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Wave dispersion and fracture are phenomena that involve.

mechanisms triggered at the scale of a material's internal structure.

Experiments were performed with a candidate material to judge the

hypothesis that wave dispersion measurements can be used to nonde-

structively predict fracture strength. Wood-based particleboard was

chosen as the candidate material because the entire acoustical

branch of the longitudinal wave dispersion curve was accessible with

ultrasonics. Wave dispersion and fracture were studied in detail for

the weak direction of particleboard, through the panel thickness.

The prediction of a relationship between wave dispersion and

fracture strength is inherent to nonlocal theory. Particleboard has

a complex internal structure, rendering it a difficult material to

model. Therefore, it is a good test of the generality of nonlocal

theory. Wave dispersion data from particleboard was converted into

nonlocal moduli using a fast Fourier transform calculation.

The variable frequency/variable path-length, continuous wave
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method was used to measure dispersion. Dispersion in particleboard

occurred at frequencies between 400 and 900 kHz. The dominating

mechanism was that of micro-geometric dispersion (i.e. decreasing

phase velocity with increasing frequency). Frequencies above 900 kHz

were effectively "stopped" by particleboard. The dispersion response

of particleboard was found to depend on board specific gravity, resin

content and particle size.

Mode I load-displacement curves of cracked samples of particle-

board exhibited initial linear behavior, followed by nonlinear re-

sponse. Compliance calibration and the J1-Integral were used for

linear and nonlinear characterization, respectively. The nonlinear

behavior was due to the growth of a local damage zone at the tip of

the crack. The damage zone contained permanent deformation. As a

result, the strict validity of the J1-integral approach may have been

violated. The failure energy of particleboard appears to be load

history dependent.

The nonlocal moduli were related to stress concentration or

redistribution for relatively weak or strong materials, respectively.

Wave dispersion was found to have a very high correlation with the

critical strain energy release rate at the onset of nonlinear behavior.
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A RELATIONSHIP BETWEEN WAVE DISPERSION AND FRACTURE
STRENGTH FOR A COMPOSITE MATERIAL

I. INTRODUCTION

The introduction of this dissertation is devoted to a mechanistic

hypothesis relating a material's wave dispersion characteristics to its

fracture strength. It is not the author's intent to claim credit for

discovering such a relationship. Instead, the necessary insight evolved

through the study of A.C. Eringen's work in developing nonlocal theory.

Nonlocal theory can be shown to analytically predict that the stress at

the tip of a sharp crack is finite. Furthermore, the stress field in

the neighborhood of a crack is found to depend on the wave dispersion

characteristics of a material. Such a prediction is unique since it

preceeds the physical explanation of why wave dispersion and fracture

strength should be related. Some physical motivation will be attempted

at this time.

Internal structure is a general expression which will be used

throughout the text, distinguishing the discrete nature of the anatomy

of a material. Candidate internal structures include atoms, molecules,

fibers, grains, voids and micro-cracks, to name a few. While much of the

discussion pertains to all materials, wood particulate composites

(particleboard) are used in the experiments. Particleboard is a material

with complex internal structure.

Most real materials are expected to have flaws that exist at some

dimensional scale in the internal structure. Particleboard's internal

structure contains many flaws at a larger scale than most materials. In

order to predict the crack resistance of a material, the interaction of

the flaws with a crack must be understood.
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Consider a crack that significantly concentrates the stress in

its vicinity. This implies that the crack's size is large as compared

to the flaws in the material. When using the classical theory of

elasticity to model the material's response to the crack a constitutive

law is assumed. In physics, classical elasticity is often termed the

"long wavelength limit". This terminology refers to the length or time

domain over which the material behaves classically. A long wavelength

measurement from an experiment distinguishes a region probed by the

wavelength of the test which is large relative to the internal struc-

ture of the material. It becomes apparent that the elastic constants

of classical elasticity have limited sensitivity to the flaws in the

material.

Generalized continuum theories such as nonlocal elasticity

are not limited to a long wavelength description of materials. Instead,

the theory is thought to apply to a range of wavelengths extending in

size from the classical limit into the domains of the internal struc-

ture. The resulting characterization of flaws in the material is more

accurate than that of classical elasticity. This is reflected in the

moduli of the theory which are functions of points at a distance

from a local point, describing the interaction of neighboring internal

structure. Analogous models for materials are found in the discrete

theories of physics but nonlocal theory retains its distinction as a

continuum theory. This final point allows the application of nonlocal

elasticity to the complex problems of fracture.

Experimentally probing a range of wavelengths is possible with

the dynamic measurement of wave dispersion. Wave dispersion is said

to occur in a material when phase velocity depends on the frequency



(or similarly the wavelength). The mechanism of wave dispersion is

believed to involve an interaction between the internal structure

and the waves. Wavelengths approaching the dimensions of the internal

structure excite the interaction. In particleboard, these wavelengths

can be generated using the methods of ultrasonics.

The physical relationship between wave dispersion and fracture

strength suggests that the latter involves a mechanism at the scale

of the internal structure. Several fields of material science have

shown conclusive experimental evidence of dynamic processes that occur

at the scale of the internal structure prior to crack growth. The

field of acoustic emissions is dedicated to monitoring the dynamic

processes occurring within the material leading to failure. There is

also proof from the field of fractography that the internal structure

near the tip of a crack can interact in a manner uncharacteristic of the

rest of the failed surface. Finally, dislocation movement, which

dominates the plastic zone at the tip of a crack in metals, is commonly

accepted.

For the purpose of illustration, consider the cracked section of

material shown in Figure 1. The internal structure in the vicinity of

the crack tip has been magnified. Imagine two separate cases with the

figure.

In the first case the areas denoted by vertical stripes mark

spots in the internal structure where an instantaneous dynamic pulse

occurs. The actual mechanism could be anything from an isolated fiber

break to the slippage of two molecules. As the stress wave travels

away from its initiation point,the stress field is affected. The fre-

quency components of the pulse and the dispersion and attenuation

3
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IN

Magnified view
of the internal
structure close
to the crack tip.

Case 1: Sites
where dynamic
pulses initiate
due to a local
mechanism of
yield or failure.

Case 2: Existing
flaws in the

internal structure.

Figure 1. A cracked section of material which is under load. Two

separate cases of potential interactions between the crack and
the internal structure are shown.
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characteristics of the material determine how the pulse will propagate.

In addition, there is a chance that two or more of the waves interact.

One may even imagine a load condition where the dynamic interaction

of flaws in the zone close to the crack becomes unstable, leading to

catastrophic crack growth. Depending on the extent of pre-crack growth

damage accumulation this case may not be one of fully elastic (brittle)

failure because permanent deformation is involved.

In the second case the stripped areas denote existing flaws in

the internal structure. The same internal structure exists throughout

the material. None of the dynamic pulses illustrated in case 1 have

occured under the load conditions of case 2.

Now it is important to interpret what role the nondestructive

measurement of wave dispersion might play in the two cases. The wave

dispersion experiments characterize the unloaded material before any

permanent deformation has been induced due to loading. Physical logic

would deny the possibility that such measurements could be used to

predict the location and magnitude of each dynamic pulse that occurs

in the internal structure leading to fracture ( i.e. case 1 ). When

permanent deformation is involved,an elastic theory will not suffice.

Perhaps the development of nonlocal plasticity would be more appro-

priate for case 1. Modeling the stress distribution due to the flaws

that existed prior to loading, in case 2, is a more realistic task for

nonlocal elasticity. It should be possible to predict the onset of a

nonlinear, yield condition using such a theory. The trade-off between

cases 1 and 2 in real material applications will determine what degree

of approximation the nonlocal model represents.



II. JUSTIFICATION

In 1980 a proposal was submitted to the National Science

Foundation to study the fracture of particulate composites. The

proposal was accepted and work on the project (CME 80-16710)

began in 1981. The proposal suggested that an analytical method,

namely, an anisotropic bilevel nonlocal micropolar theory was needed

to study the fracture of wood particulate materials. Hypothetically

the theory contains degrees of freedom that allow microstructure

behavior in a continuum framework. The "non-classical" features

of the theory include:

Allowance for unsymmetrical shear stress behavior and the

existence of couple stress which hypothetically arose in

particleboard due to the geometrical nature of the par-

ticles. These behaviors may be described as the micropolar

contributions.

The ability to combine "micro" and "macro" material re-

sponse into a constitutive law that predicts bulk behavior.

To this end the existence of different polar anisotropic

symmetries at the two levels (micro and macro) were

allowed. For particleboard orthotropic behavior on the

micro scale and transversely isotropic behavior on the macro

scale was assumed. These behaviors may be described as the

bilevel anisotropic contributions.

The incorporation of nonlocal interactions such as wave

dispersion (the phenomena of wave dispersion in nonlocal

theory is found to relate to the attenuating local stress

6
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concept that will be discussed later). Wave dispersion

hypothetically exists in wood particleboard and is re-

lated to fracture. This behavior may be described as

the nonlocal contribution.

Although the theory above appears more sophisticated than

classical continuum theory, the complex nature of the mathematics

and experimental measurements are such as to question the practi-

cality of the approach when applied to the already difficult field of

fracture. Over the last few years work at OSU has shown that the

difficulties of the mathematics can be overcome. However, in spite

of the increased sophistication, certain behavior has been assumed

to occur in wood particleboard which warranted the use of the con-

stitutive theory of the analysis. The hypothesized behavior is un-

derlined above. Before further efforts are spent with the complex

approaches above, it seems logical that the assumptions made should

be investigated. If indeed the theory explains real material behavior,

its advantages will overshadow its complexity.

The current work is justified in providing experimental evidence

as to whether or not the hypothesized behaviors given above do exist

in particleboard. In addition to their existence, any potential re-

lationships with fracture should be explored. It is felt that such

research is a prerequisite to the application of OSU's currently

completed analytical models for fracture of particleboard. The ap-

plication of these models would take many years due to a need to

measure many elastic constants and run numerical programs to arrive

at the desired prediction.



An additional assumption made in the OSU models is also

commonly made in classical analysis, namely, the occurrence of

linear elastic behavior in fracture. Since the existence of such

behavior in particleboard has never been verified, the current

research is justified in determining the validity of this assump-

tion for the materials used in the current investigation. Again such

work is prerequisite to the application of complex models making

such assumptions.

In final justification to the current study, experimental

indications that show the existence of a relationship between a

nondestructive (acoustic dispersion) and a destructive (fracture

strength) measurement has important implications to materials science,

engineering design,and quality control.

8



III. OBJECTIVES

The ultimate goal of this research is to find evidence that a

relationship between wave dispersion and fracture strength exists for

solids. Neither wave dispersion nor fracture have been extensively

studied for particleboard, the composite material selected for this

dissertation. Little if anything is known of the nature of wave dis-

persion in woody materials. Therefore, experimental work is necessary

to achieve the goal stated above. Microcontinuum theories, as they

currently exist in the literature, will be utilized and discussed when

they apply to the experiments. The further development of analytical

models to predict the relationship between fracture and dispersion is

considered complex at this time (see discussion in the justification

section). Not only is the analysis difficult but the experimental

sophistication needed to verify the results suggest a major research

project. In order to justify such a project it seems reasonable to

satisfy the current objectives as stated below.

Wave Dispersion

To verify the existence of .the dispersion of longitudinal waves

in particleboard through the use of experiments.

When micropolar theory is used alone, longitudinal waves are

nondispersive. Therefore, the observation of dispersive longitudinal

waves suggests nonlocal interactions (i.e. nonlocal theory allows

dispersive longitudinal waves)*.

* The existence of dispersive longitudinal waves does not rule out
micropolar effects because they may still manifest themselves in
nonlocal polar theory where longitudinal waves do disperse.

9
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The experimental work with particleboard will help to char-

acterize dispersion in the following ways:

It will determine over what frequency range waves

traveling in particleboard are dispersive (i.e. set

limits on the use of a classical continuum theory).

It will determine the nature of dispersion (e.g. geometric,

viscoelastic, ideal periodic behavior, etc.).

It will determine what specific dispersion characteristics

exist in the materials studied (e.g. cutoff frequencies,

velocities, attenuation characteristics, etc.)

The completion of this objective will suggest the occurrence

of nonlocal interactions, namely, longitudinal wave dispersion for the

material of interest. It will also serve to direct future research in

applying nonlocal models. Newcomers to the field may argue that the

existence of longitudinal wave dispersion does not verify nonlocal

theory. This is true. However, the existence of this dispersion war-

rants the use of nonlocal theory to study the phenomena whose char-

acteristic frequency or wavelength fall in the dispersive range. This

is analogous to referring to the experimental observation of a linear

elastic stress-strain curve as justification to use linear elastic

classical theory. In both, the observation of the behavior (wave dis-

persion or linear elastic stress-strain response) are necessary but

not sufficient justifications for using the respective theories.

Therefore, such experimental observations are logical first steps

towards applying the theories to a given problem.

The existence of wave dispersion is enough to claim that



classical theory will not predict phenomena whose characteristic

frequencies or wavelengths fall within dispersive ranges of material

response. The exception is when discrete units of internal structure

are added to the classical model.

Fracture

To characterize the fracture behavior of particleboard (see

the second to last paragraph in JUSTIFICATION).

Compliance calibration procedures are traditionally used to

determine an "unknown" materials resistance to cracks. These proce-

dures assume linear elastic behavior. The strain energy release rate

(G) is a direct result of compliance calibration. When nonlinear

behavior exists, a nonlinear strain energy release rate approach can

be taken (e.g. J-integral). Initial experiments with particleboard

indicated that both linear and nonlinear response existed. This is

similar to experimental work noted on other fibrous and particulate

composites. For this reason, both linear elastic fracture mechanics

and the J-integral were applied to particleboard.

For the current study energy approaches to fracture characteri-

zation will be used. The choice of the energy parameter that will be

correlated with dispersion measurements will be made based on physi-

cal arguments. In addition, the values of the stress intensity factor

(K) can be calculated using two methods. The necessary procedures to

determine K will be performed (results and methods to appear in an

appendix). The objectives gained from presenting the additional infor-

mation on K is twofold:

i.) The measurements of classical orthotropic constants can

11
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be used with G to determine K. The tests for elastic con-

stants will be made in such a way as to check the validity

of applying classical theory to particleboard. If classical

theory is found invalid by these tests, then results which

suggest the existence of micropolar or nonlocal effects

will be discussed.

ii.) Since G and K are related by a constant, the prediction of

K by the equations from the ASTM metals standard may be

checked from the available experimental data.

Fracture experiments will also determine some of effects that

specific gravity, resin content and particle size have on the strain

energy release rate.

Finally, the applicability of the J-integral approach to a com-

posite material is of interest. Experiments are expected to detect

the reason for the nonlinear load-displacement response of particle-

board.

The Relationship Between Wave Dispersion and Fracture

To examine the possibility of a relationship between acoustic

wave dispersion and fracture strength in composite materials.

The material selected for experiments in this study is

particleboard and, therefore, conclusive evidence can be presented

for this material only. Objectives on the subjects of Wave Dispersion

and Fracture (given over the last four pages) are prerequisites for

this objective, which pursues the ultimate goal of the research.

The hypothesis for a relationship between dispersion and fracture



has arisen from theory rather than hindsight. Although the theory

(nonlocal theory) is in its embryo stages, the suggestion of such

a relationship warrants further study. The existing analysis

relating dispersion and fracture will be examined as it compares

with experiments made on particleboard. This objective should

satisfy four requirements.

Verify the existing analytical model for relating

dispersion to fracture and show its limits to real

material behavior. In additon, the method by which

nonlocal theory may be better utilized to predict fracture

will be discussed.

Develop a method of determining nonlocal moduli from

experimental dispersion data. This appears to be a key

factor in using nonlocal theory to predict strength.

"Ideal" nonlocal moduli exist in the literature. These

moduli have been analytically obtained from dispersion

relations as given in the wave theory of periodic structures.

The current study is concerned with developing a method by

which nonlocal moduli can be calculated using experimental

dispersion data and a fast Fourier transform computer routine.

To give the details of the nature and use of nonlocal moduli.

Nonlocal moduli have never been experimentally measured for

composite materials. Comparisons between ideal and experimen-

tal nonlocal moduli will be made.

The physical interpretation of nonlocal moduli is critical to

understanding nonlocal theory and its benif its. Theoretically,

13
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nonlocal moduli describe the interactions between internal

structure of a material when under stress. The variables of the

test matrix (i.e. board density, resin content and particle

size) can be discussed as they apply to the nature of

attenuating stress and fracture.

d.) Finally, it should be possible to show experimental correlation

between wave dispersion and fracture. If a potential analytical

relationship exists between fracture and wave dispersion,

experimental correlations should exist for the material under

study. Satisfying this requirement would warrant further

analytical investigations in the future.

The objectives stated above were given in detail. If the

reader is confused by any of the terms used in describing the

objectives, the pertinent section under the heading of ANALYTICAL

AND EXPERIMENTAL BACKGROUND should be consulted. In those sections

much less prior knowledge is assumed on the part of the reader.



IV. ANALYTICAL AND EXPERIMENTAL BACKGROUND

To provide background for the current study, literature reviews

will be presented under three titles:

Wave Dispersion

Fracture

The Relationship Between Ultrasonics and

Fracture Strength in Materials.

Each section pertains to the topics given in the objectives under the

same numerical heading. The majority of the research of the past has

come in the first two categories where traditionally a relationship

between wave dispersion and fracture has not been developed. Therefore,

in the first two sections,it is reasonable to avoid discussion implying

the relationship. Only in the third section will a discussion relating

dispersion and fracture be given. The third section will also discuss

the relationship between fracture and other acoustic measures which

have been presented in the literature.

Wave Dispersion

In order to understand the dynamic phenomena of wave dispersion,

background from the field of wave propagation in periodic structures

(16) is necessary. This field has traditionally been associated with

lattice dynamics and as such was studied initially by those researchers

with a physics background. Engineers, on the other hand, did not pursue

the field of wave dispersion in the past, and classical elasticity was

unable to predict wave dispersion without modeling the microstructure

discretely. Recently, engineers have begun to study the dispersion of

real materials from both analytical and experimental sides. However,

the terminology traditionally adopted from physics remains unchanged.

