WOOD PLASTICCOMPOSITE SILL PLATEFOR CONTINUOUSANCHORAGE

OF SHEARWALLS IN LIGHT -FRAME WOOD STRUCTURES

By

JASON OODELL

A thesis submitted in partial fulfillment of
the requirements for the degree of

MASTER OF SCIENCE IN CIML ENGINEERING

WASHINGTON STATE UNIVERSITY
Department of Civil and Environmental Engineering

AUGUST 2008



To the Faculty of Washington State University:
The Members of the Committee appointecgkamine the thesis of JASON

O ®ELL find it satisfactoy and recommend that it be accepted.

Chair




ACKNOWLEDGEMENT

First, I would like to thank the Office of Naval Research for funding this giroje
(under contrac0001406-1-0874) and allowing me to take on this endeavor. It has
been a valuable learning experience.

Next, | would like to thank my colleagues at Washington State University for
their support and guidance throagitthis project. In particular | would like to thank
Dr. J. Daniel Dolan for his guidance on the direction of this prajedsharing his vast
knowledge of shear wall behavidr. William Cofer for his guidance aie finite
element methodnd computer modelinddr. Karl Englund for his guidance dhe
properties and behavior efood plastic compositeand Scott Lewis for his technical
adviceandassistancé conductinghe testing needed sxcomplish the goabf this
research.

Finally, I would like to thank my famyt my wife, Teresa, for her support and
understanding thrah the long hours of schoolwoahdmy parents for instilling in me
the determination and work ethics that have allowed me to accomplish anything that |

have ever set my md ta



WOOD PLASTIC COMBSITE SILL PLATEFOR CONTINUOUS ANCHORAGE

OF SHEAR WALLS IN LIGHT-FRAME WOOD STRUCTURES

Abstract

ByJason ,@8.Del |
Washington State University
August2008

Chair: J. Daniel Dolan

Past research and pedisaster investigations have exposed agbwtcomingsn
the wse of wood sill plates in lighftamewoodshear walls. The first is the fact thalift
forces caused by overturning resistance, induce egnas bending in sill platedue to
forcesfrom the sheathingo-sill plateconnectordifting the edge of the silblate This
bending alog theline of anchor bolt®often timesesultsin splitting of the sill plateand
loss of lateral resistancél'he second is wo@slinherent property tdecay when exposed
t o moi st ur e highlykexpasdsatuletb mostura. t Pasd tudies haaleo
shown that wood plastic composi{®¥PCs)can be utilized to reduce these problemnd
are a viable substitution for typical wood sill plates

In this thesisa concept of continuous anchorage of a WPC sill platepodve
the performance of lighframe wood shear walls pursued This was accomplished by
the modelingof a WPC sill plate which includeal fin along the bottom edge thestn be
embedded in a concrete foundation insteath@fuse ofinchor bolts. This embedment

into the foundatiomf a structure will provide continuoasmchoragef the shear wall.



This thesis contains the development of a finite element model that is useful for
investigating the behavior of a WPC sill plate that has been designeahtmuous
anchorage of lightrame wood shear wallsThe model was verified using a slightly
modified crosssection that was easily manufactured and tested.

The resulting model indicatéisat thecontinuous anchorage concépviable.

Shear walls with continuous anchorage showddubling in strength over unrestrained
shear wal built by current prescriptive methgdandarecomparablen strengthto shear

walls with traditional overturning restraint
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CHAPTER 1: INTRODUCTION

1.1 Problem Overview
Historically, light-framewood structures were thought to perform quite well
during seismic activity due to their low mass and high redundancy. The 1994 Northridge
Earthquakeorrectedhis perception by leaving 25,000 dwellings uninhabitable, 7,000
buildings redtagged, 22,000 buiidgs yellowtagged, and 9 hospitals closed, making it
the most costly natural disaster up to the time of its occurrence (DIS 2007).
The investigations following the disaster showed that in many instances a
significant amount of moisture had made its waybetween the foundation and the
external cladding, significantly reducing the strength of shear wdltghiaframewood
structures. With a main component of the lateral force resisting system damaged by
decay, an entire structure becomes dangerAdding tothe hazard of this situation is
the factthat shear wall damage is concealed within the walls, and is often not discovered
until it is too late (i.e., podlisaster investigations).
Structural damage resulting from moisture infiltration is ajsibe costly
monetarily. A few of the more significant c
condominiums of Vancouver [British Columbia] that involved over CDN $1 Billion in
damages, decay in sheathing in North Carolina that involved the class actemesstt
of US $20 million in 1998, decay in framing and sheathing in leaky condominiums in
Seattle with damage over US $100 milliono (C
well stated by Kubal (2000) when haelysai d t ha

destroy more buildings and structures than w
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In the United States, 880% of all structures are of wodchme constructionln
Los Angeles County alone (where the Northrigethquakestruck), 81% of structures
and 99% of esidences are of wodtame construction (Mahaney and Kehoe 2002).

