorsional Buckling Model for a Hanger End Supported Wood I-Joist

The dynamic lateratorsional buckling model for a hanger fixed woegdikt was derived by solving Equation 2
42 to find the wood-joist deflections produced by the individual walking. Thteral dynamic loadingQdhd
was applied from EquatiaB13. The spatial function.. & and the frequency of oscillatipn were calculated
by solving Equation 23 applying thesupportecend conditions given by Equati@#4. Thestiffness constanf
of the spring remained unspecified in the spatial functiord and in the frequency of oscillation. The
adjusting functioniQo6 was derived by solving Equati®il4 using thesupportedend conditions from Equations
3-4. Similarly, the stiffness anstanfQof the spring remainednspecifiedin the adjusting functiofQo . A

solution of Equatior2-43 for a hanger fixed woodjbistis shown.

. a

(3-23)

The constanb is to be determined when normalizing Equat®®3 to satisfy conditions of Equatiordd. To
calculate théerm[ the transcendental equation folin Equation3-24 must be solvedquation3-24 needso
be solved after deterniirg the value forboth, the stiffness constaffof the spring and the lateral bending
stiffness of the woodijbist.

r ATOQATEOT p OO ¢@ Al OFOBI ATUQOEDEOO ¢QOBITOED E m(3-24)
The frequencies of oscillatiofor a hanger fixed wood-jbist are given in EquatioB-25. The variation of
oscillations between woodjdist hangers is involved in the constantvhich is different for different values of

the stiffness constarfof the spring according with EquatiG4.

T or — (3-25)
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The adjusting fuation was derived by solving Equati@l4 for a hanger fixed woodjbist. The boundary
conditions were taken from Equatiodi.

W ——— om0 -
(3-26)

0o — 0 0

Wherewis a contant used to transform Equati8+26 from the spatial domain the time domain. The constait
always equals one and has units of length divided by units of time (e.g. m/s, inés).tNeHaterastiffnessof
the wood Jjoist hangefQof Equation3-26 approachesfinite the equation becomé&juation3-17 whichis the
adjusting function for the simply supported woegdikt. Equatior8-26 shovs that the adjusting functiorier the
hanger supportedood Hoist depend on both the latéstiffness of the woodjoist O "Gand the lateradtiffness

of the wood Jjoist hangerQ

For a hanger fixed woodjbist, the bending motion equation was developed by solving Equad@nEquation
3-13 was sbstituted into Equation-22 to account for the lateral dynamic loadi@gihd . The spatial function

. & wassubstitutedrom Equation3-23. The frequency of oscillatipn wassubstitutedrom Equation3-25.
The adjusting functioQ0 wassubstitiedfrom Equatior3-26. Thebending motion equation for a hanger fixed
wood Hoist is shown in Equatio&-27.

(3-27)

Equation3-27 permits the calculation of the woogblst deflectionsvhenanindividual is walking ora hanger
supportedvood Hoist. The work done to produce theood Hoist lateral deflection at thpoint in which the
individual walking is positionedlong the wood-joist spanwas inserted into Equation3 to calculate the
dynamic critical lateratorsional buckling position of the individual walking omangersupported wood-joist.
When thdateralstiffness constari@Qof thewood Foist hangerspproaches infinity, Equatior®s23, 3-25 and3-
27 approximate Equatior®15, 3-16 and3-18 respectivelydemonstratinghat when Qapproaches infinity, the

hanger fixedsupportedend conditiorbecomes the simply supported end condition.
3.4: Bracing Systems

Three differentrossbracingsystems in a leaan configuration were used in this researaim-bracing, one mid
span braing, and two garterspan braing (Figure 3-4). Mathematicalbracing models were develogd to
calculae the staticcritical lateraltorsional buckling loasland the bending motion of the woogblsts when a
particular bracing systerm a leanon configurationis applied to theassembly The static lateralorsional

buckling models were derived by adjustimgthe previous models derived in Secti@a the lateral bending
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stiffness and the torsional rigidity of the woejist. The bending motion of the woogblist models were derived

by adjustingn the previous models derived in sect®8 the lateral bending stiffness and the mass of the wood
I-joist. The wood joist length the crosssection of the wood-jbist and the loading position with respect to the
wood FHoist depthwere not adjustedrsce in this research they are const@mtthis research the main wood |
joist is of the same type than the braced wopmisks). As before, the dynamic critical lateftlrsional buckling
models for theposition of an individual walking on the woogdist was calculated by linearly combining the
bending motion of the woodjbist modelswith the static lateratiorsional buckling model&hen acrossbracing
systemin a leanon configurationwas usedMathematicalmodek were derived for each one of thehtee

supportedend conditionsinder investigatiorsimply supported, fixed supported and hanger fixed supported.

No research was found in the literaturertathematicallydescribe thdracereactions that leaon systems have

on the loaded wood -joist. Assumptions for the bracing models include: bucklinghe loaded wood-joist
required allboraced wood-|oiststo buckle with the same lateral displacement and rotation, all loads were within
the elastic range of the materials, the bracing members wdetherigid and stiff, reactions at the bracing
points were fully transmitted frotheloaded wood-joist through the braces to the otlvewod Hoists reactions
transmitted through the braces were zero at the ends of the yasidand hadhemaxinum effect at the loading
point, thesupportedend conditions were the same for all wogdists in the bracing system, all woogblsts in

the system had the same length and the bracing system was symmetric with respecidkgpphe of the wood
I-joists.

The adjusted lateral bendistjffnessO "O , the adjustedorsional rigidity"O0 andthe adjustednassa  of

the wood {joist when a bracing system is installed in a earconfigurationwere derived in this researels
Equations3-28.

00 00 — B 00
00 00 — B "0 (3-28)
a4 & —B a

Where,0 0,00, andd are thdateral bending stiffness, torsional rigidity and mass of the wgoidtlin which

the lcad is being appliedndO "0, "Ov and& are thelateral bending stiffness, torsional rigidity and mass of
the wood {joists braced to the woodjbist in which the load is being appliebheratio— is composed bthe

lateral defleabn of the wood Jjoist at the bracing point in which the loabeing appliedo 0 andthe lateral

deflection of the same wooddist but at the loading poinb & (Figure3-8).
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Figure 3-8: Lateral deflection of a laterattorsional buckled wood Fjoist. Top view.

Thew( andwd lateral deflection®f the wood Jjoist can be calculateby solving the following differential

equations.
Wb O00—— 0 v T (3-29a)
wag O0—— 0 a ™ (3-29b)

In this researctbending lateral deflections from the latetaisional buckled woodbist are used to adjust the
lateral bending stiffness, torsional rigidity and mass of the wgodst when a bracing system in a leam
configuration is used, so it is assuntedt the ratio of the lateral deflection at the bracing point to the lateral
deflection at the loading point is approximately equal to the ratio of the torsional displacéntenbeacing
point to the torsionalisplacemenat the loading point and also it is approximately equal to the ratio of the second
derivative of the lateral deflection at the bracing p{latieral acceleration of a differential element of the wood
I-joist at the bracing pointlo the second derivative of the lateral deflection at the loading plaitera]
acceleration of a differential element of the wogdist at the loading poiltTaking the lateral deflection ratio
instead of the torsional dispkment ratio simpliés considerably the calculations otherwise the final models
describing the laterdbrsional buckling behavior of a woogdist with a bracing systervould becumbersome
and difficult to be applied in practical circumstancBse ratioof the lateral deflectioat the bracingointto the
lateral deflection at the loading point of the woedist in which the load is being appliesdused in this research
since theelateral deflections ammathematicafunctiors of the wood Jjoist reactions at the bracing and loading
points. Equations3-29 must be solved along with tlseipportecendconditions for each case, simply supported,

fixed supported and hanger fixed supported for the current research.
3.4.1: Lateral-Torsional Buckling Bracing Modelsfor Simply End Supported Wood FJoists

Solving Equation8-29 along with the supp@tendconditions given by Equatior1 the followingequations
were obtained toadjustthe lateral bending stiffness, the torsional rigidity and the méss simply supported

wood Hoist when a bracing system in a leam configuration is applied to it.
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00 00 0 i

00 00 B 0 i (3-30)

a a 0 i
In Equatiors 3-30, U is the distance from the end of the wogaist to the bracing point andis the distance
from the end of the wabl-joist to the loading point.In Figure3-9 is observed that the distanzeis always

smaller or equal to the distaniceThe term———— from Equatiors 3-30 equals 10 for the onemid-span

brace configuration as expected since the load and braces are applied atdpamiitie term

equals— for the twoquarterspan braces configuratioBquatiors 3-30 demonstrates that a bracing system is

more effective when applied at the rigdan compared to bracing applied away from thespah.For the one
mid-span brace configuration and assuming that the lateral bending stitfmessrsional rigidity and the mass

of the three wood-joists have the same valvespectively the term————— proves that thetaticcritical

laterattorsionalbuckling load for simpt supportedvood I-joists is three times larger compared with #iatic
critical laterattorsional buckling load for the same woepbist without the bracing system, for the two quarter

span bracesonfigurationthe difference waaround two times larger.
When the distance from the end of the wogdist to the bracing poinlv equalszeroin equations 30, the
bracing points are localized at the end suppamtithe term———— becomes zerdl'he result obtaineth

this wayfrom Equatiors 3-30 equals th&ateral bending stiffness, the torsional rigidity and the mass of the wood

I-joists without the bracing respectively.

” Bracing

Figure 3-9: Wood I-joist with a bracing system in a learon configuration.
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To calculate thetaticcritical laterattorsional buckling loadt the midspan for asimply supporteadvood Fjoist

with a bracing systenkEquation3-6 is used in which the latar bending stiffness and the torsional rigidity are
replaced for the adjusted lateral bending stiffnessthaddjusted torsional rigidity from Equatioi®s30. To
calculate the static critical latertdrsional buckling load at any point along the wogqdist span for asimply
supportedvood Hoist with a bracing systenkquation 234 is used in which the lateral bending stiffness and the
torsional rigidity are replaced for the adjusted lateral bending stiffness and the adjusted torsional rigidity from
Equations3-30, andthe functiorf & for the angle of twist is taken from Equatid#. To calculate the bending
motion of the wood-|oist with a bracing systenEquation3-18 iswith the lateral bending stiffness and the mass
replaced by the adjusted lateral bending stiffness and the adjusted mass from E@t8tiofe calculaton of

the critical lateratorsional buckling position of an individual walking on the wogdi$t with a bracing system

is carried out byinealy combiring the static lateralorsional bucklingequationwith thelateral deflection from

bending motion equatioioth equations musiescribehe same bracing system.
3.4.2: Lateral-Torsional Buckling Bracing Models for Fixed End Supported Wood FJoists

Solving Equations$-29 according with the supper endconditions given by Equatior&2 and inserting the
solutions into Equation8-28, the following equations for the adjusted lateral bending stiffnessadjusted
torsional rigidity and the adjusted mdes a fixed wood {Jjoist with a bracing systelin a learon configuration
were obtained.

00 00 0 i
00 00 B 0 i (3-31)
, B
a (o V] |

The term————— from Equatiors 3-31 equals 10 for the onemid-span brace configuration as expected

since the load and braces are applied at thespaah. The term———  equals- for the twoquarterspan

braces configuratiaror the one migpan brace configuration assuming that the laterading stiffness, the
torsional rigidity and the mass of the three wogaidtsin the bracing systernave the same value respectively

the term———— proves that thetaticcritical laterattorsional buckling load for simplsupmrtedwood

I-joists is three times larger compared with the static critical latersional buckling load for the same woed |
joist without the bracing systerfor the two quartespan braces configuratipthe difference was 1.5 times
larger. Learon bracing systems are more restrictive for simply supported wgaidts compared to fixed wood
I-joists.

When the distance from the end of the wogqdist to the bracing poinlv equals zeran equations 31, the

bracing points are localized at the end sutgandthe term—— becomes zer@nd the result obtained
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from Equations3-31 equals the lateral bending stiffness, the torsional rigidity and the mass of the-jodstd |

without the bracing respectively.

