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Preface

This Dissertation describesdr somewhat connectedsearch projects that were either
directed, guided, performedr combinations of the above by the authdis tenure at the West
Virginia University, Division of Forestry and Natural Resources, Morgantown, WV, U.S.A
covers the period betwed®93 and 208. Theselectedworksfrom this time frameresented
here focus on stochastiand deterministicmodeling of the expected mechanical and
performance characteristicsf solid wood andexistingor new, innovative structural, wood
based compositesResults ad the advanced models may be applied tonovel product
development. Furthermore, the scientific backgrodmd processing technologiesf several,
new, loadbearing productsre also discussed

The body of the Dissertatiocontainssix numbered chaptersChapter I, he General
Introduction provideslimited information to readers who are less familiar with the unique
characteristics of wood and woadmposites.Chapters 1 through V are stan@dlone
documents, containing all the necessaegtions includingeferences Chapter V contains a
overall summary and theonclusionsin the form of thesesEach Chapter has an Appendix
numbered accordingly. Appendices consist of materials that were deemed redundant in the text,
but may helpvith clarifications and better understanding.

Although the majority of the workzresented her employed the English Customary
uni t s, this Dissertation applies SI uni ts
unavoidable, detailed explanations and Sl equivalents are provided. All the text, captions and
headings are in English, using Uspelling and idioms.

Copyrighted materials (figures, diagrams, photographs, etc.) may be incorpolfatieel
insert was essential, it is marked by the usual citation format and the complete bibliography is
listed in the references of the appropriategpters. Unmarked figures, pictures, diagrams and
other i1llustrations are the authoroés or his

Tremendous credits are duentanyindividualswho contributed to these wotkBhe list
of these people is long. Only a few could be mentioned by name in the Acknowledgements
section. Nonetheless, to salute those who provided scientific and physical help, encouragement,
friendship and love during the course of this undertaking, @msad of usi g tthe I
pl ur al wede rpsstiaedin this writeup.

Soproni Morgantown, WV

(2010-2011) Elemer M. Lang



dc_265 11

Acknowledgements

Many thanksare due to Dr. Geza Ifju, formerly Department Head of Wood Sciénce
Forest Products at Virginia Tech, Blacksburg, VA. He provided the opportunity to compliment
my education in a research orientedhallenging environment. Members of my Ph.D.
commitee: Drs. Joseph R.oferski, Frederick A. Kamke, J. Daniel Dolan and Htdh Woeste,
should receive special recognition for their valuable contributions teesgarch resulting in a
Ph.D. Dissertation.

Dr. Michael P. Wolcott who supervised my PeBictoral work at West Virginia
University, Division of Forestry, Morgantown, \Wifeserves tremendous credit for his gifted,
scientific mind and for his friendship towards me.

Partners, colleagues at the University of Western Hupg&opron included: Drs. Zsolt
Kovacs, Jozsef Szalai, Ferenc Divos, and Tamas Fodor. Without their significant contributions
many of our joint projects would not have been possible.

Dr. Laszlo Bejo and Dr. Balazs G. ZomBorformer graduate studentsshould receive
enormous appreciation for their exceptional research work during the course of their studies
Their attitude rade my life as a faculty member more bearable. Dr. Levente Denes a Ph.D.
student at the UWH, Po8loctoral Fellow and Visiting Profsor at WVU, remarkably
contributed to the works presented here.

Dr. R. Bruce Anderson a scholar, colleague and friend should receive my sincere
appreciation for providing guidance in the
help and valuble comments this manuscript would have bpes a technical term paper
written by an undergraduate sophomore.

Last but not least, | owe immengetitudeto my wife Marietta and to our son Aurel.
They believed in the recovery from a deggrk period of my life and gave me the will, moral

and physical support, encouragement and love that | badly needed to undertake this very

challenging endeavor.

! Tragically, Balaz<G. Zombori was killed in a car accident in 2008was a gnselessleathfor a very talented young individual.

f



dc_265 11

TABLE OF CONTENTS

e (== o] TP PPPPPP i
ACKNOWIEAGEIMENLS. .....ceiiiiiiiiiiiii et e e e e e e e e e erem s s e e e e e e e e e e e e e e e eeernnneaaeeeaaeeeees ii
(O3 0= T (=] o TSSO PPPPRPPP 1
[. General INtrOAUCTION.........oiiieiiiie et e e e e e e e e e e e e e e e annneeeeeeeeaes 2
I.1 TheUnique Mechanical Characteristics of WaQd................ccccoiimmmnniiiiiiiiiiii 2
1.2 Key Physical PropertiesS 0f WOOM..........oeiiiiiiiiii e 4
1.3 Environmental MOIfIELS.........vuuiiiiiiiiiee e erres e e e e e e e e e e e e eeanees 7
[.4 ADOUE MOTEIING.....cciiieeeee et e et e e e e e 8
1.5 Products @d TECNNOIOGIES. .......coviiiiiiiiiiiiii e 9
1.6 CloSUre Of CRAPLEr. L. ... 11
] (=] €= o = S 12
(@4 g =T o] (= g | RSN 15
[I. Modeling the Consolidation of Woedrand Mats..............ccccciiiiiiiimmmniiiivieeeeee 16
0 1 Yo [ o T PRSPPI 16
[1.2 OBJECHVES. ...ttt e eree ettt e e e e e e e e e e e e e e e e e smmne e e e e e e e e e e e 17
[1.3 Backgroundand Concept of the Mat Characterizatian..............ccooovviiccceeeeeennenn. 18
[1.4 Simulation Routine DeVvelopmMEeNt..........oooiiiiiiiiiiieee e 20
[1.5 Result and Discussion of the Virtual Mat Formation.................ocoecoice e 24
[1.6 Theoretical Background and the Stretsin Model Development......................... 26
[I.7 Experimental Validation of the Static Strestgain Model.............cccooiiiiiieeee s 32
[1.9 Summary and CONCIUSIONS..........ooiiiiiiiiii e 37
[1.10 Closure of CRapLer ... e 38
] (=] €= o =T 1 39
(@4 g =T o] (=1 || PP 43
[ll. The Orthotropic Mechanical Properties of Wood and Veneer: Assessments and Mbtlels
1 T T 0o [ T o 44
1 B2 @ o] 1= 1 1A= 45
[11.3 LItEraturE REVIEW.......uuviiiiiiiee ettt eee e e e e e e e e e e e e e e e e mmme e e e 45
[11.4 Orthotropy of Shear Strength.............ooiiiiiiic e 50
[11.5 Orthotropy of Strength and Modulus of Elasticity in Compression..................... 62
[11.6 The Orthotropy of MOE for Structural and Decorative Veeneers...........c........... 75
1.7 Summary and CONCIUSIONS........coouuiiiiie et e et e e emmr e e e e aaa e 89
[11.8 Closure of Chapter l...........uiiiii e e e e 90
REFEIENCES ...t eeenanae 90



dc_265 11

(@4 =T o] (=3 AV PR 97
IV. Models for Woodased Composites: Modeling the Mechanical Properties............. 98
V.1 Introduction and ODJECHVES ..........coiiiiiiiiii e 98
V.2 LItErature REVIEBW.. ... .ciiiiiii e eeiieeeeieeee ettt enme e e e et eeeeeaeesann s smmmeeseree 98
V.3 Theoetical BaCKgrOUN............ooiiiiiiiieeer e e e e 100
V.4 Model DeVEIOPMENL.......ccooi e e e e e e 101
IV.4 Experimental Validation of the Models.............ooiiiiiieeee 105
V.5 RESUILS aNd DISCUSSION.....cuvuuruuuiiiiieeeeeeeettiiiiass e e e e e e e eeeeeeeannnsseaeeeeeeeeeeeeeeensnnnnen 107
V.6 Summary and CONCIUSIONS.........cooiiiiiiiiiieeme b eeer e e e e e as 112
V.7 Closure of Chapter IV........oo e s 113
] (= (=T o ST LY S 113

(O3 0= 01 (=] G PP PPPPPPRR 117
V. Development of New Wobdsed COMPOSILES............coevviviviiiiimmmre e 118
RV R 1 {0 To [ 8T i [o] 1A PR P PP P PP TUPPPPPR 118
V.2 RALONAIE.......ciiiiiiii ettt e ettt e e e e e e e e e e s smmr e e e e e e aaaeaaeeeas 119
V.3 Product 6s Ra.un.g.e..and..RPr.ope.ur.t..e.s....121
V.4 Statistical Process Control in Webdsed Composite Manufacture.................... 125
V.5 Summary and CONCIUSIQNS..........oooviiiiiiiiiimmr et ee e 130
V.6 Closure Of Chapler V........oovuiiiiiiiiiiie e eerenr s e e e e e e e e e e e e e e e eeeaeees 130
RETEIENCES V... e e bbb 130

(O 0= T (] S PP PP TTTPP 135
V1. GENETAI SUMIMALY. .. . uuiiiiiiiiiiiiieeee e ieeeteteteee e eeeeeeeeeeeeesamataeeaaaaeeeeaeessassaannnnneeeessaaans 136
VI.1 BriefRehearsal of the Objectives and Methodologies.........cccoeeeeeeeiiceeicceeeeennn. 136
VI.2 Summary of the New Scientific Results: Theses of the Dissertatian............... 137
VL3 FINAI ClOSUI....oiiiiiiiiiie e ennnssnreeeeees 139
APPDENICES .coeeeeeeeeeeeeeeeeee ettt rer e e e e e e e e s emeea e e e e e e e e e e e eeeeernnn 140
Y o] 011 T [ OO 141
Y o] o 1= T [5G | PSP 143
LY o] 01T 0 o [ 1 TR 147
Y o] o 1= T LD 1 PSPPI 157
Y o] 011 o [ G PP PPUPUPPUPPPP 159
[V 12T PP 162



dc_265 11

Chapter | General Introduction

CHAPTER

AWE MAY USE WOOD WITH
INTELLIGENCE IF WE
UNDERSTAND WOOD.0

FRANK LLOYD WRIGHT
(1867 1959)
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Chapter | General Introduction

|. General Introduction

Throughout human history, wood has been a readily available, natural material that is
easy to exploit and work with. Trees provided shelter, comfort, tools, vehicles and weaponry
over millennia for individuals and societid®eing a biological origin mat&l wood is porous,
anisotropic and inhomogeneous. Furthermore; wood can be characterized by complex organic
compounds that form elementary fibers, cell walls, cells and tissues. Because of its hygroscopic
nature, depending on the ambient temperature and relatmiglity, wood may change its shape
and dimensions significantly. Consequently, its processing and utilization for various purposes
has always called for appropriate knowledge and expertise.

Even the remaining wooden artifacts from the ancient Egyptiastdemonstrate efforts
to improve the aesthetic and strength properties. @heusands of yearshese quality
improvement practices made substantial progresses. All of these can be obsemed on
RenaissanceBaroque and Bcoco masterpieces of furnituaed interior wooden structures. The
crosslaminated veneers in these hundreds of years old artifacts were to preserve, gleapze
and trouble freéunctionaloperations.

The logs or the stem of trees, initially by instinct and later deliberately, leere used
as load supporting structural elements since the Stone Agerifie application®f debarked
and sawn timber triggered improvememt changing the limited dimensions of the available
stock including elongations andhe increase of width andhickness. These innovative
processes are going on from the ancient time to present date.

Byproducts of rough woodworkinige chips and shavings as a result of ax forming and
debarking usually were used as fuel. At the end of thé™d¥d at the beginng of the XX"
centuries with the advancement of synthetic resin technology rapid improvement occurred in the
manufacture of different woeblased composites.

Besides the introduction of plywood and the waste utilizing particle board and
fiberboard; howeverthe first definitely load supporting wood composite, the glaednated
ti mber , gained acceptance onl y Another versiord 95 0 0 s
structural wood composites, thgoists, wasdeveloped during the Il World War in the aircraft
industry. The favorable strength to weight ratio made these products very compdtitite
theirci vil application was(NelsonlWduced only dur.

[.1 The Unique MechanicalCharacterigics of Wood

From engineering point of view, the most valuable part of trees comes from the stem
after logging.The body of solid wod is primarily composed of hollow, tufike, elongated
cells that are arranged parallel to each other along the longtudirection of the trunk of a
tree.Additionally, thealternatingearly wood late woodngs provide the unique layered feature
of solid wood.Although solid wood is more or less cylindrically orthotropic in nature; it is
frequentlytreated for simplicity as an orthogonally orthotropic matekajure 1.1 shows the
principal directions obrthotropy on a pine block whete T andR represent the longitudinal,
tangential and radiatlirections, respectively. Arrows pointing out the mascopic layered
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structure of wood wherea. indicates the earlyor springwood andd. marks the late or
summerwood comprising an annual ring.

|

L

Figure I.1. Orthotropic axes of a solid wood block, Loblolly pine (Pinus taeda) (Adapted from
Hoyle and Woest£989)

Unfortunately, the geometric and orthotropic axes seldom coincide. The deviation of the
global and orthotropic coordinate systems may originate from the taper of the logs, and from
growing defects, such as spiral and diagonal grain. This attrbwte®od is generally called as
cross grain.Therefore the mechanical propertgleterminatios of cross grained load bearing
wood elements requithree dimensional transformatsaf known strength and stiffness values
in the principal anatomical directiontldowever, experimental and theoretical works have shown
that 3D transformations for solid wood are not always trustworthy. Nevertheless, in the
principal anatomical planes (i.e.T, LRand TR) the transformations are quite reliable (Bodig
and Jayne 1993, Goodman and Bodig 190Q)ing the research works presented here such
transformations were frequently used to predict strength and stiffness values of oblique
specimens. The apoate Chapters or theiAppendices contain the detailed descriptions and
derivations of these transformations.