With such a large percentage of the population living and working in sraote
structures, it is apparent that something needs to be done to reduce this moisture damage
problem.

The reslis of the Northridge Earthquake sparked massive changes in the
engineering world. One of these changes has been to take a closer look at the behavior of
shear walls and their componentsder cyclic loading In 2002 the Consortium of
Universities for Rsearch in Earthquake Engineering (CUREE), conducted tests on
woodframe shear wall assemblies. Out of the stkige valid tests, thirtjour of them
failed at the sill plate (Mahaney and Kehoe 2003]ll platefailuresareoftena resultof
theeccentricity of thesheathingto-sill plateconnectorgulling up on one side of the sill
plate crosssectionwhile anchor bolts hold theill platedown to the foundation of floor
platformalong the centerlineThis results in a tension failure on the bottom side of the
sill plateandruns parallel to the gramscanbe seen in Figure 1.IThese tests didot
take into account the loss of strength that occurs when wood members have been affected
by decay.

One thing that several building codes have done tedsermoisture damage to
this critical, yet highly exposed, element is to require treated lumber for structural
elements in contact with concrete foundations. But because of environmental and
fastener corrosion issues, treated lumber is becoming incrBasosgly and more

difficult to work with.
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Graln Dlrectlon aof S Plate
iz Into the Pane

UpliFt Caused hby

Sheathing-to—3ill Flat e/
Connectors
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By Bending Actian

Bending Mament Coused
By Force Couple

Anchoroge Faorce Beginning of Foilure

Figure 1.1: Cross-Grain Bending of a Traditional Wood Sill Plate

1.2Background
1.2.1 Shear Walls
Shear wall are primarily used to resist lateral forces, such as those induced on a
structure by wind and earthquakes. In addition to this, shear walls also transfer gravity
loads. A lightframe wood shear wall is typically composed of three components; 1)
framing, 2) sheathing, and 3) framimsheathing connectors. Also important to bottom
story shear wall performance, but technically not a component of the shear waikitsel
the foundatiorto-framing connection. This studgcusedon a combined
framing/foundatiorto-framing connection member laxyvestigatinga sill plate that will
be embedded in the concrete foundation. ®usscussed further in Section 1.2.3.
Theload path of a common lateral force resisting system is depicted in Figure 1.

Horizontal loads are transferred to the floor diaphragm througbfepiine bending of
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the walls transverse to the load. From the diaphragm, the load is transferred atishe w
parallel to the load. These are the shear walls. The sheathealltransfers the load to

the foundation and earth through the foundatmframing connectors.

’////‘_Floor Diophragm

e E—

h

Lateral B —— B ——
Laod

Founcotlon

End ‘walls

Figure 1.2: Load Path of Lateral Loads Through a CommonLight -Frame Lateral Force Resisting
System

Typical framing for a lighframe wood shear wall is composed of either 2X4 or
2X6 nominal lumber. The species of wood used depends on what is available in the
location of construction. Studies have showat the framing does not add significantly
to the inplane stiffness of a shear wall (Dolan 1989). Sheathing is typically afyaeel
wood product such as plywood or orietstrand board (OSB). It is the sheathing that
transfers the lateral forces ofypical shear wall system (Bredel 2003). The typical

framingto-sheathing connector elements are detypé fasteners such as nals
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staples. It has been long understood that the fratoisgeathing connector elements are
the most important factor ietermining the strength and stiffness of shear walls (Foschi
1977; McCutcheon 1985; Dowrick 1986; Stewart 1987; Dolan 1989; Dolan and Madsen

1992; Heine 1997). A typical assembled shear wall is shown in Fidlre 1.

Sheathlng /‘Double Top Plate
%+ + + * ¥ ¥ #F ¥ ¥ + +
I+ ++
\ + + ++ +
I+ -+
+ + + 4+ +
i 4+
+ + + +
I+ -+
:/', + 4 Double stud ot ends
Sheathing—to-Framin
'F(lS'tE'ﬁE‘I’“gS g_’/+ + + ™ Mo
b Interlor Studs with
e + 167 o.c. Epacing
\a
\l +
I+
b+ 4 o4 '.E'L '?IL
Sl Plote

fnchor Balts
Figure 1. 3: Typical light-frame wood Shear Wall

't was i n t he-tyde$Sheéthing begah iksmise o popd@drity. In
1949, design guidelines were published for payye¢ sheathing, bringing the modern
shear wall into common construction practicBecause the mechanics of pahgle
sheathing and shear walls was not well understood, design guidelines were primarily
based on experience and testing. Because of the high cost associated witls dynami
testing,shear wall research has focused on monotosiformance.