To calculate thetatic critical lateratorsional buckling load at the mi&pan for a fixed woodibist with a bracing
system Equation3-8 is used in which the lateral bending stiffness and the torsional rigidity are replaced for the
adjusted lateral bending stiffnessdathe adjusted torsional rigidity from Equatid@i81. To calculate the static
critical lateraltorsional buckling load at any point along the woddist length for a fixed wood-joist with a
bracing systerrEquation 234 is used in which the lateratfding stiffness and the torsional rigidity are replaced

for the adjusted lateral bending stiffness and the adjusted torsional rigidity from Eq@a@ibradthe function

T & for the angle of twist is taken from Equatid+Y. To calculate the bendingation of the wood-oist with

a bracing system Equatip822 is used in which the lateral bending stiffness and the mass are replaced by the

adjusted lateral bending stiffness and the adjusted mass from Equa8ibns
3.4.3: Lateral-Torsional Buckling Bracing Models for Hanger End Supported Wood FJoists

Solving Equations$3-29 according with the suppertendconditions given by Equatior&4 and inserting the
solutions into Equation8-28, the following equations for the adjusted lateral bending stffnéhe adjusted
torsional rigidity and the adjusted mass for a hanger fixed weoistl with a bracing systerm a learon

configuration were obtained.

00 070 0 i
, , B
‘o0 "Ov 0 i (3-32)
B
a a 0 i
The term from Equation3-32 equals 10 for the onemid-span lean

on brace configuration as expectedince the load and brace are applied at the-sp@h. The term

equals — ——— for the two quarterspan bracesResuls

show that when the stiffness constant Q of the spring approaches infigit the term

approaches- which is the case for simpkupported wood-joists.

Thus, the hanger fixed supped endcondition can be bounded by the simply supported end condition.

When the distance from the end of the wogqdist to the bracing poinlv equals zeran equations 382, the

bracing points are localized at the end suppow$ the wood {joist and the term
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should become zerdlowever the fact that having the braces at the

ends of the woodjbist the laterahangerstiffness Qbecomesnevitablyinfinity (in this research the braces were

considered and modeled as having infinity stiffnesg) therefore the physical testdsany tangible sense. In

the same waythe matheratical relationship of the term in Equation

3-32 remains indeterminatehen( equals zero an®reaches the infinity valudhus the physical conditions

correspond to the mathematical relationships.

To calculate the static critical latett@rsioral buckling load at the midpan for éhangerfixed wood Hoist with

a bracing systeprEquation3-11 is used in which the lateral bending stiffness and the torsional rigidity are
replaced for the adjusted lateral bending stiffness and the adjusted dbrgjagity from Equations3-32. To
calculate the static critical lateradrsional buckling load at any point along the wogdist length for a fixed

wood Hoist with a bracing systentEquation3-10is used in which the lateral bending stiffness amdttinsional

rigidity are replaced for the adjusted lateral bending stiffness and the adjusted torsional rigidity from Equations
3-32, andthe functiorf & for the angle of twist is taken from Equati®®. To calculate the bending motion of

the wood joist with a bracing system Equati8R7 is used in which the lateral bending stiffness and the mass

are replaced by the adjusted lateral bending stiffness and the adjusted mass from E3j82tions
3.5: Conclusion to Theoretical Models

Staticlaterattorsional buckling models were developed for eawof the three suppaetlendconditionsunder
investigation simply supported, fixedsupportedand hanger fixedsupported The tanger fixed suppoed
condition was derived timcludevariouswood I-joist hangers founéh practical circumstances the reg@ential
construction industry. Theynamic lateratorsional buckling models were develogadlinearlycombining the
static lateratorsional buckling models with tHateral deflection of the waml I-joist from thebending motion
equations. The bending motion equations ugedlateral component of the force imposed hyiradividual
walkingon the wood-joiststo calculate the lateral deflection of the wogdists The static and dynamic latéra
torsional buckling models were applied to three different bragystems: ndoracing, one migpan brace and
two quarterspan bracesThe bracing models descriltee amount of bracing restraon the lateratorsional

buckling instability. The bracing odelswere developed for each of ttieeesupporédend conditions.
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4: Materials and Methods

This chapter describes the materials and tegtiotpcols used in this research. Tests conducted
included:lateral bending stiffness tests, torsiongidity tests, lateral hanger stiffness testatis lateraltorsional
buckling tests andlynamic hterattorsional buckling testsStatic and dynamic lateredrsional buckling tests
were conducted on five different suppamtend conditions with three ifferent bracing systems. The lateral
bending stiffness and the torsional rigidity of the wogdidts were used as input parameters to calculate the
static critical lateratorsional buckling loads. The lateral bending stiffness of the wgoidts wasalso used to
calculate the lateral woodadist deflections under dynamic loading. The lateral hanger stiffness was used as the
value of the constariQof the spring supports in the theoretical models. Static and dynamic -tatsiahal
buckling regregsn analysis models were derived using the data from the different tests.

4.1: Wood I-Joists

Wood Hoists used in this research were composesblidi sawn lumbe(SSL)flanges andariented strand board
(OSB)webs.Two differentcrosssectionwood Hoist sizes were useaks shown imable4-1 andFigure4-1. The
length of the wood-joists was of 240 inches for both cresection sizes. e hstallation of the woodijbistsfor

testingfollowed the manufacturepublished instructiong’hen information waswailable

Table 4-1: Wood I-Joist Compound Materials and Dimensions

Flanges Web Wood I-joists
Material | Width (in.) | Depth (in.) Material Thickness (in) | Height (in.) Length (in.)
Sample 1 SSL 2 7/15 11/2 OSB 7/15 117/8 240
Sample 2 | SSL 27 1Y%,| OSB e 16 240
2716
2716 T :

16

117/

e ] 716

Figure 4-1: Cross section dimensions of the woodjbists (inches)
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4.2: Wood I-Joists Hangers

To investigate various suppedendconditions, bur different types of wood-joist hangers were used/ood F

joists hangers were ITS hanger series, ITT hanger series, IUS hanger series and IUT hanger series all of them
from Simpson Strongie Companylnc. Wood Hoist hangers are shown in Figuk&. All wood Hoist hangers
were dieformed from 18 gage galvanized steel. All wogdist hangers were meant to connect woguidts to
supporting wood beams. The ITS hanger has a top flange depthsdfiches and two large prongs at the seat
that are usetb resist uplift forces (ESR615 2008). The ITT hangdas a top flange depth of/dinches and

two bend tabs at the seat that are used to fasten the hanger to thejovstod he bend tabs are bent over and
nailed into the wood-joist bottom flange Wwen web stiffeners are not used. Alternatively, the bend tabs may
remain unbent when used with web stiffeners and nails are installed directly into the web stiffene26 &SR
2008).The IUS hanger has two large prongs at the seat that are used topldsisrces (ESR2552 2008)The

IUT hanger has two steel tabs located at the bottom flange of an installed yoistcthat are bent over and
nailed to the top surface of the bottom flange of a weodbt at the jobsite (ESR552 2008).

d’fg T

Optional |* H

Nal <g0
Locations Je g

P/'J\}\‘L
7 v
ITS Hanger ITT Hanger IUS Hanger IUT Hanger

Figure 4-2: Wood I-joist hangers used for testing. Simpson Stronrdie Company, Inc.

4.3: Sample Size

Sample sizes for the two woogaist types weraletermine with Equatiomd-1 (ASTM 2005b). The confidence
interval was chosen to be 90% for all testing and sam@tatic lateraltorsional bucklingand dynamic lateral
bending testingising five differentsupportecend conditions and three different bracing systems over the same
sample of wood-joists were performedconsequently the population variance as well as the breadth of the
tolerable error of Equatio#-1 depended upon of the type of testing, and thus the sample sizesvaavariable
guantity. No values for the poptilan variance and for the tolerable error were found in the literature review for
the majority of the testing performed in this reseanatitherefore the sample sizes were calculated using a value
for the breadth of the tolerable error corresponding %6 80the probability distributionThevariance used was

an average value from limited dgdbund in WIJMA (2005).Sample sizecalculationsresuledin five wood F

joists for each sizé.ateral bending stiffness tests, static and dynamic latiersibnalbuckling tests and torsional
rigidity tests were conducted using the same five wejadsts of each depttPrevious research by Hindman et
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al. (200%), Bamberg (2009) and Timko (20083ve shown no change in mechanical properties from retested
wood Hoists, since the woodjbists were testedithin the elastic range of the materials.

g — (4-1)

Where, ¢ is the sample sizg, is the standa deviation of the populatiof,is the number of standard deviations
away from the mean ¢he normal distribution| is the probability of committing a Type | error (probability of
falsely repcting the null hypothesis) aiid is the width of the tolerable error.

4.4: Supported End Conditions

Five differentwood Hoist suppored endcondiions weretestedto validate the static latertdrsional buckling
models the bending motion of the wooddists modelsand the dynamic latersbrsional buckling models
derived in this research. The suppedtend conditionswere simply supported end odition, ITS hanger, ITT
hanger, IUS hanger and IUT handimed end supportedonditions.A set oflaminated veneer lumber (LVL)
platforms mounted orteel stanchions served as the base for the wmst Isupportd end configuratiors. To
allow freerotationof the wood Hjoist endswith respect to the principal axes of inertia parallel toxtagis and
y-axis the simply supported end conditiomas manufactured witkteel round bars placed at the bottom and
laterally of the wood-Joist ends (Figure 4-3 a). The ITShangey ITT hangey IUS hangerand IUT hager fixed
suppored end conditiors were constructed by mounting the woofbist hangers orthe supportingLVL
platforms (Figure4-3 b). The installation of thevood Foist hangers was performédllowing all manufacturer
instructions.

Wood | -joists hanger

Steel round bars / .
N

a) Wood I-joists b)

Figure 4-3: End supported platforms a) simply supported end condition and bhanger supported end condition.
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4.5: Bracing Systems

There different bracing systemsgere tested to validate the static lataoakional buckling models, the bending
motion of the wood-Joists models and the dynamic latetatsional buckling models derived in this research.
The bracing systems were:-boacing, one migpan brace and twyuarterspan braces as shown in Figdré

a), b) and c¢)Three wood Jjoists spaced 24 inches-oanter were used to form the bracing system in adean
configuration. The bracing system used filommydwood Hoists of the same size and charactarsstin either
side of the wood-joist test specimen. Testing for all cases was performed on the woisd lbcated at the
middle of the bracing system. No testing was performed in the wjmsts located athe sides of the bracing
systemSteel bracig strands in a cross design scheme were used to brace thejwistglls shown in Figuré-

4 d) and e). The steel bracing strands were TB tension bridging for wjowdslfrom Simpson Strongdie
Company, Inc. The B tension bridging is used tarace wad I-joists and it is fabricated from No. 20 gage
galvanized steel (ESR608 2008). The steel bracing strands were attached to the top and bottom surfaces of the
wood FHoist flangesfollowing the manufacturer instructioms shown in Figurd-4 d) and e)For a single test
the same suppa@tiendconditions were applied to all 3 wooqgbists.