An orthotropic materi al i s characterized
Exercising the notations related to the coordirsgtgem of the principal anatomical directions:
E., Er Er are themoduli of elasticity G g, G.r and Ggr are theshear mudulior moduli of
rigidity. Finally, the Sk Br, B snsspranu@rs Literatura vales ad r e :
these characteristic mechanical properties for wood species involved in these research works are
compiled inTables A.I.T AlL.3in Appendix |

The assumption of rectilinear orthotropy introduces errors in determination of elastic
corstants of solid woodrigure 1.2illustrates the effects of location and size of lumber cut from
logs on the relative magnitude of these errors. The minimum error occurs when the lumber is cut
from the edges of the lod ,(6). Because smaller radius of amh ring curvature is linearized,
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the error toward the pit increas&s 8). By decreasing the size of the specimens in the tangential
direction toward the pit, the error remains fairly constdné(and 6.

Figure 1.2. Errors in orthotropic models fowood by size and location of lumber in the.log
Legend described in text (Bodig and Jayne 1984)

In assessment of strength and stiffness properties of ailoadodbased compositdsy
short term testinghe assumption of elasticity is quite reasonaHi@wever, the long term tirae
dependent stresgrain behavior of wood indicates elastic, plastic and viscous attributes. The
dominancy among these thrde=havioral characteristics depends on a number of factors
including moisture content temperature, magpe, alignment and duration of load and loading
history just mentioning a few. From both technological and engineering points of view creep and
relaxation are critical rheological features of wood and wood compaddiv@gever, the in depth
discussion ofttese rheological characteristics is beyond the scope of this dissertation.

I.2 KeyPhysical Properties ofWood

Density and moisture content are the two most crucial physical characteristics of wood
and wood based composites. Both have notable effectmemhanical properties such us
strength, stiffness and rheological attributBscause the gravitational acceleration varies by
altitude over the sea level and influenced by the latitude on the Earth, one can expect the
variation of weight densityj by these two factors. To eliminate the discrepancies a normalized
weight density oispecific gravity(SG is frequently used. By definition the specific gravity is
given as follows:

mg/ V
m, 9/ \,,

wherethe unknownsm, m, andV, V,, stand forthe mass and volume slibstrate and water
respectivelyandg represents the gravitational acceleratidfter simplification and setting the

two volumes equal, we can state that in terms of general physics, the specific gravity is the mass
or weight ofthe substance divided by the mass or weight of equal volume of water. This
physical property is dimensionless and independent from any gravitational forces. Furthermore,
it is compatible with both measurement systems. Consequently, it is used frequeatly as

SG= (1.1)



dc_265 11

Chapter | General Introduction

measure of wood compactness throughout this work along with the SI unit of mass (weight)
density.

For hygroscopic materials a slightly different definition applies. Accordingly, the SG is
the ratio of the ovexdry masgqm) to the mass of watd¥ },) displaced by the bulk specimen at
given moisture content. Expressed by a mathematical formula:

_ M
SG—\T (1.2)

Life without water is nonexistent. Wood as a biological material during its life cycle and
beyond always contains largenount of water. Because of the hygroscopic nature of many
chemical compounds in wood, moisture is present even after the tissues and cells are already
dead. There are two distinct types of water that occurs in wood including chemically bound
water to themacromolecules in the cell walls and the free or capillary water that may be present
i n t he c eilk.]irstlle lumenhvihetbourdsvatér is attached to the free hydroxyl groups
of polymersmostlyto the hemicelluloses and to the cellulose chairtke amorphous region by
hydrogen boundsThe capillary or free water may or may not be present in the lumens.
Nevertheless, the net moisture of a wood sample can be calculated according to the following
equation:

MC =100u :100\’\%\/—'\’\é (% (1.3)

(o]

WhereMC is the moisture content by %,is the fractional moisture contey, is the
original, wet weight of the sample akig) denotes the ovedry weight.

A distinct moisture condition of solid woedhe fiber saturation poinESP - is defined
as the amunt of water necessary to saturate the cell walls, but without any free water in the
cel | s & FIPis neeyrsgecies specific, higher extractive contents usually results in lower
FSP. The absorbed or bound water is especially important because iigadt# physical and
mechanical properties of solid wood and wood composites. Free water has no significant effect
on these attributes unless it is frozen. The fiber saturation point may vary between 20 to 30 %
MC. Its determination by various methods gives somewhat ambiguous results. Nonetheless, for
species having low extractive content tH&Pis assumed to be between 25 and 30Bu4d{g
and Jayne 1982).

The hygroscopic nature of solid wood and wood based catepaseans that a wooden
object is able to gain or lose moisture from the surrounding environment. Air and liquid water
are the most frequent surroundings. The amount of bound water in wood depends on the air
temperatureT) and relative humidityRH). While submerged in water, after reaching B&P,
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the cavities of the lumens in wood fill up with free or capillary water. Small amount of free
water may accumulate as condensate in the lumen in case of abrupt drop of air temperature that
had highRH. If a block of wood is kept long enough in constant environmental conditi@ns (
constantT andRH or submerged in watethe block will reach a steady state moisture content
termed as equilibrium moisture conte&MC). The relationship among densitiég, specific

gravity (SG and moisture contenM(C) is manifold. The interested reader may get more in

depth information from the literaturégipariK ® zi k°nyv | . 200R; Siau 1¢

Below FSPany loss or gain in moisture is always accompanied by dimensional changes
that can be calculated by the general formula:

d -
Strv = %doloo[%], (1.4)

0

Where Srr v represents shrinkage or swelling. Indexes denote the principal anatomical
directions in which the changes were measured. Subsgriptlicates volumetric values.
Variablesdyc andd, are the wet and ovedry dimensions, respectively. Although, the shriggka
and swelling may be linearly related to the moisture content bEBR® the expansion and
contraction have different rates of changes in dimension& pemMC changes. These features
are termed as coefficients of moisture expansion/contraction witltnihen/m/% Furthermore,
both the total shrinkage and swelling have different values in the different anatomical directions.
For woods grown in the temperate region the average total shrinkage or swelling rati68sfrom
MC to FSP are as follows:S,:Sr:Sg:S. = 1:0.63:0.34:0.03wvhere § = 0.03 the longitudinal
shrinkage is practically negligibl&@ i par i K ® z)i HoWeavey, wrosgrain woodcén
shrink significantly. The anisotropy of shrinkage may result in deformation of lumber after
drying. Figure 1.3 shows some of these distorted shapes as a function of the location in the
trunk.

Figure 1.3. Deformed shapes of various cross sections of lumber, after drying, cut from different
location of the log (U.S. Forest Products Laboratory, Wood Handh88R)
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In Appendix ] Table A.I4 contains the average green specific gravity and total shrinkage
values of selected hardwoods.

[.3 Environmental Modifiers

It is well known that the ambient relative humidity and temperature controls the adsorbed
water inwood and woodompositesHence, the effect of temperature and moisture content as
environmental modifiers on the mechanical properties is briefly discussed next. The influence of
temperature on the stresgain relations and creep behavior of wood is schematically
represented ifigure 1.4.

L ]

Temperature

Temperature -
increase 2 incregse
wh
= 2
8 L
Strain Time
a. b.

Figure 1.4. Schematic representation of the effect of temperature on the &i@ss(@.) and
creep behaviorl(,) of wood and woodomposites (Adapted from Bodig and Jayne 1984

Experimental data indicate linear decline of moduluslasticity and strength values by
increasing temperatur8dgdig and Jaynel1984increasing temperature accelerates the creep at
every stage and increases the deformation at failure.

150 —
A
120 -
= B
= 90
Py
E;- 60 = <
=4
o
0+
D
E -_-_-_-_-___T':_
0 5 10 15 20 25 30

Maisture content (%)

Figure 1.5. The effect of moisture content on the strength properties of idedsion parallel
to the grain,B bending strengthC compression parallel to the graib, compression
perpendicular to the grain ané tension perpendicular to the grain (Wood Handboo82)9
At constant temperature, the most properties increase with decrease of moisture content
changes below the fiber saturation poifiSP. Figure 1.5 demonstrates these average
adjustments for a number of species at nor(raR13 temperature. The relationship that
describes these changes between 12 % MC and FSP can be approximated by a negative
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exponential function. However, care should be exercise adjusting properties below 12 % MC.
While the majority of species demonstrate iase of mechanical properties with drying, some
species may be erratic in response for a certain proptgdmbinations.

The combined effect of temperature and moisture content on the mechanical properties
of wood and wood composites is depictedrigure |.6 at two moisture content levels. At room
temperature hardly any differences can be observed, however, significant increase or decrease in
mechanical properties take place below and abowe ,2@spectively.

200 300 -

19
12% moisture content A. 12% moisture content B.

100+- - - 0% moisture content

0% moisture content
50t

Relative modulus of elasticity (%)
Relative compressive strength (%)
3

0 | H 0 L " A . . . A ——
200 -100 0 100 200 300 200 -100 0 100 200 300
Temperature (°C) Temperature (°C)

Figure 1.6. The effect of temperaturetato moisture content levels relative to the values at
21AC. A modulus of elasticityB compression strength parallel to the grain.
(Wood Handbook 2000)
The plots are composites of several test results performed on different wood species. The

width of thebands illustrates the variability between and within reported trends. The significant
effects of the environmental modifiers indicate that all research dealing with wood and wood
based composites should be conducted in controlled environment. Reportsciudd the
specifications of ambient temperature and relative humidity. Special treatment such as hot water
bath or any treatment by chemicals including surface finishing, staining or resin coating requires
the specification of the agents. The applicatimlumes and methods need to be identified as
well. The proper description of ambient and treatment conditions ensure the comparison of
research data and repeatability of experiments.

I.4 About Modeling

The general purpose of a model or theory is to éstata framework- based on
scientific observations which can explain or predict phenomena. Major features of models
include supporting data, logical sequence of events, expected outcomes and validation
possibilities. The later include simulationthat is the implementation of a model. Usually a
steady state simulation provides knowl edge a
the other hand, a dynamic simulation supplies information over a period of time. One might say
that the simulation lsings a model to life. Thus, the model shows how a particular object or
phenomenon will behave. Changing the parameters in a model optimization of performance
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characteristics and/or processing may be achieved. Furthermore, the two major types of models
include deterministic and probability or stochastic models. The firsmmataematical modeh

which outcomes are precisely determined through well establigt&tibnshipsamongstates

and events excluding anyrandom variationin input parameters. Itomparison stochastic
modelsuse probability distributiongor generating inpuvariables.Consequently, the outcome

of a stochastic model is never the same. Scientific modatsrareptsshould remairopen to
revisiors. As additional research develops new data and different approaches can refine a model.

Wood, being a biological material, has substantial variation in physical and mechanical
properties. Therefore, a combination of deterministic andhagtic modelsr one of these alone
have been usdd some of theesearch projects discussed in this Dissertation.

I.5 Products and Technologies

Three of theresearch worksdiscussedin later Chapters dealt with prefabricated,
structural, composites and newly developed products. The purpose of this short section is to
provide elementary information about existing structural composites and their manufacturing
technologies. Detailed provisions atite discussion of technologies regarding the innovations
are provided in the appropriate Chapters of this work.

Four existing products were involved in the works presented here. These structural
wood-based composites have well defined material progedra developed manufacturing
technologies l(ang 2006. Figure 1.7 illustrates these products followed by brief descriptions
and technological specifications.

Figure 1.7. Structural wooebased composite®SBi oriented strand board; SL 7 laminated
strand lumberLVL i laminated veneer lumbeRSL - parallel strand lumber.


http://www.businessdictionary.com/definition/relationship.html
http://www.businessdictionary.com/definition/random-variation.html
http://www.investorwords.com/994/comparison.html
http://www.businessdictionary.com/definition/probability-distribution.html
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OSB- A type of layered particle panel product composed of sttgpel flakes which are
purposely aligned in directions (usually perpendicular) which makes a pamgjestrstiffer and
with improved dimensional properties in the alignment directions. Usual constructions have an
odd number of layers; 3 to 5. Outside layers are called faces, inside layers are called the core.
Common thickness ranges from 6 to 20 mm witngd size of 1.33 x 2.66 m. Material
components include wood strands (flakes), ring or disk flaked having approximate dimensions
of 1 mm in thickness and ~ 12 x 150 mm width and length. Preferred species are: softwoods:
Southern pine; hardwoods: Aspen,lgel-poplar and other various medium density hardwoods.
Adhesives types: phen@drmaldehyde, isocyanate (pMDI) for exterior grades.

LSL - Laminated Strand Lumber is an engineered load bearing composite product,
manufactured from highly consolidated wosttlands. Strands are produced from logs or bolts
by disk flakers. Strands are 300 mm long or less and are highly oriented parallel to the
longitudinal axis of the panel. Strand widths are oriented parallel with the panel width. Material
components consistf strands ~1 mm in thickness, having random width {125 mm).
Preferred species are: aspen, yeljmoplar, mixedsoftwood and hardwoods. The product has
comparatively low resin content <10%, which is usually isocyanate-inéssl PVA.

LVL - is a beamelement produced from laminates of structural veneer (~ 3mm in
thickness).Veneer is laminated vertically for most application. Overlap, scarf and butt joints are
used to engoint the laminates. All laminates are oriented parallel to the longitudinab&itie
beam. Material components comprise structural (peeled) veneer slig&3 x 2.66 m)
Preferred species group: Hdfr, Southern pine, yelloypoplar. Typically pheneformaldehyde
resin is used for lamination and isocynaténked PVA for regluing

PSL - is a beam/column element produced from consolidated veneer strands. The
process is similar to poltrusion. Resin is cured by radio frequency microwaves. Strands are cut
from structural veneer (~3 mm thickjeneer is chopped into ~ 25 mm wide stta andare 2.66
m or less in length. Strands have some orientation within the cross section, however, are highly
oriented to the longitudinal axis of the bedwhaterial components: structural veneer strands.
Preferred species: HeFir, Southern pineyellow-poplar. Resin is a phenfdrmaldehyde type
applied by roller or curtain coating (5%).