15
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The term dispersion carries various meanings when applied to dif-

ferent fields of science. In the present context wave dispersion refers

to a dependence of the phase velocity of a wave an its frequency. Phys-

ically, wave dispersion occurs due to wave interactions with character-

istic internal structures of a material. The resulting interaction can,

in general, result in either increasing or decreasing phase velocities.

The phase velocity, v , is simply defined as

= f X ( 1)

or

v- w/ k (2)

where f is frequency (cycles/time), A is the wavelength (length/cycle),

w is the angular frequency (27f) and k is the wavenumber (2n/X)

Equation 2 is convenient since v can be calculated as the slope of a

line drawn from the origin to a point an the curve of w plotted as a

function of k. This plot is traditionally termed the dispersion curve.

From Equations 2 and 3 it is obvious that any relationship between two

of the three parameters of either equation implies the third. For this

reason dispersion relations or dispersion curves are, respectively, the

equation or plot describing the association between any two of the three

parameters.

In classical continuum mechanics,wave propagation is nondispersive.

In general, the phase velocity of classical mechanics is found to depend

an the direction of wave propagation (e.g. anisotropic materials) and

the mode of propagation (longitudinal or shear); but not on the frequency

of the wave. Materials are often referred to as dispersive or nondisper-

sive to distinguish the potential for applying classical theory. Such

distinction implies behavior for a range of frequency and wavelengths.
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This last statement was made since all materials are expected to be

dispersive over some frequency and wavelength range. Therefore, the

validity of classical continuum theory is considered good in the "long

wavelength limit". In the literature there are vast applications for

determining elastic constants of materials utilizing classical theory

by measuring phase velocity in frequency ranges from 0.5 kHz (1 kHz

. 1E+3 cycles/sec) to 100 MHz (1 MHz = 1E+6 cycles/sec) (73,88,123,141).

Before continuing the discussion of wave dispersion it is important

that the reader is able to distinguish between phase velocity and group

velocity. In terms of parameters already defined the group velocity, V ,

is given as

= Aw/ Ak = A f / A (1/X ) ( 3)

where A represents an incremental change. In the limit,Equation 3 becomes

ip =3w/ 9k =3f /3(1/A) (4)

(16). From equations 2 and 4 it is apparent that ip and v are equivalent

for nondispersive waves. In dispersive materials ip and v are frequency

dependent and related by

= v/ ( 1 - w/v 3v/3w ). ( 5' )

Therefore, in general, from equation 5 * and v are not equivalent. Figure

2 graphically shows the relationship between ip and v at a point on a

dispersion curve.

Group velocity is frequently associated with the velocity of a

pulsed wave. Fourier analysis may be used to determine the frequency of

continuous waves whose superposition describes the pulse. Equation 4 can

be derived from Equation 3 only when Aw meets certain finite length
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requirements. More Will be said about the relationship between pulse

and continuous waves in the background discussion of experimental

wave dispersion.

In electrical engineering terms, the phase velocity would cor-

respond to the velocity of a carrier wave and the group velocity would

represent the speed of the modulation. If the detailed motions of the

carrier wave are ignored then only an average amplitude distribution is

seen to travel at the group velocity. Such a modulation is expected

to propagate without distortion. If the modulation becomes distorted

due to the presence of attenuation in an absorbing medium then the defin-

ition of group velocity looses meaning.

Further aid for understanding the idea of wave dispersion can come

from the study of a one-dimensional lattice of particles. As shown in

Figure 3a, the particles of such a lattice are separated by a constant,

the equilibrium lattice spacing, d,alang the x-axis as viewed in the

undeformed state. Each particle has a mass, M, and is attached to ad-

jacent particles by "linear springs" (i.e. nearest neighbor interactions

only,). The spring constant is F.

The dynamics of wave propagation for the current example (i.e. time

related deformation of the lattice of particles) may be visualized in

either of two ways. These two methods differ by holding either time

or Position constant. Illustrations in the current discussion will follow

the former technique. In addition, since shear waves are more easily vis-

ualized than longitudinal waves they will be shown in the figures of the

current example. A shear wave is defined as a wave whose propagation di-

rection is perpendicular to the direction of particle displacement,
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Figure 3a. A one-dimensional (Von Karmon) lattice. The masses are denoted by the shaded circles
and are in their equilibrium positions, separated by a constant distance, d.
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Figure 3b. Shear deformations of the lattice at a given instance in time
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whereas, for longitudinal waves, the propagation and particle dis-

placement directions are parallel.

In Figure 3b, the deformation of the lattice at a given instant

of time is shown. The open circles represent displaced positions while

the solid circles are the equilibrium positions. Superposed through the

displaced positions are two curves (waves) which both define the dis-

placement field at the given instance in time. In fact, there are

infinitely many waves that could be drawn to represent the displacement

field. Associated with each of these waves is a unique wavelength.

Therefore, a resulting ambiguity in wavelength exists when describing

dynamic particle displacement by continuous functions. Examining the

mathematics of the infinite set of curves that can be drawn through the

displacement field reveals that a continuous periodic relationship exists

between frequency and wavelength of these curves. Since time was held

constant in the illustration (Figure 3b) the relationship is not im-

mediately apparent.

For the current lattice model the relationship between w and k is

w2 = ( 4F/M ) sin2( kd/2 ) ( 6 )

(16). Equation 6 is the dispersion relation for lattice dynamics assuming

nearest neighbor interactions. Several periods of this equation are shown

in Figure 4a. By describing the dynamics of the lattice by Equation 6

there are infinitely many wavelengths at a given frequency. Careful exam-

ination of Figure 4a helps to better understand this ambiguity in wave-

length.

By combining Equations 2 and 6 a relationship for phase velocity
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Figure 4a. The dispersion relation expressed as w=f(k) for a one-dimensional lattice with
nearest neighbor interactions (i.e. Equation 6)
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Figure 4b. The same dispersion relation as Figure 4a, but it is expressed as v=f(k) (i.e.
Equation 7). Both Figures 4a and 4b are drawn with the identical x-axis in order to allow
the points from the two curves to be matched



may be given as

= d F/M )
'sin ( kd/2 )1

lkd/21

Figure 4b is a plot of Equation 7. Figures 4a and 4h were purposely

drawn with the same x-coordinate scale to graphically show how phase

velocity relates to the dispersion curve. Reconsidering the ambiguity

in wavelength, another important point is apparent from Figure 4h,

namely, the fact that smaller X (higher k) representation of the

displacement field results in lower phase velocities. In fact the peak

phase velocities (ie.the phase velocity at k = nTrid where n is an odd

integer 13) tend toward zero as shown by Equation 7 and Figure 4b.

When an infinite wavelength ( 0 ) is considered Equation 7

becomes

v1
= d 11 F/M ) ( 8 )

where represents the phase velocity at X ÷ co In the limit of the

dense spacing of the particles of the lattice (i.e. a continuous struc-

ture) Equation 8 should revert to the classical elasticity description

of phase velocity. For an isotropic elastic solid

v12
= ( X +20/ p

v22
= / p

(9)

where
v1

and
v2

are respectively the classical longitudinal and

shear phase velocities, p is mass density, and T and p are the classical

Lame' coefficients. Clearly Equations 8 and 9 describe constant phase

velocities.

Figures 4a and 4b represent the classical region as extremely

23
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small. This is because they were plotted to show the periodicity of the

wave phenomena. If, for instance, an atomic lattice was modeled by

Equation 6, d would be the atomic spacing which is normally expressed

in Angstrom, X, units (1 X = 1.0E-10 meters). The portion of the

curve from the origin to the first maximum in Figure 4a includes a

range of wavelengths of

'- XI >- 2d ( 10 )

Equation 10 represents the interval termed the Brillouin zone.

In the classical limit, as d approaches zero, the Brillouin zone looses

its distinction as a zone and u is independent of w, as discussed above.

As shown in Figure 5, the k limits of one Brillouin zone are given as

- 711 d < k < Tr/ d ( 11)

By adapting this convention,the ambiguity of X is removed for the

purpose of presenting the dispersion curve. The information given in

one Brillouin zone is enough to determine the rest of the continuous

periodic dispersion curve. The concept of the Brillouin zone is also

convenient for experimental measurements but the periodicity of the

dispersion relation should not be overlooked when applying analysis.

More will be said on this later.

Up until this point there has been only one dispersion rela-

tionship presented, a simple lattice model. For real materials,

in general or when studying more complex lattice models,it is common

to have multiple dispersion curves for the full scale of frequencies.

The various dispersion curves are termed branches and are individually

described over particular ranges of frequency. The lowest branch, in

terms of frequency, is called the acoustical branch. The higher branches
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are called optical branches. In general the terms acoustical and optical

imply nothingabout their frequency being that of sound or light. The

maximum frequency of the dispersion curve of Figure 5 is referred to as

the cutoff frequency for the acoustical branch. Physically, the cutoff

frequency is due to the discontinuous nature of the internal structure

of materials. Figure 6 shows a set of three dispersion curves for some

arbitrary material over the frequency range from 0 to
w5.

As shown in

Figure 6, stop bands represent frequency ranges in which waves are un-

able to propagate through the material due to attenuation*. The theory

of electronic filters can prove useful for understanding stop band

phenomena. In Figure 6 the parts of the curves in the first Brillouin

zone are represented as solid lines.

The majority of applications for studying wave dispersion in solids

have come from work with perfect crystals. Phonon dispersion is the ex-

pression used in solid state physics for the experimental measurement of

dispersion of elastic waves in crystals. The internal structures that

interact in these materials are atoms. With the help of phonon disper-

sion curves the force functions of material response are obtainable (148).

The forces act over dimensions on the atomic scale.These functions are

essential for application of theories of lattice dynamics (53).

Since crystals have directional characteristics, it is not enough to

refer to k simply as a scalar (e.g. as was done in Equation 2 and in all

discussions to this point). Instead a direction must be assigned,

* The theory behind attenuation of waves in perfect lattices will
not be covered in the current discussion. In a perfect lattice
waves attenuate in stop bands only and the attenuation is a
function of frequency representing the coefficient of the complex
part of k. The interested reader is referred to (16).
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renaming k the wavevector, t. Hence, dispersion relations that appear

in lattice dynamics distinguish crystal lattice directions. In general,

even noncrystalline anisotropic materials will have different dispersion

characteristics depending on the direction of wave propagation.

The definitions of photon and phonon are critical to understanding

the principles of phonon dispersion measurement ( 69). In order to

describe a wave in nature the energy associated with the wave can be

quantized. The quantums (an indivisible unit of energy) of electromag-

netic and elastic (e.g. lattice vibration ) waves are respectively

photons and phonons. By describing a wave phenomena using a particle*

or bundle of energy such as a photon or a phonon,the phenomena takes

on a dual character. In nature the dual character is evident when

light ( or elastic vibrations ) behaves as a wave under some circum-

stances and as a particle under others.

Using the particle description of wave phenomena and the concept

of phonon momentum,the measurement of phonon dispersion is possible.

The idea of phonon momentum originates because phonons interact with

other particles as if they had momentum. The momentum is not a true

momentum except when k = 0 (i.e.A÷0.) and the whole lattice translates.

But for the purpose of calculations a fictitous momentum, often re-

ferred to as a "crystal momentum" is assumed. By creating a momentum

balance for a particular crystal, between known incoming and outgoing

particle (usually photons) characteristics,the determination of the

dispersion relation within the lattice is possible. The phenomena by

which photons enter and leave the lattice is known as scattering.

* The term particle, as used in the current discussion, should not
be confussed with particle as it is used to describe an internal
structure in a material.
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The elastic scattering of an X-ray photon by a crystal is governed

by the wave vector selection rule (equivalent to Braggs Law). Since

the scattering is elastic, the energy of the X-ray quantum is conserved.

With this conservation of energy no phonons should be created. Instead

the lattice as a whole recoils with a constant momentum which is often

ignored. As a result the incoming and scattered wavelengths are

identical.

If the scattering of the photon is inelastic, then a phonon is

created or absorbed in the process. This inelastic scattering leads to

the potential for measuring phonon dispersion. When performing the

momentum balance for inelastic scattering the difference between in-

coming and outgoing momentum involves more than a vector in the recip-

rocal lattice (elastic or Bragg scattering). Instead there is also

the creation or annihilation of a phonon with an associated wavevector

and crystal momentum. Under inelastic conditions,Brages Law is not

precise. The measurement of differences between incoming and scattered

energies and wavevectors allows the calculation of the frequency wave-

vector relationship for the lattice vibrations created. Physically, one

can begin to see how such measurements lead to the prediction of atomic

force interactions as phonon wavelengths approach atomic lattice spacing.

Inelastic or diffuse scattering of X-rays by phonons was first

studied by Born (148). With X-rays the study of Bragg's diffraction

(elastic scattering ) reveals the geometry of the lattice. The use of

more sophisticated instrumentation allows measurements of the frequency

shift associated with an inelastically scattered X-ray beam and, hence,

the dispersion relation. However, the frequency shift is so small that

the results are difficult to interpret directly. While this presents a
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barrier to determining the dispersion relation, it satisfies the condi-

tions of Bragg's diffraction. This is to say that, although X-ray photons

interact with a crystal lattice with some inelasticity, the effect is so

small as to be negligible.

Finally, inelastic scattering of neutrons by phonons is by far the

ideal method for the determination of phonon spectra. Neutron scattering

experiments have an advantage in that the energy shift associated with

the creation or annihilation of one phonon can be measured directly. By

measuring this energy as a function of the difference between incoming

and scattered neutron wave vectors,the relationship between frequency

and wavenumber in the phonon spectra can be simply calculated. The

method is limited by absorption of neutrons by the nuclei of the crystal.

The devices used for neutron scattering experiments are called triple-

axis crystal spectrometers (69).

Phonon dispersion principles were presented above because histor-

ically they represented the first link between experimental measurements

in materials and the theory of wave propagation in periodic structures.

The dispersion curves of perfect crystals are a direct indication of the

limits of classical continuum theories. Early parts of the acoustical

branches are nearly straight lines showing no dispersion (the long

wavelength limit). As wavelengths approach the atomic distance the

curve bends and dispersion is evident. Curvet for longitudinal waves

characteristically rise above those for shear waves and anisotropy

is clearly evident. Stop bands and optical branches also exist for

many curves. In general, the theoretical sophistication needed to match

the experimental measurements requires consideration of more than nearest

neighbor interactions (148).



Over the last twenty five years, theoretical and experimental

studies an materials that are not classified as perfect crystals has

revealed the existence of dispersion at wavelengths much larger than

atomic dimensions. Remembering the definition of wave dispersion to

be the frequency dependence of phase velocity, there are a number of

mechanisms by which such phenomena may occur, dictating the dynamic

response of a material. These mechanisms may be classified as:

Geometric dispersion: Dispersion that occurs due

to the presence of specimen boundaries. Physically

this dispersion may best be thought of as the inter-

action between specimen dimensions and wavelengths

of similar size. A theory known as the guided wave

theory was developed to take the interaction into

account ( 89). Although this type of dispersion is

not the concern of the current investigation, it is

important for experimental measurement considerations.

Material dispersion: The dispersion that results in a

frequency dependence of material constants (e.g. dielec-

tric constants, elastic moduli). A good example of

this type of dispersion is often referred to as

viscoelastic dispersion.

Scattering (micro-geometric) dispersion: Dispersion

present in materials that are inherently inhomogeneous.

Scattering dispersion is similar in nature to that

described earlier for periodic structures. When a
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material consists of internal boundaries separated

by periodic characteristic dimensions, waves of

wavelengths on the order of those dimensions may

become dispersed due to multiple scattering. For

composite materials the periodic spacing occurs at

levels much greater than atomic or molecular dis-

tances (e.g. fiber spacing, particle diameters ).

Dissipative dispersion: Irreversible dissipation of

wave energy can cause this form of dispersion. The

energy, for example, can be absorbed as heat.

Nonlinear dispersion: When the wave speed is found

to depend on the wave amplitude,as well as frequency

or wavelength, nonlinear dispersion is said to have

occurred.

The types of dispersion listed above do not represent distinct

categories of dispersive behavior. Instead, for any given specimen of

material in a particular environment, the types of dispersion may

superpose. However, a particular type of dispersion may tend to

"dominate" the material's behavior under the given circumstances. In

the current investigation, scattering ( micro-geometric ) dispersion is

of primary concern.

When dynamic experiments are performed on a material using some

apparatus, the detection of material response is limited by the capabil-

ities of the test equipment. The experimental probe creates waves over

a range of frequencies or wavelengths to excite the material. The

characteristics of the waves traveling in the material can be as-

sociated with material properties for the particular range of frequen-



cies and wavelengths of the test. Phonon dispersion was described

earlier as a test method to determine the dynamic behavior of crys-

talline materials over a range of wavelengths approaching 1.0 A. When

wave dispersion occurs at wavelengths much larger than atomic dimen-

sions,phonon dispersion experiments are unable to detect such behavior.

The frequencies of X-ray and neutron phenomena are too high to excite

wavelengths that would interact with microstructures consisting of

millions of atoms ( e.g. fibers, particles, inclusions ). The methods

of ultrasonics span a lower range of frequencies. Such methods can

prove useful for dispersion measurements on composite materials*. Like-

wise, the fields of ultrasonics will not suffice for measuring disper-

sion of perfect crystals because the frequencies required are out of

the range of current equipment. In fact,the potential for ultrasonic

waves propagating in controlled conditions at wavelengths approaching

1.0 X seems unreasonable. However, the methods of ultrasonics do

provide a check of a perfect crystal's dispersion relation at law

(nondispersive) frequencies where w versus k is linear.

When studying the wave dispersion of composite materials two

competing mechanisms are evident. The first, viscoelastic dispersion,

is said to dominate when phase velocity increases with frequency.