6C

120

24 -

Figure 4-4: Bracing systems, a) ndracing system, b) one miespan brace, ¢) two quarterspan braces, djpracing

isometric view, e) bracing from view and f) photograph showingthe bracing system installation
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4.6: Testing Protocol

Testing procedure followed the schematic diagram of Figttrand Tabled-2. Wood Hoists were received at a
length of 288inches and then cut into two pieces, 240 inclhasy and 48 inheslong. The 240 inches long
specimens were used for the stdditerattorsional buckling testghe bending motion of thwood Hoist test
and the dynamic laterébrsional buckling testsvhile the 48 inches long specimens were used fowtied -
joist lateral bending stiffness tests. The static latemedional buckling tesfghe bending motion of the wood |
joists tests and the dynamic latetaisional buckling testsvere conductedising all five combinations of
supporedendconditions the simply supported condition and the four hanger fixed supported conditidab
threecombinations obracingsystemsthe nebracing, the one midpan braceral the two quartespan braces

Five wood Koist samples of 288 inchesf each size

4 4
Five wood Koist samples cut to Five wood Fjoist samples cut to
240 inches 48inches
U 4
Static lateral-torsional buckling tests el bendtlggtsstlﬁness &)
U
Bending motion anddynamic lateral-torsional buckling tests
Five wood Hoist samples cut to Twenty wood I-joist samples cut
136inches to 12 inches
4 U
Torsional rigidity ( GJ) tests Lateral hanger stiffnesstests

Figure 4-5: Testing protocol

Table 4-2: Testing Breakdown and Number of Tests

Static lateral-torsional buckling tests

1 5 wood Hoist specimeng40 inches long

1 2 wood Hoist heights (11/s inches and 16 inches)

1 5 different suppoddendconditions (simply supported and four woepbist hangessupported)
1 3 bracing systems (Horacing, one migpan brace and two quarsgan brace)

Bending motion and dynamic laterattorsional buckling tests

1 5 wood Hoist specimeng40 inches long

1 2 wood Hoist heights (11/s inches and 16 inches)

91 5 differentsupporedend conditions (simply supported and four wogdi$t hanger supported
1 3 bracing systems (Horacing, one migpan brace and two quarsgan brace)

Torsional rigidity ( GJ) tests

1 5 wood Hoist specimend36inches long

1 2 wood Hoist heights (1%/s inches and 16 inches)

Lateral wood I-joist hanger stiffness k) tests

1 5 wood Hoist specimens 12 inches long

1 2 wood Hoist heights (117/8 inches and 16 inches) Total: 40 tests
1 4 wupporedendconditions (four wood-Joist hanger supported)
Lateral bending stiffness Ely) tests

1 5 wood Hoist specimend8inches long

1 2 wood Hoist heights (117/8 inches and 16 inches)

Total: 150 tests

Total: 150 tests

Total: 10 tests

Total: 10 tests
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At the end of the statiaterattorsional buckling testghe bending motion of the woogdist tests and dynamic
laterattorsional buckling testshe 240 inches long woodjbist specimensvere cut toone pieceés4 incheslong
andfour pieces 12 inches long. The 64 inches larmgd Hoist specimens were used for the torsional rigidity
tests while the 12 inches long wogfbist specimens were used for the lateral hanger stiffness tests for the four
different wood 4joist hangers.

4.7: Lateral Bending Stiffness of the Wood {Joists

The lateral bending stiffness of the wogaikts was measured usinghage point bending te¢Figure4-6). The
length of the wood-joists was 48 inches, and the span was 40 inches. The lateral bending S0iffdeSthe

wood Hoist was calculated using Equatids®.
o0 - — (4-2)

Where the term is the slope of the loadeflection curve is that applied load, is the deflection of the wood

I-joist at the miespanand 0 is thewood Hoist span Five wood {joist specimens of each woogoist cross
section heights were tested for a total of ten tés®.t u d etestagssming equal variances and a probahllity

of a type | error of 0.05 was performed to compare the lateral bending stiffngsstwo samples of wood |
joists.

ey

40

Figure 4-6: Lateral bending stiffness test configuration (inches)
A servehydraulic Material Testing SystefiMTS) 661.20E01 with aloadcell of 5000 Ib capacity and a reported
error of less than 1 ¥dimko 2009)was usedA separate LVDT with a nominal range of + 5.0 inches attached
to the specimen at the mighan was used to measure the wogaist deflection. Loadleflection data were
collected using Htional Instruments LabVIEW 7.0 software. Loading was applied at constant spe&® of 0.
inches per minute. Calculations shown that with this loading speed the lateral bending test should be concluded
in less than 16 minutes (ASTM 2005c). The load was eghpler the wood-joist flangesNo load was applied

over thewood Hoist web other than thatansmitted from the woodjbist flanges. In the same way the woed |
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joist reactions were supported merely over the wejoidst flanges. The lateral bendintiffness of the wood-|
joists tests were static destructive testing, the load applied to the vjoieti was removed until the specimen
displayed visible failure.

4.8: Torsional Rigidity

The torsional rigidityof the wood Jjoists was measured usigtorsional stress analyzer. The torsional stress
analyzer was previously used for torsional rigidity measurements by Finkenbinder (2007). The torsional stress
analyzergenerates torsional moment through the center of the esession of the wood-jbist at oneof the

ends of the wood {joist while the other end remanigidly fixed with respect to the floor. Figuke7 shows the
torsional stress analyzer sgi.

132 ), 136 N

ﬁ=b u

Figure 4-7: Torsional rigidity test configuration (inches).
The torsional rigidityOulof the wood {joist was calculated using Equatidr8. Since Equatiod-3 cannot be
solved explicitly forOp the Solver Addn program fromMicrosoft Office Excelwas used. Solver uses the

Generalized Reduced Gradient (GRG2) nonlinear optimizagurithm to find the solution. Precision of the
solutions was fixed at 0.000001.
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- - — — (4-3)

Where the term- is the slope othe torqueangle curve;Yis the applied torsional moment,is the angular

displacenent,0 is the woodJjoist span,Qis the wood Hjoist heightandO "Qs the lateral bending stiffness of the
wood Hoist. Five wood }joist specimens of each cessectioral height were tested for a total of ten specimens.
ASt u d eesttagssming equal variances and a probahllifya type | error of 0.05 was performed to compare

the torsional rigidity of the two samples of woepbists.

The length of the woodjbists specimens wak36inches.The torsional moment was applied at constant speed
of 1.00degrees per minutdwo AccuStar 11/DAS 2@linometerswith a range of + 20 degrees and a resolution
of 0.01 degreewere usedo measurehte angle of twistThe clinometers were mounted on tbp flange of the
wood Hoist spaced4 inches from the woodbist ends. Data from the torsional stress analyzer and from the
clinometers were collected usitgational Instruments LabVIEW 7.0 softrea A smooth load versus angle of
twist curvewasobtainedand used to calculatbe slope of the torguengle. The load was applied over the wood
I-joists flangesNo load was applied over the woogoist web other than the transmitted from the wogoidt
flanges.The torsional rigidity of the woodjbist tests were static destructive testing, the load applied to the wood

I-joist was removed until the specimen displayed visible failure.
4.9: Static Lateral-Torsional Buckling Tests

Static lateratorsional buckling tests were performed using a three point bendindi oesting was applied at the
mid-span on the top flange of the wogbists (Fgure4-8) atconstant speed of 0.16 inches per minute (Timko
2009). A servehydraulicMTS 661.20E01 testing machine with kbbad cell of 5000 Ih capacity and a reported
error of less than 1 % was usdthe lateral deflection, the axial deflectiand the anglef twist of the wood
joists at a series of discrete poiniere measuredihe lateral defle@bns were measured at the top aad the
bottom flanges of the woodjbists using six UniMeasure P&L3M string potentiometersith a measurement
range of 5 inches and a reported error of less than 1%. The string potentiometg@laseetathe mid-span and

at the quartespan locations as shown in Figut&. The aial deflection was measured using @ress head
displacement of the testing machifidne angle of twist were measured at the top flange of the wogdists
using tvo AccuStar 11/DAS 2@linometerswith a range of £ 20 degrees and a resolution of 0.01 degrees. The
clinometers were placedt the quartesspans as shown in Figude8. The angle of twist was also calculated by
using the differences between the measurements from the strinfjgrotders placed at the top and at the bottom
flanges of the wood jbist at the same span positigkl measurements from thdTS, thestring potentiometers
and the clinometers were collectesingNational Instruments LabVIEW 7.0 saf@re.Sets ofload \ersus axial

deflection, load versus lateral deflection and load versus ahghast curves were obtained.
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Potentiometers
Clinometers I

Fixed support

b)

Figure 4-8: Static lateral-torsional buckling test configuration (inches) a) isometric view, b) front view.

The static lateralorsional buckling tests were performetithin the elastic range of the materials, when elastic
instability was reached the ajgaltion of the load was stopped and the test was terminated, thus the static lateral
torsional buckling testwere nondestructive tasy. Laterattorsional buckling instabilityvas assumed to occur
when the wood-joist deflected laterally and twisteAn analysis of thalata from the loaglersus angle of twist
comparedo theload versugateral deflectiorcurve and to the load versasial deflectioncurvewas performed

to obtain the critical laterabrsional buckling load.

Five wood }joists of each @sssection height were tested for a total of 10 specinémslength of thevood F
joists was 240 irches.The same fivewood Fjoists of eachcrosssection heightwere testedapplying all
combination of fivedifferentsupporedendconditions and threeifferent bracingsystemdotalizing in this way
150 gatic laterattorsionalbuckling tests
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The static lateralorsional buckling tests conducted on the simply supported end conditiotheitbn-bracing
system installed were used to validate EquaBi@nwhen a bracing system was installed to the wgotbts the
static lateratorsional buckling tests were used to validtie application of adjustingquatiors 3-30 into
Equation3-6. The static lateratiorsional buckling tests conducted on the hatfiged end suppoed condition
with the non-bracing system installed were used to validate Equ&tibh when a bracing system was installed
to the wood Jjoists the static laterdabrsional buckling tests were used to validdie application of adjusting
Equatiors 3-32 into Equation3-11.

To investigate possibldifferences between means from ttesults of the different theoreticatatic lateral

torsional buckling models arible static lateraorsional buckling loads obtaidérom testing, statistic procedures

based on th& t u d e distrilduson for paired data were used. In order to appropriately ussthee d ent 6 s
procedures an assessment of whether the population has a normal distribution is decisive. The norfmeality of t
sample disibutions were evaluated by tkamplekurtoses and sampitewness/alues St u d epnoteduses t

were chosen since the population variances are unknown, the sample sizes aresamglle®and the fact that

theSt u d edistriliution govides a reasonable approximation to the distribution when the sample is selected
from a population with a mourghaped distributiorReck et al. 2007 The null hypothesesusedon®i¢ ude nt 6 s
t comparisons were that the theoretical static lateralonal buckling means were equal to the static lateral
torsional buckling loads from testing while the research hypotheses were that the theoretical statmr tatesall

buckling means were not equal to the static latenaional buckling loads fromg¢et i ng. The probab
type | error was of 0.05 for aBt u d ecorhparsondTheSt u d eacorhparsondvere performedverthe

same suppoed endconditions as well as bracing systerBsudend $ comparsonsbetweenthe static lateral

torsional buckling models for the fixed esdpporéed condition and thestatic lateratorsional buckling loads
obtained from testinfpr thesimply supporte@nd conditions were also performagkr the three bracing systems

analyzed irthis research
4.10: Dynamic Lateral-Torsional Buckling Tests

The goak of the dynamidaterattorsional buckling testarereto measuréhe lateral deflections of the wood |
joists due to bending motion atfte critical lateratorsional buckling positionf one individual walking on the
wood Hoists. The dynamic laterabrsional buckling tests were performed usirgatety platform to support the
wood Hoists The safety platform was constructed and equippedallithecessary provisions to allapersn
to safelywalk onthe wood FHoists without the possibility of injuryThe safety platform was built with two
parallel frames along the woodgdist length which serve as hand rails connected in the transeeéiszctionas
shown in Figured-9. At thetop of thesafetyplatform a steell-beam was attachquhrallel tothe wood joist
length. Amovabletrolley was attached to the bottom flange of #ieell-beamwhere a safety lanyard was
attached o t he par t iness.prenrolléysallossaividealsio wllkaon the wood-joists but have a
fall arrest system in place at all tim@$e safety platform islightly larger thar20 feet long byapproximatelys

feet wide.
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Thei ndi v weightavasorecorded at the begimp of the test period. Thadividual was asked to walk at

normal pace and if possible not to use the hand rails except in the event of a fall. The dynamtonrsitaral

buckling test began when tidividual started walking from one end of the wolepbist and finished when the
individual reached the opposite end. Since the dynamic lat@nsibnal buckling tests are more variable than the

static lateratorsional buckling tests (Timko 2009), three loading repetitions were performed for eaclingest. T
average measurements of the three repetitions were used as a single test. Loading was applied through one
individual walking on the woodjl oi st at nor mal pace. TMavasimeaburedbyd ual ¢
dividing the number of footsteps dhe wood 4joist by the time consumed in crossing the wogdidt. The
individual 6s footstep | ength was meas toistbgtheompodd i vi di
joistlength.The i ndi vi dual 06"Qwds anoirpst pasmeter torEquatio®12.dyhe i ndi vi du
footstep | ength was used to | ocate the points of t1}