The furnish materials for the newly developed wood composite were mostly decorative
veneer residues and some peeled structural vertggese 1.8 shows the schertia of slicing
and peeling operations.

~10~
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Figure 1.8. Methods of veneer manufacturingy:- plain slicing; B. T rotary cutor peeling
(unknown source
After plasticization and prshaping of logs, the plain slicing operation produces veneer

leafsby a horizontal cutting action of the long knif&)( Note, that the resulting thin wooden
plates have changing orthotropic properties because of the transition bétweand L-R
anatomical planes as the knife approaching the center of thRdtayy ait or peeling operation
produces a long veneer ribbon along an Archimedean spiral. This is then cut to the standard size
of 1.33 x 2.66 m sheets. The process results in an almost perfect orthotropit.{ilptehere

the thickness is in thR direction. Havever, properties can change significantly sheet by sheet
because of the location of veneer cut relative to the center of the log (i.e., sapwood, heart wood
or Juvenal wood).

Finally, l-joists with newly developed, corrugated web panels are mentioned. The
flanges of tlese structural elements were manufactured fiowk, PSL or solid pine wood. The
discussion of these jossinay be less detailed because of intellectual propertysrigh

The reader should bear in mind that solid wood ites#n in strand or veneer fornms a
complex composite material in molecular, micro and macroscopicsleVélerefore, the
mechanical and physical characterization, development and defswnodbased composites
require reasonable compromises that incafeothe natural variability of the wood constituents.

I.6 Closure of Chapter |

The field of wood and woellased composite science is very broad. Many books and
publications are available on separate aspects of wood science and techisidgyazi 1976
Panshin and de Zeeuw. 1980, Tsoumis 1991, Szalai 1994, le&rg, the mechanicand
physical characteristics of solid wood werbriefly outlined that may help the better
understanding of wood as a natural origin raw material for thousands of usesutfibefeels
that this basic knowledge is imperative to comprehend the overall behavior of wood in ever
changing environmental conditions. For some readers there are obvious details, for others the
entire Chapter might be unfamiliar. Nevertheless, thm$roduction tried to summarize the
essential features of solid wood with the hope that it is deep enough to provide valuable facts
and information and short enough to avoid redundancies and tediousness.
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Nomenclaturel

Upper case letters

E modulus of elasticity
EMC equilibrium moisture conten
FSP fiber saturation point

G modulus of rigidity
L,R,T anatomical directions
LSL laminated strand lumber
MC moisture content
OSB oriented strandoard
PSL parallel strand lumber
RH relative humidity

S shrinkage, swelling

SG specific gravity

T volume

V temperature

W  weight
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Lower case letters
d

9
m

u

Greekletters:

Subscripts:

LRT

MC

dimensions
gravitational acceleration
mass

Fractional moisture content

density

Poi ssonds r alt

oven dry initial

anatomical direction indexe
at the given moisture contel
water

wet
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I1. Modeling the Consolidation of Wooestrand Mats

[1.1 Introduction

From the | ate 1 980E3SB) becamea ndmeant structural patel
materi al for the construction industry. Gr a
manufacturers were seeking research supports to imptrevepérformance properties and
manufacturing technologies of their products. Research institutes and universities with wood
science programs had no difficulty obtaining research grants from the industry and from Federal
and State Government agencies. Howgwaé the turnover of the millennia this golden age of
OSB research started to deteriorate. The global economic crisis penetrated into the wood
composite industry. The decreasing number of new commercial and residential constructions
resulted in declininglemand for structural panels. Currently, most of the OSB manufacturing
plants in North America are running at half capacity. Nevertheless, during the past two decades
significant volume of research was devoted to explore the different aspects of OSB
manufaturing. This Chapter describes one of the early attempts to model the consolidation of
strand type composites.

During the hatpressing of OSB, a loosely formed combination of adhesive and wood
material is consolidated into a contiguous composite paaelafminated wood composites such
as plywood, laminated veneer lumber (LVL) and glued laminated beams, the material structure
after consolidation is primarily dictated by the geometry of the constituting wood elements.
However, for materials produced witlliscontinuous constituents like fibers, particles and
strands, the final material structure is governed by not only the wood elements itself, but the
forming method and the pressing operation as well.

With nonrveneer composites, void space is incorporateathe wood matKigure 11.1)
as a consequence of the forming operation. The goal of pressing is to remove the void space that
separates the individual wood elements, thereby providing contact between strands and
promoting adhesion. Heat is used in tberation to both soften the wood components and
accelerate the cure of the adhesive.

Figure 11.1. A typical OSB mat after formation.
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Dur i ng t,latethe b&idiring of the introduction of OSB the vertical density
distribution of strand mats wasviestigated (Suchsland, 1962). Later, Suchsland and Xu (1989)
researched the horizontal density distributions. Results were related to the internal bond strength
and thickness swell properties of the OSB panels. Focusing on the wood component; the non
linear transverse compression behavior was stu
for structural collapse of wood strands was based on the theories of cellular materials. The
influence of heat, moisture on polymer viscoelasticity was studied bydtat al. (1990).
Experimental data for various mat density gradients agreed well with analytical results.

Dai and Steiner (1993) were the first to address the relationship between mat forming
and the static stressrain behavior during consolidatiohheir model was based on the infinite
summation of overlapping strands. The model worked well in the higher stress region. Later,
they realized the importance of spatial characteristics of the mat and the forming process and
gave rationale to further metildevelopments (Steiner and Dai 1994). Furthermore, parallel to
this work presented here, Dai and Steindi9éh, 1994b) published two papers on simulation
modeling of randomly formed mat structures. During the last 15 years since our model was
developedseveral researches targeted the oriented strand board manufacturing processes from
different directions. Unfortunately by the time of 2005, due to the moribund global economy,
research on OSB declined significantly.

[1.2 Objectives

In order to betteunderstandhewood composite manufacture, a fundamental model was
developed to describe the mechanical behavior of vetrashd mats during the pressing
operation. Although the consolidation involves heat and mass transfer phenomena that have
significant effet on the stresstrain relation during hot pressing, investigation of these physical
events were beyond the scope of this study. To achieve the ultimate goals of the project, two
major tasks with specific objectives were targeted as follows.

1. Development of a conceptual model for mat structure characterization.

1.1 To experimentally measure the relevant parameters in randomly formed wood strand
mats.

1.2 To develop and statistically validate a simulation procedure to reconstruct the mat
structue.

1.3 To experimentally validate the model.

2. Development of a mathematical model based on solid mechanics to approximate the stress
response of randomly formed weesttand mats under compression.

2.1 Experimentally validate the model by comparing thledvior of realistic mats to the
model predictions.

2.2 To determine the model sensitivity to the changes of variables describing the mat
structure.
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To achieve the objectives we divided the research into two different segments. The first
part dealt with reonstruction of virtual mat structures via stochastic modeling (Monte Carlo
simulation). After validation of the reconstruction model, a stress response concept was
formulated to describe the strestsain behavior of the mats under cold pressing.

[1.3 Background and Concept of the Mat Characterization

To characterize a randomly formed, westdand mat several characteristics such as
strand size and geometry, their position and orientation can be used. Although some of these
parameters are either fully guartially controlled in manufacture, they all remain stochastic
parameters to a certain degree with statistical variability. For this reason, any modeling effort
must incorporate methodologies using statistical principles that allow a mat structure to be
recreated with computer simulation.

Suchsland (1962) studied the density distribution of flake baatis precursor of OSB
i and he modeled the mat as a system of columns that contain horizontally stacked flakes. It was
hypothesized that the numbers obBkiés in the imaginary columns follow a binominal
probability distribution. Dai and Steiner (1994a, b) stated that the formation of random strand
mats may be adequately modeled by the Poisson distribution of strand centers and strand
coverage.
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Figure 11.2. A schematic of the conceptual model to characterize the mat struatume.
arbitrarily sized mat divided into blockb;- experimental block divided into 64 columas;the
theoretical structure of a columu;- the random position of the strandsd the interpretation

of the spatial variables.
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We used somewhat different method to characterize and digitally preserve mat structures
for further incorporation to a deterministic model which predicts the static-strags behavior
under cold pressqg. Figure 1.2 shows the concepts of our mat characterization model.

Accordingly, an arbitrarily sized mat was divided into square sample blocks (152 x 152
mm). Each block was further divided into effective columns. The column width was 19 mm
square (theverage size of the strand width). This resulted in 64 columns within a block.

The following variables characterized the mat structiigufe 11.3):
1. The number of overlapping strands in a columg)(N
2. The distance between the adjacent strands measur@ &ub of the column or as
further referregg to as void height (o
The location of the column centroid relative to the strand lengjk) (X
4. The average height of the sample block/mat (H).

w

Figure I1.3. Digitized images of one side of a samiglieck showing the spatial mat
characteristics.

The subscripts b = 1, é, ,2aénote the black, toludn @ an
strand numbers, respectively. Accordingly, measurements of 640 columns from 20 sample
blocks were used for database developmiote that although each block was divided into 64
columns, only 32 column hubs along the perimeter of the block could be measured without
disturbing the initial mat structure. The average mat height (H) was considered as control
variable because the enWapping strands with constant thickness (h = 0.8 mm), and the void
height between the adjacent strands within a column control the initial height of the mat
according to the following:

H = B + hNy, (1.1)

~19~



dc_265 11

Chapter Il Modeling the consolidation of OSB mats

The next section presents the develeptrof the simulation procedure to generate arrays
of the mat structural characteristicsp{N prgand Xx). In general the simulation should
maintain the marginal distributions and preserve any correlation structures of the multiple
random variates. Siatical methods used to validate the simulation procedure are also
presented.

[1.4 Simulation Routine Development

[1.4.1 Materials and methods for data base assessment
Twenty sample mats (blocks) were manufactured from uniformly sized (0.8 x 19 x 70

mm) strands. Mats were prepared by hand forming in a 305 x 305 mm box with removable
bottom. The central section, having a base of 152 x 152 mm, was cut out with a large paper
shear. This technique eliminated the edge effect and the sample blocks wereredressda

section of a randomly formed mat. The mat was formed to a target density of 60blagéd

on 13 mm final panel thickness. From each side of the blocks, a scaled video image was
acquired and analyzed with a computerized data acquisition sysigung 11.3). On the images

eight column centroids were marked 19 mm apart. For each column the number of overlapping
strands were manually counted and recorded. The acquisition system recorded the average
height (H) of each mat image. In addition onedhune d concomi t apR)tandv oi d
location (%) values were assessed.

Tablell.l1.Descri ptive statistics of sampl e

Statistics /s N Xik O H

(mm) (mm) (mm)
Mean 1) 24.42 24.17 12.69 3.22 73.91
Std. Dev.§) 1.82 3.89 7.86 2.37 3.56
Size (n) 20 640 100 100 20
Min. 21.62 10 2.65 0.71 67.06
Max. 28.38 42 38.72 14.56 80.52
Skewness 0.28 0.12 1.65 2.48 -0.25

!/, - average overlapping flake numbers in 32 columns of a sample mat.

Table 11.1 contains the descriptive statistics of the acquired parameters. Note, that the
Ok and X measurements could be performed at strands whose lengths were aligned parallel
with the image plane. Based on the average H values the bulk density of eachbdachpheas
calculated. The average overlapping strand numlagysmere approximated by computing the
mean of the 32 counts at the column hubs along the perimeter of a sample block. Theyrole of
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is discussed later. The assessed data were analyzedr&aton structure and for the marginal
distribution of the population.

[1.4.2 The correlation structure and the probability distributions of the original data sets

The overlapping strand numbers,jNvere tested for lad and lag2 type serial correlains.
The voi dphaad lgdation (xpparameters were not consecutive measurements;
therefore, no serial correlation tests were performed on these data sets. For void height, the serial
correlation analyses were done for each block having an sauple size of observation. Of the
twenty sample blocks six showed only slight-lagype correlation, while only one k&ytype
correlation was detected. This result seemingly contradicts the fact that Dai and Steiner (1984b)
observed spatial correlatiobetween adjacent overlapping strand numbers in randomly formed
aspen strand mats. However, the distance between the adjoining counts in their study was
approximately 1/10 of their strand width (i.e., 9.31 mm). Such a high resolution must have serial
correlation because a particular strand can be present in ten adjacent imaginary columns. In this
work the overlapping strands were counted 19 mm (a strand width) apart from each other, showing
no significant correlations.

In the next step, the correlatioe b we e n v 0 iydl anchlecatignh(Xy) datapwas
investigated. The correlation coefficiemyx = -0.0316 indicated no correlation between these
variables. Appendix Il contains some more information about the association between these
variables. Finally, theoretical probability distribution functions were fitted to the data to determine
the marginal distributions of the spatial variables. The parameters of the ptplahsitibutions
were estimated by the leagjuares method. Visual appraisal and formal gooelrfef#istest, such
asChi-square( % and KolmogoroxvSmirnov (KS) tests, helped to assess the estimated probability
density functionsTable Il.2contains theesults of these tests.

Table I1.2. Summary of the GoodnesEFit test results. All tests were performed at 95 %
confidence levelg=0.05.

Mat Fitted Parameters DOE Test Statistics & Critical Valugs
properties distributio  m s? . c? Cia KS Cha’
n
Np; Poisson() 24.17 15.13 17 414.16 27.587 - -
I N(msz) 24.42 3.32 9 400 16.919 0.320 0.895
D LN(ms?) 098¢ 052 17 12.40 27.587 0.545 0.895
Xk LN(ms?) 236 028 17 21.60 27.587 0.812 0.895

a.- mean of natural logarithms

b. - variance of natural logarithms

c.- degree of freedom

d. - test statistics and critical values were computed according to the relevant literature
e.- critical value of KS test when the parameters are unknown
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For both location(Xpx) and void height( gp), the formal tests failed to reject the
| %) grobabilitndistribuionsKiguges!.4 andTable 11.9).