Dolan (1989) did some of the earliest cy@id shake tablesting of shear walls
and found that the cyclic response envelope correlated well with the monotonic

performance curveSince then, ther researchers have come to the same usiod.
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Because of thigraditionally, shear walls have been designed for earthquake performance
(cyclic loading) based on monotonic teg@slenikovich 1997Rose 1998)

The investigations following the Northridge Earthquake in 1994 found that shear
walls designed based on monotonic performance did not perform as well under cyclic
loading as previously thought. In 1995, the City of Los Angles Department of Building
and Safety issued an emergency code change that reduced the shear design strength of
coderecognized allowable design values for shear walls that were based on monotonic
testing by 25% (Rose 1998).

The last decade has seen numerous investigations into various aspects of shear

wall performance under cyclic loading.

1.2.2 Shear Wall Finite Eteent Models
In the last half century, the method of finite elements (FE) has proven to be a

superb solution technique to many investigations. Starting in the aeronautics industry in

the 194006s, the method rapidlhskeegussdfor t o ot h
analyzing shear walls since the 19600s (Sal e
and accuracy, the finite element methodds po
researchers started to use the method to predict stresses, deflactoméimate load

capacities of walls (Polensek 1976). Around this same tiesearchers began to look at

the nonlinear behavior of shear wall connect
technol ogy made some maj efintezldneatmetrwd i n t he 1

became practical to look at dynamic, psedgoamic, and cyclic shear wall behavior.

As the price of computers decreased, finite element analysis became more cost effective
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in comparison with physical testing for many research eptsc(or at least a cost
effective way to start some research).

One of the first shear wall finite element models was put together by Foschi
(1977). This model was modified by various researchers. Some of those that proposed
new models were Itani and @lng (1984), Gutkowski and Castillo (1988) and Falk and
Itani (1989). However, none of these models accounted for dynamic or cyclic response
of shear walls. In 1989, Dolan proposed a model that was capable of looking at the
dynamic and cyclic responsesifear walls. He also made the model general so that
various aspects could be easily investigated. After verification testing, Dolan determined
that his model could be simplified to reduce thenbar of degrees of freedom (DQFs
and reduce computer effor. Then in 1995, White and Dol an
In addition to the reduced number of DORat Dolan suggested, this model was also
capable of computing a time history of forces and stresses in the framing and sheathing
elements.

Commercially available, general use finite element programs have also been
evolving over the yearsThese packages aread by placing points in space, connecting
them with the desired type of elements (beam, shell, etc.) which will behave in a certain
way, assigning propeds to the elements (strength, stiffnesis.), and applying loading
and boundary conditions. Thgsegrams are capable of a huge arragglications.

This is whythese packagesere chosen to accomplisiiie research contained in this
thesis.

Over the years, the sheathitmgframing connectors have been showbétdhe

controlling factor in most shear wall failure$his has initiatedhanyinvestigations into
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connection behavidiToothman 2003) Someinvestigationhave shown that the
nonlinear, hysteretic response of connections can be described with ten parameters
(Foliente 1995Anderson 2006
The cost associated with connection tests is drastically lower than the cost of
conduting full scale shear wall tests. If the parameters that describe the hysteretic
behavior ofconnectorgan be obtained from connection tests, then a finite element model
of the shear wall can be created using these parameters and reducing research costs.
In 2006 Xu published results of creating a user defined element type for a finite
element program, ABAQUS, which reflects the hysteretic response of framing
sheathing connectorsle was able to model the hysteretic behavior of dayys
connectos with 13 parameters that can be obtained from cyclic connectionTtests.
research contained in this thesis will make use of this element tgpaitempt to create

the most accurate finite elemanbdelpossible.

1.23 Wood Plastic Composite Sill Ré&s

Since the U.S. Navy has such a large inventory of waterfront structures, The
Office of Naval Research has been funding research in durable building materials for
guite some time.

In 2001, Adcock et al showed that, in Wood Plastic Composite (WPC)
formulations, polymers have a negative influence on stiffness and a positive influence on
strength, while wood has a positive influence on stiffness and a negative influence on
strength. This means that the two materials complement each other wellitapdoper

engineering an ideal material can be formulated for a wide variety of applications.
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Because of this, WPCs are a good candidate for structural applications, venturing out of
their traditional use. One year later in 2002, research conductedhdietea et al,
showed that when formulated properly, WPCs are resistant to fungal related decay. This
guality shows that WPCs are an exceptional candidate for use in the construction industry
as a means to significantly reduce moisture related failuneeaa-frame structures.

In 2005, TheOffice of Naval Research fundea@therstudy at Washington State
University, this timeconducted by Kristen Duchate@005) to investigate the potential
of WPCs for use as structural sill plates of shear wallseT r esul t s of Duchate
research showed thstraight substitution with WPCs result in racking performance
comparable to current prescriptive construction methods in regards tolstrétwytvever,
the WPC sill plateeduced the ductility of the shear wabDeformation gives both some
warning of imminent failure and less energy release upon fracture (because more energy
is dissipated in deforming the material there will be lesdable to be release when
membes breaks). This is whyrgineers always dem for ductile behavior. Because of
this goal, improvements are needed in the material and/or thesex@ssn of the
member before it can be utilized as a structural member in the construction industry.