Scattering dispersion dominates when phase velocity decreases with

frequency and the potential for stop band phenomena exists. As discus-

sed earlier the later mechanism is of primary concern in the present

study of wood particulate composites. However, viscoelastic effects

can superpose without dominating and a brief review of the literature

in this area is justified.

* The methods of ultrasonic measurement of wave dispersion in compos-
ite materials will be reviewed at the end of this section.
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As the name implies,viscoelastic dispersion is associated with

viscoelastic materials such as those consisting of polymers (133).

When a composite material has some polymeric constituents, visco-

elastic dispersion may be evident (81,86,114,131,132,135). Various

degrees of viscoelastic dispersion may exist in different directions

of the composite due to anisotropy (114). The viscoelastic components

make the properties of the composite dependent an temperature as

well as time. Data of phase velocities and attenuation versus time

( frequency) and temperature for a material can result in the deter-

mination of stress relaxation moduli (95,132,133). This is achieved

by utilizing time-temperature superposition principles (38). The

use of viscoelastic dispersion data to determine stress relaxation

moduli is analogous to the use of scattering dispersion data to deter-

mine nonlocal moduli. The latter is one of the objectives of the

current study and will be discussed in detail later.

The mechanism by which viscoelastic dispersion occurs within

a material results in an exponential attenuation of wave amplitude

with propagation distance (54). In the theory of wave propagation

in periodic structures, attenuation for perfect lattices occurred only

in stop bands. Within the theory there was no mechanism for viscoelastic

dispersion. In general, for real materials, attenuation is found to

occur as a function of frequency and is not limited to stop bands.

Attenuation of waves may also occur due to wave scattering and other

mechanisms in addition to viscoelastic dispersion. For the purpose of

the present investigation attenuation may physically be described as

a loss in wave amplitude (e.g. signal strength) with propagation
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distance. Whenever waves interact with boundaries, whether it be those

of a material's internal structure or a specimen's surface, some form

of attenuation is expected to occur, causing loss of signal.

When measuring dispersion,viscoelastic dispersion is important

as it may impose limits on the experimental range. Even when a mater-

ial's dynamic behavior is dominated by scattering dispersion there is

a tendency for any viscoelastic characteristics to control certain

aspects of material response. For instance, when stop bands exist

there is a wavelength at a cutoff frequency which is expected to be

associated with a characteristic dimension of the internal structure.

Often times, if a viscoelastic constituent exists, the wavelength

where cutoff is expected to occur cannot be reached due to attenuation

of signal (67,68 ). It has been surmised that subsequent pass bands

in some composites are blocked due to viscoelastic attenuation (131).

In order to study micro-geometric dispersion in a composite

material without the presence of viscoelastic contributions, Sutherland

and Lingle (134) chose a composite with tungsten wires embedded in

an aluminum matrix. Both constituents were chosen for their "elastic"

behavior. Compoeites consisting of two percentages of tungsten wires

( 2.2 and 22.1 % by volume) were formed from pressure-bonded

"monolayers" with the wires within each layer evenly spaced. Longitud-

inal waves were transmitted perpendicular to the layers. As expected,

on the basis of theoretical (26) and physical grounds, dispersion did

not occur when the wavelengths of the test were much larger than the

layer spacing, within the composite. However, as wavelengths approached

the layer spacing micro-geometric dispersion was evident. The cutoff

frequency of the acoustical branch occurred at a wavelength close to
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the thickness of two unit cells (two layer thicknesses). This is

analogous to the behavior predicted by the one dimensional lattice

model for nearest neighbor interactions that was discussed earlier.

For that model the wavelength equivalent to the length of two

lattice spacings was associated with the cutoff frequency for the

dispersion relation. Since the internal structure of the composite

made of 22.1% tungsten wire approached that of a layered-plate type

composite (i.e. fiber spacing within each layer was close) its cut-

off frequency was more easily observed. In fact due to the strong

dispersive nature of the 22.1% wire composite,data could not be

collected past the first stop band. An optical branch was observed

in the composite consisting of 2.2% wire. Again measurements were

obscurred close to the stop band due to increased attenuation. At

higher frequencies within the optical branch attenuation decreased.

Almost all of the energy of the incident wave packet of waves whose

central frequencies fell within the stop band was observed to be

reflected and/or scattered by the composite.

Robinson and Leppelmeier (110) verified the existence of scat-

tering dispersion in a composite consisting of alternating layers of

steel and copper. Again the existence of an acoustical and an optical

branch separated by a stop band was observed. Theory was developed

that predicted both branches of the dispersion curve. Similar to (134),

theory and experiment showed that the wavelength at the cutoff frequency

was twice the layer thickness. Whittier and Peck (150) also observed

micro-geometric dispersion in fiber reinforced composites. They measured

the phase velocity as a function of frequency in both plain matrix and

fiber reinforced matrix samples. Dispersion existed only in the fiber
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reinforced sample,owing all the dispersed behavior to the inhomogen-

eous internal structure of that sample.

Other dispersion studies on fibrous composite materials that

contained a viscoelastic matrix showed that micro-geometric dispersion

influenced the overall dispersive behavior to varing extents depending

on the mode and direction of propagation and coarseness of the internal

structure. In (114),dispersion was measured for various directions

( xi/xj where
xi

represents the direction of wave propagation and x

represents the direction of particle displacement) of a unidirectional

boron/epoxy composite. Stop band phenomena was observed only for the

shear modes, x1/x3 and x2/x3, where x3 is the fiber direction. This

composite, which has traditionally been modeled as an orthotropic

elastic material (61), also showed behavior contrary to the assumed

balance of shear modes of wave propagation ( e.g. x1/x2 0 x2/xl,

x1/x3 0 x3/x1, x2/x3 0 x3/x2 ). In (131), dispersion in fiber rein-

forced viscoelastic materials appeared to be dominated by scattering

or viscoelastic dispersion depending on whether the internal structure

was coarse or fine, respectively.

A certain class of particulate composites have particles distri-

buted in a non-periodic or random fashion. In one study on ultrasonic

longitudinal and shear wave propagation, spherical glass inclusions

were randomly embedded in an epoxy matrix (68). The variables of the

test matrix included sphere diameter and inclusion volume fraction.

The conclusions of the study pointed out that a number of analysis

methods, based on long-wavelength assumptions, were accurate in

predicting the wave propagation as a function of test matrix variables.

Long-wavelength behavior was evident throughout the range of frequencies
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a later study, Kinra and Anand (67) pointed out that the range of

tests in ( 68) did not include that in which dispersion occurs. By

repeating the experiments performed by (68), with the exception that

larger diameter spheres were used, Kinra and Anand were able to gain

evidence that wave propagation occurred along two separate branches,

an acoustical branch and an optical branch. The two branches were

separated by an apparent cutoff range of frequencies.

Research pertaining to viscoelastic or scattering dispersion in

wood or wood particulate materials is not evident in the literature.

The ultrasonic studies that have been performed on wood recognize

that it is a highly attenuating material (74,94,124). Moot research

performed on the acoustics of woody materials involve pulsed velocity

or attenuation measurements with little recognition of the influence

of frequency. The frequencies associated with these measurements are

normally below 1.0 MHz. Due to a lack of research in this area, pre-

liminary tests have been performed at Oregon State University over

the last two years. The important results from these studies will be

given in later sections of this dissertation.

Modeling wave dispersion in composites has been approached using

a number of theories. The use of theories that model composites as

pseudo-homogeneous materials appears to be inadequate. These methods

have been successful for static phenomena but are limited in dynamic

applications. Dynamically, composites exhibit behavior uncharacteristic

of homogeneous solids. On the other hand, approaching the problem from

the atomic scale (quantum mechanics) is unrealistic due to the multi-
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tude of material defects and complex internal force fields that make

calculations unwieldy. Between these two extremes lie the theories

that have been successfully applied to the dynamics of composite

materials. A number of review articles exist in the literature on

this subject (1,13,79, 91). The current discussion will concentrate

an analysis methods which will be applied in this dissertation and

those models that pertain specifically to scattering dispersion in

porous, fibrous and particulate composites.

For some problems of stress wave propagation in composite mater-

ials the theory of elasticity can be used directly by modeling the

internal structure discretely. This approach is achieved by imposing

displacement and stress continuity conditions at material interfaces

(15). One example is the method taken by Drumheller and Sutherland

(26) to model the fibrous laminates of (134). Their model may be

described as a "continuous lattice" and for the composites studied

there was good agreement between theory and experiment. Similar

models have been applied to orthogonally reinforced fiber composites.

In one study a"two-dimensional lattice" was applied (25) and in an-

other a Iliscrete model" was used (24). Both methods resulted in theo-

retical dispersion relations. The direct approach is limited when

applied to complex structures where displacement and stress continuity

conditions are difficult to characterize (e.g. porosity and delam-

ination ).

A number of investigations have presented models for wave disper-

sion and attenuation in porous, particulate and two-phase materials.

Sayers (115,116, 117) used a self-consistent approach to determine

multiple scattering effects due to particle suspensions and pores. He
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notes a dropping velocity and increased attenuation with increased

porosity. He also hypothesized that dispersion and attenuation meas-

urements provide a method of pore and particle size measurement.

Talbot and Willis (138) point out that dispersion and attenuation

depend on "radial distribution' as well as inclusion radius and

concentration.

As discussed earlier the theories of interest in the current

study are termed microcontinuum theories (32). Similar theories fall

under the category of structured continuum (13). The various micro

and structured continuum may be classified as generalized continuum.

The objective of these theories is to bring forth the effects of a

material's inhomogeneous internal structure without having'to dis-

cretely model it. For example, the material to be modeled in the

current study, particleboard, has a complex internal structure includ-

ing dissimilar material interfaces, porosity, local anisotropy and

density variations. Modeling this material discretely is seemingly

impossible.

For dynamic applications an accurate prediction of the dispersion

curve is the first step in verifying the theory. As discussed earlier,

a classical continuum is unable to predict the dispersion curves. In

general, microcontinuum theories do allow waves to be dispersive. How-

ever, for specific applications the theories must be classified.

Eringen (32) has distingnished microcontinuum theories according to

the following convention:

1.) Micromorphic theory: A generalized continuum where the

material is envisaged to consist of a large collection

of sub-continua or microelements. These microelements
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are able to translate, rotate and deform. In a

classical continuum the individual points are allowed

only translation.

Micropolar theory: A special case of micromorphic

theory where the microelements are given only trans-

lation and "rigid" rotation degrees of freedom.

Nonlocal theory: A generalized continuum in which

the subunits are given the additional freedom of

long-range interaction. Lang-range interactions

were traditionally modeled by atomic theories and

may simply be defined as an interaction between

subunits that does not require contact between them.

The term nonlocal derives from the integro-differen-

tial equations of the theory.

Nonlocal-polar theory: Includes the mathematical

degrees of freedom of both nonlocal and micropolar

theories.

Micromorphic and micropolar theories have both been used to study

wave propagation. Parameshwaran and Koh (100) used a simplified micro-

morphic theory for a micro-isotropic, micro-elastic solid to obtain

the dispersion relations of plane harmonic waves. Twelve different

types of waves were found to propagate ( classical theory has only

longitudinal and shear waves for the similar problem ). Of the twelve

types only the longitudinal wave was nondispersive. Further simpli-

fication of the theory to the micropolar case results in four types

of waves and again the longitudinal wave is nondispersive (27,101).

Since the study of longitudinal wave dispersion is an objective for
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this dissertation, micromorphic and micropolar theories are not ap-

plicable. Nonlocal theory does allow dispersive longitudinal waves

(28, 31) and for this reason it will be used to model particleboard.

Nonlocal-polar theories also allow dispersive longitudinal waves (29,

30,34) but a simpler approach is currently necessary due to limits of

experimental sophistication.

Nonlocal theory has been shown to give equivalent results to

those of lattice dynamics (33,35, 36). In short, the key to using a

continuum theory to describe the behavior of discrete systems ( e.g.

a lattice ) is to generalize the points of the continuum to functions.

Therefore, a "body" represents a functional space rather than the

traditional continuum space of geometric points. Following the

nonlocal approach the elastic moduli of the linear theory are func-

tions of the distance, x', from a local point%x. The concept of

attenuating neighborhood is applied to nonlocal moduli. The result is

quickly, diminishing, interaction with distance. Similar behavior is

found in lattice dynamics where the interaction of neighboring

masses is found to attenuate rapidly with distance. The nonlocal

moduli, TI and 11', for isotropic elastic solids are defined as

) = ( 7,11) a( - x I ) ( 12 )

where T and p are the classical Lame' coefficients and a( J x' - x f)
is an attenuation function whose form is to be determined for the

particular application. In the classical limit, a becomes a Dirac

delta measure. This requires that the condition

Vci(I x l) dv( x') = 13 )



be satisfied. For future reference the ratio of nonlocal moduli to

classical moduli in the form,

i'(x)
+ 2

( 14 )

X + 211

is important.

Following. (31 ) the dispersion relation for a plane longitudinal

wave in one dimension was found to be

2 2 -
w /v = t'(k) k2

1

where -e(k) is the Fourier transform,

l'(k) f e(x) exp(ikx) dx

( 15 )

( 16 )

where i is and all other parameters are as defined earlier.

Substituting the definition of the phase velocity, Equation 2,

into Equation 15 and rearranging gives

ll(k) = v2/v12 ( 17 )

Equation 17 represents an important relationship. The inverse

Fourier transform of l'(k) is V(x) which is related to the nonlocal

moduli through Equation 14. Once nonlocal moduli are determined the

dispersion relationship can be predicted. Similarly, experimental

dispersion data can be used to determine the nonlocal moduli. As will

be discussed later the use of dispersion data to determine nonlocal

moduli is the key to modeling complex dynamic problems with nonlocal

theory. In the classical static situation the analogy exists where

Young's modulus is measured in a simple test to characterize the

material for more complex problems.

For the purpose of illustration the simple one-dimensional
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lattice model of nearest neighbor interactions can be used to obtain

nonlocal moduli. Substitution of Equation 7 and 8 into Equation 17

gives

11(k) = 4/(k2d2) sin2(kd/2) . ( 18)

Taking the inverse transform of Equation 18 gives

e(x) = lid ( 1 - 1 xl/d ) , when I x 1/d < 1
( 19')

=0 , when 1 xlid > 1.

The relationship of Equation 19 is plotted in Figure 7. Notice that

the condition, Equation 13, for the one-dimensional case becomes

I. 2!(x) dx = 1 ( 20)

which is clearly satisfied. In fact, this condition was established

earlier in Equations 16 and 17 by choosing A as the phase velocity

in the classical limit ( 0 ). Nonlocal moduli in the form of

Equation 19 allows the dispersion relation, Equations 6 or 7, to be

predicted by nonlocal theory. Hence, the relationship between a

continuous theory ( nonlocal theory ) and a discrete theory (lattice

dynamics ) has been illustrated (36).

In the discussions above nonlocal theory has been shown to be a

general theory by the way it can relate to simple lattice models and

still revert to classical theory in the limit. However, nonlocal

theory is of greatest interest when applied to complex materials.

For instance, when a material consists of a crystalline internal

structure with a complex field of defects superposed, the lattice

dynamics approach increases in complexity by Incorporating lattice

defects in the model. In principle a nonlocal model need not become
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Figure 7. A plot of the ratio of nonlocal moduli to classical
moduli, 11(x), for a one-dimensional lattice with nearest
neighbor interactions (Equation 19). Both axes are nondimensional
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more complex. Instead, the nonlocal moduli can be experimentally

determined from the dispersion relation allowing the complex nature

of the internal structure to be characterized in a continuous sense.

This point has important implications to materials in general.

In many experimental applications of defect characterization

for materials there is no direct method by which the information

obtained can lead to the calculation of material properties. If the

measurement of the dispersion of elastic waves provides a means for

defect characterization, then the relationship with nonlocal moduli

is a direct method by which material properties can be predicted.

Currently, the above statements can be made in principle only.

Sufficient evidence has not appeared in the literature. There is

a need for more general solutions to boundary value problems using

nonlocal theory. These solutions should appear in forms suitable

for experimental application. In addition, the methods of exper-

imentally measuring nonlocal moduli must be developed. This final

point is an objective of the current study.

The final subject to be covered in the background section on

wave dispersion pertains to the methods of measurement for composite

materials. These methods use some type of ultrasonic apparatus. In

the first few pages of this section wave dispersion was defined and

illustrated with the help of a simple lattice model. There was con-

siderable discussion on the ambiguity in wavelength which arose when

describing dynamic particle displacement by continuous functions. The

convention of one Brillouin zone was developed to remove the ambiguity

when presenting dispersion curves. When measuring dispersion using
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ultrasonics the ambiguity*must also be dealt with. Bedford,et al,

( 13 , Page 6, Paragraph 1 ), referring to a figure of the disper-

sion spectrum ( similar to Figure 6 ), say

rf ... within a given pass band a single value of w
corresponds to an infinite number of k's. However,
when each value of k is independently substituted
back into the solution, it is found that each of
these values produces an identical set of displace-
ment and stress fields in the composite. This result
has important implication to the experimentalist.
If, for example, one were to place a layered compos-
ite in an ultrasonic apparatus and measure the re-
sulting stresses and displacements in the specimen,
it would be impossible to uniquely determine k.
That is, one would be faced with an infinite number
of choices, each with the same frequency but with
different wavelength and consequently each traveling
at a different speed. However, since each of these
k's produces an identical motion, the difficulty can
be solved by assuming that k falls in some zone,..."

e.g. 0 k < 7r/d in Figure 6.

... Values of k can be uniquely determined within
this zone and the resulting curve can be "folded
out" to obtain adjacent zones."

There are various experimental ways of uniquely determining k.

Several are covered in this section. The important point from the

quotation above was that experimental data from one Brillouin zone

is sufficient to determine adjacent zones.

When measuring dispersion with ultrasonics the choice between

using pulsed or continuous waves exists. In the following discussion

it will become apparent that both types of waves have advantages and

disadvantages. In addition, there are different ways of determining

the dispersion relation from experiments and the best method may

depend on the equipment available.