120

Wood I-joist

Figure 4-9: Safety platform used inthe dynamic lateraktorsional buckling tests(approximate dimensions ininches)
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Lateral deflections and angles of twist were measured ilyhamiclaterattorsional buckling testd.ateral
deflections were measureding six string potentiometepsaced in the same patteemd positions as they were
placedin the static lateralorsional buckling tests. The angle of twist was calculated using the differences between
the measurements from the string potentiometers placed at the top and bottom flahgesaoafd Jjoist. The

use of clinometers in the dynamic latet@isional buckling testwas not possible due to the poor response of
these devices to the rapid movement that the wgosts undegoes when thendividual walks on the wood-I
joists (Timko 2009).The end support platforms used in the static lateraional buckling tests were also used
for the dynamic lateraiorsional buckling tests, but adapted to the safety platformishay BHL U3SBA A S 0
loadcell with a 5000 Ibof capacityand arexperimental error of 0.02%laced at théottom flange and atneof
theends of the wood Jjoist was usedo measureéheaxial reactionsat the endf the wood Jjoist induced by the
individual walking The axialreactionswere used to calculatbe position of thendividual walking alongthe
wood Hoist length.Measurements from th&tring potentiometers arfdom theload cell were collectedsing
National Irstruments LabVIEW 7.0 softwarA lateral displacement versus participant positiorgpdal reaction

at the end of the woodjbist versus participant position and an angle of twist versus participant position curves
were obtained. It was assumed that lataredional buckling instability occurred when the woedist laterally
deflectedand twisted An analysis of the data from tHateral displacement versus participant position curve
compared to the angle of twist versus participant positione was performed to obtain the critical lateral
torsional buckling positionThe data from tle dynamic lateratorsional buckling tests conducted on the simply
supported end condition witthe non-bracing system installed as used to validate Equatio®18. Whena
bracing system was installed to the woedists, the data from thelynamic lateratorsional buckling tests a&s
used to validate the application of adjusting EquatB88 into Equatior3-18. Thedata from thelynamic lateral
torsional buckling tests conducted on the hanger fixed end supported conditiothevitbn-bracing system
installed wasused to validate Equatid27. Whena bracing system was installed to the wogaidts the data
from thedynamic lateratorsional buckling tests asused to validate the application of adjusting Equat882

into Equatior3-27.

To invedigate possibledifferences between means from tiesults of the different theoretical dynanterat
torsional buckling models antthe dynamic lateratorsional buckling tests, statistic procedures based on the
St u d edisttib@tion far paired dataeve used. The applilt u d eproteduses followed the same guidelines
used inthe static laterattorsionalbuckling tests The null hypotheses used on ¢ u d ecompérisong were
that the theoretical dynamic latetatsional buckling means wergual to the dynamic laterédrsional buckling
means from testing while the research hypotheses were that the theoretical dynamitotaienal buckling
means were not equal to the dynamic lateyedional buckling means from testing. Thé u d ecompérisong
were performecdver the same suppa@t end conditions as well as bracing systerSsudend $ comparsons

betweenthe dynamiclaterattorsional buckling models for the fixesipporéd end condition and thdynamic
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laterattorsional buckling means obtained from testifuy the simply supported end condition were also

performed over the three bracing system analyzed in this research.
4.11 Lateral Hanger Stiffness Tests

The laterahangerstiffness wasnvestigatedisinga lever design satp as shown in Figur&-10. The hanger was
mounted on a rim board following the manufacturer installation instructions. The length of the -jedsid |

specimens was of 12 inches.

Figure 4-10: Lateral hanger stiffness test configuration (inches)

Loading was applied at one of the woegdikt ends while the other end was attached to the wgaidtlhanger.

A servehydraulic MTS661.20E01 testing machine with doad cell of 5000 Ih capacitywith a reported
experimentakrror of less than 1 % was usédading was applied at constant speed of 0.16 inches per minute.
This loading speed corresponds to the static laterasional buckling test loadinglesting was designed to
measure the stiffness of thewod Hoist hangerso loading was stgedbefore a failure was observddata were
collected using National Instruments LabVIEW 7.0 software. The lateral hanger st€esscalculated using
Equation4-4.

Q pé- (4-4)

Where the term is theslopefrom the Inear elastic portionf the loadversusdisplacement cury@® is the applied

load 1 is the induced displacemeamdB is thewood Hoist hangetbearing constanihe bearing constant was
calculatel by averaging the halves of the bearing leagththe two bearing surfaces corresponding to the two
wood Hoist flanges (see Figurel11l).Since Equatiod-4 is multipliedby 12 in. (from the test seip), the bearing
constant is a dimensionless urfiince the different wood-jbist hangers have different bearing surfaces, a

particular bearing constant was used fahetgpe of wood-joist hanger.
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Figure 4-11: Lateral face of a wood joist hanger (ITT) showing the bearing lengthginches)

The top length and the bottom length of the bearing surfaces and the bearing constant that was used to calculate
the lateral hanger stiffness for each type of wo@mdt hangeare shown in Table-8. Four different wood-l

joist hangers were tested: ITS hanger, ITT hanger, IUS hanger and IUT hanger. Five tests were carried out for
each of the woodjbist hangers and for the two woaogbist crosssection heights usedifa total of 40 specimens.

To investigate possible differences between the two wegois$tl hanger sizeS t u d etests @ssuming equal

variances and a probabilityof a type | error of 0.05 were performed for each type of hanger.

Table 4-3: Top and Bottom L engthsof the Bearing Surfacesand the Bearing Gnstant

117/sin. Wood I-JoistsHangers 16in. Wood I-JoistsHangers
ITS ITT IUS IUT ITS ITT IUS IUT
Top Length (in.) 0.625 0.500 0.750 1.250 0.500 0.250 0.750 1.250
Bottom Length (in.) 2.0 2.0 2.0 2.0 2.0 2.5 2.0 2.0
Bearing Constant 0.656 0.625 0.688 0.813 0.625 0.688 0.688 0.813

4.12: Regression Models

Static lateratorsional buckling regression modei®re developed in this research. The goal of the regression
modelswas tosimplify the theoretical models previously derived and reduce the numbeplahatoryariables,
especially the variables that needadeterminedy testing.To examine the goodness of fit of thtaticlaterat
torsional buckling regression models tfidlowing resources were used: analysis of the scatterplots of the
response variabdeversus explanatory variables to inspect for lack of fit, analysis of the regithtalto inspect

for outliers or erroneous observations and for constant varianke efrors, coefficients of determinatig@hand
hypotheses testing to inspect for the effects of the individual observations in thettateomlal buckling

regression models.

The static lateralorsional buckling regression modeigre developed consideg the static laterattorsional

critical loads as response variables and the intrinsic and geometric properties of the yeoogid &s the
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explanatory variable€quationd-5 was derivedrom arearrangedorm of Equation3-11 andis proposed for the
static lateraiftorsional buckling regression models.

4 00 ""Q 00 Q00— - (4-5)

Whered is the’Q observation of the static critical latettarsional buckling loadQ is the’Q observation of
the crosssection height of the wooddist, O Ois the’Q observation of the lateral bendirtiffess of the wood

Ijoist, 'Q is the"'Q observation of thdateral bending stiffness of the woogolst hanger and is the ™Q
observation of the random error. The paramétens h* are the coefficients to be determined based on the
regression analysis of the numerical data generated in the laboFaiotiie simplysupportedendconditionthe
value of the explanatgrvariable™Q is taken as infinity, so the valsief the terms inside of thgarenthesem
Equation4-5 equals one.

The torsional rigidity "O0 of the wood {joist was not includedn Equation4-5 since it can be proved thr

single elastic, homogeaas and isotropic components (general assumptions used in this research) the torsional
rigidity is a linearfunction of the lateral bending stiffnes® "O of the wood jjoist. The torsional rigidity has a
strong collirearity with the lateral bendingtiffnessand therefore it is not necessary to include lexqiianatory
variables into the regression modéhe exclusion of the torsional rigidity in the regression models has the
intentionof facilitating the calculation of the static critical latetarsional buckling loadThe length of the wood

I-joistin this researcls constanttherefore it wasiot include in Equatios-5.

In Equation4-5 thecrosssection height of the woodjbist (Q accouns for the position of the load application
with respet to the reutral axis of the woodjbist. The lateral bending stiffness accoaribr the intrinsic and
geometric properties of the woogbiist while thelateral bending stiffness of the woofblist hanger™Q) accours

for the suppordendconditions.For the static laterabrsional bucklingegressiommodels loadingwas always
applied at the md-span of the wood-jbist. No direct testing was performed to assess the performance of the
bracing systemanalyzed in this researciherefore three diffaent regression analysis models were obtained
from Equatiord-5, one modefor the na-bracing systemanother modefor the one miespan bracing system

andone model moréor the two quartespan bracing system.
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5: Results and Discussion

This Chaptemcludesthe analyses of data gathered frexperimentatestingand the comparison
of these experimental data with theorrespondingpredictions calculated from thetheoretical models.
Experimental testing measurthe lateral bending stiffness and thestonal rigidity of the wood-Joists for use
in the static lateralorsional buckling and in the lateral lidmg motion theoretical models. The lateral stiffness
of four different woodHoists hangers were measdffer assessment of the lateral constrairthe ends of the
wood Hoists. Static critical loads were obtained from testing aachparedvith predicted critical loads from the
theoretical models for five different suppedtendconditions andhree different bracing systemBhe mass of
the wodl I-joists, the total time needed to transverse the wgoidts and the walking frequency were measured
for use in the lateral bending motianalyses of the woodjbists. The maximum lateral displacements measured
at the midspan and at thiird quarer-span of the woodijbists and the position of the individual walking when
these maximum lateral displacements took place were obtained from testing and compared with predicted
maximum lateral displacements and individual positiopghe theoretical maads for five different suppoed
end conditions and three different bracing systems. The dynamic kaesgdnal buckling instability was
investigated by adding the static latei@isional buckling instabilityo the lateral bending motion of the woaod |
joists.
5.1 Lateral Bending Stiffness of the Wood 1Joists

The lateral bending stiffness of the woefbikts was calculatedsing Equatiord-2. The slope of the load
deflection curvewastaken within the displacement range from 0.1 in. to 0.3 in. asrshoWwigure5-1. This

range was chosen in order to avoid initial loading effects due to the attachment of the test specimen with the
testing machine and unwanted effects due to yieldirthetpecimen in thénal stages of the test.bbut240

points from each test within this range were used to calculate the slope of the line using the linear least squares

method. The correlation coefficient of the line inside this range vesday thar®.99 for all tests.
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Figure 5-1: Load-displacementcurve from the lateral bending diffness. Test of one 16 in. wood-joist.
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The lateralbendingstiffness of the wood-joists are shown iffable5-1. The lateral bending stiffness of the 16
in. wood Hoistsare 3.97% greatehanthe lateral bending stiffness of the 1din. wood Hoists. However the

St u d etest (0=50.4262) concluded théihe mean lateral bending stiffnesfsthe 16 in. wood Hoists is not
significantlydifferentthan the mean lateral bending stiffness oflthés in. wood Hoists. The variability of the
lateral bending stiffness was greater for the 16 in. wgodsts, this result was most probably due to the larger

variability of the moisture cdant of thel6 in. wood {joist specimens.