Chapter Il
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Figure I1.4. Frequency histogram of 100 observed void hejghtand locationlf.) data. The
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overlaid.
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Truncated normal and several discrete probability distributions were fitteg; tatd
without success. This failure to specify the stochastic nature of the overlapping strand numbers
might be attributed to the low resolution of the count and/or to tttetat the sample blocks
were independently formed instead of being sections of a continuous mat.

To overcome the problem a new variable, the mean overlapping strand neghlveay
introduced to the simulation procedure. Becaaysie an average of 3R, observations, it tends
to be normally distributed according to the Central Limit Theorem. The parameters of this
normal distribution are as follows:

and (1.2)

I3

where n is the sample siz€igure 11.5.b demonstrates the distribution of obsenagdvalues.
Because the Poiss@awas still the best estimate of,;Mata two key assumptions were made.

First, the means of the overlapping strand numbers of the experimental blocks can be generated
from a normalbprobability distribution. Second, using these mean values as diffsrdat each

block to generate Poissoay) variates, the simulation would better approximate the parameters

of the overall N; observation than generating from direct Poiss®ruging only one mean and
variance.

ll. 4.3 The simulation routine
Based on the above discussed principles and assumptions, a simulation procedure was

developed. The algorithm includes the following main steps.

1. The mean values of overlapping strands otédimns in a sample block were generated
from normal probability distributionsg ™ N ( € 2)). Ttie polar method (Law and Kelton,
1991) was used to produce normally distributed variates.

2. In the next step, using the values, 64 N data were generatedofn the Poissonaf)
distributions for each sample block. The algorithm utilizes the relationship between
Poisson @ and expo(8) distributions. The routine computes and stores the sum of the
ijdata by b = 1,¢é,20.

3. For the simulated blocks, accordingttoh e r e s y Vatuss, the fotheF o mat
characteristics, such as location,§ and Vv o iyg weheegengrateéd fr¢noghe
previous!ly i % mwababiity distibitiohsN ( € | G

The details and justifications of generating random variates fn ~ N), Bojssoriid,)
and L f prebabilith distributions are given by Law and Kelton (1991) andgpendix I
The routine for generating discrete and continuous random variates included a subroutine for
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producing standard unifortd(0,1) randomumbers. This FORTRAN subroutine was published
by Etter (1987). Tests, recommended by the ASTM D HiR4&tandard, were performed to
confirm the feasibility of this random number generator.

[1.5 Result and Discussion of the Virtual Mat Formation

The appliability of the Central Limit Theorerto generate jjdata is demonstrated on
Figure 1l.6a and b First, 208y, values were producedrig. 11.6.b) using the parameters of the
observed data sefgble. 3. The resultand,s helped to acquire 128Q,Nata. his two-step
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Figure I1.6. Frequency histograms of 1280 simulated overlapping strand nunmdges( 20
simulated average overlapping stand numbbrs The original Poissongf and normal
mass/density functions, with the parameters of simulatedidtdd, are overlaid.

simulation practice produced equivalent distribution gfddta compared to that observed on 20
experimental blocks. The means and variances of the simulated and real data are very
comparableRigure Il.5a,andFigure 11.63).

Theot her two mat char act e? dissibutionsswerg eisualy at e c
evaluated. The simulation adequately preserved the marginal distributions and resulted in non
correlated structures similar to that observi&ppendix I, Figure A.ll.L
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The entire simulation procedure was repeated five times to generate the mat
characteristic®n, Ny, bjkANd Xi. Table Il.3contains the results and their averages, with the
summary statistics of the measured data set. Additionally, from ghanN thea s s i gy e d @
data, the average height of 64 columns in a sample block was computed for each replication
using Eq. 1.1 (Table 11.3. Note, that the means of 64 column heights are similar to the
measured values. However, the standard deviations are alowdse that of the experimental
data. This phenomenon is a result of the initial data acquisition practice and the model structure
combined. The simulation assigns one @ val ue
in a column vary betweenpyNN 1 depending upon the shapes of the first and last strands (i.e.,
convex or concave). Sensitivity analysis of the static ss&asn model revealed that the
vari abil ity pdHadno eignificart effécgoh the sfregs prediction.

The developd Monte Carlo simulation procedure appears to adequately reproduce the
marginal distributions of mat spatial characteristics, preserving theaoroelated structure of
the data. Further elaboration of the usefulness of this stochastic model is giverConclusion
section of this Chapter.

[1.6 Theoretical Background and the Stresstrain Model Development

The consolidation of randomly formed wood strand mats may be characterized by a
press diagram. The compression force applied to the mat is ugplatigd against time as
shown inFigure Il.7a This curve can be divided into three different regions:press closing,

2 - stress relaxation and-3tenting or press openingMolcott at al. 199 During press closing,
stress develops nonlinearly witthe displacement because of the structural and material
nonlinearity of the mat. This region can be converted into sttes® diagram as shown on
Figure I1.7b. Note that the stress is on logarithmic scale to demonstrate the stress behavior
during the iitial phase of the consolidation.

Load
Log Stress

Time Total Mat Strain

Figure I1.7. Typical loadtime diagrans of randomly formed mat in cold pressirag) @ full
pressing cycle: 1i. press closing, 2. stress relaxation, 3. venting. Stress strairelationship
of the of the press closing reginie) (
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By examining these diagrams, the following observations can be made:

1. The stress e development is minimal at the beginning of the consolidation.

2. As the displacement continues, the stress increase beamng#suous and smooth
because the individual strands deform in bending.

3. Rapid stress development can be observed for mat strains greater than 60%, where the
consolidation is dominated by the compression of stacked, solid wood strands.

Studying the change#n real mat structure during consolidation leads to similar
conclusionsFigure 1l.8ashows the initial structure of a randomly formed wood strand mat. At
mat strain of approximately 30%, the void heights decrease and most of the strands flatten
(Figure 11.8b). When the total mat strain is about 60%, the void heights approach a minimum
value Figure 11.80.

Figure 11.8. Structural changes in a randomly foeawood strand mat during consolidation.
a. - initial bulk structure;b. - at mat straine 0.3;c. - at straine 0.3

Based on the above discussion and results of earlier research prsjedisiénd 1962;
Harless et al. 1987; Suchslanad and Xu 1989; Dai and Steiner 1993, 1PR4@adb assumed
that the static compression response of a strand amabe separated into two components. In
the early stage of the consolidation, the cumulative stress development results from the bending
resistance of the individual wood strands. As consolidation continues, overlapping strands form
solid columns of varyig height that deform in transverse compression. To facilitate the
numerical solution for the stress development in virtually reconstructed mat bldeksribed
earlier- the following theories were used.

[1.6.1 Stresses due to strand bending

Figure 11.9 provides a graphical demonstration of the concepts for stress computation
where detail. just a reiteration of the previously defined spatial characteristics of the mat. To
maintain the simplicity and mathematical tractability of the model, severainpisans were
made. Each strand was considered as a small simply supported beam under linearly distributed
load { ) and index; denotes the total mat straifrigure 11.9.0. Beam deflections were

computed at the column hubs, and the location var{@gleidentified the position of the strand
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relative to the central axis of the column. The possible maximum deflection of a strand beam
was t he actseil'gtrarddn thgcolumn.

Figure 11.9. The theoretical units of the static streggain modela. - idealized initial structure
ofacolumnp.it he A b e a mbdthesalidsrand stacking.

An inverted form of a beam deflection equation was used to determine the distributed
load to deflect the strand beams that eventually fosulid column. The limitation of this
idealized strand bending model is that in reality, several strands in each column support
point loads at the beginning of the consolidation. Furthermore, as consolidation proceeds, the
spacing and the number of suppdds a strand beam will change. These phenomena were
modeled by proportionally decreasing the beam (strand) span and gradually modifying the
location variable as well.

To quantify the stress development due to strand bending in a column, the total mat
disdacement was proportionally assigned to each strand. The necessary load, to cause this
deflection, can be calculated as follows:

9

Yy
T (11.3)
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Where:
1 - distributed load (N/m)
Y - proportional deflection of a strand (m)
Xii - location of the column centriod (m)
E - modulus of elasticity in bendin@a)
| - moment of inertia ()
Lix - changing length of the beam (m)
i -indexof the total mat strain)
ik -column and strand indexes, respectively

The obtained distributed load values than can be converted into stresses by the following
summation:

. B — (11.4)

Where:
Uj - stress in columpat straini (Pa)
N; - number of overlapping strands in column
a - width of the column/strand (m)

The total mat displacement is distributed to the strand until the entire void height is
eliminated or the target thickness has been achieved. Becatisesteand has a different
maximum deflection value (i.e., different void height between the strands), the stress
computation stops when the proporti onal di
associated with the strand. Then, this particular stiangissumed to be perfectly flat in a
horizontal position. The corresponding stress value is preserved and the proportional
displacements are increased for the remaining strands. The procedure continues until all void
spaces are eliminated and the colusmicompressed to a solid layered stack of straRidgile
11.9¢).

11.6.2 Stress development in solid strand columns

Initially, the mat strain in compression induces bending but not compression stresses in
the strands. When the voids in a column have bdiemnnated, columns begin to undergo
compression strain as consolidation continues toward the target mat thickness.

The compression behavior of wood strands can be modeled using theories of cellular
materials. The characteristic stretgin curve of woodn transverse compression has been
discussed in details by several authddsi(i at al., 1984; Wolcott at al., 1989b; Dai and Steiner

1993. Hookesdés Law modi fied with a nonlinear st
constitutive relation Rush 1969; Wolcott 1989a; Gibson and Ashby 198khis modified
Hookeds Law takes the following form:
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. Ok - (11.5)
Where:
, -compressive stress
- -strain
E-Youngd6s modulus of the cellular materi al
B - - nonlinearstrain function

The nonlinear strain function can be determined experimentally by compressing strand
col umns. The | inear regime is analyzed to a
nonlinear strain function can then be calculated by rearrgrifquation Il.5and described
using an empirical polynomial (Dai and Steiner 1993).

In the absence of experimental data, structural theories developed for honeycomb and
closed cell foams may be applied to deternfine with the equation provided belo¢Asby
and Gison 1988; Woloctt et al. 1989b):

j T
B - = (11.6)

Where:

U - compressive strain

Iy - relative density of the wood

1 (O - changes of relative density

Cs;  -yield strain ()

C, - linear elastic constant

B - - nonlinear strain function in transverse compression

In this equation the relative density is defined as the ratio between the solid wood density
and cellwall density. The linear elastic constant is a function of the stthlc#tness. The
changes of relative densify (O can be computed from the relationship between the plastic
strain and the expansion ratio as follows:

. " p - ¢o'- - (I1.7)

Where the unknowns:
U, - plastic strain
€ -expansiomatio

The expansion ratio is defined as the ratio of lateral strain to compressive strain in the
nonlinear stresstrain region (Wolcott et al. 1989a). In both approaches, the valge-ofis
equal to unity for strains less thih Equation Il.6becomes singular as the relative dengity (
approaches 1 (i.e., total densification of the cellular material). However, total densification
seldom occurs during manufacture of wdzabed composites.
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11.6.3 The overall model for mat behavior under congirtion

The constitutive relationship for predicting the stress respondescussed abové
should be applied to the virtual mat structure in order to predict the compression behaviors of
randomly formed wood strand mats. In general, the model comitiedsending resistance of
the strands at the early stage of the consolidation. As the press closure advances, voids are
eliminated for a gradually increasing area in the initial bulk structure of the mat. The stress
development in the voitess area is due the transverse compression of solidly stacked strands.
One of the advantages of this model structure is that consolidation can be predicted from
individual experimental units (blocks) by using actual measured parameters as inputs for the
simulations. Te predicted stresstrain response then can be compared to the actual behavior of
the same experimental unit.

In the initial stage of the model (steps3)l the mat structure is reconstructed on a
probabilistic basis. Steps-8 are the stress calculatorior a mat section (block). Step 9
improves the resolution and usually 5 repetitions were found to be adequate. The following list
summarizes the model structure:

O

1. Generate the mean overlapping strand numgysn(a mat blockay, ¥ N ( €%). @
2. Generatehe number of overlapping strands,{jNor the 64 columns in block b:uNv
Poisson &).
3. Generate and assign location a n d v o ppfor éaehi sigahc in e@ctpcolumn:
Lok LN( &), aipd Lag( &), d
The stress is then calculatied a mat as follows:
4. Assign an incremental total mat displacement.
5. Compute the proportional deflection in a column. Calculate the cumulative stress in the
column according t&quations 1.3 and 11.4
6. | f xPpthe tot al m @)t contputestime Isteess dquatiort 1.5 ( gou
Repeat steps 7 until the target mat thickness is reached.
8. Repeat stepsil8 for each oh block comprising the mat and calculate the average
stress response.

~

The stress predicti on modulgswfstramdgin bendipguiandsin f o r
transverse compression. The bending moduly¥ \{ias obtained from the literature (USDA
Forest Service 1982). We evaluated the compression modulpseiperimentally and that
procedure is discussed next.
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[1.7 Experimental Validation of the Static Stresstrain Model

I1.7.1 Materials
For validation of the stress response model, we used the same 20 experimental sample

blocks that were prepared for database development to assess the spatial mat characteristics. The
description of the employed materials and mat formation technique is giv&edipn 1.4.1

The target density of the panels (600 kY/mafter consolidation to 13 mm final thickness
required 0.702 kg furnish for the given sized forming box. This resuited average of 74 mm
thickness for the loosely formed mats, having approximately 100°kglkndensities.