In typicalslab on gradeonstruction practicesinchor bolts hold the sill plate to
the foundation withthe studs in between the anchor bbfteg the sill plate away from
the foundation. This type of construction can induce severe bending stresses in sill
plates. To reduce this problem, Duchateszommended that the sill plate be extruded
with a fin on the bottom. The fin could be set into the concrete foundation at time of
casting By doing thiscontinuous anchorage of the sill pla&grovided in turn

effectively eliminating the effects diending stresses. To further increase the strength of



J. O6Dell 1C

the shear wall system, Duchateau also recommended that the sheathing be connected
directly to the sill plate by nailing. This would allow the members of the structural wall
to work more as a systeinan individual components.

The research presented in th@@Ee5paper is

researchbased on heabovetwo recommendations.

1.3 Motivation

Due to the wide use of liglitame woodstructues and the utilization athear
walls as their primary lateral force resisting system, along with @ootierent property
to decay and lose strength when exposed to moisture, the design of shear wall members
exposed to moisture (i.e. sill plates) warrants an investigation.

By utilizingWPCs as sill plates for lightame woodshear walls, the benefits are
two-fold. First, WPCs can be extruded in almost any shape desired and can be tailored to
the task at hand. Second, when formulated properly, WPCs are not susceptible to

moisture elated decay.

1.4 Objectives

The purpose of this study w#o develop &nite elemenimodel to investigate the
behavior ofa WPC sill plate that provides contousanchoragand the associated
influence on the overall strength and stiffnesBgbft-framewood shear wallsThis

study was conductedlith the main goal beintp increase the performance of lighame
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woodshear walls.This was accomplished Isatsfying the following objectives:

1 Develop an accurate finite element modhelttwill predict the loadsransferred to
the conceptual sill plate under cyclic loading.

1 Develop a detailed finite element model of domceptual sill plate to look at
stress vales and stress distributiaver the member

1 Verify the accuracy of the model wighysicaltesting.

1 Compare the results of the finite element modelasign values and tyclic
testing result ofight-frame wood shear walls thate built usingcommon

construction practices
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CHAPTER 2: MODEL DEVELOPMENT

For this research, two finite element models wireeloped The firstwas the
sill plate model. Thisvasa detailed model of the sill plate alone and was used to
investigate the behavior of thelglate This modekan be used in the future to fine tune
the sill plate cross sectiofihe secondnodelwasthe wall framing model. Thiwasa
model of the entire shear wall excluding the sill plate. This medsused to predict the
forces expectetb be transferred to the sill platerough the naéld connections

Two modelswvere used in the investigativecause singlemodel would have
taken an unreasonably long time to conveogasolution This is primarily due to the
fact that this investigatiowasconcerned with the performance of a conceptual sill plate
that hascomplicated geometry. In order to get a good idea of how the sillgdei@ms
a fine meslwasrequiredof the model.This fine mesitreate a need for considerable
computer power By modeling the sill plate separately, only the steps that produced the
highest loadransfer between theall framing and the sill platévia theframingto-sill
plate connectors and the sheathkiogill plate connectojsneedto beapplied tothe sill

plate. This reduced the computational run time by orders of magnitude.

2.1Sill Plate Model
The original concept of the sill plateosssection is shown in Figuiz1. This
crosssectional shape was arrived at afistress concentration analysis. Thaphas

beenidealized using threeriterig 1) efficient use of material, 2) a shape thatloan

Cha
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effectivelyextruded and 3)a shape that can accommodate typical construction practices,

such asttaching interior cladding and using readily availablequtestuds.

A i
L ¥ o

_ Sheathing Lip
|| stud Pockets /

Attachment of Interior

/]

O

o

Cladding D
oD

Fin for
Embedment
into Concrete

z
11/2" Surface For

Figure 2.1: Original Concept WPC Sill Plate

The fin on the bottorof the sill platewasthe main feature of thisrosssection
under investigationwith hopes being that embedment of this fin into conaretald
reduce bending demand on the sill plate and increasesénall strength of the shear
wall. In addition to this fin, other features incorporated into the sill plate are the
sheathindip at the top and thstudpockets along the length of the sill plafehe section
will be extruded as a single shape and the stud pockets will have to be rowédrout
cooling. Thesill platecan be shipped from the manufacturer vgitid pocketgut at
standard 16 and 24 inch on center spacing.-andard spaced pkets (door and
window locations, etc.) can be routed ountthe jobsite. Thesheathindip at the top is
for attachment of the sheathing, which will act as blocking and also hold the sheathing
flush with the outside to accommodate siding. The heigtiteo§ection serves two

purposes, first to act as flashing and protect the studs and sheathing from moisture
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damage, and second, it will allow fibre stud pockets which allofer side grain nailing
of the studs to the sill plasiminating a weak link intypical light-framewoodwalls.