* The ambiguity referred to here (also see Figure 3) is not the
same as the one inherent to continuous wave experimental measure-
ments which will be discussed later in this sub-section.
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For a basic understanding of pulsed and continuous waves one

may consider Fourier analysis. Continuous waves are thought to be

monochromatic, that is, Fourier analysis can relate the waveform

to a single frequency. Pulsed waves are non-monochromatic. Depending

on the shape and duration of the pulse, various frequency components

exist. Figure 8 illustrates the frequency spectrum of various wave-

forms from the time domain. In the figure the waveform labeled as

a pulse could represent the characteristic shape of a dc pulse. The

second waveform, which is labeled as a tone burst, could represent

an "idealized" radio frequency (rf) pulse ( N is the number of cycles

and T is the period ). Finally,a continuous tone is also shown in

the figure. By taking the Fourier transforms of the various wave-

forms, the respective frequency spectrums result. From Figure 8

it is apparent that the frequency spectrum of a dc pulse is centered

at low frequencies. However, the frequency spectrum of the tone

burst is centered at a "carrier frequency", ?, and has a width

inversly related to N. As N becomes large the tone burst approaches

a continuous tone and the two frequency spectrums would be identical.

Because geometric dispersion occurs due to specimen boundaries at

low frequencies, square waveforms should be avoided when ultrasonics

are used to determine phase velocity. If a material is nondispersive,

tone burst or continuous tone waveforms should both allow accurate

measurement of phase velocity (123).

For dispersive materials, both pulse and continuous wave mea-

surements require special care. Two recent review articles (113,114)

discuss the various techniques of making phase and group velocity

measurements in dispersive solids.
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Figure 8. The frequency spectrums of various waveforms from the time domain (reproduced from (123)).
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When simply measuring pulse arrival times there is no guarantee

that the result is the time associated with phase velocity. A pulse,

being a superposition of waves, has its mean amplitude travel at the

group velocity. Depending on the dispersion and attenuation charact-

eristics of the material a pulse can become distorted and the ques-

tion arises as to what wave speed is measured. When stop bands exist

distortion can be extreme with the frequency spectrum of the output

pulse not having any components that fall within the stop band (110).

However, with the proper understanding of what is involved, disper-

sion can be determined from pulse measurements.

A rf burst delay technique was applied by (134) for the tungsten/

aluminum composites discussed earlier. Their method used a Fourier

analysis comparison between incident and received bursts to determine

the frequency shift associated with propagation through the specimen.

The velocity calculation involved a simple relationship with transit

time. The central frequency associated with the transmitted wave was

found to decrease relative to that of the incident wave as dispersion

in phase velocity occurred. The method was found to become inaccurate

as more pronounced dispersion was observed.

The methods of (86,110) also utilized rf bursts to determine

dispersion in three-dimensional carbon-phenolic and steel/copper

layered composites. Measurements were performed with amplitude mod-

ulated bursts. The time duration of the burst was longer than the

travel time of the wave through the composite. Constructive and de-

structive interference was created in the received signal by varying

the burst central frequency. The frequency difference between points

of similar interference allows the calculation of a velocity. Phase
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velocity can be calculated, provided the number of wavelengths in

the specimen at some starting point is known and continuously incre-

mented as the frequency range is swept. This method is essentially

the same as the variable frequency, continuous wave method that will

be discussed later.

Other pulse methods include that of ( 67,68 ) for particulate

composites. In their studies the phase velocity was determined by

using a tone burst of a large number of cycles. A peak close to the

center of the burst of the input signal was assumed to be associated

with the central frequency. Through the use of a delay line and an

oscilloscope the same central peak of the received signal was visually

matched with that of the input signal. As a result the transit time

could be measured accurately with a timer. This method becomes limited

if the received signal differs considerably from the input signal.

Modulated pulses minimize these problems (86, 110).

A final method of obtaining the dispersion relation from pulsed

waves is worthy of special note. The method has been termed "ultra-

sonic phase spectroscopy" and was developed by Sachse and Pao (113).

Their analysis linearly related the phase spectrum of a broadband

pulse to the dispersion relation. In the mathematics, the Fourier

phase spectrum of the received pulse was related to the complex

Fourier transform of the input pulse. Therefore, in order to evaluate

the dispersion relation, the phase shift of the pulse as it enters

the specimen must be known. Such measurements can be made by placing

the receiving and sending transducers in intimate contact. This method

has the accuracy of continuous wave measurements. In addition, it is
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much more rapid, in terms of data collection and reduction, than any

other ultrasonic method (114).

Continuous wave measurements are thought to be inherently more

accurate than pulse methods for determining velocity. Aside from the

inconvenience of having to analyze considerable amounts of data to

determine the dispersion relation the only disadvantages of continuous

wave techniques is the possibility of the propagation of more than

one mode and the specimen boundary interactions.With pulse techniques

the signal measured is usually temporarily separated from other

echoes. When dealing with continuous waves the number of cycles of

phase across the specimen, N, becomes the important experimental

measure. At any given frequency the wavelength is given as

A = L/N ( 21 )

where L is the specimen length in the wave propagation direction.

In order to determine phase velocity, wavelength must be known. For

transparent solids,optical techniques can be used to determine A

directly ( 98). For solids, in general, A must be measured at some

frequency unambiguously through some ultrasonic procedure. This am-

biguity is inherent to continuous wave experiments (i.e. the value of

N ) and is not the same as that of Figure 3. Once a value of A is

established, subsequent A's, at other frequencies, can be determined

by keeping track of N as frequency is varied (i.e. count the number

of cycles of phase change between input and received signals ). This

will work until a stop band, beyond which the wavelength will need to

be re-established. The ultrasonic technique, in which the excitation

frequency is varied and the phase of the received signal measured



relative to that of the input signal, is known-as the variable

frequency method. Even when A is not known, the group velocity

can be determined from this method by the equation

= L Af
1

( 22 )

where
Af1

is the frequency interval corresponding to a 2 wphase

change (99).

One way of determining the dispersion relation is through a

variable frequency method sometimes called the 7-phase comparison

technique. In this technique, N is set equal to 11 when frequency

is varied to the lowest value for which the signal received at L is

it -radians out of phase with the input signal. When the frequency is

increased beyond this point the received signal is successively

brought in and out of phase. In this procedure N is incremented con-

tinuously. Unfortunately this method is limited by the low frequency

interferences associated with specimen geometric dispersion (e.g.

side wallreflections, and complex modes that cause spurious signals )

(99). Such behavior is anticipated on physical grounds since a phase

of 7-radians corresponds to a wavelength twice the length of the

specimen.

Two ad hoc approaches can be used to determine N at a given fre-

quency based on assumed knowledge of the material. The first, requires

a rough idea of what the phase velocity should be. The procedure simply

involves the collection of experimental data, namely, frequencies where

the input and received signals were in-phase. At each frequency the

phase is assigned an integer value, starting at the lowest frequency

and incrementing by one. The relationship,
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v= fL/N ( 23)

can then be used in iterative calculations, adding or subtracting

1 from the data set of N's until the phase velocity varies with

frequency as expected ( i.e. changing N by 1 normally changes phase

velocity by a considerable amount ). The second approach assumes

the material is non-dispersive over a range of frequencies and,

hence, phase velocity equals group velocity. By using Equations 22

and 23,N can be determined in this range. Both these approaches

should be avoided unless considerable data has been collected for

the material using other, less assuming, methods. For instance,

they would work well if only specimen dimensions were changed fol-

lowing collection of a large data base for a particular material.

In the literature there are two continuous wave techniques,

known as variable-path-length methods, in which the wavelength can be

determined unambiguously. The first, allows wavelength determination

at a fixed frequency by slowly changing L until a 2ff -phase change

between sent and received signals is observed. The change in L is

the wavelength at that frequency. The procedure taken has been to

use a pair of sliding wedges (81). The difficulty in this approach

comes from the signal problems associated with the wedge interface.

The second technique, which was established by Ting and Sachse (139),

merges the variable-frequency and variable-path-length methods. A

number of specimens with different lengths, L, are used to collect

data. Analysis is then utilized to determine the dispersion relation

uniquely. This procedure has been used to measure dispersion in this

dissertation and will be discussed in detail below.
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In order to use the variable- frequency/variable-path-length

technique the number of cycles of phase, N*, relative to an arbitrary

starting value needs to be obtained as a function of frequency. For

instance, if measurements began at a frequency in which the input and

output signals were in-phase, then N* at this point could be assigned

any integer. Subsequent values of N*, at other frequencies, are deter-

mined relative to the starting point. The absolute number of cycles,

N(f), in the specimen is given by

N(f) = N*(f) + 6N - n(f) ( 24 )

where n(f) is the frequency dependent phase shift due to the elec-

tronics ( e.g. ultrasonic transducers, amplifiers, etc. ) and 6N

represents the integer value that must be added to obtain N. The

relationship, n(f), can be obtained by taking measurements with the

specimen removed from the apparatus ( e.g. ultrasonic transducers

face to face ).

The value of 6N can be determined by using a number of specimens,

m, of various lengths. Using Equations 21 and 24 the wavenumber can be

written as

k = ( 27r/L ) ( N* (f)+ aN + n(f) )

i = 1,2, ... ,m

where the subscripts i represent the values for the i th specimen.

By assuming that the dispersion relation is unique for the material

and independent of specimen length the relationship

k1
(f) = k2(f) = . . =m (26)
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must hold for any frequency. Equations 26 represent (m-1) equations



for in unknowns. The additional equation for determinacy comes from

theconditionthatMare integers.

Equations 26 may be rewritten, using Equation 25, as

= (
L/L1

) SN1 + B. , i = 2,3,...,m
1

where (27)

B = 1/L1( LiN1*(f) - L1i N *(f) - (Li-L1)n(f) ) .

One cannot expect to satisfy the requirement that dNi be integers

forexperiments.Therefore,asimplerrequirement,Mclose to
1

integer values, is applied. To this end the experimentalist seeks

thesetofSN.that satisfies Equation 27 and has values which
1

are found to deviate from integers by the smallest amount. By

finding the deviations of each SNi from its closest integer it is

possibletodeterminethebestsetofSN.as the one having the

minimum sum of deviations. A careful choice of L,s is important for

success in applying the method (139). Results of the application of

this technique to particleboard and wood are given in the Methods

section of this dissertation.

Fracture

When studying the phenomena of fracture a multitude of exper-

imental and theoretical approaches could be taken. Both experiments

and theory will be covered in this section which is primarily con-

cerned with fracture in composites that have fibrous, porous or

particulate internal structure. Since the study of fracture in these

materials has originated within the last twenty years, emphasis is

placed on what constitutes a valid measure of fracture strength.

Discussion of the theoretical prediction of fracture behavior will
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be brief and limited to microcontinuum theories*. The following text

assumes some basic knowledge of fracture mechanics on the part of

the reader. The terminology used follows the ASTM standard (7).

The measurement of fracture strength for a material ,relies

heavily on the method of data interpretation. In its raw form,

fracture data normally consists of a load-displacement curve for

specimens with cracks. Reduction of the data requires knowledge of

the specimen (e.g. crack length and specimen dimensions) and a

theoretically based approach to calculating the fracture parameter.

The choice of the analysis used to interpret the data can best be

made with an understanding of the assumptions implied by the ap-

proach. If the material behaves in a manner that does not violate

assumptions, then calculation of the fracture parameter is war-

ranted. If such is not the case the fracture parameter losses

meaning.

A standard method ( ASTM E399 ( 5 )) for evaluating the crack

extension resistance for mode I (opening mode - cleavage) speci-

mens under conditions of plane strain' KIc, has been developed for

metallic materials. The standard sets material test procedures and

data reduction criteria that should be followed in order to obtain

fracture toughness from the equations provided. Of the criteria de-

scribed, some are given on the basis of an ASTM committee's judge-

ment, which is supplemented over the years with experimental data

* Continuation of this discussion will appear in the following
section on the relationship between ultrasonics and fracture.
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(63). The validity of using ASTM E399 with composite materials is

presently undetermined, but research using the standard with such

materials exists.

Often times the size of a specimen that can be obtained from a

section of material will not allow the use of ASTM E399. For small

specimens the load-displacement curve often exhibits pronounced non-

linearity prior to crack extension. The nonlinearity in metallic

materials is attributed to the plastic zone at the tip of a crack.

When specimen are small, the size of the plastic zone relative to

the specimens dimensions, is not sufficient, causing violations of

the principles of linear elastic fracture mechanics (LEFM) from

which the methods of ASTM E399 have derived.

A standard recommended practice for fracture measurements on

metallic specimens not meeting the requirements of ASTM E399 is

available. The procedure, known as R-curve determination, is described

in ASTM E561 (6). The development of the R-curve concept is reviewed

by Heyer (51). In short, the nonlinear material response is dealt with

as an effective crack length extension. The effective crack length

extension does not represent a true crack extension. Instead it is an

adjustment for the plastic zone observed on load-COD (crack opening

displacement) curves. The adjustment can be made by a compliance

matching routine. The first step in this routine involves collecting

data of a local compliance (i.e. COD divided by load,P, in the linear

portion of the P-COD curves) as a function of crack length, a. This

data can be used with psuedo compliances (i.e. the inverse slopes of

secant lines drawn from the origin to points on the nonlinear part of
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a P-COD curve ) to obtain the effective crack lengths. The development

of R-curves follows. The R-curves can be matched with crack driving

force curves (curves generated from the
KI

equations for the particu-

lar specimen type) to determine the point of unstable crack propaga-

tion. Such procedures were developed to extend the use of LEFM

to nonlinear material response. The validity of the method has limited

theoretical basis but has proved useful for engineering applications.

Orange (96 ) showed some equivalence between semi-empirical fracture

analysis and the R-curve approach.

A number of studies concerning fracture toughness calculations

for fibrous composites have relied on R-curve analysis (2,40,41,42,

92 ). As these materials are pulled to failure a crack tip " damage

zone " develops prior to unstable crack growth. Depending on the nature

of the internal structure ( e.g. continuous or short fibers, aligned

or random orientation ) the damage zone contains permanent deformation

such as delamination, fiber breaks and resin matrix plasticity. This

damage appears on a P-COD curve as nonlinear behavior similar to the

plasticity of metal materials. When R-curves are applied to composites

the assumption is made that the damage can be modeled as a self-similar

crack extension.

In works by Awerbuch and Hahn (10, 11),detailed experiments were

performed to characterize the progressive damage of metal matrix fiber

composites. It was found that the R-curve approach was non-applicable.

In ( 11), effective crack lengths exceeded the width of the specimen

leading to the conclusion that such an approach is unreasonable.

Agarwal and Gaire ( 3 ) also concluded that the crack tip damage of a

short fiber composite could not be modeled as self-similar crack growth
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because the fracture toughness from R-curve analysis was found to

depend on crack length. Judging by an overall review of the literature

on fracture in fibrous composites the applicability of the R-curve

approach appears to depend on the particular composite under study.

It is expected that the direction of propagation in anisotropic com-

posites will also restrict the use of R-curves.

For woody materials the possible existence of nonlinear material

response to cracks has been given little recognition in the literature.

As a result R-curve analysis has not been applied when determining

fracture toughness for these materials. One reason for the lack of

observed nonlinear behavior may be due to the concentrated effort in

studying "natural cleavage planes" of wood. In addition, some studies

did not use sophisticated COD devices, leading to the possibility of

local, undetected nonlinear material response.

Many studies with wood-based materials have used LEFM principles

to determine fracture toughness with methods similar to ASTM E399 (12,

56,57,60,80,111,118,119,120,121,122,149)*. Calculations using these

methods have lead to some discrepancy on whether the fracture toughness

is a material property independent of specimen geometry. The discrep-

encies in KIc were due to its variability as a function of specimen

types (120,122), crack-front width (12, 111 )and crack length (55,111,120).

The following pages pertain to alternative methods of determining

a measure of a composite material's resistance to cracks. An objective

of this dissertation is to interpret material behavior up to and

* Not all specimen geometries used by researchers with wood are found
in the ASTM standard. Equations for alternative specimen sizes are
documented in (18,128,137).
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including the point of unstable fracture. For these objectives it is

felt that general approaches are required. The methods discussed up

until now are special cases of the more general methods and will be

derived to show the relationship. Some of the analytical concepts are

best understood with the help of graphical illustrations.

Keeping with the traditional Griffith (48) approach to fracture

the concept of failure energy is of interest. With relatively simple

equipment the experimentalist is able to gather data on load,P, versus

load-point displacement, A, for specimens containing cracks of a known

length, a.In,anearlier discussion P-COD curves were used to detect the

existance of nonlinearity in deformation close to the crack tip and

the onset of crack propagation. Such measurements allowed the inter-

pretation of the material behavior relative to LEFM. The purpose of

P- A curves for failure energy measurement is to provide information

on the energy that is available for a crack extension, da. In this

application the experimental A-device should measure specimen dis-

placements along the load axis, encompassing the total change in A

due to change in crack length. Concentrated strain fields associated

with loading grips should be avoided (72).

Consider the arbitrary fracture specimen of Figure 9a. Assume

that the P- A response of the specimen represents a general case of

nonlinear elastic-plastic material. To develop the concept of fracture

energy, which will be simply defined as the energy used to extend a

crack,consider the P- A curve of Figure 9b. The total area under the

curve is a potential energy and does not represent the fracture energy.

Instead, it is the work done in loading the specimen to crack exten-



Figure 9a. An arbitrary specimen type
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Figure 9b. The P-A curve for the specimen with a crack length=a.
The area under the curve is shaded

Ap

Figure 9c. The P-A curve for the specimen with a crack length=a.

Following crack extension the specimen is unloaded to zero load.
The area contained within the curve is shaded.