[1.7.2 Methods

For determination of the compression modulig,(twelve 19 mm square strands with
0.8 mm thickness were stacked to form a sotildimn. A walk in environmental chamber set for
60 % relative humidity RH) and 21AC temperature ensured approximately 12% equilibrium
moisture contentEMC) for the strands columns and for the experimental blocks as well.
Compression tests were carriedt aising an MTS universal serrydraulic testing machine.
The machine had a max. 60 N 0.01 kN |l oad ce!
daily and a computerized data acquisition system collected load and displacement data in real
time.

[1.8 Results and Discussion and the Overall Model Performance

11.8.1 Material property tests

From compression tests of the nine solid strand columns, the megwakEstimated
to be 4.2 MP, while the mean of yield straig) (was found to be 0.14. Thesalwes are
comparable to those reported by Wolcott et al. (1989a) with ygllgplar strands. The
empirical, nonlinear strain function was approximated by fitting a tenth order polynomial to
experimental data above the yield straiable 11.4 contains thecoefficients resulted from the
regression analysis. Graphical representation of the test results Agmpemdix Il (Figure
A.llL3).

Table I1.4. The approximated regression coefficients for the empirical strain functien

Coefficients Numerical Values Coefficients Numerical Values
By 0.71 De -5269.08
b, 5.19 b, 6578.05
b, -53.13 bg -5307.15
b3 295.24 By 2459.07
by -1114.44 b1o -528.69
bs 291708 | - e
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The theoretical, nonlinear strain function definecHgyation 11.6is graphically
compared to the empirical resultfiigure 11.10. Good agreement can be observed between the
two strain functions.

10000

Empirical: —a—
1000 7| Theoretical: —o—

100 -

10

Log Strain FunctionF ( e )

0.1 ; ; ; ;
0.0 0.2 0.4 0.6 0.8 1.0
Strain (e)

Figure 11.10. Comparison of strain functions obted by polynomial fitting and by theory of
cellular solids (Equation 11.6).

Il. 8.2 Experimental and model predicted behavior of the mat blocks

For validation, the average overlapping strand numbays wWere used as input to
simulate mat structures for five sample blocks. This parameter provided a link between the
experimental and predicted stredmin data for each block. Thus, the average sstesm
behavior of 64 columns in a sample block wasdeied. The five experimental and predicted
stressstrain relationships are comparedHigure 11.11

In general, good agreement was found. For the mat blocks tested, approxim#iBly 60
% compaction was required to initiate rapid stress developmentndtel tends to ovepredict
the stresses in the densification regions, although this error does not appear to be major.

To enhance the model prediction, another five sample block were prepared and tested.
The mean of the overlapping flake numbers in 16irans along the perimeters of the five
sample blocks was used to genemtealues for each block.

Figure Il.12ashows comparison of the average predicted and experimentalstesss
response of five sample blocks. Significant improvement was olasentbe prediction quality
compared to the individual blocks.
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Figure I1.11. Results of the model validation. Symbols and lines represent the experimental and
predicted data, respectively.
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In this case the model mhetion was based on the average stress response of 320
theoretical units (columns). Although the model still slightly epexdicts the stress response;
this inaccuracy is not as severe as for the individual blocks. The slope of the predicted and
experimatal curves shows excellent agreement. Enhancing the resolution (i.e., simulating more
than five sample blocks) did not improve the model prediction, but the computation time
increased significantly.

4 le+2
le+1l — ¢ Experimental /
3 o Experimental — Predicted
$ Predicted _ s 1e+0
=3 : 2 lel
o 2 0
@ g le-2
7 1 - 2 le-3
le-4
0 —fommmmpm——— le-5 T T 1
a 0.0 0.2 04 06 08 10 b0.0 0.2 04 06 08 1.0
Total Mat Strain ' Total Mat Strain

Figure 11.12. Final results of the of the model validation. The average experimental stress
response of five sample blocks compared to the model predictionoemal and bi
logarithmic scale for stress.

To amplfy the response of the low stress region, the average and experimental curves
are depicted on logarithmic stress scligire 11.120H. While no significant deviation could be
observed on the normal scale below 0.01 MPa, the cumulative strand bendimgtioeperly
predict the stress response below this stress value. Dai and Steiner (1993) reported fairly
accurate predictions over 1.5 MPa mat stresses. By including the contribution of strand bending
to dissipate voids, the model presented here preslicss response accurately for the range of
.017 4.0 MPa. The low stress region of the consolidation is extremely important when pressing
low-density panel products.

Predicting the consolidation of randomly formed strand type composites is not limited to
the overall mat stresstrain relationship. The five sample block, used for model validation,
represent a 320 x 320 mm total mat area measured from the hubs of edge columns. Using the
simulated Nj( b=1, é5 and j =1, é64) dat a itieshfiee theapareelr a g e
were 102 and 601 kgfnrespectively Figure 11.13a, B. These values showed excellent
agreement with the observed densities of 100 and 600°kg#tiitating that the simulation
procedure reconstituted the mat structumeith preserved density characteristicThe
coefficients of wariation (COV) for than-planetarget densities argightly higher for the panel
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(17.72%) than for the bulk (17.58%). The densification or cellular collapse of wood strands in

some of the ovestacked columns explains the differences.

Densiy
(kgm?)

b. - COV = 17.72%, u=0.601 gfem’

a.- COV = 17.58%, j=0.102 glem’

Figure 11.13. Horizontal density distribution of simulated mat area of 320 x 320amimbulk
density;b. 1 target density of the 13 mm thick panel.

The residual void volume may be calculated thorough the simulation by detecting the
columns that do not fully consolidate. In 19 of the 320 columns, the sum of the strand
thicknesses is less than the panel target thickness. These 19 columns represetite684taif

mat area where the adhesion might be inadequate.
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Figure 11.14. Results of the sensitivity analysasj the effect of void height §), andb. i the
compression modulus of elasticity.\&n the model prediction.

Sensitivity analyses wereamgied out to reveal if a particular input variable has a
significant effect on the overall model prediction. When holding all the parameters constant, the
variability in the mean overlapping strand numbexg bad the strongest effect on the stress
prediction Figure 11.149. This result was expected because more strand in the columns initiate
rapid stress development at lesser mat strain. In turn,.tfer Ehe wood strands influences the
slope of the rapid stress development regionFigure 11.14b, the 25 MPa for transverse
compression modulus represents aspeap(lus tremoloidgsstrands reported by Dai and
Steiner (1993). The 42 MPa value was experimentally determinedyetiow-poplar
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(Liriodendron tulipiferg strands and the 50 MPa value m@gpict the behavior of higher
density strands (i.e., SG > 0.5). No statistically significant effect of the locatig) &id void

h ei gditinpu marameters could be observed on the model perforntdoeever, it should

be noted t hape,landthe widthtandaonedtatien mayhba strongly correlated to the
location and void height characteristics of the mat. Thus, they may have strong influence on the
early stage of consolidation.

[1.9 Summary and Conclusions

A stochastici deterministic model for predicting strestgain response of randomly
formed oriented strand board mats was developed. In this model the mat structure was
considered as a finite number of imaginary columns with varying numbers of overlapping
strands and size of void spaces. The stress approximation was based on a simple beam theory
and the compression behavior of cellular materials. Thelinearity resulting from the macro
structure wasanticipatedand modeled on a stochastic basis. Theotsf of heat and moisture
content on the consolidation process were out of scope of this research. However, the knowledge
about general behavior of wood under different temperature and moisture content conditions
indicates that the ambient parameters hdeknite effect on the consolidation process. This
demonstrated oRigure A.11.3 in Appendix Il These preliminary experimental results regarding
the effect of temperature and MC were obtained by testing identical sample blocks that were
described in thishapter.

The explained model can predict the stress response of randomly formed wood strand
mats to compression strain with good accuracy over 0.01 MPa. The results of the analytical and
experimental works indicated the following conclusions.

1. The develped Mont Carlo simulation procedure appears to adequately reproduce the
structure of randomly formed, uniform sized strand mats.

2. The stochastic part of this model can be easily extended to incorporate additional
variables such as length, width and oriéotaof the strands.

3. The average values of the overlapping strand numbers control the rapid stress
development relative to the total mat strain in compression.

4. The transverse modulus of elastic in compressighdid the nonlinear strain function
( @) control the slope of the stresgain curve in the rapid stress development phase
of the consolidation.

5. The inplane variability of the overlapping strands governs the horizontal density
distribution, residual void volume and the inadequate bondingratea panel.

6. Because the strand deposition depends mainly on the mat forming technique, the panel
structure and indirectly its mechanical properties may be improved by modifying the
forming process or equipment.

The model was validated with random stramdts constituted from uniformly sized
yellow-poplar strands. The simulatiautines are based on probability distributions and do not
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generally apply to all mat structures. However, theories for the structural reconstruction and
consolidation processdsave universal value. The model is easily adaptable to realistic mat
structures. The representation of the virtual mat structure and the mechanical approach to
compute its stress response under pressure is comparatively simple. Thus, the model provides a
good basis for further enhancement. The expansion should include the time, temperature and
moisture interaction during hot pressing and stress relaxation under constant strain.

[1.10 Closure of Chapter Il

This research was completed in 1995 and resultethree peer reviewed scientific
publications (ang and Wolcott 1995, 1996a, 1996and three presentations at scientific
symposia. The work discussed here, received significant international attention and was cited
approximately 45 times in highly regardecientific journals.

Over the last fifteen years several researchers applied, improved, sometimes criticized or
modified our model. Lenth and Kamke (19964, b) used extensively the approach we developed
to characterize the mat structure and the consoli@tiocess. Qudjehane et al. (1998a, 1998b)
in their continuum model, to explore the interaction between manufacturing parameters and
consolidation of wood composite mats, incorporated the void elimination and the compression
of solid strand column concept.

The first significant improvement based on our perception was presented by Zombori
(2001 andZombori at al.(2001). He introduced additional mat characteristics sucttraad
length, width, density and orientation into the Monte Carlo simulgti@tess. Furthermore,
Zombori addressed the layered structure of the mat; however his primary objective was to model
the transient effects (heat and mass transfer) during the consolidégeertheless, il virtual
mat model demonstrated similar horizdnéiensity distributionsas we observedwith single
layer mat structuregFigure A.ll.4).

Finally, experiences and insights of orthotropic material properties of wood and wood
based composites lead to several related research projects. Some of thegmtionssare
discussed in the following Chapters of this Dissertation.
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Upper case letters:
Cyieldystrain (
Cs linear elastic constant
COV coefficient of variation
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sample size
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cC S oSo
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void height, differential
strain

nonlinear strain function
mean overlapping strands
mean value, expansion ratio

density
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linearly distributed load
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Subscripts:

block index

in compression
total mat height
strain index
column index
strand index
plastic
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CHAPTERI I |

NMNOTHING IN NATURE ISRANDOM. € A THING

APPEARS RANDOM ONLY THROUGH THE
INCOMPLETENESS OF OUR KNOWLEDGE.O

BENEDICT (BARUCH)
DE SPINOZA
(1632 - 1677)
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lll . The Orthotropic Mechanical Properties of Wood and Veneer:
Assessments and Models

[11.1 Introduction

Immanuel Nobel (1801 1872) invented the rotary lathe that eventually resulted in the
industrialscale plywood manufacture. Sinteen, worldwide resource utilization trends and the
year by year decreasing quality and quantity of the available resources have forced the industry
to use smaller wood elements such as veneers, strands, flakes and fibers. Also, the increasing
demand forstructural, wooebased compositeaup to the end of the second millenniaiggered
more intensive utilization of fast growing species previously neglected because of unfavorable
physical and mechanical properties.

Wood-based composite materials haveyidy been developed through empirical studies.
In these products, the constituting wood elements have broad spectrums in species, size and
anatomical orientation relative to their own dimensions. The inherent orthotropic, physical and
mechanical propertiesvhich govern the performance of these structural composites are
dependent on the physical and mechanical properties of the constituents. The location and the
strength axiso direction of t he furnish c
performarce of the final composite products. Furthermore, the manufacturing processes used to
consolidate individual wood elements into a contiguous composite also intrinsically affect the
final performance of the product. For instance, the furnish preparatioommagy not adversely
influence the physical and mechanical properties of the wood elements. Conversely, the
consolidation process usually hot pressing can improve strength and stiffness, unless the
compression stress is too high for the given temperatimwhich point cellular collapse occurs.

To achieve the ultimate goal: fully engineered structural composites, a thorough
understanding of the origin and nature of orthotropic elasticity and strength of the raw materials
is necessary. The described eratl properties then can be related to the properties of
composites with incorporation of the effect of manufacturing parameters. The gained
information will provide a basis for further product development.

During the past couple of decades researchave healized the need for fundamental
understanding of composite manufacture. Our ability to establish universal guidelines fer wood
based composite design is limited by the lack of knowledge regarding raw material properties
and the vast array of interauj processing variables. One can easily realize that the
unpredictable laws of nature govern many of these material properties and interactions. These
facts prevent researchers from developing completely deterministic design procedures. As a
result, comlied stochastic/deterministic models have been developed over the years for
predicting one or more properties of composite products. The lack of reliable data for
orthotropic properties of wood as a furnish material for composites, and the necessary
introduction of new material resources initiated this research with objectives as follows.
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[11.2 Objectives

In quest forfully engineered design of wodshsed, structural composites this research
was aimed at identifying the anisotropic characteristics of ravenmabg exploring the effect of
manufacturing parameters on the constituent
performance of composite products. The first phadiscussed in this Chapterincludes the
development of an adequate databasevédidations of different models that can describe the
orthotropic strength and elasticity of underutilized Appalachian hardwoods and species grown in
Hungary.

Specific objectives were as follows:

1. Develop a statistically reliable database for selespaties and for critical mechanical
properties by extensive testing.