Thecrosssection showrn Figure 2.1is for use with 2X6 nominal lumber. If
2X4 nominal lumber is to be used, either the section can be extruded without the flat
portion at the front of the section or tipisrtioncan le cut off at the joisite.

Due to the expense associated with WPC extrusion\efication of the
continuous anchorage concept wasrder before pduction of the idealized sill plate
was tobeundertakenTherefore, groof of concept sill plate wasanufacturednd
tested The sill plateconfiguration tested was constructed using standard rectangular
deck board crossections and hanelt bonding technologieslesting of this alternate
configuration was conducted by Rq2608) and the results are discussed in Chapter 4

The configuraton tested by Rosis shownin Figure 22.

=\8d Mails Through 3Zheet Metal ot 2% o.c

IHD‘:_MF?W Achesion and Through O3B ot 67 ac

nterfoce —— |

K_Scr‘ew To Hold Zheet Metal in Ploce During Fobricotion
Theet Metal

x ELl Flate Bullt Up From Deck Eoords

Figure 2. 2: Cross-Sectional View of Verification Sill Plate Specimen
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This section was constructed mglt-bondingl 0 X5. 50 WPC deck
up the section and then maging it to provide the fin to be embedded in concrete. The
sheet metal was used to simulatesh&lpockets in the original concept section.

The finite element model fdyoth the idealized anthe verification sill plates
wereconstructed in ADINA.Theverification sill plate model was comprisedlelyof
the WPC materiglthe sheet metal was not includethis was done because the stress in
the sheet metal is not of interest in timgestigation This project isoncerned witlihe
strengthof WPC sll plates. The sheet metal is olsesenbecause it simulates the stud
pockesin the verification testings discussed abovénstead, the sheet metal is included
in the wall framing model and the forces in the sheet rtetsill plate connectors wer
used to link the twanodelstogether. Also, the model does not include the-holt
adhesion interfaces in the sill plate. The adhesion interfaces were not included in the
model because the permance of hetnelt bonded WPE&wasnot anticipated as a
failure mechanisnmterest in this investigatianPast research hadsoshown thathere is
a minimal drop in shear properties of im¢lt bonded WPCs (Adcock 2001Blso, the
major stresscomponenbn themeltbonded surfaces in Ras&xperimental
configurationwastension perpendicular to the bosgrfacedue to uplift forces
associated with overturniragtionof the shear wallsBonding of deck boards was used
because a solid section of the size needed for verification sill ptatafacture was not
available. In addition, the testing and inclusion of such interface properties would not

have been costffective for the purposes of this investigation. The verification sill plate

Cha
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model only serves the purpose of validating the nalbconcept sill plate model because
it can be compared against physical testing results.

As can be seen in Figure22there is a row of nails and a row of screws that
attach the sheet metal to the WPC. These points were used as the load applicdasion poi
in the sill plate modelSimilarly, loadswereapplied at points of nailed connections in
the idealized sill plate modélhe values of thedeadsare from the all framing model
discussed in &ction 2.2.

Because only the WPC is modeled, the boundanditionsin this model
simulate the interaction between the sill plate and the foundatiomas assumed that
concretdoundatiors have enough stiffness that theyl only deform a negligible
amountunder the loads expected to be transfeletheshear wall. Because the focus
of this investigation is on the WPC, it was also assufaed forced}hat failure would
occur in the sill plate, not the foundatioBecause of thbulbous shap@ipsidedown
triangular shapen theverificationmodel) ofthe fin, the fin will provide bearing on the
concrete in uplift. This assumption was justified by noting that the amount of material
used in the cross section of the sill plate is small and thereforetizental strain
without failurewould not besufficientto compress the sill plate enouighslide out of
the concrete. By this reasoningit was decided to model the boundary conditiohthe
sill plate modehs bearing on a rigid bodyA visual representation of thboundary
condition is shown ifrigure 2.3.In ADINA, the arrows pointingnto the sill plate
indicate the sill plate bearing on the rigid body (i.e., concrete). The arrows p@wniiyg

from the sill plate indicate the rigidody bearing on the sill plate.

Cha
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A\ Sill Plate Cross-Section Sill Plate with Boundary Conditions i_
A

O
A -
>
-

-

Figure 2. 3: Boundary Conditions on Sill Plate Model

To model the WPC materia8D solid elementsvere utilized The choice of
using solid elemestver a beam elemenias due to the fact that since forces will be
transferred through the sill plate byeans of shear and tension/compression the
assumptionsvith whichbeam elements are derived dui hold up for this application
(primaiily the assumptiaof no shear deformaticemd no stresgerpendicular to the
beam axis Solid elements allow for atleformations/stresses to be accounted for.