Figure 9d. The P-A curves for crack lengths equal to a and a+da

superposed. The area between the two curves is shaded
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sion. Upon unloading to zero load the specimen returns linear and

nonlinear components of elastic energy associated with the new crack

length, a + da (see Figure 9c). The displacement that remains when

the specimen has been unloaded is the permanent deformation, A

Interpretation of the failure energy as the shaded region of Figure

9c is also wrong. This final point is subtle and requires the ana-

lytical development of failure energy for it to be apparent. Figure

9d shows a graphical representation of failure energy for this

general type of material. The upper curve is the response of the

specimen with a crack length, a, up until crack extension. The lower

curve shows the portion of the P-A response of a similar specimen

with a crack length, a + da, up until the A associated with crack

extension of the upper curve. The fracture energy for the crack

extension, da, is the difference between the areas under the two

curves and is shown as the shaded region of the figure.

The graphical representation of fracture energy given in Figure

9 d leads to the concept of the J-integral, J ( the figure illustrates

the critical J. Jc* ). The value of J can be interpretted as

J da = AREA ( 28 )

where AREA (e.g. the shaded region in Figure 9 d ) is expressed per

unit thickness of the specimen (102). Following Rice (107,108), the

energy rate representation of J is given as

J = 1/b ( 29 )Da

* When there is no subscript denoting the mode of failure (e.g. I
to represent mode I loading ) then the discussion or equation
pertains to a general mode of failure.
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where U is the potential energy and b is the specimen thickness.

Therefore, from Equation 29, J may be described as a potential energy

difference between two identically loaded bodies having neighboring

crack sizes. For the line integral representation of J consult (107,

108 ).

The logic leading to Equations 28 and 29 is found to be similar

for both elastic-plastic and nonlinear elastic material response.

For nonlinear elastic response the strain energy release rate, G, is

given as

G = J = - l/b
3 a .

(30)

To avoid confussion later, when the linear elastic strain energy will

be symbolized as G, J will denote any nonlinear effects.

The development of experimental measurements of J1, where the

subscript I denotes mode I loading, has come from work with metals.

Equation 29 suggests a direct approach. Remember that the parameter

U is the area under the P-A curve at a given load-point deflection,

A As first demonstrated by Landes and Begley (14, 75), a series of

specimens having identical dimensions but differing crack lengths

can be used to calculate JI directly. The method follows data reduc-

tion of the P- curves in steps as shown in Figure 10. The first step

involves finding the energy input to each specimen at incremental

displacement values. Note the energy is cumulative with increasing

Plots of energy as a function of crack length for constant values

of A constitute step 2. Since this method of calculating JI requires

taking numerical derivatives, the points of step 2 are normally curve

fitted by a polynomial to smooth the data and allow the derivatives
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to be taken analytically. Step 3 is the plot of .1, as a function of

A for constant crack lengths with jic determined as the value of

JI at maximum displacement,
Amax

(i.e. the displacement causing

the onset of unstable crack growth). The calculations above were

.performed for constant displacement, but, similar JI curves (JI

versus P) could be generated on the basis of constant load data

reduction. The difference between the constant displacement or

constant load approach is a second order differential in energy that

may be neglected (75 ).

Application of the direct approach to determining J1 (Figure 10)

has several disadvantages. First, the method is cumbersome in the

sense that accuracy requires extensive specimen testing and data

reduction. The problem of time consuming data reduction can be over-

come with the help of computer software. Secondly,
Amax

is often not

apparent because the point of first crack extension is sometimes

ambiguous on the P-A record. The second disadvantage causes problems

in determining
jIc

( 77). A number of investigations have addressed

this problem, using various experimental techniques to determine the

onset of crack extension (77, 85).

Due to the disadvantages of calculating J., from the direct ap-

proach,several alternative procedures have been suggested for metals

(76,77,109,130). These methods calculate JI from a single specimen

using an estimation equation for the specimen type. In what may be

termed a " J R-curve " analysis, the determination of
JIc

follows a

prescribed standard routine that is still somewhat subjective ( 77).

More general procedures for the J R-curve analysis are currently of



67

interest ( 20). Studies have been conducted to evaluate the J esti-

mation procedures (52, 78,87), In these studies the direct method

of calculating J1 was considered the "benchmark", to which the simpler

estimation procedures were compared. The results from estimation

procedures were found to vary to some degree. One result of parti-

cular interest, was the strong relationship between the K R'-curve

approach and the J-integral ( 87). Over certain ranges of effective

crack lengths both methods were found to be experimentally equivalent.

Research to examine this further is expected in the future due to the

convenience of K R-curve analysis.

Even though the nonlinear response of composite materials has

been recognized, the application of J concepts to such materials is

not apparent in the literature. In this dissertation the direct

method of determining J will be applied*. This follows the historic

development of J as seen with metals. Any estimation procedures will

have to be established for composites over years of experience.

As with LEFM, the application of the J-integral to materials

is subject to certain limitations (102). In LEFM the requirement

involves limiting the size of the plastic zone near the tip of the

crack to be small as compared to the extent of the surrounding elastic

material. When applying J there is a zone of intense nonlinearity near

the crack tip that must be considered. This zone may be described as

the region where the actual fracture process takes place ( e.g. the

damage zone of composite materials discussed previously ). For J

Consult the methods section of this dissertation for details.
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applications the zone of intense nonlinearity must be small as com-

pared to the surrounding elastic-plastic material, Similar to devel-

opments in LEFM, the absolute size of the zone, relative to specimen

dimensions, that would cause the failure measurement to be invalid

requires consistent experimental and analytical criteria. Such

criteria will be apparent only after years of experience.

Recapping the discussion on fracture to this point, the nonlin-

ear measures of fracture resistance (e.g. J, K from R-curves ) have

originated due to a lack of linear P-is response in cracked specimens.

Whether this nonlinear response was a result of insufficient specimen

size, or material behavior, or a combination of both, the application

of LEFM was not possible. Therefore, the experimentalist required

more general fracture measures. To this end, alternative methods

arose. Over the last fifteen years arguments have arisen as to the

strict validity, either mathematically ( path independence for incre-

mental plasticity ) or physically ( the effective crack length of the

K R-curve approach ), of current nonlinear approaches. However, they

are the best available current methods for experimentally determining

nonlinear material behavior.

The concepts of LEFM can be shown to be special cases of the non-

linear J approaches. Figure ha shows an ideal P-A curve for a cracked

linear elastic specimen. As discussed earlier the area under the P-A

curve is U. The difference between two P-A curves for specimens dif-

fering only by an incremental crack length, da, is dU ( see Figure

11 b ) . Analytically, the assumption of linear elastic response allows



Figure ha. P-A curve for a linear elastic specimen with crack
length=a. The area under the curve (shaded region) is equal
to U.

Figure 11c. A typical compliance curve

a
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Figure 11b. P-is curves for linear elastic specimens with crack
length equal to a (top curve) and a+da (bottom curve). The
shaded region corresponds to dU.



Equation 30 to take the form*,

2
dC

G =
2b da
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( 31)

where C and G are the linear elastic, compliance ( A/P ) and strain

energy release rate, respectively. Equation 31 can be graphically

derived from Equation 30 using Figure llb and simple trigonometry.

Notice how Equation 31 lends itself to direct experimental calcula-

tions after a relationship between C and a is established (Figure

11c). Direct determination of G using Equation 31 and experimental

data has been termed compliance calibration by LEFM. If an analysis

is available by which C = f(a) is known for a particular specimen

type, then Equation 31 can be reduced further. Research in the field

for metals is abundant in the literature (18,128,129,137).

Experimental compliance calibration has been performed in the

past on fibrous composites and wood-based materials. Atack et al.

( 8) were the first to work with the mode I strain energy release

rate, GI, with wood. Porter (105), continuing work with wood, found

that GIc ( critical value of GI ) obtained from compliance calibration

was independent of changes in specimen geometry and crack length.

Schniewind and Pozniak (122) found poor agreement between compliance

calibration values of fracture toughness for wood specimens, similar,

to Porters, and values obtained for other specimen geometries using

equations of (128). Ruedy and Jdhnson (111), studying wood-adhesive

bonds, found good agreement between compliance calibration values

and an ASTM E399 equation for compact tension samples. Compliance

calibration procedures were also performed for mode I, mode II and

* See (106) which eliminated the need to distinguish "fixed grip"

or "fixed load" conditions,



mixed mode samples of wood (22,151). In (151) some dependence

an either specimen thickness or geometry was noted. For composite

materials compliance calibration was performed by (10,83) with

additional analysis that showed the method to be applicable.

For anisotropic materials where cracks align in an axis of

material symmetry the relationship between G and the stress intensity

factor, K, for mode I is given as

where 8 is the anisotropic correction factor. For an orthotropic

material, 8 is expressed for mode I as

= 1/(a11a22/2) ( /4 /a )

2a12+a66 )1/2

22 11
2a11

( 33 )

where all, a22, etc are the usual classical orthotropic elastic

compliances and the subscript 1 denotes the axis of the crack while

2 is the direction of load application perpendicular to 1 (125,155).

The equation defining ICI may be written

= Y a /T7T7 ( 34)

where a is the applied stress and Y is the "finite-width" correction

factor that takes on various forms depending on the specimen type.

In the paragraphbefore last, comparisons were made between two

calculations of fracture toughness; the compliance calibration pro-

cedures and traditional methods of calculating KI from equations

derived by analysis with particular specimen types. The term frac-

ture toughness is generic and used to describe the measures of resis-

tance to crack extension ( e.g. Gic and Kic ). In order to make

comparisons between GI and ICI for orthotropic materials, Equations

71
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32 and 33 must be utilized. Such was the case in ( 10,22,83,111,122,

151). Tomin (140) made a study for wood on the values of KI obtained

from Equation 32 when assuming 5 was the isotropic correction factor

versus those obtained for orthotropic 8 ( i.e. Equation 33 ). His

conclusion was that it was not appropriate to assume isotropy.

For isotropic materials, Y has traditionally been determined

for various specimen types using two methods. In the first method

a compliance calibration is performed along with the use of the

counterpart of Equation 32 for isotropic materials ( see for example

(129) ). Once ICI is known, Y follows simply from Equation 34. Another

method of finding Y, described in the literature for isotropic ma-

terials, involves analytical approaches to solve the crack problem

for particular specimen types (137). The extensive use of the two

procedures for determining Y has lead to the equations of ASTM E399.

Obviously the use of Equation 34 to determine a materian fracture

toughness is far less time consuming. However, as described earlier

the response of the material must conform to the behavior assumed

in establishing the Y of Equation 34 for some specimen type.

For anisotropic materials, Y remains a correction factor for

finite specimen dimensions, but it is also found to be a function

of the elastic properties of the material (23,83). This leads to

an inherent error when utilizing isotropic Y values with Equation 34

for calculating the
KIc

of composites, which are primarily anisotropic.

This fact has escaped the notice of several workers in the pas; includ-

ing the current author (56,57). The overlook is presumably due to

misinterpretation of the extent to which the results of (125,155) apply

to real specimen dimensions. As shown by Awerbuch and Hahn (10), and
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Mar (84 ), the error of using isotropic Y's for anisotropic specimens

can be small if certain specimen size requirements are met. These

requirements are not the same as those given in ASTM E399. Due to

material geometries, specimen size requirements may be impossible

to meet (e.g. cracks that lie in the thickness plane of panel prod-

ucts). Therefore, in general, each composite would have to have its

own Y value in order to apply Equation 34 to determine fracture tough-

ness. Such is not practical and with the existance of energy methods

( e.g. G or ..T) to calculate a fracture toughness, the need for Y

values diminishes. If the value of K is desired a relationship such

as Equation 32 can be used.

In this dissertation, energy methods will be applied directly

( e.g. methods using Equations 29 and 31) to determine the materials

crack resistance. The applicability of the technique is judged on the

basis of experimental material response (e.g. linear versus non-

linear P-A curves). Several additional experiments and analysis

steps were performed in the interest of fracture mechanics but have

little direct bearing on the ultimate goal of this research. There-

fore, these additional steps appear in appendicies. Appendix A is

devoted to experimentally obtaining the elastic constants of Equation

33 for wood and particleboard. Appendix B will discuss the applica-

bility of the use of isotropic Y values with Equation 34 based on

current experimental results with particleboard.

The discussion on fracture to this point has emphasized the ex-

perimental determination of fracture toughness. The topic of analysis

methods in fracture mechanics was mentioned only as it pertained to
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fracture measurement (e.g. ICI equations for particular specimen

geometries) . As stated at the start of this section, reference to

the theoretical prediction of fracture behavior will be limited to

microcontinuum theories. That discussion begins here and will con-

tinue in the following section.

Solutions for fracture problems using microcontinuum approaches

are apparent in the literature for micropolar and nonlocal theories.

Micropolar theories retain the classical stress singularity at the

tip of a "sharp" crack. However, The nonlocal solution is found to

eliminate the singularity and, as a result, the maximum stress

hypothesis becomes a valid failure criterion (37).

Additional behavior, not predicted by classical theory, is found

in the crack solutions of micropolar theory (9, 65). In micropolar

theory the classical balance of shear stress (e.g. a = a , where
xy yx

a denotes the stress tensor) is not assumed. Instead, the equilibrium

of stress at a point is satisfied with the existance of couple stress

(27). The presence of couple stress in the vicinity of disconti-

nuities (e.g. holes,notches,cracks) results in a redistribution of

stress that lessens the stress concentration. As a result the char-

acteristics that tend to make a material behave according to micropolar

theory are of interest to the materials scientist.

Eringen, Speziale, and Kim (37) obtained solutions to one and

two dimensional crack problems in nonlocal elasticity. The geometry

for the two dimensional problem and a numerically generated solution

are shown in Figure 12. The stress concentration,P(x), is defined as

P(x) = ( a (x,0)/ a ) + 1 (35)
YY 0



Figure 12a. An infinite plate with a line crack of length = 2a. 
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x/a 

Figure 12b. Stress concentration along the crack direction from a 

two dimensional nonlocal elastic solution (37 ). 
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where a (x,0) is the component of the normal stress in the y di-

rection along the x-axis, and ao is the applied stress as shown for

the plate geometry of Figure 12a. Clearly, from Figure 12b, the

value of P(x) at the crack tip ( x=a ) is finite. The stress con-

centration rises to a maximum value at x=a and then sharply diminishes

to the far field value. Aside from the prediction of finite stress at

the crack tip, the stress field is close to that of the classical

counterpart. In fact, the classical solution was used in the deriva-

tion of the nonlocal solution to establish equations that were better

behaved for calculations with numerical techniques.

With a complete description of the stress field in the neighbor-

hood of the crack,a fracture criterion based on the maximum stress

hypothesis ( MSH ) can be generated. To understand the use of MSH

consider an arbitrary body of material. As loads are applied a stress

field develops. Fracture occurs according to MSH when the stress at

some point in the field exceeds the intrinsic strength, ac, of the

material. The value of
ac

is a material constant.

On physical grounds MSH appears to be a valid failure criterion

for cracked bodies ,but it was not used in traditional engineering practice .

When predicting failure in terms of stress,three procedures normally

occur. First, the material properties must be measured. Second, anal-

ysis predicting the stress field is performed. Finally, the failure

criterion is applied. If the stress field predicted in the second

procedure has mathematical singularities then MSH will not apply as

a failure criterion. Such is the case for classical fracture mechan-

ics. However, as shown in Figure 12b, when nonlocal theory is applied

MSH is valid.



In order to establish MSH for nonlocal theory, the stress

concentration factor, S, is defined as

S = (2a/d)-11 P(a) (36)

where P(a) is the value of P(x) at the crack tip and d is the lattice

spacing as defined in the section on wave dispersion. For the nonlocal

solution obtained by ( 37),S converges to a constant, 0.73, for 2a/d

greater than 100. At this point it is critical to realize that the

value of S depends on the nonlocal moduli used in the numerical solu-

tion of the crack problem. For the purpose of illustration in (37),

the nonlocal moduli were derived from the dispersion relation of a

perfect crystal lattice ( see the description on pages 43-46 )*.

This will be discussed in detail later.

Using Equations 35 and 36 the stress at the tip of the crack,

which is the maximum value in the stress field, is given as

a(a,0) = S (2a/d)
ao

( 37)

Notice that a singularity at a(a,0) exists when

d 4- 0 ( 38)

This condition is the classical continuum limit as defined in lattice

dynamics where the nonlocal moduli of the problem originated.

Applying MSH,

a(a,0) = a ( 39)

This will occur as
ao

reaches its maximum value,
ao.

Rearranging

On these pages the one-dimensional nonlocal moduli were developed
for interactions within the distance of d. The two dimension-
al case, as referred to here, can be written in the identical
form with a constant generated by the condition, Equation 13 (37).
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Equation 37, failure is predicted when

or

-
a = a IS 1/?d/(2a))
o c

-22
ao

a = (d/(2S2)) ac2

where the right side of the equation is a material constant. Combining

Equation 34, where Y = 1 for infinite plate geometry, with Equation

40 the nonlocal KIc can be given as

KIc = 1.72
ac la

( 42)

Notice that the right hand side of Equation 42 suggests KIc is a

material constant. This is a fact established experimentally for the

classical
KIc.

The physical meaning of
ac

is of interest in order to apply

Equation 41. Intuitively, it may be given as the uncracked (ultimate)

strength of the material. For perfect crystals, ac takes on the value

of the theoretical cohesive strength.

Griffith (48,49) was the first to derive the classical counter-

part to Equation 41. Unable to apply MSH, due to the singular stress

state at the crack tip, Griffith relied on the "theorem of minimum

energy". For plane strain the final result is given as

-2 2E
ao

a = ( Y
2

(1-u7)
where E is Young's modulus, u is Poisson's ratio, and y is surface

tension. Although the values which may be assigned to the terms, a'c

and d, of Equation 41 have not been studied for all material types,

Y from Equation 43 is difficult to measure for solids. Subsequent

( 40)

( 41)

43)

78



79

work with classical theory lead to the realization that additional

energy must be considered (e.g. plasticity ) ( 58,97 ). Currently,

most fracture criteria are based on the concepts of K, G, or J.

Recapping the last few pages, nonlocal theory was found to

eliminate the singular stresses classically associated with the

edges of discontinuities. While this has allowed the use of MSH

for creating a failure criterion,morework isneeded to show an advan-

tage over classical approaches. Of foremost concern is the applica-

tion of nonlocal theory to real materials. Solutions to other non-

local crack problems have not appeared in the literature. One

solution of particular interest is the problem of a cracked nonlocal

body with finite-boundaries.