2. Apply nontraditional experimental techniques if standard ASTM procedures are not
viable.

3. Analyze the obtained data by standard statistical methods.

4. Review and evaluate existing models fioediction of orthotropic properties of solid
wood and veneer furnish materials.

5. Develop theoreticalipacked property prediction models for specific composite
applications.

6. Statistically evaluate the different model performances.

Exploration of the dection dependent mechanical properties included three Appalachian
hardwood species: quaking asp@oulus tremuloidgs red oak Quercus rubrg andyellow-
poplar Liriodendron tulipiferg; and two European hardwood species: true poplapilus x.
Euramercana cv. PannonjpandTurkey oak Quercus cerriks

Tests were carried out to evaluate planar shear strength; uniaxial compression and
compression modulus of elasticity for all the species mentioned above. In veneer form, the in
plane dynamic MOE and tens strength were investigated using red oak and yetioplar
structural veneers. Additionally, black cherBr@nus serotinpand read oak decorative veneer
bundles allowed the approximation of dynamic MOE in three dimensions. The next section
contains lhe review of relevant literature in the order as stated above according to the progress of
this research.

[11.3 Literature Review

Orthotropy of the mechanical properties has been an area of interest for a long time.
Uniaxial stresses, like compression @edsion have been the first to get attention, both because
of their ease of assessing and importance in practical applications. Much research effort was
concentrated in this area, but most of these works focused on the effect of grain or ring angle,
separgely. Only a few researchers addressed the -thireensional orthotropy of solid wood in
relation to the mechanical propertiég ( strength and stiffness
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[11.3.1 Literature onShear
True shear strength is one of the most difficult characteristicsmeasure.

Creation of the pure shear stress state is a real challenge. Furthermore, the always present
normal stresses combined with the inherent anisotropy of wood make the strength determination
uncertain. Several publications have dealt with the impreweraf shear strength assessment.

One of the most comprehensive studies on this topic was provided by Yilinen (1963). The
author investigated and critically reviewed several standardized shear testing methods. He
concluded that the majority of block sheests usually underestimate the true shear strength of
solid wood.

The standard ASTM block shear test has received much criticism for not providing pure
shear load on the specimens. A number of investigators dealt with this problem and some also
proposed kernative solutions. Norris (1957) recommended the panel shear test, and Liu (1984)
suggested the adaptation of a device proposed by Arcan et al. (1978) for wood. The drawback of
these tests is that they involve complicated specimen preparation and pestiedures. Lang
(1997) proposed a new device for shear strength assessment of solid wood. The advantages of
the described testing apparatus are the smaller specimen size, alleviation of normal stresses and
acceptable agreement with shear strength vabl¢sined by the ASTM method. Lang and
Kovacs (2001) investigated the size effect of the sheared planes using stasidvt
specimens. They concluded that the size of the sheared plane parallel to the grain has no
significant effect of the shear strengtitloe specimen.

The majority of previous research projects have focused on the shear strength of solid
wood parallel to the grain. Limited publications are available that address the anisotropy of
wood in shear strength assessment. The first formuladdsatribed the strength anisotropy of
wood isthewelk nown Hanki n #Hankirsan, 192 it was tleseloged empirically
from compression tests. This equation describes the effect otagramtation changes on the
measured properties. Many resgars examined the validity of this formula finding that it fits
experimental data well (Goodman and Bodig, 1972; Bodig and Jayne, 1982). However, the
equation was deemed to provide adequate predictions only for compression and tension strength
as well agmoduli of elasticity. Kollman and Cote (1968) proposed some changes to the formula.
They stated that using an experimentally determined power will provide better approximation of
the direction dependent strength and elastic properties.

The first attemptd describe the orthotropy of shear strength was made by Norris (1950).
He applied the general Henkyon Mises theory to orthotropic materials. Although in his study
the predicted shear strength values agreed reasonably well with experimental datetioabktr
plywood, the approach has received criticism from othéfs, (1974; Cowin, 1979 Over the
decades, with the advancement of maade composites, ample research has been devoted to
explore the strength and elasticity of anisotropic materials. Méilyese results and theories
developed can be applied to wood with care.
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Ashkenazi (1976) used the tensor theory for describing the anisotropy of wood and
wood-based composites. In an earlier work he measured the shear strength of pine at various
grain andes (Ashkenazi, 195P Her results were unusual in that shear strength showed
maximum values at approx. 1§rain orientation, rather than in the longitudinal direction.

Cowin (1979) stated t hat a guadrati c
describes Ashkenzi 6 s data reasonably well. The propc¢
shear strength maximum at 1§rain orientation. Liu and Floeter (1984) measured the shear
strength of spruce at 030, 60 and 90 grain angles with the special device desdt ity
Arcan et al. (1978) designed to provide uniform plane stress. Their results agreed well with the
theory of Cowin (1979).

Some other researchers incorporated the effect of ring orientation in their works. The
experiment of Bendsten and Proter (1978)uded ringangle, but only as a blocking factor, its
effect was not of interest. Okkonen and River (1989) examined, among other factors, the effect
of radial and tangential ring orientation on the shear strength in the longitudinal direction. They
concluced that Dougla$ir had higher strength when the orientation of the sheared plane was
radial, while oak and maple were stronger in the tangential direction. Riyanto and Gupta (1996)
tried to establish a relationship between ring angle and shear strerajtél pa the grain. Using
a completely randomized design, they found that ring angle had very little effect on the shear
strength of Douglafir and Dahurian Larch. Rather, the specific gravity, the percentage of
latewood, and the number of rings per ueitgth were much more deterministic factors. Szalai
(1994) provided an integrated approach that tackles both ring and grain angle orientation. A
general equation, derived from tensor analysis, can determine the shear strength at any given
ring and grain agle combination.

[11.3.2 Research on compression properties
The most well known model to describe the effect of sloping grain on compression

properties i s t h.eRaddiffen (965%) snuestigaged theo acoutatyaof the
equation, comparing its predictions to theoretical values of MOE that were derived from the
relationships of orthtotropic elasticity. H e

the LR planewhile in the LT plane around 25yrain inclinations it may underestimate the
compression MOE by 30%. Other researchers also verified the validity of this model (Goodman
and Bodig 1972; Bodig and Jayne 1982). Kollmann and Cote (1968) suggested some
modifictions to the original formula. Cowin (1979) gave a good overview of these
developments, and concluded that the valid formula should be the one Hankinson originally
proposed. Some published research works claimed that another versionc#iied®sgood

for mul a, approxi mates better the effect of
1986; Binzi and Samson 1999he Osgood formula, that is also empirical, is given as follows:

N
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_ Pq
n= 3 ,
g+(p g)sin2 fgsin? f aco A (I11.1)
g -

Wheren, pandq are the compression properties at grain anglgs 6f and90 , respectively.
Constanta is a speciespecific coefficient that should be determined experimentally. However,
no extensive validation of this model was reported in the literature (Kim 1986).

Transverse compression has received much attention, too. Bodig (1965), Kunesh (1968)
and Bendsten et al. (1978) provided moral@épth analysis of the question. Ethelington et al.
(1996) incorporated variation of ring orientation in their work, and cmed that it had
significant effect on the compression strength perpendicular to the grain.

The exact determination of the strength perpendicular to the grain is practically
impossible because of the incompressibility of the wood substance. The ASTN D8R3}
standard requires that the test shall be discontinued after 2.54 mm (0.1 inch) crosshead
displacement. This procedure was developed to evaluate the reaction force supporting capacity
of solid wood joists. Consequently, there is no standard testeitoch that regulates the
exploration of orthotropy in compression. However, there are several theories for predicting the
failure envelope of solid wood and/or webdsed composites. Usually these approaches are
based on siximensional, tensor analyse&dithe TsaWu strength criterion (Tsai and Wu
1971) that was developed two decades ago for homogeneous, orthotropic materials such as glass
or carbon fiber and epoxy composites. The fiber direction in these synthetic composites is better
controlled and tb materials are transversely isotropic (i.e., identical strength and elastic
properties in any directions perpendicular to the fiber). Thus, such analyses can be successfully
used in exploring the strength orthtotropy of relatively homogeneous materddsnasistrated
through an analysis of paperboard by Suhling et al. (1985).

[11.3.3 Publications regarding tension properties and NDT of wood
Very limited research has been done on the tensile orthotropy of wood. Gerhards (1988)

examined the effect of gbing grain on the tensile strength of DougiasAt small angle
deviations (lessthan 20 he found t hat the modified Han
Kolman and Cote (1968 provided acceptable fit. In another work that included the full grain
orientaton range (Woodward and Minor 1988), the authors found that the same theory worked
well, but resulted in a worse prediction than by the hyperbolic formula. Pugel (1990) developed
an angleto-grain tensile setup for thin specimens. Tensile test resultsoofylBsfir and
Southern pine, measured by this new technique, showed reasonable agreement with the
predictions of the original Hankinsonds for
only, and did not address the effect of sloping grain on thauias of elasticity.

Nondestructive testing is a simple and inexpensive alternative to static tests. Its
advantages are obvious: the specimen is not destroyed during the measurement, which is usually
fast and less labentensive. Furthermore, nondestiuetevaluation is often much simpler than

~ 48~



dc_265 11

Chapter 11l Orthotropic mechanical properties

the static test. Vibration methods are particularly suitable for quantitative, as well as qualitative
evaluation of materials. The relationship of vibration properties to the elastic characteristics of
materials wa recognized as early as 1747 by Riccati. Researchers started to apply this
relationship for Retleoidl9edhn t he early 19500s (

Vibration methods include two subtypes: transverse and longitudinal {ataes3
vibration. According to theoryneasured transverse vibration frequency and wave propagation
velocity are related to the bending and uniaxial MOE, respectively. Many studies verified these
relationships experimentally, typically with excellent results. Researchers also endeavored to
find empirical correlation between vibration and strength properties. Many considered the
damping characteristics of wood to be promising, but experiments were not invariably
successful. Pu and Tang (1997) gave a comprehensive overview of the research @onducte
thisarea.

The application of static tension tests to veneers is especially limited due to their small
thickness. The mechanical properties of veneer can be very different from those of the wood it
originated from, and assessment of veneer propagiesmetimes desirable. This is an area
where nondestructive testing (specifically, stresse timing) is very helpful. There are two
areas where vibration testing of veneers can be particularly useful: 1.) relating the mechanical
properties of logs tchbse of the veneer peeled from thdRogs et al. 1999; Rippy et al. 2000
and 2.) veneer classification prior to Laminated Veneer Lumber manufacture, to engineer or
i mprove the consi st ency Kaclh and \Wandsgnrl@68; dung 1882; e n «
Kimmel and Janiowak 1995; Shuppe et al. )99he latter gained practical application, too,
and a commercial tool is now widely used for classifying veneer sheets according to their stress
wave characteristicSharp 1985

Other studies about veneertiag by stressvaves include that of Jung (1979), who
presented a comprehensive study in stvesge application on veneers. He examined the
potential of this technique to detect knots and slope of grain; and investigated the effect of
specimen size andftirent testing devices. Hunt et al. (1989) correlated the tensile and stress
wave MOE of veneer with acceptable results. Most recently, Wang et al. (2001) investigated the
potential of two streswave techniques to detect lathe checks and knots in veSteess wave
propagation parameters were sensitive to the presence of defects when measured perpendicular
to grain.

Few studies dealt with the effect of sloping grain on nondestructive testing parameters.
Kaiserlik and Pellerin (1977) attempted to predestsile strength of woods containing sloping
grain. Divos et al. (2000) used ultrasonic propagation velocity and attenuation parameters to
predict grain deviations. They showed that both ultrasonic velocity and the magnitude of the first
received amplitudare good indicators of grain deviation. Attenuation is better to detect small
grain angles, while propagation velocityvhich is a function of the directiedlependent MOE
is a better estimator for the entire grain orientation range. Jung (1979) esg@neng other
factors) the effect of sloping grain on the streswe characteristics of veneers. He found that at
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small angles there is little change in stress/e velocity, but at slightly larger angles it
decreases rapidly. There appears to be noystuthe literature that uses vibration methods to
describe the relationship between MOE and grain angle of wood or veneers.

[11.4 Orthotropy of Shear Strength

[11.4.1 Background
The orthotropic nature of solid wood is usually depicted in a ttireensonal Cartesian

coordinate system as shownigure Ill.1, as it has already been mentioneimapter I(Fig.

I.1). The principal directions of the material coordinate system are noted as L, R and T,
longitudinal, radial and tangential directions, respety. If an aligned global coordinate
system (x i=1,2,3) is systematically rotated around R and L axes, the angles between the axes
of LLR,Tand (i =1, 2, 3) systems denote the grain a
the global coordinatsystem as marked on Figure 1. Note, that tiee x pl ane i s a
parallel to the grain. If shear forces are acting in the above mentioned plane and the direction of
the applied forces is:& , the orthotropy of shear strengt
grain and ring angle.

) L(x,)

,
- X,

T(x3)

,
X3

Figure IIl.1. Orthotropy of solid wood in principal and global coordinate systems. The
interpretation of grain angle) and ring angle —.

Using the desdped rotation, block shear specimens can be machined and tested. Such
specimens are shown dfigure 1.2 representing the shear strength iheasurements in the
principal material directions. The first subscriptlimharks the direction normal of the shesr
plane while the second denotes the direction of shear forces. SpecimEigsires 2a and 2c
represent the standard shear applicatparallel to the grain, while shear strength measured on
specimen® andd are sometimes referred to as rolling shear of solid wood.
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c. d.

Figure 111.2. Shear in the principal anatomical planes and notation of the corresponding shear
stresses. Specimen dimensions in millimeter<.i shear parallel to the grainb., d.1 rolling
shear.

Because of the inherent duality of shear stresses, the failure of the specimens may not
manifest in the theoretically sheared plane. Furthermore, the unavoidable normal stresses may
induce and propagate cracks along the weakest intenfdlom the volume of the specimen.