WPCGCs aremanufacturedby extrusion of a molten mixtutarough a dieBecause
of thisy WPC products tend to display an orthotropic material behduerto the flow
charateristicswithin the extru@r and the coolingrocesgLu 2002) To have a
idealizedorthotropic WPC, the material rmube stranded during manufactufnce the
actual WPC material to be utilizéor the idealized sill platerasunknown, it was chosen
to define the materigbroperties abeing orthotropic.For the 2D model, an orthotropic

material definition$ not necessary because the properties in the plane of the cross

Cha
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section are the same rediass of direction. It is the owlf-plane material propees that
require a alternatedefinition. The FE program will simply treat the 2D casan
isotropic materiasincethe 2D case wasnalyzeds plane stress and the-afiplane
Poissorratio has no effect on the-plane resuk. The values of elastic modulus, and

shear modulus used in the material definition of this model were obtained from

Hermanson (2009. T h e

v al

ue

used

f

or

P Enhglusdd200¥)s

length of the sill plateepresenthe load definitions.The block represents the foundation

A visual representation of the model is showfigure 2.4. The arrows along the

that is modked as a rigid body for boundary condition purposéisual representation of

boundary conditions have been ondtfer clarity as rigid body bearing fills the image

with arrows and obstructs view of most everything else.

z
A by i
D) x>
[ |
N \ A
WPC sill Plate & :
A O | TN / /i
&
s
p @/Wa\z
e
¢ o
NN

Figure 2.4: Sill Plate Finite Element Model

The results of this analysis greesentedn Chapter 4.
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2.2 Wall Framing Model
2.2.10riginal ConcepWall FramingModel
The purpose of the wall framing model is to evaluate a wall under cyclic loading
and predict théorces in the framingo-sill plate andsheathingto-sill plateconnectorso
that accurate loads can lqgpéied to the sill plate modelThe basi®f this model is the
finite elemenmo d e | created by Xu (2006) to test hi
model was altered in the following respects:
1) The wall was extended to be eight feet long insté&ouo feet.
2) Becauséwo sheathingcomponentsvill be needed for an eigtibot wall,
bearing in between sheets was added.
3) The sill plate was removed and all sheathimgill plate connectors and stud
to-sill plate connectors werestead attached foxed nodeghat represent
specific locations othe sill plate.
4) The told-downsat the lower corners of the wall weemoved.
The purpose of each change is discussed below.
The wall was made longer because most cyclic shelatests are done utilizing
80X806 speci mens. To check the validity of
concrete, these are the tesgminst whichhis analysisneeds to be compared.
The extra sheathingpmponentvas added because OSB products arstmo
readily available in 46X806 sheets, and this
practice. Thustwo sheets wereased for areightfoot long wall.
The sill plate was removeahdmodeled separately in order to be more detailed.

A detailed sill platen the framing modelequiredmorememory and processing power
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than the average personal computer typically &iad the sill plate is the focus of this
research and must be looked at in detimtead the sill plate was represented by fixed
nodes thathe wall framing model was attached to through the different types of
connectorelements discussdzklow. This boundary condition was justified with two
assumptions: 1) because the sill plate cross section is small, strains are assumed small and
2) becaus the fin of the sill plate is embedded in concréte,shear wall has continuous
anchorage andending is eliminated. These two assumptions remove the flexibility from
the sill plate, allowing the sill plate to transfer forces by means of shear and
tenson/compression onlyIn additionforces are transferred between the wall and sill
plate strictly through the nail connectoi$is allows the wall framing model to be
attachedo fixed points rather than a flexibddl plate because the sill plate wsiimply
transfer the forces from the connectors to the foundation with only negligible
deformations.

The holddowns were removeiiom the wallbecause one of the goals of thee
of aWPC sill plate embedded in concrete is to reduce the amount of hattiatineed
be installed.

The modelwascomposed of 4 types of elemerttgam, shell, spring, and user
defined. The user defined element wadsveloped by Xu (2006 simulate the hysteretic
connectios of sheawalls. The lumbemwasmodeled witlsix-degreeof-freedombeam
elements. The OS®asmodela with shell elementsSpring elements were utilized for
the umberto-lumber connectors and sheathtogsheathingbearing elementsAll other
connectors were modeled with the user defined hystemticectoelement developed

by Xu (2006)andmodified by the authoto allow different connection types in the same



J. Oo6Del | pter 2: Model Development 21 Cha

model (ex. OSBo-lumber, OSBto-WPC, etc.). This was necessary because each type
of connection behaves differently andirsquelydescribed by the 13 parametessich
come from testin@f single connectionasmentioned irSection1.2.2 (this will be
discussed further int@pter 3)