Recently, the fracture mechanics research community has been

concerned with nonlinear crack behavior. In terns of accomplishments,

the J-integral has an advantage over other theories for characterizing

izing such behavior. In fact, in applications, classical theory has a

distinct advantage over nonlocal theory due to the amount of work done.

However, on the merit of its first achievement, the nonsingular

solution to the two-dimensional crack problem, nonlocal theory

appears to have more potential than classical theory. An objective

of this dissertation is to ascertain this potential in the field of

nondestructive testing.



The Relationship Between Ultrasonics and

Fracture Strength in Materials

The ultimate goal of this dissertation was to find conclu-

sive evidence that there exists a relationship between wave

dispersion and fracture strength of particulate materials. Up

until now the background text contained sections on both wave

dispersion and fracture. However, these topics were discussed

separately with little or no reference to the existance of a re-

lationship. Indeed, studies pertaining to these two fields have

failed to associate them by strong analytical or experimental

evidence. For the most part only speculation by those that work

with wave dispersion has appeared in the literature. The exception

is the work in nonlocal theory. Although it has gone relatively

unnoticed, nonlocal theory provides a direct means by which wave

dispersion information can be used to nondestructively perdict

how cracks would concentrate stress in a material. This idea will

be discussed in detail within this section.

Before developing the nonlocal wave dispersion-fracture rela-

tionship,a short review of how alternative ultrasonic measurements

have been correlated to fracture will be presented. Some of these

methods have analytical basis,but many have relied on experiments

and empirical descriptions.

The field of acoustic (stress wave) emissions (AE) has proved

useful for detecting localized failure and deformation mechanisms

in loaded specimens of material (72,136 ). For composite materials
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these mechanisms include matrix crazing, matrix-fiber debonds,

fiber breakage and friction due to the contact of already failed

surfaces (39,46,64,90). If the latter mechanism is properly ac-

counted for in data reduction the study of AE allows the detection

of pre-failure material degradation. In regards to predicting

fracture strength,AE procedures are limited. This is because the

absolute nature of the signal created within the material ( the

AE from the local deformation ) is unknown. Instead, the signal

received by the measuring device has filtered through the material

with many possible modifications ( e.g. mode conversion, atten-

uation, dispersion, etc. ). Regardless of the fact that the abso-

lute analysis of AE information appears impossible, the trends in

data are useful for the experimentalist to interpret a material's

fracture behavior.

Certain characteristics of the controlled propagation of

ultrasonic waves in materials have been empirically related to

fracture strength. The wave's propagation is controlled in the

sense that it is generated by an ultrasonic device. Therefore,

initial information on the wave's characteristics is known. Two

parameters, attenuation and the stress wave factor (SWF), fall

under this classification.

The methods of ultrasonic attenuation measurement have been

well-documented for polycrystalline metals by Papadakis (99).

The measurement of attenuation as a function of frequency is crit-

ical for strength correlations. In practice, the attenuation be-

havior at some characteristic frequency constitutes the ultrasonic
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parameter most commonly related to a strength value for metals

(70,71,143).

Two competing failure mechanisms, ductility and brittle frac-

ture, are found to exist in metallic materials. Vary (143) showed

that both yield strength and fracture toughness of such materials

depend on the attenuation characteristics at a frequency associated

with a wavelength equal to the grain size. To date, many studies

have shown a relationship between the grain size in metals and the

scattering of ultrasound (126,136). Given this evidence and the

well-known "Hall-Petch" equation (50,104) of yield strength as

a function of grain diameter, the association between ultrasonic

attenuation and yield strength is not surprising. Similarly, the

relationship between fracture toughness and attenuation seems feas-

ible on the basis of existing work which predicts athreshold stress

intensity factor as a function of grain size ( e.g. 93). Other

parameters from the competing mechanisms of failure in metals,

including the ductile to brittle transition temperature, have been

correlated to ultrasonic attenuation (127). Conceivably, the scat-

tering of stress waves by grain boundaries occurs during the frac-

ture of metals ( e.g. waves caused by micro-cracking ) controlling

the strength.

Attenuation measurements have also been made with composites,

providing an indicator of strength (152,153,154). Alternatively,

the SWF has been introduced by Vary (47,143,144,145,146,147,153) as

an ultrasonic prediction of strength for composite materials. In

general, both attenuation and SWF measure the efficiency by which

a material, transmits energy in the form of mechanical waves. The



83

SWF is of practical interest in engineering applications. In fact,

a commercial device exists (Acoustic Emission Technology Corp)

for making SWF measurements, that was designed in cooperation with

Vary (NASA Lewis Research Center). Currently, the principal

limitation for the use of the SWF is that the relationship between

it and some strength value for the composite is empirical. As such,

its application requires the test conditions for measurement to be

reproduced exactly. For instance, the specimen thickness,transducer

spacing and some equipment settings must be held constant.

For wood composites,limited work has been performed to empir-

ically relate strength with ultrasonic measurements. Burmeister

(19) and Pellerin and Morschauser (103) correlated velocity meas-

urements with strength properties of particleboard. More recently

Gerhards and Floeter (45) associated stress wave velocities from

pulsed ultrasonic and impact sources to strength properties of

flakeboard. All of these studies appeared to be concerned with

potential nondestructive quality control measurements.

Several other methods of ultrasonic nondestructive character-

ization have been found to relate to strength parameters (13h).

Included are resonance methods, ultrasonic spectroscopy and

acoustoelasticity. Of the three,the latter appears to show the

most promise for analytical applications. Ultrasonic spectroscopy

uses frequency spectrum analysis and has been applied to charac-

terize defects due to surface corrosion and those associated with

adhesive bonded joints. It is not to be confussed with ultrasonic

phase spectroscopy that was discussed earlier for determining the

dispersion curve. A number of problems in applying ultrasonic



spectroscopy to strength prediction require attention, including

the need for an analysis method.

King, Herrmann and Kino (66) have used acoustoelasticity to

determine the J-integral for specimens of aluminum. As the name

implies ,acoustoelasticity is similar to photoelasticity but uses

ultrasonics and an analysis of acoustic information to predict

the stress field. The analysis is based on the property that

superimposing elastic waves on a body in a state of deformation

allows the stress field to be calculated from the speeds associ-

ated with the waves. In other words,the speedof a wave in a zone of

propagation depends on the stress state in that zone. The results

of (66) show that the acoustic method compared well with con-

ventional techniques of finding J. Since stresses are obtained

experimentally,the acoustic method allows direct evaluation of

J from the integral definition. In (66), the critical value, Jc

could not be determined. In fact, the method may be limited in

characterizing behavior close to the failure point. However, when

Jc
is known for a material, the acoustoelastic evaluation of J in

a cracked region of a structural element could prove extremely

useful as an engineering tool. For instance, experimentally gener-

ating the relationship between J and the load conditions may allow

nondestructive prediction of failure for an element of structure

from extrapolation to Jc. Considerable more analysis is required

for application to composites.

Early attempts by the current author to use the nonlocal

fracture criterion (37 ) with particulate materials met with
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limited success ( 56,57 ). In those works,Equation 42 was applied

directly to particleboard with the parameter, d, given the general

distinction of a characteristic length,
Xc,

for the material. The

value of Xc was assumed equivalent to the particle dimension in

the direction perpendicular to crack growth. By applying classical

methods of obtaining K1 ,the nonlocal criterion of failure could

be tested. Later it was realized that the assumptions, although

valid physically, were too restrictive and that the work consti-

tuted what may be considered as a first approximation to the theory*:

The numerical solutions obtained by Eringen, et al (37) and

the results at the end of the publication (Equations 40 through

42 of this dissertation), assumed a particular equation for the

nonlocal moduli. The results of Eringen were applied in (56,57 )

and, therefore, a similar equation for the nonlocal moduli was

assumed for particleboard with the exception that
Xc

replaces d.

As discussed in the last two sections (wave dispersion and

fracture), the nonlocal moduli were derived from the dispersion

relation of a simple lattice with nearest neighbor interactions.

By measuring the dispersion relation of a material, the validity

of applying Equation 42 can be checked. Longitudinal dispersion

measurements have been obtained in the direction of interest for

the boards of ( 56,57 ). These particleboa4ds were unique in com-

parison to industrial types in that the particle thickness dimen-

sions were controlled to be constant for a given board type.

The final results of Eringen (37),as modified for particleboard

These results were presented at the 1983 annual meeting of the
Forest Products Research Society but have never appeared in
print until now.

85



( 56,57 ),will be referred to as the nonlocal model ( NM ) for

the remainder of this section.

A simple check of the validity of the NM comes from comparing

the assumed value of
Xc,

particle thickness, to a measured value,

Xc', obtained from the acoustic branch of the dispersion curve.

Evaluation of Xc' as one-half the wavelength ( i.e. X12 ) as-

sociated with the cutoff frequency,is consistent with the assump-

tions of the NM. The comparison is made in Table 1 for particle-

boards with 5% resin content (the boards from ( 56,57 ) that

correlated best with the NM for fracture ). The results compare

remarkably well. Apparently,the particle dimensions in these

particleboards control dispersion as they did with other periodic

composites. As discussed in the section on wave dispersion the X's

at the cutoff frequency for various types of composites were

strongly related to the size of the internal structures in the

material.

Table 1 Comparison of particle thickness, Xc, to one-half the

wavelength associated with the cutoff frequency of the

acoustic branch of the dispersion curve for particle-

boards with 5% resin content from ( 56,57 ).

When making similar comparisons between Ac and Xc' for

particleboards with higher resin contents, the results are not as

good. For these boards the values of Xc remained as in Table 1
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Xc
(in.) 0.009 0.013 0.020

Ac' (in.) 0.013 0.015 0.016



while the increased resin content tended to drop Act. In ( 56,57),

the higher resin content boards were also found to have poor cor-

relation with the NM. The explanation given at the time, a " level

change " , was mechanistic and would be very difficult to prove.

Qualitatively, with the observed drop in A' increasing resin

content, the level change is still a valid philosophical descrip-

tion*. But such is not the concern of the present study.

A more precise check of the validity of applying the NM to

particleboard comes from examining the experimental dispersion

curve for the entire Brillouin zone. The nonlocal moduli of (37)

were derived from the dispersion relation given earlier, Equa-

tion 7. Substituting Equation 8 into Equation 7 gives the phase

velocity as

- Isin (kd/2)1 44)
vl lkd/21

Applying the NM, the d of Equation 44 becomes A. As in Table I,

experimental measurements are capable of determining the value of

ct. Therefore, Ac
becomes the likely candidate for substitution

into Equation 44, i.e.

- [sin (kAct/2)1
V V1

kA '/21
( 45 )

This is justified since, contrary to the assumptions of the NM

of ( 56,57 ), the particle thickness need not be chosen to be Ac

* The level change was described as the process by which the dom-
inant Ac controlling fracture switched to a smaller level of
internal structure. The process was envisaged as gradual (con-
tinuous drop of Ac with increase of resin content to one equal
to some sub-particle size ), similar to the transition from
elastic to plastic behavior ( 56,57).
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with the existence of a less-assuming experimental measurement,

ct. In addition, the constant, vl' is experimentally determined

as the phase velocity for the "long-wavelength" ( i.e. non-disper-

sive ) part of experimental data.

With the experimental constants, Xc' and
v1,

the NM, Equation

45, can be compared to the experimental dispersion data of the

first Brillouin zone. Figures 13a and 13b make the comparison for

two types of particleboards that compared well with the NM for

fracture in ( 56,57) and also gave reasonable results in the first

check of validity of the NM, Table 1 ( the first and third columns).

The data points for each figure represent dispersion data for four

samples. It is clear that longitudinal wave dispersion occurs in

particleboard. The data points of both Figures 13a and 13b are

not well represented by the NM. It appears that the data points

of Figure 13b fit the NM better than those of Figure 13a. However,

in a strict sense, this test of the validity of applying the NM

to particleboard has failed.

Recapping the results to this point it is apparent that the

work performed in ( 56,57 ) represents a first approximation to

the nonlocal theory of fracture. In these works it was assumed,

in order to apply the final results of (37) to real materials,

that the value of the atomic distance, d, becomes a characteristic

dimension,
Xc,

for the material. Over the last few pages the

validity of the assumption was checked by two experimental tests.

From the results of the first test, it was apparent that the value of X

need not be assumed to be any particular internal structure's

dimension. Instead, it can be determined from experimental
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Figure 13. Comparison between dispersion data for particleboard and the assumed behavior of the
nonlocal model (i.e. Equation 48): a.) when Vc= 0.013 in. and

v1=
2090 ft/sec

b.)when
X'c=

0.016 in. and
v1=

2350 ft/sec
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dispersion measurements. This was an important result for ap-

plications of the theory. However, even with this less-assuming

addition to the NM it was apparent that the simple substitution

of a characteristic dimension for d in the final results of

(37) will not provide an absolute prediction of real material

resistance to cracks.

Closely examining the derivation of the final result of

(37) lead to the work described above. It appears that the dif-

ficulty in directly applying an NM model comes from the assumed

dispersion behavior for the material. However, no particular

dispersion behavior has been assumed throughout the mathematical

development of (37) until the final results were obtained by

numerical analysis. Herein lies the key to the analytical pre-

diction of fracture in terms of the material's dispersion relation.

From the two dimensional nonlocal equations for the stress

field in the neighborhood of a crack ( pages 349-350 of (37)

it is readily apparent that the stress concentration is related

to the Fourier transform of a ( a is the attenuation function, the

ratio of nonlocal moduli to classical moduli - see Equation 12 ).

Remembering the result that the nonlocal moduli can be determined

from a material's dispersion curve (31), it is possible to see

that the Fourier transform of a is simply related to the dispersion

relation ( e.g. see Equation 17 for the one-dimensional case ).

Hence, the existence of the analytical relationship between fracture

and wave dispersion.

A number of obstacles must be overcome before experimental
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wave dispersion data can be used to nondestructively determine

fracture behavior of materials. One obstacle concerns developing

a numerical scheme for obtaining a solution to the nonlocal crack

problem when a real material's dispersion relation is.involved. In

( 37) the influence of neighboring strain on the stress at a point

conveniently attenuated over one atomic distance. In general, for

real materials, this is not the case. For applications with real

materials the validity of the role of the classical solution for

numerical convergence should also be examined. Finally, accounting

for finite specimen boundaries must be studied. The work described

above appears somewhat complex and several intermediate steps

should help provide guidance.

In the opinion of the author, experimental measurement of

nonlocal moduli is a key intermediate step for the analytical

development of the prediction of fracture strength from dispersion

data. In addition, detailed experimental examination of both wave

dispersion and fracture for the material of this study, particle-

board, can provide necessary insight for studying the difficult

numerical problems discussed above. Properly designed experiments

should show if a potential relationship between wave dispersion

and fracture exists, rendering valuable qualitative predictions.

At this time the reader is encouraged to review the objec-

tives given earlier. Developments made within the background

sections of this dissertation were primarily concerned with the

disciplines followed by the author in the formulation of his

research. Appologies are extended to those researchers whose work

in any of the fields discussed has been overlooked.



V. ANALYTICAL AND EXPERIMENTAL METHODS

The ultimate goal of this dissertation has been stated to be

the presentation of conclusive evidence of a relationship between

acoustic wave dispersion and fracture. Analytically, such a rela-

tionship appears for materials when using nonlocal theory. However,

conclusive evidence requires some experimental verification for a

specific, candidate material.

Particleboard was chosen as the candidate material of this

study for a number of reasons. Since particleboard is a manufac-

tured composite material, the internal structure could be

manipulated to change the properties (82). In addition, the raw

material and fabrication costs are relatively inexpensive when

compared to other composites. As stated earlier, nonlocal theory

can hypothetically characterize complex internal structure in a

continuum sense for the purpose of predicting the behavior of a

body of material. Particleboard appears to be difficult to model

due to the many fabrication variables which will cause fluctu-

ations in the internal structure that affect its material proper-

ties. Therefore,the potential of nonlocal theory can be put to the

test when applied to particleboard. Finally, the entire acoustical

branch of the longitudinal wave dispersion curve can be obtained

using ultrasonics with particleboard. This last point is critical

in the current application.

There are also a number of disadvantages when using particle-

board. The variability of sample test properties for a specific
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type of particleboard can be attributed to the inhomogeneous nature

of the material. Due to this, large sample sizes of data had to be

collected. In addition, particleboard is anisotropic, a fact that

must be dealt with experimentally. This dissertation studies cracks

in the plane of the panel for mode I loading applied in the direc-

tion normal to the plane of the panel. This is the "weak" direction

of most particleboards. Longitudinal wave dispersion measurements

will also be made in this direction. Additional ultrasonic tests

were performed to determine the nature of the anisotropy of part-

icleboards. The results of these tests are presented in Appendix A.

The analytical and experimental methods have been classified

under five headings within this section. These include:

Test Matrix

Particleboard Fabrication

Acoustic Wave Dispersion Measurement

Fracture Measurement

Nonlocal Moduli Calculations

Each category will be described in detail and the discussion will

assume knowledge of the background information presented earlier.

Test Matrix

Three material variables were studied. These included parti-

cleboard specific gravity, particle size and panel resin content.

In addition, two panel thicknesses were used to determine the

affect of one sample dimension on fracture strength. Table 2 shows

the values of the variables of the test matrix. Particle size was



determined by a screening process. The large particles were rel-

atively coarse and the small particles were best described as

"sawdust". The values of specific gravity and panel resin content

in Table 2 are given on an ovendry basis.

Table 2. Particleboard test matrix.

* The small particle size was used with only one board type.

** The 7.0% resin content was used with only one board type.

Combinations of the variables in Table 2 resulted in six

particleboard types. Two panels of each board type were fabri-

cated giving a total of twelve boards. The values of specific

gravity and panel thickness in Table 2 are target values. Fabrica-

tion variables were held constant within the limits of the semi-

manual operation. However, each of the twelve boards were expected

to have its own set of material properties despite replica panels.