Table 5-1: Lateral Bending Stiffness of the Wood 1Joists.

i Lateral Bending Stiffness Moisture Content
Sample Size -
Ely (Ib. in.?) CV (%) MC (%) CV (%)
117/gin. Wood I-Joists 5.79x 16 5.9% 8.14 0.9
16 in.Wood I-Joists 6.02 x 16 8.30 9.92 3.94

The moisture content of the specimens used for measuring the lateral bending stiffness of thpistsoaré
shownin Table5-1. The moisture content was calculated using the -@rgimng method.The averagemoisture
content of the 16 in. woodjbists was 178% greateicompared to the average moisture content of thés 1.

wood FHoists. The variability of the moisture content was greater for the 16 in. wgaidts. The difference in
the average moiste contentand in the variability of the moisture contemay be due to longer storagkthe 11
Is in. wood Hoists of more than one year before testing while the 16 in. weoists werepurchaseda few
weeks before testing.

5.2: Torsional Rigidity of the Wood I-Joists

Thetorsional rigidityof the wood Jjoists was calculatedsing Equatior-3. The lateral bending stiffness of the

wood Hoists required by Equatiod-3 were obtainedfrom Table 5-1. The slope of the torquangular
displacement curveras taken within the angular displacement range from 0.04 rad. to 0.12 rad. as displayed in
Figure5-2. Thisrange was chosen in order to avoid initial unwanted loading effects due to the attachment of the
test specimen with the testing machifipproximatdy 320points from each test within thismgular displacement

range were used to calculate the slope of the curves using the linear least squares method. The correlation
coefficient of the line inside this range was greater than Oro@iftorsional rigdity tests.
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Figure 5-2: Torque-angular displacementcurve from the torsional rigidity. Test of one 16 in. wood-joist.
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The torsional rigidity of the woodjbists are shown in Tabe2. Thetorsional rigidityof the 16 in. wood-|oists
was 3.3% greater compared to thersional rigidityof the 117/s in. wood Hoists. TheSt u d etast (d<s t
0.0000 concluded that the medarsional rigidityof the 16 in. wood-|oists is significantlydifferentthan the
meantorsional rigidityof the 117/ in. wood Foists. The variability of the torsional rigidity for both woo€dist

samples was smaller compared to the variability of the corresponding lateral bending stiffness.

Table 5-2: Torsional Rigidity of the Wood I-Joists.

i Torsional Rigidity Moisture Content
Sample Size -
GJ(Ib. in.?) CV (%) MC (%) CV (%)
117/gin. Wood I-Joists 5.01x 16 4.29 116 226
16 in. Wood I-Joists 6.98 x 16 2.52 124 3.30

The moisture content of the specimens used for measuring the torsional rigidity of thejaistsdare shown in
Table5-2. The moisture content was calculated using the -olvging methodThe average moisture content of

the 16 in. wood-joists was 0.8% greater compared to the average moisture content of theihlwood F

joists. The differences in the average moisture content between the lateral bending stiffness samples and the
torsional rigidity samples idue tothe torsional rigidity testbeing performed three months after the lateral

bending stiffness tests were performed.
5.3: Lateral Stiffness of the Wood Joist Hangers

In investigating the static laterdrsional buckling instability and the lateral bending motion of the wegoidts

four differenttypes ofwood Hoist hangers for each woodjdist haght were used including two top mount
hangergqthe ITS and the ITT hanggrand two face mount hanggithe IUS and the IUT hanggr The lateral

stiffness of the wood djoist hangerswere calculatedusing Equationd-4. The slopes of the lodthnger
displacement curvesere taken within the hanger displacement range fr@®i0. to 0.06 in. ashownin Figure

5-3. Approximately 600 points from each test within the corresponding haiggackment range were used to
calculate the slope of the curves using the linear least squares method. The correlation coefficient of the lines

inside this range was on average 0.93.
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Figure 5-3: Load-hanger displacementcurves. Tests of 16 in. wood Jjoist hangers.
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In Hgure 5-3 all wood Hoists hangerslemonstraté similar loaddisplacemenbehavior.The curvature of the
IUT hanger is also present in the IUS, the ITT and the ITS hargénsot easily observablgue to the scale of
Figure5-3. The average lateral stiffness and coefficient of variatanes forthe wood Jjoist hangersare shown
in Table5-3. The ITS and the IThangers, both top mount hangkesesmaller lateral stiffnesgaluescompared
to the IUS and the IUT hangelsoth face mount hanger€omparing the stiffness values of & hanger and
the ITT hangertheITT hangerhad greater bearing surface between the hanger anihtheoard(see Figurel-
2), especially at thiower part of the hager, were screws were not uséte bearing surfacef the ITT hanger
inhibitedrotation, preventing lateral hanger displacement.

Table 5-3: Lateral Hanger Stiffness

Hanger 117/gin. Wood I-JoistsHangers 16in. Wood I-JoistsHangers

k (Ib. /in.) CV (%) k (Ib./in.) CV (%)
ITS Top mount 583 25.0 546 476
ITT Top mount 111 25.1 289 246
|US Face mount 350 3.80 309 8.96
IUT Face mount 937 781 830 6.91

Hanger stiffness differences between the IUS and the IUT hangers may be due to greater bearing surface between
the hanger and the woogdist specimen for the IUT hanger (approximately 18% greater) compared to the 1US
hanger (see Tablé-3 and Figured-2). Also because, the 115 in. IUS hanger was screwed to the rim board
approximately 58% of the hanger length while the IUT hanger was screwed to the rim board approximately 73%
of the hanger length. For the 16 in. wogdikt the IUS hanger was screwedle rim board approximately 69%

of the hanger length while the IUT hanger was screwed to the rim board approximately 81% of the hanger length.

The 117/ in. hangers halargerlateralstiffnessvaluescompared to the 16 in. hangers, exdepthe ITT hanger.
The 16 in. ITT hangers were diermed from 16 gage galvanized stemstile all other type of hangers wedée-

formed from 18 gage galvanized ste€hetop mounthanges hadlarger variability compared to tHace mount
hanges. Whenthehangers artaterally loadedtheresponse of the hanger to the applied load comestheitop

flange for theop mount hangerandit comes frombothflanges for the face mount hangers

Testing differences between the ITS top mount hanger and théatldTmount hanger are shown in FigGré.
Thebearing surfacef the top flange of the woodjdist is carrying most of the applied loadthe ITS hanger

while the applied load isnore uniformly distributed along the hanger length in the IUT hangeramyel
displacementvas observed at the bottom flange of the ITS hanger while the displacement in the IUTi®anger
approximately constant along the hanger length in the IUT hanger. The photographs were taken approximately

under the samiwad headlisplacemat.
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Figure 5-4: Photographs showing the lateral hangg:? étiffness testkeft, ITS hanger. Right, IUT haer.
Thep-values of thes t u d etests Gospaig the lateral hanger stiffness of the 1dlin. hangers to the lateral
stiffness of the 16 in. hangeasdare shown in Tablé-4. The mean lateral stiffness of the “glin. ITS hanger
was not significantly differerdomparedo the mean lateral stiffness of the 16 in. ITS hanger. The |atéfia¢ss
for the ITShangerhad large variabilityespecially for the 16 in. woodjdist hangergTable 5-3). The mean
lateral stiffness of the 1%s in. ITT, IUS and IUT hangers were significantly differeamtmparedo the mean
lateral stiffness of the eeesponding 16 in. hangerBherefore, thesize of the hangeshouldbe considered in the
lateral hanger stiffneassed in the static and dynamic models
Table5-4: St u d etests 8dosnpating the lateral hanger stiffness of the two woodjbist hanger sizes.

Hanger ITS Top mount ITT Top mount IUs Face mount UT Face mount
p-value 0.7938 0.0008 0.0159 0.0328

5.4; Static Lateral-Torsional Buckling Instability

Static lateratorsional buckling instability was investigated by testing two different sizes of wjmostd with

five different suppoddendconditions and three different bracing systems. The main goal of thebstekiing
instability testing was to obtain the buckling critical loads. Critical loads from testing will be compared with the
predicted critical loads from the corresponding theoretical moBetsause the theoretical model for the simply
supported end condition less complex than the theoretical model for the hanger stiffness, thergpecial
interest inhow the theoretical model derived for the simply supported end condition predicts the critical loads
whenwood Hoists hangers are useddigure5-5 is a grap of the loadvertical displacement curve of a static
laterattorsional buckling test depicting the critical loddading of the wood-joist demonstrated linear elastic
behavior until the critical buckling loadP{) was reached. After the critical build load became constant for
increasing displacement. The total tiofehe static lateralorsional buckling tests was approximately 6 minutes.
After reaching the critical load, the tegascontinued for approximately 45 sawlsto ensure @onstant loacs

shown in Figure5-5. The static lateralorsional critical loacshown in Figures-5 occurred at 1750 Ib. with a
corresponding vertical displacement of 0.825 in.
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Figure 5-5: Load-vertical displacementcurve of the static buckling instability test of ane 16 in. wood #joist.

Figure 5-6 is a graph othe lateral displacemesertical displacement and the rotatieertical displacement
curves of thestatic buckling instabilitgest shown irFigure5-5. The vertical displacement of 0.825 in. is marked
on Figures-5 a) and b) to illustrate the behavior at bucklidg.abrupt increase in the lateral displacement and
the rotation of the woodjbist occurred whetthe critical load was attained. The totaklal displacement of the
wood Hoist wasapproximatelyl.05 in, while the total rotation waapproximately0.117 rad. (6.7 degrees). The
displacement and the rotation valwese subjectivesince the test wasndedonce the lateratorsional buckling
instability was clearly observed.
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Figure 5-6: a) Lateral displacementvertical displacement andb) rotation lateral-displacementinstability curves.

Figure5-7 is a graplof the loadlateral displacement and the leaxtation curve®f the static buckling instability
test shown irFigure5-5. The lateral displacement and the rotation attained up tpdime of thecritical load
were small compared with thenaximum lateral displacement and the rotation observed. Latersional
bucling theory states that the critidabd remais constanbeyond the point of theitical load The critical load
value of 1750 Ib. is marked on Figub-7 a) and b).The lateral displacement and rotation of the wogdist

correlate well with the loatheasurement obsed in the vertical displacement showrFigure5-7 a) and b).
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Figure 5-7: a) Load-lateral displacement andb) load-r otation instability curves.
Photographs of thsetatic laterattorsional buckling instability testare shown in Figur&-8. The wood {joist
shown in the photographs pertains to the tests shown in FiglreS®and 57. The otograph on the left is
the wood {joist before loadingThe ghotograph on the right is the woodgbist after the static latatorsional

bucklingcritical load was reachetienceshowing wood Jjoist instability.

Figure 5-8: Photographs showing the static lateratorsional buckling instability tests. Left, unloaded wood #joist.

Right, showing buckling instability.
5.4.1: Static Critical Loads for the Non-Bracing System

The theoreticalstatic lateratorsional buckling critical loads for the ndmacing system were calculated using
Equation3-6 for the simply supported end condition and Equa8dri for the hanger supped end conditions.
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Static lateratorsional critical loadsR) for the norbracing system arghownin Table5-5. Thetheoretical and
testingcritical loadsobtainedfrom the 16 in. wood-joistswere greatethanthe corresponding critical loads of
the 117/s in. wood Hoists. Critical loads from testing were more variable compared to the theoretical critical
loads except for the IUT hanger supported end condition of the 16 in. wjmists. The variabilityalue from
testing of the IUT hanger supported end conditiontivasmallestaluereported while the theoretical variability

valuewas the second greatest.

Timoshenko (1936proposeda theoretical model to calculate thitic laterattorsionalbuckling crtical loads
for the simply supported end conditi@am which the warping effects of thebeams are neglected and the
application of the load is at the neutral axis. Using the Timoshgr#i@6) model he critical loads for the 1%

in. wood Hoists were a average 1610 Ib. while the critical loads for the 16 in. wejadsts were on average
1940 Ib. The predicted critical loads from the Timoshenko (1936) model of tHegifilwood Hoists were on
average 7.33% greater compared to the critical loads tiesting, while the predicted critical loads of the 16 in.
wood Hoists were on average 6.01% greater compared to the critical loads from tdstimggthe derived model
(Equation3-6), the differences between the predicted critical loads and theattdgads from testing asmaller
than thosdrom the Timoshenko (1936) model (Talieb). Therefore, the inclusion of warping effects and

changes in the load application improvhdlaterattorsional buckling critical load predictions.