Such outof-sheareeplane failure may occur with certain grain and ring angle combinations at
the earlywood latewood boundary or along the ray tissues. Consequently, the experimentally
determined values can be consideas apparent shear strength only.

In the following sections theoretical and empirical models are critically evaluated that
may be suitable to assess the direction dependent shear strength of solid wood. Experimental
materials and methods are outlinednglowith standard statistical procedures to assess the
accuracy of the different approaches.

[11.4.2 Models Predicting the Orthotropy of Shear Strength
THE ORTHOTROPICTENSORTHEORY

In a comprehensive work Szalai (1994) used the orthotropic tensor theseggcribe the
direction dependent strength and elasticity
criteria he applied a fotdtimensional tensor approach to predict the shear strength of wood in
any oblique plane and direction of shear forces. Subsg the tensor components with the
appropriate strength values and eliminating the zero components, resulting from the constraint
that shear is applied only in the planes parallel to the grain; the equation takes the following
form:
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— =——cos’gsin®gsin’j +-——cos’2gsin®; +
[j q t90_ RT
’ (11.2)
+isin2qcoszj 1 cog gcos’ j
[TL t RL
where:
J I grain angle
q i ring angle
tj g I shear strength at grain angleand ringg angle.
ti i shear strength in the main anatomical planes, R,T; j = T,L) wherei is the
B direction normal of the sheared plane arglthe direction of the applied load.
teo?®® i shear strength at 9@rain and 45ring angle { = 90, g= 45)

Note that this solution requires four experimentally predetermined strength values: three
obtained in the principal anatomical planes suchgast rrandt . shown onFigure 111.2a, b

andc, respectively and a strength value at §6ain and 45ring angle (90555. The advantages

of this model are that it has a firm theoretical basis, uses only four experimentally determined
data points for prediction, and is very straightforward.

QUADRATICMODEL

Cowin (1979) demonstrated that the sh&taength of wood may follow the Hankinson
type strength criterion in a quadratic form. Liu and Floeter (1984) used a tensor polynomial
theory, developed by Tsai and Wu (1971), taleeive the formula for predicting shear strength
in a principal materiallpne of solid wood. The equation in general form is given as follows:

2 2
2= fo Loy (111.3)
Tt sin?j +tys coS) '
where:
t T estimated shear strength at grain arigle
to- i shear strength at grain angke 0
tgo~ T shear strength at grain angle 90

Like Szal ai 6s appr oac h,-definéditrseoretical rbasis.|Haweverais a
does not include the effect of ring orientation and has been verified experimentally in the LT
plane only using Sitka spruce specimens.
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MODIFIED HANKINSONS FORMULA
Kollman a n d Cot e (1968) modi fi ed t he ori gi
the power 2, to which the trigonometric terms are raised, by an arbitrary power

The authors c¢claimed that this equation p
formula for predtting tensile strength and modulus of elasticity.

Lolog
t -sin"j +t,,C0S'/

t

/ (1.4)
Although this model is purely empirical, it has a capability to describe peak shear

stresses at inclined grain, by using a higher power f(i.e.2). Beside the lackf theoretical

basis, this model is probably very species specific and requires a significant database for

accurate determination of the valuerofLike the quadratic formula, it can handle only fixed

ring orientation in its present form.

COMBINEDMODELS

So far, the orthotropic tensor theory was the only model that could handle both grain and
ring angle changes. Researchers addressed the effect of ring orientation on the shear strength
parallel to the grain and usually found it negligible. The appdosnidegree of orthotropy of
shear strength between the LT and LR main anatomical planesf{i.€.,7) did not trigger
extensive model development to describe the phenomenon. The only available model was
published by Szalai (1994). It includes tequations derived from tensor analysis as follows:

[y
o = %osz/ +Sin 7
RL TL_
cos'q +S|n% + in
/RT TR a %l‘RT %tTROS 2q

tozg 1 shear strength atring anglej =0 ;
teo=g 1 shear strength atring anglej = 90;

(I11.5)

Logg = (111.6)

where:

andthe other symbols are as given at Equalib®

Equation 111.5 approximates the shear strength of traditional, parallel to the grain
specimens as a function of ring orientation. It requires two experimentally predetermined
strength values. The rolling shear strength variations are giveidoylll.6 where three
predetermined strength values are needed. Notgghand /1 represent the maximum stresses
(i.e., shear strengdhvalues. Due to the duality, the stresses in these two directions are identical.
However, it is not necessarily true for theeagth values of wood because of the unpredictable
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failure mode as discussed earlier. Although these equations have not been experimentally

verified, theoretically they should describe the effect of ring orientation on the shear strength of
orthotropic méerials.

One can realize that these equations can provide predetermined strength data for the
guadratic model and for the modified Hankin
orientation. Consequently, combinigjuations Ill.5andlll.6 with Equations Ill.3or 11l.4 we
can obtain additional two models for estimating the orthotropy of shear strength as a function of

grain and ring orientation. This combination for the quadratic model is given in ahsimokt
form as follows:

2 2
t, 2= Lo oo (111.7)
Tty SN+, ’ COS ) '
Furthermore, using the modified Hankinson's formula we obtain:
= [0‘;0[9(T;t7
77ty sin) iy, CcOS') (11-8)

Figure I11.3 gives a graphical explanation of these combined models. Note that both of
these approximations require five experimentally predetsunstrength values ari€quations
[1l.6 or Ill. 7 should be solvedn times wherem is the resolutionife., m = (1 + 90/ring angle
incremen)). During this research these two models along with the orthotropic tensor theory
(Equation 1.2 were fitted toexperimental data and statistically analyzed.

Egs. L7 or 1LY

(MPa)

TRT

Predicted shear strength

——Eq. 116

45 7
- o0 75 60 o

e, 90 - Ring angle

Figure 111.3. The principle and interpretation of the combined model.
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[11.4.3 Materials and methods for shear strength assessment
Experimental determination of shear strength values included three Appalachia

hardwood species: quaking asp@offulus tremuloidgs red oak Quercus rubra and yellow
poplar Liriodendron tulipiferg; and two European hardwood species: true poplapilus x.
Euramericana cv. Pannonjaand turkey oak@uercus cerris Figure 2ashows the specimen
shape and target dimensions which differed from that specified by the ASTM {94143
standard.

- Si=ip———90 ‘Y TF
- e (o] e am )
C.

Figure Ill.4. Schematic of the specimen manufacturing practice from strgigimied blanks.
a.- top view b. - side view and. - direction of the applied shear forces.

The doublenotched shear blocks were prepared from blanks having varying ring and
grain angle between Gand 90 with 15 incrementsFigure lll.4 demonstrates this specimen

preparation practice. Test series in@ddsets for all combinations of the above angles, for all
the examined species. The sample size for each set varied between six and fifteen.

Prior to testing, specimens were conditioned to approximately 12% moisture content in a
controlled environmenti.€., 21 C and 65% RI Representative samples of specimens (n=10)
were prepared for moisture content and specific gravity determination. The evaluation of these
physical properties followed the specifications of the relevant ASTM standards such as ASTM
D 444294 and ASTM D 295-93. Tablelll.1 contains the summary statistics of these measured
propertiesShear forces were applied through a special device providing a single plane of shear
within the specimens. The area of the sheared section was approximately 3@8aordingto
the target dimensions shown Bigure 1ll.2a. The advantages of this alternative shear strength
assessment and the description of the device were discussed by LangKRia8@&)I11.5 shows
the principle and schematic of the shear testing apparatug &ith the experimental setup. The
justification of this alternative testing method lies in the smaller specimen dimensions for which
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the grain and ring orientations are better controlledthermore, it requires significantly less
volume of raw materiadnd waste is minimized when machining more than 1800 specimens.

Table Ill.1. Summary statistics of the measured physical properties

Moisture Content [%] Specific Gravity
Species n Mean COV [%] Mean COV [%]
Aspen 10 114 8.11 0.39 3.57
Red Oak 10 11.1 2.71 0.63 5.25
Yellowpoplar 10 11.3 4.50 0.39 3.41
True poplar 10 10.9 11.01 0.37 9.51
Turkey oak 10 115 7.83 0.70 5.84

ni sample size

Self-aligrning
block
Sheared plane
/ / Spe':im'n
-
Back support
bSuppon
a. b.

Figure III.5. Schematic of the testing apparatag (and the experimental setup)(

An MTS universal servéhydraulic testing equipment mounted with 10kM N load cell
helped to assess the shear strength of the specimens. The machine operated under displacemen
control with a rate of speed of 0.6 mm/min required by the ASTM D B43standard

I1.4.4 Results and discussion of the shear strength exploration
In Appendix Ill, Table A.lll.1 compiles the basic statistics of all the experimentally

obtained shear strength data by species. The mean vdigesd in this table were used to

create anisotropy diagrams in three dimensional, Cartesian coordinate systems as shown on
Figures 111.6 to 111.8. The intermediate grid data points were generated by inverse distance
interpolation usingommercias o f t war e: Si gmaPl otE (SPSS Inc.
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Figure I11.6. Comparison of the experimental atimlee model predicted shear strength data.
Species: aspen (Populous tremuloides). The coefficients of determin&ticales are listed.

In general, shear strength decreased significantly with the increase of grain angle for all

species involved in thetudy. At zero degree grain angteaflitional shear, parallel to the grgin

the shear strength decreased slightly as ring angle increased from 0 to 90 degrees. However, this

tendency could not be observed at fixed g@ain angle i(e., rolling shear Ether a slight
increase or local maximum was experienced. It does appear that shear strengtigfatifthis

orientation might be species specific as demonstrated by the similarities in strength

variations of the two oak specidsdures 111.6a; lll.7a&b andlll.8a&b).
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Figure 111.7. Comparison of experimental and model predicted shear strength data by
orthotropy diagrams. Species: poplar (Populous x. Euroamericang)c.; yellow-poplar
(Liriodendron tulipifera)b. & d. The coefficients of determinatiorf)values are listed.

Maximum shear strength valueM$S were not consistently measured at drain
orientation. In fact, out of 35 species/ring angle combinations, 23 times the maximum shear
strength was observed & Igrain angle. At Oring angle for all the specieexcept turkey oak
- the MSS was measured at Idrain orientation. No further specific trend or pattern could be
detected as demonstrated Trable A.lll.1 by the bold and italic set MSS values. Other
researchers reported the same phenomefsinkénazi, 1959; Szalai, 1994'his characteristic
may be explained by studying the stress distribution function along the length of the sheared
plane. Yilinen (1963) concluded that this function depends on tlgthléa width ratio of the
sheared plane and other factors including force application method, etc. It might be suspected
that the stress distribution at 15 degree grain orientation becomes more uniform along the length
of the sheared plane, while possibteess peaks near the entrance notch at O degree grain angle
accelerate the failure. This problem needs further investigation.
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Figure 111.8. Comparison of experimental and model predicted shear strength data by
orthotropy diagrams. Species: Red oak (Quercos rubrd) c.; Turkey oak (Quercus cerrif)
& d. The coefficients of determinatiorf)values are listed.

The failure mode experienced during this study was not always pure shear. Over 45
grain angle, ringporous wood (oak) inclined to fail along the earlywood/latewood interface or
along the rayparenchyma. The same tendency was encountered regarding the other species as
the grain angle approached 9Qiu and Floeter (1984) observed siamilfailure modes when
testing Sitkaspruce specimens in pure shear in the LT plane. They concluded that the shear
strength depends only on the initiation of failure and not on the direction of fracture propagation.
Consequently, we deemed the obtained @atapparent shear strength. All of the measured

shear strength values were kept, even if the specimen failed in a plane that was out of the
theoretically sheared plane.
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l11.4.4 Prediction of shear strength inferences based on statistical evaluations
Standard statistical evaluation of the data includedway ANOVA procedure at 95 %

confidence level|( = 0.05). The two factors were the grain and ring orientations, both with
seven levels concurring with the 1&ngle increments. For all species, tmecedure revealed
statistically significant differences among the levels of both factors. Furthermore, significant
interaction was detected between the two factors. These results justify the applicability of
prediction models that account for the effecboth ring and grain angle on the shear strength.
Table Ill.2contains a typical ANOVA outcome.

Table 111.2. T ANOVA result§ aspen shear strength.

Source df Sum of squares Mean square P value
Model 48 1727 36.0 <0.0001
Grain angle 6 1530 255.0 <0.0001
Ring angle 6 40 6.7 <0.0001
Grain x Ring 36 125 3.5 <0.0001
Error 364 111 0.3
Total 412 1383

Note, that four out of five data sets by species had lack of normality and demonstrated
unequal variances. Théolation of these statistical assumptions originated from the limited
sample size. Based on the standard deviations of the measurements, robust statistical analyses
would have required approximately two hundred specimens for each factor and level
combinaion. Thus, complete randomization could not be achieved. More extensive testing and
the fulfillment of completely randomized design were beyond the limitations of this research.

In the next step, the selected models, including the orthotropic tensor émebtlye two
combination model s, based on the quadratic
were evaluated for the accuracy of their estimation. The necessary inpuikgath (G, Gx
(30455 were the average measured strength vallies.power) f or t he modi f i e
equation was determined by curve fitting, using the entire experimental database. Each species
had itsn value that is listed iTable I11.3. The model generated strength values were plotted as
orthotropy diagramsfor visual evaluation.Figure 111.6 shows the comparison between
experimental and the three model predicted results for aspen.

Due to the deficiency of complete randomization, conservative statistical fitting
procedures resulted in lack of fit for all thfe cases. Furthermore, the shear stresses for several
species and angle combinations could not be assessed for different reasons. This resulted in
unequal sample sizes. Thus, we selected®healysis to evaluate and rank the performance of
the fitted nodels. The coefficient of determinatiorf)(is a measure of how well the model
describes the data. Larger values, close to 1, indicate that the model describes the relationship
between independent and dependent variables wpfeAdixIll contains the dicussion and
justification of the fanalysis.
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Table 111.3. Coefficients of determinatiom®j provided by the various prediction models.