This is common forany composite material.

Figure 14 gives the panel labeling code that will be used

for the remainder of this document. Again the specific gravity and

panel thickness are target values. True values were obtained from

actual specimens of material following fabrication. Finally, Table

3 lists the panel types by their codes and gives values of the
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Specific
Gravity

Particle
Size

Panel Resin

Content (%)

Panel
Thickness (in)

0.65
Large
(-41+16 Sweco)

5.0 0.625

0.75
Small*
( -16 Sweco)

7.0 ** 0.750



Particle
Size

Figure 14. Particleboard labeling code.

Panel
Thickness

L = 0.65 L = Large 3 = 0.750 H = 7.0% 1

or Or Or or or

H = 0.75 S = Small 5 = 0.625 L = 5.0% 2



variables for each board.

Table 3. Fabricated panel types.
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Panel
Type

Specific
Gravity

Particle
Size

Panel Resin
Content (%)

Panel
Thickness (in)

LL3L1 0.65 Large 5.0 0.750

LL 3L2
It II If It

HL3L1 0.75 Large 5.0 0.750

HL3L2 II ft If VI

HS3L1 0.75 Small 5.0 0.750

HS3L2 It VI It II

LL3H1 0.65 Large 7.0 0.750

LL3H2 II It it II

LL5L1 0.65 Large 5.0 0.625

LL5L2 II TV it It

HL5L1 0.75 Large 5.0 0.625

HL5L2
it It If /V



Particleboard Fabrication

Raw materials were obtained from an industrial source and

particleboards were fabricated at the Forest Research Laboratory,

O.S.U. The wood particles were a dried Douglas-fir ( Pseudotsuga

menziesii (Mirb.) Franco ) furnish obtained from the particleboard

operation of the Duraflake Co., Division of Willamette Industries,

Albany, OR. The resin was urea formaldehyde obtained from the

Chembond Corp., Springfield, OR.

The particles , which had been screened in an industrial

process, underwent further segregation using Sweco screens and

a laboratory shaker ( Sweco Separator, Model #H-2D ). Two screens

were used ( Sweco 4 and 16 ). This resulted in three sample sizes;

+4, -41+16, and -16. The +4 sample was disgarded. The -41+16 sample

was relatively coarse particles and denoted Large ( L ) for the

test matrix. The -16 sample was very fine, sawdust-like particles

and labeled Small ( S ) for the test matrix.

Particleboards were fabricated for target specific gravities

( oven-dry basis ) of 0.65 or 0.75. The board thickness was con-

trolledbypressing the panel to stops. Panel dimensions for all

boards were 18.0 x 18.0 inches.

Urea-formaldehyde resin ( 65.5% solids ) was applied to part-

icles at a temperature of 68°F. In addition, 0.5% ( oven-dry basis)

wax ( Bordens 40311- 49% solids ) was added to the resin prior to

particle spraying. Water was also added to the resin as a func-

tion of the particle moisture content which was measured right

before resin application. A target value for the particle/resin
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mix moisture content equal to 10.0% was used.

Resin was applied by spraying with a single nozzle air gun

at a pressure of 60 lbs/in2 (psi). The air gun was located at the

center of a rotating drum ( 4.0 ft. in diameter ) that contained

the particles. The blending process was begun by spraying additional

water while the drum rotated, tumbling the particles. This was

followed by resin/wax spray application. After spraying,the part-

icle/resin mix remained tumbling in the drum for a total blend

time of 7.0 minutes.

Mat formation was achieved by hand felting in a 18.0 x 18.0

in. forming box. Because this procedure was manual, special care

was taken to avoid density variations across the mat which would

cause greaterinhomogeneity. Particles in the plane of the board

appeared to take no preferred orientation. Hypothetically, the

final product is expected to be transversly isotropic due to

random particle orientation in the plane of the board. The

through-thickness direction differed in properties from in-plane

directions as a result of the way in which the particleboard was

fabricated. This behavior is common to particleboards in general.

Sometimes industrial boards are found to have a direction of

"preferred particle orientation" in the plane of the panel due

to automated forming lines.

The pressing procedure immediately followed mat formation.

A number of press conditions were manually controlled including:

° ± 0Press Temperature: 325F 5F
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Press Cycle: 1.) Closing time (target) = 30 sec.

Hold 30 sec. after press

closure at a pressure of 720 psi.

Slowly release pressure to 249

psi over the next 30 sec.

Hold pressure at 249 psi for

5 min.

Slowly release pressure over

final 30 sec.

Total Press Cycle Time: 7 min.

All of the above press conditions were subject to small variations

due to manual operation. The properties of particleboards vary

with these conditions ( 82). The most critical step of board

formation, press closing time, determines the density profile

through the thickness of the finished board. The values of press

closing time for each of the boards are listed in Table 4. Also

important when manual press operation is used is the rate of press

closure. No measurements of this parameter were made.

Table 4. Press closing times for the fabricated particleboards.

Particleboard Press Closing

Type Time ( sec. )

LL3L1 23

LL3L2 20

HL3L1 28

HL3L2 30

HS3L1 35

HS3L2 33

LL3H1 30

LL3H2 18

LL5L1 23

LL5L2 20

HL5L1 30

HL5L2 34
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As mentioned earlier,the properties of each board were ex-

pected to be different. This is true despite repetition of board

type. The ultimate goal of this dissertation is unaffected by

variations in properties that occur due to the fabrication process.

In fact, the potential of the analysis methods are put to more

difficult checks of validity if the boards are not " model "

materials.

Upon removal from the press the boards were stacked, stick-

ered, and cooled. The boards were then removed to a conditioned room

( 72°F, 65% R.H. ) where they were allowed to reach equilibrium

over a two week conditioning period.

Three types of specimens were obtained from each board. The

fracture specimens were 2.0 x 1.0 in. There were 30 fracture

specimens. The 8 wave dispersion specimens were 2.0 x 2.0 in.

In addition, 4 cubic specimens were cut for the purpose of meas-

uring the anisotropy of each board ( see Appendix A ). Figure 15

shows the location of specimens in the panel.

Acoustic Wave Dispersion Measurement

The methods of ultrasonic wave dispersion measurement were

discussed at the end of the background section on wave dispersion.

The method used in this study is a continuous wave technique

known as the variable-path-length/variable-frequency method ( VPF ).

VPF removes the ambiguity in phase, which is inherent in continuous

wave measurements, by applying an analysis to experimental phase

data that was collected on specimens of varying path-length. The

path-length, L.,, the specimen dimension in the direction of
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wave propagation.

It is necessary to conceptualize the nature of continuous

wave measurements in order to apply the VPF. Consider phase data

collected in continuous wave experiments for a given system. Input

and output signals can be superposed on the screen of an oscil-

loscope as illustrated in Figures 16a and 16b. As f is varied

by some signal generator,the input and output signals change rel-

ative to one another. The relative change in phase angle between

the two signals, 4) , can be expressed in degrees or radians. Define

the value of cp as

(I) = in x 180°

or ( 46)

(I) = m x

expressed in degrees or radians, respectively. In general, in can

take on any positive value. However, in the two cases shown in

Figures 16a and 16b,m takes on integer values. In Figure 16a,m

is equivalent to some positive, even integer ( i.e. m = 0,2,4,... ).

For Figure 16b,m assumes the value of a positive, odd integer ( i.e.

in = 1,3,5,... ). The input and output signals of the former condi-

tion are said to be in-phase, while those of the latter are 180°

(7r- radians ) out-of-phase. Based on the information in the

figures alone, the specific value of m is ambiguous.'

The number of cycles of phase, N*, in a system at a particular

f is equal to 11 the value of m. As discussed earlier, if N can be

determined unambiguously for a specimen of material,then X is

known from Equation 21. Hence, the dispersion relation can be

calculated from N versus f data. The it-phase comparison technique
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Figure 16a. Typical input and output continuous wave signals with
phase difference equal to 0°(signals are in-phase ) .

Figure 16b. Typical input and output continuous wave signals with
phase difference equal to 180° (signals are X-radians out-of--phase).
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attempts to remove the ambiguity in N by lowering the f to the

lowest value for which the condition of Figure 16b exists.

At this point 4) = 7 and N* takes on the value 0.5. All other

N*s, at higher fs , can be determined by incrementing $ relative

to the 7- phase point ( e.g. the first in-phase condition beyond

= 7 is 4)= 2ir ( N*=I ) and the following 7- radian out-of-phase

signal occurs at 4)= 37 ( N*=1.5 ), etc. ).

In the last two paragraphs the collection of 4) data for a

"system" ( hence,N* ) was discussed. The system may be thought of

as all the devices that generate and receive the signal that are

contained within the loop between input and output ports of the

signal measuring device ( e.g. oscilloscope ). For an ultrasonic

apparatus this could include the signal generator, transducers,

cables and the sample of material. For precise measurement of the

of a specimen of material from a continuous-wave/variable-

frequency experiment, the phase delay of the electronic devices,

o' must be subtracted out to get 4) for the specimen ( hence,N ).

The
4)o

data can be collected as a function of f when the specimen

has been removed from the system ( i.e. transducers face to face ).

A number of factors can lead to inaccurate results when ap-

plying the 7 -phase comparison technique to determine N for a

given specimen of material. Obviously, the technique is limited

by the assumption that the 7-phase point can be reached. Both the

specimen geometry and the useful frequency range of the equipment

may not allow accurate determination of the 7-phase point. The

former was discussed earlier near the end of the background section

on wave dispersion. In short, for a conventional 7-phase exper-
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iment the it-phase point corresponds to A 1 2L ( N S 1/2, i.e. the

cycles of phase delay associated with the electronics, n, that

must be subtracted out to get N are 0 ). Clearly, the possibility

of spurious signals due to specimen geometric dispersion exists.

The useful f range of the equipment is most often limited by the

transducers. This range can be determined during 4)0 measurements.

It is possible for the it-phase point to fall outside the f range

of the transducers, rendering it-phase measurement impossible. Due

to the limitations in the Tr-phase technique discussed above, it

was not used in the current study. Instead,the VPF was performed

on all materials. However, for the particleboard specimens of this

study it was observed that the Tr-phase technique would have

sufficed. This is not expected to hold, in general, for all exper-

imental apparatus and particleboard specimens.

As discussed at the end of the background section on wave

dispersion VPF analysis requires Ni*(f) data for a set of speci-

mens of varying lengths, Li. In addition, the function n(f) as-

sociated with the electronics must be known for the f range of

interest.Tocollectlq.*(f) data,a lower limit frequency, ?, is

setwiththespecimenintheapparatusandthevalueof"1)

is assigned in accordance with the relative difference in input

and output signals. For example, if the signal appears as shown

in Figure 16a, an integer value is assigned to Ni*(f). The value

of i need not be the same for each specimen. The value of Ni*(f)

is the starting point and all subsequent data at higher fs for

the specimen must be assigned values relative to this point.
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Therefore, the cycles of phase must be incremented as the signals

are continuously brought in-and out-of-phase. The procedure is

repeated for each specimen to collect the full set of Ni* data.

Finally, the analysis of VPF is applied.

When a device that accurately measures (/) does not exist in

the apparatus,it is convenient to set T for in-phase or 7-radian

out-of-phase signals. If this is the case, subsequent measurements

at higher frequencies are also simplified using in-phase and

Tr -radian out-of-phase signals. The result is limited density of

data points. The current measurements were not restricted in this

sense because a phase meter was available.

The apparatus used to make wave dispersion measurements is

shown in Figure 17. Table 5 is a list giving the details of each

piece of equipment. All wave dispersion measurements involved

longitudinal waves generated by the transducers. The digital to

analog converter ( D/A ) allowed computer control of the f setting.

For some experiments,f was controlled manually.

Data acquisition and reduction was aided with the use of a

computer. Interactive programs were used to make data collection

accurate, simple and fast. Information on the specimen type and

its dimensions were manually input into the computer prior to the

test. The file containing information on (I)o(0, which is simply

converted to n(f), was also accessed before data collection. Raw

data consisted of (I) for the system versus f. The 4) was read di-

rectly into the computer from the phase meter using an analog to

digital converter. The values of f had to be input manually.
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Table 5. Equipment used to make wave dispersion measurements.

Type of Equipment

Computer/Controller

Analog-to-Digital
Converter ( A/D )

Digital-to-Analog
Converter ( D/A )

Function Generator

Frequency Counter

Signal Display

Transducers

60 dB Amplifier

Phase-to-Voltage
Converter

Description

Digital MINC PDP-11 microcomputer,
Digital VT105 terminal ( video
screen and a separate keyboard ),
and Tektronix model # 4632 video
hard copy unit.

Digital MINC Lab Module: AID
converter (MNCAD)

Digital MINC Lab Module: D/A
converter (MNCAA)

Schlumberger Model SG-1275 LIN/LOG
sweep generator.

Schlumberger Model SM-4100
frequency counter

Tektronix Type 549 storage oscillo-
scope and Type 1A1 dual-trace plug-in
unit

Panametrics V301 0.5 MHZ longitudinal
wave transducers

Panametrics pre-amplifier

Evans Associates Model #4119 phase
meter
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The input and output signals were visually displayed on an

oscilloscope. The oscilloscope provided a visual monitor of phase

changes. Phase measurements were not taken with the oscilloscope.

However, since a phase meter reads cl) from 00 to 1800 and from

-1800 to 00, it was necessary for the operator to increment (1) as

the number of cycles increased. This was done interactively at a

program manual entry command. Following the collection of each

data pair, their values were displayed on the video screen to

insure the manual inputs of f and increment of phase were per-

formed correctly. In addition, a visual display of (I) for the

specimen ( i.e. (I) for the system minus (Po ) was given. This simple,

on-the-spot, data reduction provided the operator with an indication

of the dispersive nature and the chance to note other potentially

related signal characteristics ( e.g. signal attenuation and

distortion ).

The specimen and transducers were isolated from the rest of

the apparatus in a sound insulated box. The box was designed to

shield the sound transmission of the transducers from the exter-

ior voice and equipment noise. It consisted of alternate layers

of wood hardboard and polystyrene-foam packaging material. The

transducers were held in templet platforms of a press for align-

ment. The platforms were made out of hardboard and traveled up

and down along wooden dowel guideposts. This allowed the specimens to

be entered and removed with ease. The transducers were coupled to

the specimen by a stiff silicone lubricant ( Dow-Corning high

vacuum grease ). A pressure of 1.10 psi, applied by dead weights,
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held the transducers against the specimen.

The first set of measurements taken with the dispersion ap-

paratus was (1)o(f) data. In order to collect this data the trans-

ducers were placed face-to-face in intimate contact. With the

transducers in this position, the attenuator knob on the signal

generator had to be set high to avoid "signal clipping". The

experimental results are shown in Figure 18. The value of (1)0

is expressed in degrees and is easily converted to n(f) by

dividing by 3600. Bumps in the data appear only at low fs. This

is why a higher density of points was collected in this region.

The (1)0 information is subtracted from 4) data for the system to

get (J) data for the specimen. This was performed at a given f by

determining the value ofo from its data set by linear interpola-

tion between closest points.

Before applying VPF to particleboard, the method and apparatus

was checked by verification experiments on a set of what were

called "standard" specimens. These specimens also served to peri-

odically check the operation of the apparatus throughout the time

period in which particleboard dispersion measurements were made

(= 1 month). The standard specimens were of two types; a clear

acrylic cylindrical bar which was purchased from Discovery Plastics,

Corvallis,OR. and samples of straight-grained Douglas-fir wood

( Psuedotsuga menziesii (Mirb.) Franco ). Two material types were

choosen in order to test a range of material behavior. The acrylic

is isotropic while the wood is highly anisotropic. The acrylic bar

was cut along its length for five specimens of varying length and
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constant circular cross-section. The five wood specimens were cut to

have rectangular cross-sections and variable lengths in the wood

longitudinal (grain) direction. Both the acrylic and wood stand-

ard specimens and their dimensions are shown in Figure 19. All

dimensions were measured with a micrometer at five locations to

obtain an average value (standard deviation E 0.005 in). The wood

samples were kept under conditions of controlled humidity and

temperature (65% relative humidity and 72° F) until test.

In standard VPF experiments, longitudinal waves were excited

to propagate in the length direction (i.e. along the axis of the

cylinder in acrylic specimens and in the longitudinal direction

for the wood specimens) . For these experiments f was controlled

manually. An attenuator switch on the function generator was

used to control wave amplitude (dB) . Data included phase infor-

mation for a range of f from 100 to 900 kHz at increments of 100

kHz for each standard specimen.

Equation 27 was used to apply the analysis of VPF to the

experimental data obtained for the standard specimens. Since there

were five specimens for each material type, the subscript i in

Equations 27 varied from 2 to 5. The choice of specimen 1, whose

dataisusedtocalculatetheB.sfor specimens 2 through 5, is

arbitrary. The longest specimen was used as specimen 1 for both

the acrylic and wood.T(Equation
272 ). Its value is expected to be a constant, independent of f,

for a given specimen and set of experimental data. As with most

experimental measurements, the values of B. versus f will vary
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to some extent. Hence, the value of Bi was choosen to be the

average obtained over the f range.

Table6showsthevaluesofB.for each specimen at all fs.

In general, each B. appears to be a constant (independent of the

frequency) . The exception is. the values of B. for the acrylic

samples at a f of 100 kHz. Upon completion of the VPF analysis,

results showed specimen geometric dispersion extending into the

low f ranges ( 100-200 kHz ). One of the assumptions of VPF

analysis is that the dispersion relation should be independent

of specimen. With different specimen sizes, data collected in

regions of specimen geometric dispersion will violate this as-

sumption. This is one possible explanation for the uncharacter-

istic B. values for acrylic at 100 kHz *. When applying VPF it

appears critical to obtain B. values at several fs to get an aver-

age value. This is consistent with the development of VPF in (139).

FailuretocalculateB.at several fs for untested materials
1

and specimen sizes may lead to faulty results. For instance, if

B. was determined at only 100 kHz in the current experiment,VPF
1

analysis would have predicted the wrong dispersion relation.