Table 5-5: Static Critical Loads for the Non-Bracing System.

117/gin. Wood I-Joists 16 in. Wood +Joists
End Condition Testing Theoretical Testing Theoretical
Per (b)) | CV (%) Per (b)) | CV (%) Per (b)) | CV (%) P (Ib.) | CV (%)

Simply Supported 1500 435 1570 3.88 1830 103 1890 4.54
ITS Hanger 1440 5.27 1430 3.3 1710 5.% 1700 3.7
ITT Hanger 1530 7.13 1490 343 1720 7.33 1850 4.25
IUS Hanger 1450 9.76 1550 3.79 1790 12.8 1850 4.21
IUT Hanger 1430 748 1560 363 1700 409 1870 431

Percentagelifferencesand p-values for the comparisomd the testing and the theoretical critical loddsthe
nonbracing systemare shown in Tabl6-6. For the simply supported end condition, the theoretical critical loads
were greater compared with the critical loads frimsting for both samples of woogdists. The theoretical

critical loads of the 11/sin. wood Hoists were on average 4.6 reatercompared to the corresponding critical

loads from testing. The theoretical critical loads of the 16 in. weoikts wee on average 3.28%reater
compared to the corresponding critical loads from testing. These differences can be explained from the reduction
of the testingritical loads due to eccentricities on the applied loads and/or initial wjmist$ imperfectionsind
deformationsThe mean theoretical critical load of theIglin. wood Hoists was not significantly differentan

the mean critical load from testing € 0.2233).Similarly, the mean theoretical critical load of the 16 in. wood |

joists was nosignificantly different hanthe mean critical load from testing £ 0.5411).The theoretical model
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for the simply supported end condition (Equati@) predictedwell the static lateralorsionalbuckling critical

loads.

Table 5-6: Comparison between Teting and Theoretical Critical Loadsfor the Non-Bracing System

N 117/sin. Wood I-Joists 16 in. Wood FJoists
End Condition - -
Difference (%) ! p-values Difference (%) ! p-values

Simply Supported 4.67 0.2233 3.28 0.5411
ITS Hanger -0.69 0.8565 -0.58 0.8549
ITT Hanger -2.61 0.4043 7.56 0.0939
IUS Hanger 6.90 0.1946 3.35 0.5097
IUT Hanger 9.09 0.0533 10.0 0.0282

1 Difference (%) = ((Theoretical/Testing)1)100

The critical loads from testing were slightly gredteanthe theoretical critical loads for both samples of weod |
joistsfor the ITS hanger supported end condiibable5-5). The ITS wood4joist hangers arableto rotate with
respect tahe vertical direction in the statiaterattorsional buckling testsThus the ITS hangers are able to
accommodate initial woodjbist deformations as well as eccentricities in the application of the Vaaidh
increagdthe wood Jjoist response to the applied loddhe mean critical load from testing of the “glin. wood
I-joists was not significantly differenhanthe mean theoretical critical load £ 0.8565).Similarly, the mean
critical load from testing of the 16 in. woogdists was not significantly differenhanthe mean theoretical
critical load p = 0.8%19). The critical loads from testing were more variable for both samples of wjnistd
compared with the corresponding theoretical critical loads, similar to the behavior observed for the simply
supported end conditioifhe theoretical model for the hgar supported end condition (Equati®tl) predicted
accuratelythe static lateralorsional critical bads when ITS hangengere used.

A Comparison between the theoretical critical loads from the simply supported end condition with the critical
loads fram testing for the ITS woodjbist hanger revealed that the theoretical critical loads of tH& il wood

I-joists were on average 9.03@6eatercompared to the corresponding critical loads from testing and the
theoretical critical loads of the 16 Wwood I-joists were on average 1@dgreatercompared to the corresponding
critical loads from testing. The predicted critical loads improved using the theoretical model for the hanger
supported end condition (Equatidfil) rather than the theoretical mote the simply supported end condition
(Equation3-6).

The critical loads from testing of the 1/ in. wood Hoists were2.61%greater compared to the corresponding
theoretical critical load$or the ITT hanger supported end conditi@fable 5-6). The 16 in. wood -joists
displayed the opposite behavior, the theoretical critical loads Wé&@% greaterthan the corresponding
theoretical critical load¢Table5-6). The mean theoretical critical load of the 1din. wood Hoists was not
significantly different hanthe mean critical load from testing£ 0.4043) Similarly, the mean theoretical critical
load of the 16 in. woodijbists was not significantly differerttédnthe mean critical load from testing£ 0.0939.

The critical loads frontesting were more variable for both samples of wogaists compared with the
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corresponding theoretical critical loads, similar to the behavior observed for the simply suppaltiee ITS
hanger end supported conditioithe theoretical model for theengersupported end condition (EquatiBll)
predictedaccuratelythe static lateralorsional critical loadsvhen ITT hangersiere used

Comparisorof the theoretical critical loads from the simply supported end condition with the critical loads from
testng for the ITT wood Jjoist hanger revealed that the theoretical critical loads of th#és 1. wood Hoists

were on average 2.61% greater compared to the corresponding critical loads from testing and that the theoretical
critical loads of the 16 in. woodjbists were on average 9.88% greater compared to the corresponding critical
loads from ésting. The predicted critical loads improved using the theoretical model for the hanger supported end
condition (Equatior8-11) rather than the theoretical model for the simply supported end condition (E@ation

6).

St u d etests veve atso performedmparing the critical loads from testing from the two top mount weod |
joist hangers, the ITS and the ITT hangers. The mean critical load of the ITS hanger dfgie tbod Hoists
was not significantly differenteanthe mean critical load of th@ T hanger p = 0.1674).Similarly, the mean
critical load of the ITS hanger of the 16 in. woepikts was not significantly differenhanthe mean critical
load of the ITT hangemp(= 0.8846).Physically the two woodjbist hangers are similar and timstallation and

bearing surfaces on the supporting board of both hangers are also comparable.

The theoretical critical loads were greater compared with the critical loads from testing for both samples of wood
I-joists for the IUS hanger supported end dition. The theoretical critical loads of the 14 in. wood Hoists

were on average 6.908bteatercompared to the corresponding critical loads from testing. The theoretical critical
loads of the 16 in. woodjbists were on average 3.35§featercompared to the corresponding critical loads from
testing.The mean theoretical critical load of the “1din. wood Foists was not significantly differenhanthe

mean critical load from testingp & 0.1946).Similarly, the mean theoretical criticaldd of the 16 in. wood- |

joists was not significantly differenhdnthe mean critical load from testing € 0.5097).The top mount wood- |

joist hangers have the ability to rotate with respect to the vertical axis during thettatsicaial buckling test

The face mount woodjbist hangers are not able to rotatetlsse hangersould not accommodataitial wood

I-joist deformations and eccentricities in the load applicattmmsequentlyinitial deformations of the wood |

joist and/or eccentricitieis the load application have greater effects on the latersional buckling instability

when face mount hangers are used compared to top mount hangers. This explains the greater critical loads from
testing observed for the IUS hanger compared to tBedid the ITT hanger3he critical loads from testing

were more variable for both samples of wogdists compared with the corresponding theoretical critical loads,
similar to the behaviaobserved for the simply supported end condition as well arédiS and the ITT hanger
supportecendconditions.The theoretical model for tHeangersupported end condition (Equatidil) predicted

accuratelthe static lateraiorsional critical loadsvhen IUS hangers are used
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Comparisorof the theoretical critical loads from the simply supported end condition with the critical loads from
testing for the WS wood Hoist hanger revealed that the theoretical critical loads of thiés Irl. wood Hoists

were on average.28b greatercomparedo the corresponding critical loads from testing and that the theoretical
critical loads of the 16 in. woodjbists were on averade5%6 greatercompared to the corresponding critical
loads from testingThe predicted critical loads improved using thedretical model for the hanger supported end
condition (Equatior8-11) rather than the theoretical model for si@ply supported end conditigiquation3-

6).

The theoretical critical loads of the 1/t in. wood Hoists were on average.0%o greatercompared to the
corresponding critical loads from testifigr the IUT hanger supported end conditiofhe theoretical critical

loads of the 16 in. woodjbists were on averadd).0% greatercompared to the corresponding critical loads from
testing. The men theoretical critical load of the 1% in. wood Foists was not significantly differenhanthe

mean critical load from testingp & 0.0533).However, the mean theoretical critical load of the 16 in. weod |

joists was significantly differenhanthemean critical load from testing € 0.0282) In testing, the wood joists

had initial deformations and even though that care was taken in applying the load at the center of teistood |

initial eccentricities in the load application occurrdthe UT hanger was the most restraining hanger with a
lateral stiffness more than twice the IUS hanger stiffness value, and several times greater than the top mount wood
I-joist hanger stiffness values (TabE3). The larger constraint of the IUT hangers preégd wood Jjoist
reorientations, thus explaining tharger percentagealifference compared tahe other hanger supported end
conditions As show in Table5-5, the critical loads from testingeremore variable than the theoreticaitical

loads for the 1175 in. wood Hoists, howeverthe 16 in. wood -joists displayedthe opposite behavipthe
theoretical loads were more variable than the critical loads from testing, this partially explains &hty thel e nt 6 s

t testdifferentiate the theetical critical loads compared to the critical loads from testing.

Comparisorof the theoretical critical loads from the simply supported end condition with the critical loads from
testing for the WT wood Hoist hanger revealed that the theoreticalicaltloads of the 11/s in. wood Hoists

were on averag®.7%bo greatercompared to the corresponding critical loads from testing and that the theoretical
critical loads of the 16 in. woodjbists were on averadil.18% greatercompared to the correspang critical

loads from testingThe predicted critical loads improved using the theoretical model for the hanger supported end
condition (Equatior8-11) rather than the theoretical model for the simply supported end condition (Ed4ation

6).

St u d etests wese also performed comparing the critical loads from testing from tHadsmount wood 4
joist hangers, theUS and theWT hangers. The mean critical load of théSlhanger of the 1% in. wood +
joists was not significantly differenhanthe mean critical load of th&JIT hanger p = 05233. Similarly, the
mean critical load of theUS hanger of the 16 in. wooddists was not significantly differenbanthe mean
critical load of the UT hanger |p = 05120. Physically the two wood-jbist hangers are similar and the

installation on the supporting board of both hangers are also comparable.
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A theoretical model to calculate the static critical loads for a fixed supported end condition was derived in the
Theoretical Models Chapter (Equati8ti8). This model represents a physical boundary of the maximum critical
loads that theoretically can be reached. The theoretical critical loads for the fixed supported end condition
averagd 1700 Ib. for the 11'/s in. wood Hoists and R50 Ib. for the 16in. wood Hoists. The theoretical critical

loads of the 11/s in. wood Hoists were on average 13.33xeatercompared to the corresponding critical loads
from testing for the simply supported end condition. The theoretical critical loads of the 16 in-jastslWere

on average 12.02%reatercompared to the corresponding critical loads from testing for thplgisupported

end condition. The simply supported end conditias chosen since was theend conditionwith the greatest

loads The mean theoretical critical load of the “1slin. wood Hoists was significantly differenbanthe mean

critical load fom testing for the simply supported end conditipr(0.0175).However, the mean theoretical
critical load of the 16 in. woodjbists was not significantly differenhénthe mean critical load from testitigr

the simply supported end conditigm= 0.0692. The variability of the critical loads of the 16 in. woofbists

from testing of the simply supported end condition was relatively large, this explaidd thed etestreduft t
5.4.2: Static Critical Loads for the One-Bracing System

A transvers view at the miespan of he static lateralorsional buckling testing behaviof the wood Jjoistsfor
the onebracing systenis shownin Figure5-9. The applied load anthe braces were placed at the rsigan.
Displacements, rotations and deflectiam®wn in the figure represent the testing behavrather tharthe real
dimensions of these deformatiofi$ie beginning of the test before load was applied and the wost Is in

initial position is shown iFigure5-9 a)

The lateraltorsional bucking configurationof the loaded wood-jbist before the critical load was attained is
shown in Figuré-9 b). A vertical displacement of the loaded wogdikt is observed with a consequent vertical
displacement of the bracattached to the loaded woo{bist. As the braces of the loaded woepbist displaced,

the braces attached to the top surface of the loaded woisdlbuckledand become inactiv& he braces attached

to the bottom surface of the loaded woopbist developed tension forceShese énsion forces produced
deflectionin the top flamges of the braced woogdistsforcingthebracal wood Hoists todisplacen the direction

of the loaded woodjoist. Each of the deflected top flangeoducel a lateral reaction forc@=;p) in the oppodte
direction as showin Figure5-9 b).The reaction forces are actually developed in the direction along the braces,
but the vertical components of these forces have no effect on the-tateiahal buckling instabilitylf the lateral
bending stiffnes (Ely) of both top flanges of the braced woejikts are equathen the forces produced at each
top flange are also equal. In testing, no lateral displacement was observed on the bottom flanges of the braced

wood Hoists due to the tension forceansmitted through the braces.