Combination models

Orthotropic tensor

Species theory Quadratic formula Modi fied Hankin
re re n re
Aspen 0.73 0.59 2.72 0.87
Red oak 0.61 0.57 2.62 0.83
Yellowpoplar 0.68 0.62 2.47 0.76
True poplar 0.63 0.55 2.70 0.86
Turkey oak 074 0.76 2.05 0.77
nipower in the Hankinsonbés formul a.

Table 1.3 compiles the results of the coefficients of determination analyses by species
and model types. For all species, the combination model based on the modified Hankinson's
equation resulted in the closest agreement with experimentaFigtees 111.6to Ill. 8 show the
comparison of experimental data and best model predictions by orthotropy diagrams with the
listed r* values. The good performance of this model was expected because the power
determination was based on the entire experimental data set. Furtheomy this model can
mathematically estimate the peak stresses at small grain angle deviations.

Calculatedr? values indicate thaEquation 1.2 derived from a 4limensional tensor
analysis, can predict the orthotropy of shear strength reasonablyTvelconsistency of this
model regarding the quality of the predictions and its strong theoretical background encourage
the use, although the model can not predict the peak stresses other thgmaiat @rientation.

Conversely, the combined modelingthe quadratic formula, did not provide good fit
for four out of five species. Although the calculatédralues were over 0.55 that are acceptable
for biological materials, compared to the other models the accuracy of the predictions was
significantlylower. Results implied that the derived equation may not be valid in all the oblique
directions other than the principal anatomical planes because of the unique composite structure
of solid wood.

Test results of turkey oalkQercus cerriy revealed high dgee of orthotropy as a
function of ring angle especially around @rain orientation Kigure 111.8b). Ther? values were
about the same for all three models regarding this species and the power of the modified
Hankinsonds formula approached 2 as origina
hardwoods, them f t he Hanki nson6s mothecontranyatise predictioa b | y
performance of the orthotropic tensor theory and the quadratic formula improved significantly
for turkey oak. Results of these analyses indicated that the shear strength of solid wood can be
reasonably predicted in any obl@udlirection. One might say that the orthotropic tensor theory
and the developed combination model, based on the modified Hankinson formula, provided
adequate estimates about the nature of shear strength for wood.
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[11.5 Orthotropy of Strength andModulusof Elasticity in Compression

[11.5.1 Background and deliberations
Although wood is usually modeled as an orthotropic material, in reality it is cylindrically

orthotropic. The compression strength determination of @umsed wood blocks always
depends o the size, shape, manufacturing precisjmerdllelism) and support conditions of the
specimen. Furthermore, the inherent natural variability of wood coupled with the ambiguous
definition of failure stresses generates several difficulties in applicafi@dwanced failure
theories.

Figure I11.9. Internal forcecondition of an oblique specimen under compression.

Consider an ideal, croggained specimen for compression strength assessment in a
global coordinate system as shownFagure 111.9 where the anatomical directioris, R andT)
are marked, as well. In an arbitrarily seledtddprincipal anatomical plane of the specimen, the
compression forcdnay can be broken into a normddy) and an irplane Fy) component. The
area A) of this inclined sectional surface can be approxathatsing trigonometric identitieBy,
can be considered as a resultanfFgfandFrtthat induce parallel to the grain shear stress at 0
ring angle and rolling shear, respectively. If the ratié-@fo the sectional area of the specimen
(FV/A) in the LT plane exceeds the shear strength)(the specimen will fail in shear under
compression. The subscripfs,and g are the angles betwe&) and the direction of the fibers,
and between the sheared drid planes, respectively. For this particular cages 0. Because
several species demonstrated relatively low degree of shear orthotropy concerning the ring
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orientation, one can realize that shear failure is possible in any plane béfivaedLR, if the
induced shear stresses are large enough. In fdcxisf compression specimens were used to
evaluate the shear strength of Finnish pine by Ylinen (1963) inLThand LR planes. The
relationship between shear and normal stresses for grain inclination ratgje<of < 32 was
given as follows:

Imax= —SmaxSiNZ/ (111.9)

One should note that this shear failure stress is biased by a compressiosgtressnal to the
plane of failure:

Sq= SmaxSiNt/ (111.10)

Where smax= S1 is the ultimate compression stress (strength) in the global coordinate system
and; is the grain angle.

Experimental results of Ylinen (1963) showed that there is a stensishear strength
difference at the studied grain angles betweenlfReand LT planes.This indicates some
interactions between grain and ring orientations. The ambiguous failure modes, coupled with the
inherent natural variability of wood, allow the exploration of apparent strength only for
particularly defined specimens. The size, the slendermatio of the specimen, and the end
conditions, along with the existence or lack of lateral supports may affect the measured
compression strength values. Furthermore, the determination of E in compression may be also
biased by some of these conditionsl &ime induced shear strain may affect the measured normal
strain.

The complexity of the failure phenomenon and the aftiseussed problems make the
predictions difficult and sometimes unreliable. However, some approaches that incorporate both
the ring ad grain angle variations can predict the orthotropic compression strength and stiffness
with reasonable accuracy. Such methods, that were verified and used during this research, are
briefly discussed next.

[11.5.2 Modeling the orthotropy of strength and nulus of elasticity in compression
Selection criteria for models that can predict boflaEh d c ompr e s s)iwera st r

simplicity, minimum input requirements, and validity at any grgin &and ring angle ¢
combination. While the simplicity is not\atal problem because of the advances in computer
science, models that needed all nine independent elastic constants as inputs were not considered.
Therefore, two procedures, a theoretical and an empirical, were selected.
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STRENGTH/STIFFNESS TENSORHEORY

Szalai (1994) provided an approach for calculating the normal strength of orthotropic
materials in any direction. The equation ca
(Ashkenazi,1978) by transforming the first element of the temnsiber eliminating the zero
components, the equation takes the following form:

. :icos“j +isin4j sin4q+isin4j cos'q
S

g SL R St
+é1 4 1. iﬁ in*/ singcos g
B s, 5,0
+%i5- L. ig og/ sin’j cosq (140
eS S. Sr=
+é 4 1. icN)oszjsm/smq
NP

where::F; , | predicted compression strength at grain ajigiéd ring angley ;
Si T compressiorstrength in the principal anatomical directions=(L,R,T);
Sk T compression strength at=90'; g= 45
s T compression strength at=457; g=0;
s[a% T compression strength at=457; g=90 .

The six strength values listed Eguation Ill.11should be determined experimentally.
Note that by replacing the strength with the appropiatevalues, the evaluation difie elastic
orthotropy can be performedppendix Il contains the derivation of this tensorial approach
from the compliance matrix and from the Ashk
and strength evaluation, respectively.

THREEDIMENSIONALHANKINSONGS FORMULA

Bodig and Jayne (1982) basttkir approach partly on the Hankinson formula, and on
the observed compression strength pattern inRfieplane. According to the authors, the
strength variation pattern in this plane consists of a linear and a sinusoidal component:

)@é Sﬂ

e
Sorg ~ €51 +/%(SR - St 8+§K( S'HZC/) H (111.12)

e

where:s o5~ T the predicted compression strength at @@&in angle and ring anglg;
Ki empirical constant (0.2 for hardwoods).

Other notations are as guation I11.11
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After calculating this value for a certain ring angle, strengtM©OE propertiedbelonging to any
grain angle at the given ring angle level can be obtained by substituting this valse iata
the Hankinson formula:

SLSQO_;q
S, Sin’j +S4.,C0Sj

£ o=

This empirical approach lacks the firm theoretical basis of the orthotropic tensor theory.

However, this method requires only three experimentally determined data points in the principal
anatomical directions, and the calculation is no more difficult fhathe case of previous

formula. Equations Ill.11and 11l.12 were first validated and then were used to predict the
orthotropic compression properties of the examined species as follows.

(I11.13)

[11.5.3 Materials and methods for modeling the properties in compliess
Standard ASTM specimens (ASTM D 14383, secondary method) were prepared from

guaking aspernRopulus tremuloidgsred oak(Quercus rubraand yellowpoplar Liriodendron
tulipifera) species. Trees were harvested from the West Virginia UniversityJ\Wafest and

sawn into lumber. Specimens from the European species including turkeQueaidcys cerriy

and true poplarRopulus x. Euramericana cv. Pannonigere manufactured at théniversity of
WestHungay using locally available commercial lumbé@ihe final dimensions (25 x 25 x 100
mm) were set after conditioning the blank materials to approximately 12% moisture content
(MC) in a controlled environmenié., 21 C and 65% RM

Ring and grain angles of the specimens varied betweand90 with 15 increments.
Ring angle is not defined at @rain orientation and its effect was disregarded apt&in angle.
The experimental design, therefore, contained only one set of 10 specimens atdadhl§
for each speciesigure 111.10 shows he specimen manufacturing practice and the interpretation
of grain () and ring(g) angles. Moisture content and specific gravB®( determination were
done using representative samples of speciman40f. The evaluation of these physical
properties fdbwed the specifications of standards ASTM D 4842and ASTM D 23983.

Figure 111.10. Specimen manufacturing practice and the interpretation afd g.

During the validation of the models for both strength and stiffness, the North American
species were used. Approximately 160 specimens of each species provided 4 to 10 replications
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for each variablej(q ) combination. Testing apparatus included an MTS/cshydraulic
universal machine, equipped with a 10 RNIN load cell. Crosfiead movement was under
displacement control. Compression load application occurred through -aligeiig block

placed on top of the specimen. A computerized data acquisitioensysillected the load and
displacement data in real time. Scrawunted knifeedge pieces held in place the etip
extensiometers that provided displacement data throughout the test over a gauge length of 41
mm. Two gauges measured the deformations aopipesite, longitudinal side surfaces of the
specimens. The obtained pairs of displacement values were averaged and the corresponding
load-displacement data were converted into stetissn diagrams for further analysésgure

[11.11 demonstrates the eepmental assembly. Other parameters of the procedure, including the
speed of testing, agreed with the specifications of ASTM Di 183 standard. Load application
continued until failure or until the densification plateau of horizontally graiied® @0)
specimens was explicitly reached. The failure type of each specimen was visually assessed and
recorded.

Figure 111.11. Compression force application and the two sided strain measurement.

Compression E values of the European species were tested abdnatdry of WHU
using the aboweescribed techniques. Before testing, the specimens were reconditioned and the
parallelism of the surfaces was checked. Only the combinations, required for model inputs, were
evaluated by testing 15 replications per fateoe| group.

The speed of testing was 0.5 mm/min for the Hungarian spetigkefy oakand true
popla), because of machine constraints. This is slightly higher than that of ASTM requirement.
Other parameters including specimen size and conditioning tiwersame as described above.
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The applied statistical methods included the calculation of descriptive statistics and analyses of
variances (ANOVA) procedures. We established the validity of the models by curve fitting.
Concerns over justification of the age of these statistical procedures and the detailed
description of the’rcalculation in three dimensional curve fitting is givenAgpendix Illas

noted inSection 111.4.4.

[11.5.4 Elaboration on results of the compression property tests and modeling
In Appendix Ill, Tables A.lll.2 4 contain the summary statistics of the measured

properties.Table A.lll.5 provides test results for the Hungarian speciagkey oak and true
popla)). These valuerepresent all the experimental data. No outliers weseadiled.

In general, the properties of similar species are comparable, except for turkey oak that
had somewhat lower.Evalues around O degree grain orientation compared to the values of red
oak. The high degree of orthotropy was evident for all speaidsoth strength and stiffness as a
response to grain angle changes. However, the effect of ring orientation was not so clear. It does
appear that the changing ring orientation at grain angles <alies strength and stiffness to
decrease. At more slogingrain angles, the increasing ring angle tends to improve the
compression properties slightly. For all species and for both propertiesyayw@ANOVA
procedures revealed the statistically significant effect of both ring and grain angle at 95%
confidence ével. Furthermore, the interactions between these factors were also significant.
Table Ill.4contains a typical outcome of the ANOVA procedures.

Table 111.4. ANOVAresult§ aspen compresg)si on strengt

Source df Sum of squares Mean square P value
Angle variation 34 1774 52.2 <0.0001
Grain angle 4 1660 415.1 <0.0001
Ring angle 6 39 6.4 <0.0001
Grain x Ring 24 75 3.1 <0.0001
Error 134 133 0.989
Total 168 1906

Figure 11l.12a demonstrates the stresgain behavior of compressigaralletto-the-
grain specimens by the North American species.Figure 111.12b the characteristics of
compression perpendicular to the grain at ri8g orientation can be seen. The long horizontal
part of the diagram is the result of subsequent cellular collapse ofvezoly followed by late
wood layers. The stabilized stresses in this region were considered as strength values if the
specimen did ot fail in shear prior to densificatiofrigure Il1l.12c demonstrates the intense
compression strength decrease as a function of grain orientation.
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Figure 111.12. Typical stressstrain diagrams of hardwoods under compressiari. parallel to
the grain;b.7 perpendicular to the grain;. T the effect of grain orientation.
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The orthotropic nature of compression strength and elasticity can be studiéguoes
[11.13 to I1.15, for the North American species. Detailsafand d. show the experimentally
observed strength and t#alues, respectively. The nodes on the diagrams are the tabulated mean
property values. The seven values, indicated at dgk&in angle, all correspond tihe one
average value of ten replications that were measured at this level at random ring orientations.
The intermediate mesh data were interpolated using the inverse distance method (SPSS Inc.,
1997).

Figure 111.13. Observed and predicted compresssbrength and stiffness properties of
Quaking asperby orthotropic diagrams.
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