Figure2.5 shows a side viewof the model.In this figure, framing is denoted by
the color brown and sheathing is denoted by the color yelldve. dfferent types of
connectors ardenoted byariouscolors. Thegreenconnectors are nelinear springs
that model the nails connecting the studs to the top platere@iitcennectors are
hysteretic springs that model the nails connectingli®athingo the studs.Theblue
connectors are hysteretic springs that model the nails connectisigetaningo the sill
plate. The orange connectors are hysteretic springs that model the nails connecting the
studs to the sill plateNot shownare nonrlinear springs thanodel the bearing between
component surfacgse, between the two sheets©5B). Hysteretic springs act in both
the vertical plane and the plane into the page. All other springs only act in the direction
shown. The top of the studs and the bottontle# studs were coupléd the top plate and
the sill plate nodes respectivetythe horizontal plane and the plane into the page

The largest obstacle that hadde overcome with this model was the highly-non
linear response of the hysteretic connectdsn-linear problemsrequiresignificantly
more computer power &olveand are less likely to reach convergenBecause of the
hysteretic connection behavidine wall framing modehnalysis becama nonlinear
problem. As the simulation approacti¢he failureload, the solutiorof the mathematical
equationsdecame unstable and singularhich is similar to what happens when finite

elements are used predict buckling instabilities
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Figure 2.5: Side View Representation of Finite Element Model

As discussed isectionl.2.1, connector behavids the factothat contribute
most tooverallshear walperformance Each conneot element affects the stiffness of
the shar wall, which affects the distribution of loadath the otheiconnectaos, whichin
turn affects the behavior of each connectord this circle continuesThe mode
converges when each connector agrees on a solution acyttbes stopped.But,
becaise each connector is so dependm the behavior of other connectors in this circle,
and each connector has such a highly-lnogar responseconvergence is slow. When
theholdd owns were removed from Xuds mihihel , conyv
areasonable amount of modeling and computer effafter some diagnostic work, it

was discovered that under the deflections that were expected, as g asoupleof



J. Oo6Del | pter 2: Model Development 23 Cha

connectorsvereused, the model would converge. Bwith thenumberof connectors
needed for a shear wall built boiilding codeminimum, the solution would not converge
due to the connector eleménhighly nonlinear behaviocausing edless bopingof the
solution in the regionf large connector stiffness chang&ther methods had to be
utilized to achieve a solution.

Convergence was achieved through two methods; artificial damping for most
cases and a line search algorithmdases whereconvergence was reached too slawly
Artificial damping is the addition of a small viscous damgeffgct to the hysteretic
springs. The use of viscous forces works well in this model becthesanalysisvas
guastistatic Since viscous damping is based on velocity, the damping does not affect the
overall model significantly. But whealocal instability occurs, the velocity increases in
that region only. This allows the viscous damping forces to increase at the local
instability only, keeping the model from diverging because of one connddyadding
these damping forces, thaeractionof one connectowith another was reduced each
step of the solutiom order thathe collection of connectors waapable of reaching
convergence.

A line search algorithrwasused when the solution diverges in early iterations
using the Newdn method of solutionhat ABAQUS uses by default. The line search
algorithm makes the Newton method more robust by scaling down the residual vectors so
that the correction vectors do not overshoot the soluidmying convergence to be
reached faster

Failureof the wall framingvas assumed toccur when the model could not

converge on a solution for a particular step. The cause of this inabitini@rge was
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due tonegative Eigen values in the stiffness matrix. Negdfigen values indicate a
negative stiffness. Negative stiffness indicates free body motiongneinstable

structure).

2.2.2 Verification Wall Framing Model

Once theoriginal concept wall framingrodelwas able ta@wonverge, it was altered
to depict the shear watbnstructiorutilized forthe verificationsill plate discussed
above.

Thefinite elemenimodel was modified to match these verification tegts

making the following changes.

1) Shell elements were added to modeldieet metabetween the sheathing and
framing.

2) A connection elemenmodeled after the bending stiffness of the cantilever
portion of the sill plate cross sectjamas used to attach the sheet metal to the
sill platenodes.

3) Stud to sill plate connection elements wereaead and replaced with bearing
elements.

These changes are illustrated in Figu& Z.he purpose of each change is discussed
below.

As discussed in Section 2.hgetsheet metal elements were added because the

verification tests used sheet metal insteadhefdriginally intendedtudpockets.