The laterattorsional buckling instability of the loaded woofblst after the critical load wagacheds shown in
Figure5-9 c). In this stagethe bottom flange of the loadavood Hoist begins to rotateSincetheload head of

the testing machine provided lateral constrdateral displacement of the loaded woegist was prevented.
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When the bottom flange of the loaded woejdist begins to rotate, one of the top flangesé ofthe braced
wood Hoists opposeshe rotation () while the other top flange of the other braced wogaist favors the
rotation in the same amount but in an opposite direction since the lateral bending stiffness of the top flanges of
the braced woodijbists are equal and this behavie being developed in the elastic range of the materials. Thus,
even after reaching the latetalsional buckling instabilitythe two braced woodjbists are contributing in the
same amount but in opposite direcgdo the lateratorsional bucklingnstability of the loaded woodjbist. In
other wordsthe braced woodjbistshave nghysical contribution on the later&irsional buckling instability of

the loaded wood-joist and consequently the static lataxaisional buckling critical loads fahe onebracing
system must be theoretically of the same magnitude than the critical loads for theaciog system. The
analyses of the static lateftairsional critical loads of thenebracingsystemandthe comparison of the one
bracing system tde nonbracing systenthat follows proved the previous discussion.

a)

Initial state

Lateral deflection

b)

Unstabl

Figure 5-9: Static lateral-torsional buckling testing behaviorat the mid-spanfor the one-bracing system.

The critical loads from testing for the eheacing systenare shown in Tabl&-7. Because the same theoretical
models apply to the ndoraced and onbraced systemshe theoretical critical loads of the eheacing system
arethevalues in Tabl&-5. The critical loads of the simple supported end conditiorot §izesof wood Hoists
were greater compared to the critical loads of all wegmist hangerswhichis in agreement with the theoretical

models. On averag¢he top mount wood-jbist hangers of both samples of woepbikts had slightly greater
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critical loads corpared to the face mount hangerhis behavior is only possible if the woogdist is able to re
orientate itself to accommodate initial imperfections and eccentricities on the applied headetically the
braces should prevent theseorientationsdemonstrating that trenebracing system waaeffective In general,
the variability of the critical loads from testing for the diracing systenfTable5-7) was smaller compared to
the variability of the critical loads from testing foethonrbracing systenfiTable5-5). Sincethe onebracing tests
were performed after the ndmmacing testsany initial eccentricityin the norbracing testamay have been
overcome by the time the oibeacing tests were carried o&.t u d etests &vere pdormed to compare the
critical loads from testing for the ndoracing system to the critical loads from testing for thelmaeing system,
andthe p-values are displayed in Talller. Except for the ITT hangep & 0.0327) for the 16 in. woodjbists,
theSt u d etasts éscluddthat the difference between samples was not significdifterent. The percentage
differences between the two test configurations are showahle5-7. The ITS hanger and the ITianger both
top mount hangers reached the gregtestentagelifference(6.25% and 3.92% respectiveligr both samples
of wood Hoists. The onebracing system had reffects on the laterdbrsional buckling instabilitywhile the top
mount hangers wergble of reorient to accommodate initial woejikt imperfections and eccentricities on the
applied load Therefore,the onebracing system probably can absorb or reduce the initial weodbtl

imperfections of the attached woaogblsts.

Table 5-7: Static Critical Loads for the One-Bracing System andTesting Non-Bracing vs. OneBracing Statistics.

117/gin. Wood I-Joists 16 in. Wood HJoists

End Condition On%eli:ﬁ%ng Non-Bracing vs. OneBracing On&i;ﬁ]cgng Non-Bracing vs. OneBracing

Per Ccv Difference Per Ccv Difference

) | (%) p-values (%) 1 ) | () p-values %) *
Simply Supported | 1550 641 0.2393 3.33| 1800| 4.70 0.5878 -1.64
ITS Hanger 1530 5.34 0.0940 6.25| 1760, 5.46 0.0536 2.92
ITT Hanger 1470 2.00 0.2755 -3.92| 1770| 5.32 0.0327 291
IUS Hanger 1470, 6.68 0.7771 1.38 1790 9.91 0.9178 0.00
IUT Hanger 1430 224 0.9683 0.00f 1720{ 2.03 0.3943 1.18

1 Difference (%) = ((Ondracing/Nonrbracing)i 1)100
5.4.3: Static Critical Loads for the Two-Bracing System

A transversal view at one of the quartspan of the static latersdrsional buckling testing behavior of the wood
I-joists for the twebracing system is depicted in Figusel0. The applied load was at the rggdan while the
braces were placed at theagierspans. Displacements, rotations and deflections shmthe figure represent
the testing behavior, rather than the réalahsions of these deformatioe two first stagei Figure5-10 a)
and b)are the equivalerdf the corresponding for thane-bracingsysten of the previous sectioifthe beginning
of the test before lo@ay was applied and the wooddist is inits initial position is shown ifigure5-10 a) The
laterattorsional buckling instability of the loaded woogblst before the ctical load was attained is shown in
Figure5-10 b).
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The lateratorsional buckling instability of the loaded woaogblst after the critical load was achieved is shown
in Figure5-10 c¢) In this stagethe bottom flange of the loaded woogbist begins tarotate and to displace
laterally.Since the top flange of the woaogblist in which the loads being applied is attachedliackledbraces,
this flange is noableto transmitany force When the bottom flange of the loaded wogdist beginsto rotate
and todisplacelaterally, this flange develops a force from the rotationgfFand a force from the lateral
displacement (). One of the top flanges ane ofthe braced woodbists opposes #rotation andhelateral
displacement (k+ Fp), while the other top flange of the other woggikt favors only the force developed from
rotation (Fr). Therefore the system becomes asymmetaod hasa different behavior compared to the one
bracing system. Consequently, at the moméren wood Jjoist reacheghe lateratorsional buckling instability
the two top flanges of the braced woegikts are contributingvith different reaction forced he difference of
the reaction forcecan be takemasappoximatelyYz of the lateral bending stiffneséane of the braced wood |
joist (the lateral bending stiffness of one of the top flanges of one braced yaisi)l &s discussed in Chapter
Subsequentlthe static lateralorsional buckling critical loads for the tWayacing system can be calculatesing
the adjusted lateral bending stiffnessm Equations3-30 for the simply supported end condition and from

Equations3-32 for the hanger supported end conditions, where theBern©O 'O equals ¥ of the woodjbist

lateral bending stiffness

a)

b)

L—Lateral d

~
Rot a

Figure 5-10: Static lateral-torsional buckling testing behaviar at the quarter-spanfor the two-bracing system.
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Static lateratorsional critical loadsR;) for the two-bracing system arshownin Table5-8. The theoretical
critical loads were calculated using Equat®6 for the simply supported end condition and EquaBdi for

the hanger supported end conditomhe lateral bending stiffness of the woepbists was adjustettom the
prevous analysis usingquation3-30 for the simplysupported end condition altfjuation3-32 for the hanger
supported end condition§he critical loads from testing were in most cases more variable compared to the
theoretical criticaloadsfor bothsizesof wood Koists. The variability from testing for the tWwacing system

was on average smaller compared to the variability frormte8ir the norbracing system.

Table 5-8: Static Critical Loads for the Two-Bracing System.

117/sin. Wood I-Joists 16 in. Wood HJoists
End Condition Testing Theoretical Testing Theoretical
Per (Ib.) | CV (%) Per (Ib.) | CV (%) Per (Ib.) | CV (%) Per (Ib.) | CV (%)

Simply Supported 1710 4.49 1820 3.13 2070 2.96 2180 3.4
ITS Hanger 1660 7.17 1620 2.69 1940 2.81 1920 2.74
ITT Hanger 1760 6.02 1700 3.07 2010 2.83 2130 3.32
IUS Hanger 1620 6.52 1780 3.16 2010 4.68 2130 3.32
IUT Hanger 1720 5.18 1800 3.17 2110 9.12 2160 3.47

Percent differencesndp-values for the comparisons between the testing and the theoretical critical loads for the
two sizesof wood Hoists for the two bracing system are shown in Tdbf For the simply supported end
condition, the theoretical critical loads of thelslin. wood Hoists were on average 6.43§teatercompared to

the corresponidg critical loads from testingpor the 16 in. wood -joists the theoretical critical loadsere on
average 5.31%reatercompared to the corresponding critical loads from tesfiing. reduction of the testing
loads may be caused bgccentricities D the applied loads and/or initial woodjodiists imperfections and
deformationsFromtheS t u d etests,dhe mean theoretical critical load of the/din. wood Hoists was not
significantly different hanthe mean critical load from testing £ 0.1249) However, the mean theoretical critical

load of the 16 in. woodjbists was significantly differenhanthe mean critical load from testing € 0.0378).

The smaller variability of the critical loads and percentagaifference of the 16 in. woodjbists explains the
results from theéS t u d etast Differences between the theoretical critical loads and the critical loads from
testing for he twebracing system were somewhat similar to the corresponding differences found fonthe
bracing system, concluding that the theoretical bracing model for the simply supported end condition (Equation
3-30) predictedaccuratelythe restraint of the bcesof the static léerattorsional critical loads.

Table 5-9: Comparison between Testing and Theoretical Critical Loads for th&wo-Bracing System.

N 117/sin. Wood I-Joists 16 in. Wood FJoists
End Condition - .
Difference (%) ! p-values Difference (%) ! p-values

Simply Supported 6.43 0.1249 5.31 0.0378
ITS Hanger -2.41 0.6065 -1.03 0.6155
ITT Hanger -3.41 0.4343 5.97 0.0297
IUS Hanger 9.88 0.0739 5.97 0.0752
IUT Hanger 4.65 0.1132 2.37 0.6017

1 Difference (%) = ((Theoretical/Testingy)1)100
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The critical loads from testing were grea2e41% for the 1%/ in. wood Hoists and 1.03% for the 16 in. wood
I-joistscompared with the theoretical critical loads for the ITS hanger supported end cofdidaaorientation
capability of the ITS hagers to accommodate initial woogaist imperfections and/or eccentricities on the
application of the load seems to be retained in thebrnaoing configuration system. Ne-orientation of the ITS
hangers of the braced woogbists to the loaded woodjbist was oberved in testingSince the adjusted lateral
bending stiffness of the woogdists from the ITS hangers is greater compared with the adjusted lateral bending
stiffness for the simply supported end condition, therrentation capability offte ITS hanger is implicit in the
bracing theoretical model Equati@B2. FromtheS t u d etests, @he mdan critical load from testing of the 11
’Isin. wood Hoists was not significantly differenhénthe mean theoretical critical loagd ¢ 0.65). Similarly,

the mean critical load from testing of the 16 in. woddists was not significantly differenb&nthe mean
theoretical critical loadp(= 0.6155). The critical loads from testing were more variable for $inésof wood F

joists compared with the corresponding theoretical critical loads, equivalent to the behavior observed for the ITS
hanger supported end condition of the 4hoacing systemEqually to the simply supported end condition,
differences between thadoretical critical loads and the critical loads from testing for thebn&oing system

were comparatively similar to the corresponding differences found for théraomg systemThe bracing
theoretical model (Equatio®32) predictedaccuratelythe restraint of the bracesf the static &terattorsional

critical loads for the ITS hanger supported end condition.

The critical loads from testinfjom the ITT hanger supported end conditafrthe 117/s in. wood Foists were

on average3.41%greater compad to the corresponding theoretical critical lo&fiable 5-9). The theoretical
critical loadsfrom the ITT hanger supported end conditafrthe 16 in. wood-|oists were on average 5.97%
greatercompared to the corresponding critical loads from tesfihg. mean critical load from testing of the 11

Is in. wood Hoists was not significantly differenhanthe mean theoretical critical loapd £ 04343. However

the mean critical load from testing of the 16 in. wogoidts was significantly differerihanthe mean theoretical
critical load ¢ = 00297). Thep-values are somewhat similar to theralues obtained for the corresponding
comparisons from the nesracing systemp(= 0.4043 for the 11/sin. wood Hoist andp = 0.08B9 for the 16 in.

wood Hoist). Therefore jt seems that the differences found between the theoretical critical loads and the critical
loads from testing are due to the static latesedional buckling tests rather than due to the influence of the
bracing system. In other wordshe theoretical bracing models predicted the testing behawthy while the
theoretical static laterabrsional buckling models predicted the testing behavior with the reported differences.
The variability of the 1175 in. wood Hoists was greater fathe critical loads from testing compared to the
theoretical critical loads, the variability of the 16 in. woqdists depictedthe opposite behavior, the theoretical
critical loads were more variable compared to the critical loads from testing, shitsragree with the results
obtained from th& t u d etests.Differences between the theoretical critical loads and the critical loads from
testing for the twedbracing system were comparatively similar to the corresponding differenges for the no-

bracing systenil'he theoretical bracing model (Equati®32) predictechccuratelythe restraint of the braces
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the static lateralorsional critical loaddor the ITT hanger supported end conditimd proved that top mount

wood Hoist hangers behaddn a similar way for the twbracing system than for the nrbracing system.

The theoretical critical loadsom the IUS hangeof the 1175 in. wood Hoists were on average 9.883teater
compared to the corresponding critical loads from tesfifem, the theoretical critical loads of the 16 in. woed |
joists were on average 5.97@6eatercompared to the corresponding critical loads from testingm the

St u d etests,dhe mean critical load from testing of thé/din. wood Hoists was not sigjficantly different
thanthe mean theoretical critical loag £ 0.0739. Smilarly, the mean critical load from testing of the 16 in.
wood Hoists was not significantly differenhanthe mean theoretical critical loag € 00752). The bearing
surfacebetween the IUS hanger and the top flange of the wgaidtlis smaller compared to the average bearing
surface of the other hangsupported end condition3gble 4-3). The top bearing surface is important for the
two-bracing system because the consirgjreffects of the bracing system are mainly due to the response of the
top flanges bthe braced wood-joists, Figure5-10). This fact explains partially the relative largesrcentage
differences between theoretical critical loads and critical loaus testing of the IUS hanger supported end
condition.The critical loads from testing were more variable for both samples of wjoid compared with the
corresponding theoretical critical loads, equivalent to the behavior observed fafSthehger soported end
condition of the nofbracing systemit seems that the theoretical bracing models do not increase the variability
of the critical loadsThe bracing theoretical model (Equati®32) predictedccuratelythe restraint of the braces

of the static lateratorsional critical load$or the IUS hanger supported end condition

The theoretical critical loads of the 1/t in. wood Hoists were on average 4.658teatercompared to the
corresponding critical loads from testifug the IUT haner. Also, the theoretical critical loads of the 16 in. wood
I-joists were on average 2.37fbeatercompared to the corresponding critical loads from tesfingm the
St u d etests,dhe mean critical load from testing of thé/din. wood Hoists wa not significantly different
thanthe mean theoretical critical loag £ 0.1132) Similarly, the mean critical load from testing of the 16 in.
wood Hoists was not significantly differerthédnthe mean theoretical critical loap%£ 0.6017). The critiddoads
from testing were more variable for both samples of wepmists compared with the corresponding theoretical
critical loads. The critical loads from testing of the 16 in. woguoidts were the most variable, however the
percentagdifference betwen the theoretical critical loads and the critical loads from testing was smaller
compared with the correspondipgrcentagéifference of the 11/sin. wood FHoist. The variability observed did
not affect the effectiveness of the theoretical bracinglet®oThe bracing theoretical model (EquatidsB2)
predictedaccuratelythe restraint of the braces the static lateralorsional critical loaddor the IUT hanger

supported end condition

Theoretical models to calculate the bracing system constraint for the staticttatsicalal buckling critical loads
for the fixed supported end condition were also derived in the Theoretical Models Chapter (E@@tipriche
theoretical critical loads for the fixed supported end condition averaged 1910 Ib. for #énlwood Hoists

and 2300 lb. for the 16 in. wooddists. The theoretical critical loads of the 4d.in. wood Foists were on
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average 11.70%reatercompared to the corresponding critical loads from testing fosithply supported end
condition, and 11.11% greatercompared to the corresponding critical loads for the simply supported end
condition. Thesimply supported end condition sahoserfor comparisorsincethis was the end conditiowith

the greatest loadFromtheS t u d etests, @he maan theoretical critical load of theé/din. wood Hoists was
significantly differentihanthe mean critical load from testing for the simply supgmend conditiong= 0.0306),
andthe mean theoretical critical load of the 16 in. wogaidts was significantly differenhanthe mean critical

load from testing for the simply supported end conditipr=(0.0054). Percentagedifferencesbetween the
theoretical critical loads from the fixed supported end condition and the critical loads from testing for the simply
supported end condition for the toacing system are somewhat similar to the corresponding differences of the
nonbracing system, condling that the bracing theoretical model (Equat®81) predictedaccuratelythe
restraint of the bracesf the static lateraiorsional critical loaddor the fixed supported end conditiomhe
theoretical static laterabrsional buckling model for the fixed supportedd condition effectively predicted

critical loads larger than those reached in testing for the simply supported end condition.
5.5: Lateral Bending Motion of the Wood -Joists

The lateral bending motion was investigated by testing the samplef wood Hoists, five different supported
endconditions and three bracing systamed to measure the static latacakional critical loadsThe main goals
of the lateral bending ation testing were to measure the maximum lateral displacements of the-jocsid &nd
to locate theposition of the individual walking on the woodjdists when lhe maximum lateral displacement
occured. The mximum lateral displacements atite individual position were compared to the predicted

maximum lateral displacements ath@ individual positiodrom the corresponding theoretical models.

Figure5-11is a diagram othe positions of the starting and the end points of the lateral bending motioa of
wood Hoist test as well as the code for the lateral displacement measurersedts this researckQT is the
position at the top flange of the first quartgran, FQB is the position at the bottom flange of the first quarter
span, MST is the pogiin at the top flange of the mgpan, MSB is the position at the bottom flange of the mid
span, LQT is the position at the top flange of the last quapi@n and LOB is the position at the bottom flange
of the last quartespan.

LQT MST FQT &= Walking direction
¥ ¥ ¥
Wood I-joist
A A A
End of the test LQB MSB FQB Start of the test

Figure 5-11: Measurement positions of the lateral bending mtion testing.

Figure5-12is a graph othe lateral displacements of the six measurement positions used in testing (se&-Figure
11). The cures were plotted from the tedata ofa 16 in. wood joist for the simply supported end condition.
The order of the curves are as follows, from the ouiere to the inner curve; MST, LQT, FQT, MSB, LQB and
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FQB positions. Only five curves can be easily cednih Figure5-12 since the FQT position and the MSB
positionwerevery similar, whitthe LQT position slightly greater than MSB position. The latdighlacement
versus time curves depicted in Figir&2 followed almost the same pattern and this behavior was observed in

the majority of the lateral bending motion tests.

0.90
0.45
T
g AL ALEANL
: !
% -0.45 \
a7 MSB
FQT: FQB
LoT MST Hee
-0.90 T T T T T T )
0 2 4 10 12 14
Time (sec.)

Figure 5-12: Lateral bending motion curves. Test of one 16 in. wood-joist from the simply supported end condition.

The lateral bending motion of the woogolst datademonstrateshat this type of testing is highly variable.
Factors that added variability to the test incllittee walking steadirss,alterability in the lateral motion of the
wood Hoist due to the walking patterdifficulty in walking due to the increase of the lateral displacemants
variablesteplength,especiallywhen the individual walking loses balanagedo the wood-joist movementThe
variability in motion can induce a falling feeling in the individual walking causing abrupt changes in the walking
pattern. In someasesthe individual stps completely for a few momentd/hena falling feelingoccurs the

lateral canponent of the force applied by the individual increases consideaalthe human bdy tries to

equilibrate itself.

Because the theoretical models for the lateral bending motion of the woistslwere derived consideriray
constantwalking speed, the lateral component of the force and the length of thevesteponstants, some
variations between the woogdist behavior observed in testing and the wogaidt behavior predicted by the
theoretical modelsvere expectedHowever, thanain objective of this researehas not to mimic the general
behavior of the woodbist, rather the calculation of the maximum lateral displacement and the position of the
individual walking when the maximum lateral displacement occurs. If laisibnal buckling instability is
attainedunder the weight of the individual walkinghe instability must be at thieme of the maximum

displacement and at the position of the individual walking.
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A comparison between the graphs of the lateral displacementiredaat the MST position frothe wood 4joist

of Figure5-12 and a graph obtained by plotting the theoretical model Equatidare shown irFigure5-13.

The maximum lateral displacement (0.811 in.) and the time at which this maximum lateral disptammmeed

(7.32 sec.) predicted by the theoretical model were similar to the corresponding maximum lateral displacement
(0.831in.) and the time (7.24 sec.) from the plot from testing. The maximuial &itplacements in Figutel3

occurred at the poirgiven by

, but due to the physical characteristics of the testirig locationis

close to he midspan of the wood-jbist. The maximum lateral displacements occurvgten the individual

walking was sinding at 132n. for the testing ploand at 133n. for the theoretical model plot.
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Figure 5-13: Testing and theoretical lateral bending motion arves, a) testing, b) theoretical.

~82~



The walking platform for the lateral bending motions tests is shown in the photographs ofSFlgurgheend

supports used in the lateral bending motion tests were the same used in the statiorsitaral buckling tests.
Comparing the photograph from the left with the photograph from the right, it is observed ajwisbdhateral
displacementinducedlb t he | ateral component of the force from

N i '

Figure%5-14: Photographs showing the walking platform (left) and a participant walking on a wood-joists (right).

The descriptive statistics for the walking tint® @nd walkingfrequency {y) from a total of 150 lateral bending

motion testsare displayed in Table-10. The sandard deviation, kurtosis anklesvness of both statistics proved

that their samples can be considered as normally distributed. The maximum and minimenshauehat no

outliers are present. The meealues 0f132 sec. for the walking time anti22 Hz. for the walking frequency

will be used as input parameters for all dynamic theoretical models in all subsequent analysis of this research.
The mean valuesr@ chosen instead of the individual walking times and walking frequencies from each test to
overcome difficulties in the application of these parameters in the lateral bending motion theoreticallmodels
individual values for the walking time and wakifrgquency are used, closer theoretical valuethéotesting

values are expected. Howeube testingmay be modified to accommodatke theoretical model$ndividual

values for the walking time and walking frequency instead of the average values itteeaasmber of variables

in the dynamic analyses given few opportunities to be compared to the static analyses since in the static testing
these variables were not presented.
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