The purpose of the connection modeled after the bending stiffri¢ise

cantilever portion of the crosgction was an attempt to more accurately model the



J. Oo6Del | pter 2: Model Development 25 Cha

Orici C s .
Wall Framhg Waoll Framihg
Model Moglel

heet Metal Added With
Necessary Connectlons
Chonged

S

heet Metol To Zill Flote
Attochment Added

Sl Plate—to-Zlde Grolh Stud Nolls of Orlglnal
Concept Model Eeploaced with Bearing Only Eprlhngs
for “erificotion Model

Figure 2. 6: Changes Made to the Original Concept Wall Model
to Simulate the Verification Wall Configuration

specimens. Since all loads transferred to the WPC sill plate must pass through the sheet
metal, the bending stiffness of thleort segment between the émbeddd in the

concrete and the edge where the sheathing is attachedsit phate will play a role in
distribution of forces anthe performance of the shear wallhe idealized wall framing

model does not incorporate this bending stiffness because #tizadesill plate is much

taller and will not act as a cantilever, but the verification sill plate is short and will act as

a cantilever.
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The stueto-sill plate connection elements were removed because the construction

of the verification testdidnot alow for a direct connection of the studs to the sill plate.

However, the studs will still bear

studs.

A sideview of the verification modas shownin Figure 27. The purple element

26

on the sill plate when compression is indutiesl

is the sheet meltéthat was added to simulate tsiedpockets. Thegrayandturquoise

connectors are hysteretic springs that model tHeorhravior between the OSB artest

metal and between the sheet metal and segfsectively Thedark brownconnectors

are hyster&c springs that model the bending behavior of the cantilever section of the sill

plate. In this model, the orange connectors are nowlm@ar springs that model bearing

of the studs.
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Figure 2.7: Side View Representation dVerification Finite Element Model
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CHAPTER 3: CONNECTION PERFORMANCE EVALUATION

Because the use of WP{@sconjunction with wood lumber in structural
applications is a fairly new practice, the behavior of the two materials acting together is
not wellstudied. Therefore, to develop an accufaiée elemenimodel it is necessary to
first investigate the hysteretic behavior of the connections that areeaftenie utilized
in this application.

There are two types of connections that will be usedatd/WPC interfaces in
the application being considered in this research. The first will be the connection of the
WPC sill plate to the studs, the second will be the connection of the sheathing to the
WPC sill plate. In addition to these, twdditionalconnections were investigated for
purpcses of the verification testing, Sheet metal to lumber and OSB to lumber with sheet

metal sandwiched in between.

3.1 Materials and Methods

A high density polyethylene (HDPE) material was used for the composite
material in this research. It was chosen for two reasons; 1) it is an economical mixture in
regards to price and availability and 2) it is one of the more ductile of the economical
options The higher ductility is advantageous becauseditice brittle failures and
splitting due to nailing.

Thesheat hi ng us etel strmaddoard (OEB) becauseiit i ane of the

most common sheathing types usetight-frame construction
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The nailsusedwei@d (0. 1310 di a brightleoxto @iaghe® . 50
sheathing to framingantd6d ( 0. 1620 di arnghtboxtocdmnect3 . 50
framing members. Box nails were used because they have the smallest diameter of the
readily available nails anthus are assumed to be the weakasescenario. Boxails
are also thenost common nail type used in pneumatic nailing tools.

The connection tests were conducted by attaching two pieces of material together
with a nail and subjecting the assembly to cyclic loading. This was accbegblby
clamping one ramber to the bas# the testing fram®hile the other member is clamped
to a hydraulic actuatorThe actuator was driven with a cyclic displacement protocol. A

schematic of the test configuration is shown in Figure 3.1.

@____— Actuator Displacement

/ Actuntor Clamp

Conmnectar _/

Figure 3.1: Schematic of Testing Configuration
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The testing setup is shown in Figure2 &xd 33. An 11 kip actuator, MTS
Model Number 244.21, was used to provide the displacement for the testing. A 3 kip
force transducer type load cell, Interface Madamber SSMAF-3000, was used to
measure the load data. Displacement data was taken from the actuator displacement
transducer. The testing control and data collection was accomplished using an MTS Flex
Test SE controller, running Version 4.0C softwafée cyclic protocol used was the

CUREE basic load protocol as outlined in ASTM E2-086

Figure 3.2: Test Setup
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> .4,%" - "5;' o
Figure 3. 3: Testing Fixture

Five types of specimens were fabricated fwestigationtwo of which were
solely for the purposes of the proof of concept testifige differentspecimen
configuratiors arepresenteaut in Table 3.1 and are shown in Figures 3.5 to Aftéer

assembly, the specimens were conditioned 8F @hd 65% relative midity for two

weeks.
Table 3.1: Connection Specimens
Memberl Member2 Nail Size Nulilnat)ili,r of
7/ 160 OSE WPC 8d 1
3/ 80 WPC | #2DF(N)woodlumber 16d 1
3/ 806 WPC | #2DF(N)woodIlumber 16d 2
Sheet Metal #2 DF(N) wood lumber 8d 1
7/ 160 OSE Sheet Metal 8d 1
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Figure 3. 5: WPC Connected to Lumber With a 16d Nail
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Figure 3.7: OSB Connected to Lumber With an 8d Nail Through Sheet Metal