Following the determination of the values of Bi, calculations

of6N.sfor different integer values of 6N1 were made using the

first of Equations 27. A range of potential 6N1 s was determined

on the basis of possible values of v for each material. This was

* The VPF analysis was performed a second time for acrylic,

averaging Bi over the f range from 200 to 900 kHz. The average
Bi changed slightly and the standard deviation dropped signif-
icantly. However, the resulting set of 6Ni s, chosen by the
analysis to be best, remained the same.
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Table 6. Values of Bi from one set of tests with acrylic and wood

samples. The standard specimens were used to check the
ultrasonic apparatus and method of VPF analysis adopted
at OSU to measure wave dispersion.
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note: acrylic, L1= 1 350 in. and Douglas-fir, L1= 2.023 in.

,-

ACRYLIC DOUGLAS-FIR

SPECIMEN (i) 2 3 4 . 5

..

2 3 4 5

SPECIMEN
LENGTH, L .

(in.) 1
0.551 0.681 0.795 1.012 0.752 1.012 1.256 1.484

ACRYLIC DOUGLAS-FIR
FREQUENCY
(kHz)

B2 33 B4 B5 B2 B3 B4 B5

100 0.178 0.084-0.942-0.8500.6880.584 0.435 0.359

200 0.392 0.493-0.463-0.2500.6880.559 0.434 0.340

300 0.420 0.415-0.463-0.3050.6940.530 0.379 0.334

400 0.430 0.759 -0.479-0.3440.6220.508 0.295 0.316

500 0.443 0.357-0.549-0.3270.5710.477 0.307 0.270

600 0.423 0.391-0.442-0.3550.6020.467 0.263 0.259

700 0.354 0.466-0.531-0.3450.6240.486 0.238 0.244

800 0.418 0.442-0.367-0.2470.6280.531 0.269 0.292

900 0.437
1

0.459-0.426-0.2560.6180.588
i

0.278 0.313

Ave. 0.388 0.430-0.518-0.3560.6370.526 0.322 0.303

S.D. . 0.083 0.1740.167 0.187 0.0430.045 0.075 0.039



done to avoid unnecessary calculations.

The final step of VPF was the minimization routine. Concep-

tually, the routine uses the results of calculations with Equation

2 at

are closest to integers. A judgement was made based on all values

ofthegroupof6N.sfor each particular SNI. Mathematically,

each group was rated by determining the sum of the absolute values

ofthedeviationsofeachON.from its nearest integer. Denote

thissumasE.Forinstance,considerasamplesetof6N.sat

a particular ON1 to be 61\1'2 = 2.33, 6N3 = 1.75, 6N4 = -2.10,

and 6N5 = 0.13. The absolute value of the deviations of these

numbers from integer values are 0.33, 0.25, 0.10 and 0.13. The

value of Z would be 0.81. In the current example E would not

exceed2.0.Thatis,each41.can not vary from an integer value

by more than 0.50.

After collecting a value of E for all potential integer

values of (S/NTl'the best 6N1 was judged to be the one giving the

minimumE.nebest8N.sx.mre those associated with this value
1

throughEquation271.These6N.sare rounded to the nearest

integer. Hence, the ambiguity in cycles of phase for all specimens

of the VPF analysis was removed and the dispersion relation was

determined with confidence.

The plot of E versus candidate values of 6141 is given in

Figures 20a and 20b for acrylic and wood. Minimum values are

marked in the figures to show the best The results shown

indicatethatthechoiceofL.sfor each material allowed ac-
1

curate VPF analysis ( i.e. the minimum is clearly evident ).
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For a final check of the method, v was determined as a func-

tion of LA for all specimens. Figure 21 shows a plot of this

relationship. From Figure 21 it is apparent that the methods of

VPF, as applied in the current investigation, are accurate. The

scatter in data is no more than expected from specimen variation.

The acrylic specimens have somewhat less scatter than those of

Douglas-fir. This would be expected based on the relative varia-

bility of other properties for the two materials. Further ap-

preciation of the success of the method of VPF can be noted by

checking the values of v and scatter in data from specimen to

specimen when 6N1 is chosen from a non-minimum E .

Both specimen types in Figure 21 appear to be non-dispersive

for the f s tested except when LA < 2.0. For these small values

of LA the data trend shows decreased v with increased LA . It

is suspected that this behavior is a result of specimen geometric

dispersion since the data trend is similar to that predicted from

the guided wave theory (89).

Careful examination of all the specimens data at 100 kHz

revealed that the specimen geometric dispersion is more pronounced

in acrylic than in Douglas-fir. Experimental observation also

showed that spurious signals, which are associated with specimen

geometric dispersion, were stronger in the acrylic than wood at close

to 100 kHz. Referring back to Table 6,it was evident that the Bs

calculated for f = 100 kHz are uncharacteristic of the B. values
1

at other f s for acrylic. Finally, physical arguments can be given

to support greater specimen geometric dispersion in acrylic than
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in wood due to wood's high wave attenuation capability which may

tend to reduce side wall reflections. The alternative explanation is

the difference in specimen geometry for the two materials ( i.e.

difference in cross-sectional shape ).

Micro-geometric dispersion does not appear to occur in acrylic

or in the longitudinal direction of wood for the range of f s tested

( 100 to 900 kHz ). For L/X > 2.0, experimental data shows 11, and

v to be nearly equivalent and independent of f. Neither material

has internal structures large enough to interact with the X s

generated at these low fs. The possibility does exist for either

viscoelastic or micro-geometric dispersion at f s greater than 1.0

MHz. The lack of dispersion in standard specimens for fs between

200 and 900 kHz made them good candidates for making reliable checks

of the repeatability of experiments with the apparatus over time.

This was particularly true since therange of tests with particleboard

was below 1.0 MHz.

Prior to discussing wave dispersion measurements in particleboard

it is important to understand the rational behind the choice of spec-

imen path-length and the location of this length of material within

the panel. Figure 22 shows how fracture and wave dispersion specimens

orient relative to a section of panel. Cracks in the fracture spec-

imens were located at the mid-thickness, with surface area oriented

in the plane of the panel. In experiments the load was applied normal to

the crack's surface ( i.e. mode I ). This type of loading and crack

orientation hypothetically tested the weakest zone in particleboard.

In order to meet the ultimate goal of the current research it was

critical to obtain wave dispersion specimens that had path-lengths



Figure 22. The orientation of fracture and wave dispersion specimens relative to a section of panel
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spanning only the zone of interest. This was anticipated on the basis

of several reasons. In a pressed panel product, such as particleboard,

the properties are expected to vary across the thickness. In this

respect the zone tested for fracture strength should correspond to

that tested for wave dispersion. Due to the anisotropic nature of

particleboard, the orientation of the wave dispersion specimen was

chosen to allow longitudinal wave propagation in a direction iden-

tical to that of the load in fracture tests. A final consideration

leading to the choice of size and location of the wave dispersion

specimen was related to the measurement. With particleboard, the col-

lection of dispersion data for the entire Brillouin zone was limited

by signal attenuation. With shorter path-lengths the signal tended to

be stronger. As shown in Figure 22 , the wave dispersion specimen was

chosen to satisfy all the requirements discussed above.

The methods of particleboard fabrication inherently cause a gra-

dient in density through the panel thickness. Key fabrication vari-

ables, such as press closure rate and mat moisture content at the

time of pressing, determine the extent of this gradient (82). In

general, the boards fabricated in this study were found to have a

significant density gradient within 0.1 inch of each surface. Density

variations became much smaller near the core of the panel. This

information was critical to the successful application of VPF.

Since the primary assumption of VPF analysis was the uniqueness

of the dispersion relation for a given material, several questions

arose when applied to particleboard. First, particleboard is considered

somewhat inhomogeneous, particularly at the micro scale, and the

variation in behavior from specimen to specimen will violate the
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assumption to some extent. Obviously, this is true for most mater-

ials but the minimization routine of VPF allows some variability.

The use of different length specimens in the current application

brought forth additional specimen to specimen variation due to the

density gradient and possible change in other properties in the

direction of interest. After months of preliminary experiments,

including the comparison of results from several methods of disper-

sion measurement, the final procedures to be used with particle-

board were prescribed.

Dispersion experiments with particleboard took a two step

process. First, VPF measurements were taken on five of the eight

wave dispersion specimens ( see Figure 15 for the location of

specimens in the board ). One of these five specimens had the

path-length desired for wave dispersion measurements. The VPF

experiments were designed to remove the ambiguity in phase for this

particular path-length. In the second step the actual wave disper-

sion measurements were made on five specimens of the desired

path-length. The ambiguity in phase was removed at the start of each

test by adding or subtracting complete cycles of phase ( i.e.

integer values ) so that the value was as close as possible to

the unambiguous amount from VPF experiments. The two step process

was necessary since VPF allowed unambiguous determination of phase

for each specimen length but the zone of interest for dispersion

measurement was for a particular path-length. All specimens were

kept in a controlled environment ( 65% relative humidity and 72° F)

until the time when tests were performed with each. The target

cross-sectional dimension for all dispersion specimens was 2x2 inch.
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Limiting the goal of VPF measurements in the current study

to a desire to obtain N for a specific path-length had an advan-

tage. Data did not have to be collected over a large range of f

since once the ambiguity is determined, within a range of f s

continuous wave measurements can extend beyond the range. This is

done simply by starting data collection within the range and

keeping track of phase. The exception is when a stop band is

encountered and data is desired beyondit,in adifferent pass band.

When this occurs a new ambiguity in phase requires attention.

There was no desire to collect data in a second pass band for

the boards of this study. With this in mind a VPF procedure was

developed that best suited particleboard.

Preliminary continuous wave experiments with particleboards,

that were similar to those of this study, showed N* to increase

over the range of f from 50 kHz up until approximately 850 kHz.

The received signals became highly attenuated when approaching

900 kHz. By 1.0 MHz it was apparent that no change in phase was

occurring. These signals were attributed solely to "inductive

coupling". Received signals were strongest in the early f ranges

( 50 to 300 kHz ). The X s of these low f waves were expected

to be larger than the internal structure. Since the internal

structure was somewhat inhomogeneous,it was felt that VPF would

work best for low f ranges where the variability from specimen

to specimen was less. Hypothetically, the v in the low f range

should approach a constant following specimen geometric dispersion

effects.

The particleboard VPF specimens were cut ranging in path-length
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from 0.24 to 0.61 inches and 0.21 to 0.57 inches for the 3/4 and

5/8 inch thick boards, respectively. Each specimen was initially

trimmed ( table saw with a carbide circular saw blade ) to remove

approximately 0.05 inches from each face. This first cutting step

eliminated some dense surface material. Further thickness reduction

also involved cutting, followed by sanding to smooth the surface.

Sanding provided the specimens with surfaces that coupled well

with the transducers while using a minimum of couplant grease. The

path-length was measured with a micrometer at five locations across

the face and averaged ( standard deviation 0.005 in. )

The specific gravity of each VPF specimen was determined using

micrometer measurements of dimensions and specimen weight. The

specific gravity and specimen path-length for each VPF specimen

are given in Table 7. From these results it appears unlikely that

the variation in density as a function of specimen path-length would

affect VPF analysis.

The VPF experiments with particleboard encompassed a f range

from50to200kHz.ThevalueofB.for each specimen was calculated

at each increment in f ( every 10 kHz ) across the range and aver-

aged to allow calculation of SNis. The value of SN1 at minimum

for each board type was obvious. The final results showed minor

amounts of specimen geometric dispersion at f s close to 50 kHz and

an apparent constant velocity range between 100 and 200 kHz. Figures

23a and 23b show the plots of v versus L/X from VPF analysis for

the board types found to have the smallest and greatest variation

in results, respectively. Remembering the ambiguity in cycles of

phase to be plus or minus integer values, neither figure shows



Table 7. Path-length and specific gravity data for particleboard VPF specimens.

Material
Type

Specimen
Path-length

(in.)

Specific
Gravity

Material
Type

Specimen

Path-length
(in.)

Specific
Gravity

0.237 0.596

LL3L2

0.227 0.618
0.366 0.643 0.374 0.618

LL3L1 0.430 0.612 0.448 0.623
0.507 0.630 0.531 0.618
0.542 0.638 0.609 0.611
0.217 0.642

LL3H2

0.227 0.542
0.355 0.603 0.386 0.623

LL3H1 0.441 0.638 0.414 0.636
0.481 0.621 0.500 0.618
0.590 0.665 0.592 0.670

HS3L1

0.236 0.686

HS3L2

0.230 0.688
0.343 0.693 0.328 0.667
0.425 0.700 0.331 0.712
0.529 0.670 0.495 0.723
0.596 0.695 0.582 0.690

HL3L1

0.208 0.695

11L3L2

0.207 0.704
0.349 0.721 0.367 0.714
0.397 0.721 0.435 0.699
0.541 0.692 0.513 0.738
0.611 0.771 0.582 0.750

HL5L1

0.210 0.712

11L5L2

0.226 ' 0.743
0.367 0.710 0.370 0.760
0.436 0.742 0.423 0.749
0.482 0.713 0.476 0.740
0.574 0.782 0.561 0.788

LL5L1

0.212 0.608 0.231 0.617
0.381 0.620 0.353 0.625
0.449 0.641 LL5L2 0.428 0.626
0.489 0.647 0.472 0.626
0.560 0.679 0.564 0.681
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enough variation in v to suspect incorrect results from VPF. Even

the worst case of specimen to specimen data scatter, which occurs for

material type HS3L2, amounts to just over 10% for the range of f s

tested. All of the results of VPF analysis are given in Appendix C.

In final reference to Figures 23a and 23b,it is apparent that

the range of L/X presented for each specimen depends on path-length

( i.e. the shorter the path-length the smaller the range of L/X

Intuitively this is expected, since the f range of VPF experiments

was limited ( 50 to 200 kHz ). Most the low values of v in Figure

23b are from specimens with a relatively short path-length. The

limited L/A range of VPF experiments for these specimens has lead

to the apparent lack of data in the lower right hand corner of the

figure.

In order to obtain data for the entire acoustic branch of the

dispersion curve, experiments were performed using five specimens per

board type. Each specimen had a path-length close to that of the

shortest VPF specimen. The five specimens per board consisted of two

from the VPF experiments ( one of which was already the correct length

and another that required further machining ) and the three remaining

wave dispersion specimens that were not used in VPF tests. These five

samples had path-lengths that fell within a range of 0.208 to 0.268

inches. As discussed earlier it was critical that the center line of

the specimen correspond to the center line of the panel from which it

was cut. In this aspect the method of specimen cutting proved suc-

cessful for all 3/4 inch board types ( i.e. center of panel and center

of specimen within 0.02 inch ). The specimens of 5/8 inch board types
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were machined to the correct path-length but an error in cutting

resulted in samples whose center did not correspond well with the

center of the panel ( i.e. 0.08 to 0.14 inches apart ). This error

did not stop dispersion measurements from being made with these sam-

ples. However, attempts to correlate fracture and dispersion data

for these boards were abandoned since dispersion measurements were

made in a region displaced from the zone were cracks initiated in

fracture specimens. The effect of the mistake on the test matrix was

small since 5/8 inch boards had variables that repeat those of the

3/4 inch boards. In fact, the primary reason for the two board

thicknesses was to check whether specimen size influenced fracture

measurements.

The apparatus used for dispersion experiments was identical

to that used for VPF with the exception that the D/A converter was

used to control the setting of f. The desired value of f was keyed

into the computer following a command from an interactive program.

The result was a continuous change of f from its last value to the

one just keyed in. The continuous change allowed the operator to

visually monitor change in phase. This was important for interpretting

the correct increment in phase as cycles increased. Data was collected

at f intervals of approximately 15 kHz. The interval was changed when

it was felt that either more or less data density was needed. For

instance, when sharp changes in phase occurred,the f interval was

decreased. The interactive program proved convenient in this aspect,

since the operator could return to the last f and change the interval

before deciding to store the data point. Collection of dispersion

data took approximately 30 minutes. The complete set of data was
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stored on floppy disk for future data reduction ( see the section on

Nonlocal Moduli Calculations ).

The details of experimental observations and results will be

given in the pertinent section of Results and Discussion. Appendix C

shows dispersion data for each board type.

Fracture Measurement

The primary objective of fracture measurement was to character-

ize the complex behavior of particleboard in response to cracks. This

task requires data analysis. The choice of data analysis method can

best be made using the insight gained from fundamental experimental

tests. When performing experiments on a particular specimen of mater-

ial, information is available for the response of the specimen to

the conditions of the test. Although the positions, operation and

types of experimental probes are critical to the results, the methods

of data interpretation are equally important. For instance, applying

any analytical equations to predict the response of the material

( e.g. failure energy ) assumes the experimental apparatus is con-

sistent with the analysis. In this respect, any verification exper-

iments designed to strictly judge the validity of the analysis is

more important than plugging into an equation to obtain a final

result. This is to say that the verification of an analysis is pre-

requisite to useful predictions from its use.

The fracture experiments performed in the current study used

thirty specimens per board type. The locations of these samples in

the finished panel are shown in Figure 15 . The orientation of the

specimens relative to the plane of the panel is shown in Figure 22 .
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Figure 24 shows target dimensions (i.e. pre-cut specimen size ) for

the fracture specimens. After samples were cut, their width, w, and

thickness, b, were measured to an accuracy of 0.001 inch. The speci-

men height, h, was equivalent to panel thickness. The value of h

was also measured ( to the nearest 0.001 inch ) for each specimen.

In order to properly interpret fracture behavior for a material

using specimens whose dimensions were non-standard, it was critical

to test a range of crack lengths. Six target values of crack length,

a, were chosen to span the range. Target a s Included 0.5, 0.6, 0.7,

0.8, 0.9 and 1.0 inches. Five specimens were cut for each target

value of a, resulting in the total number of specimens per board.

All specimen dimensions except a were cut using a table saw

with a circular carbide blade. A two step process with a band saw

was used to cut the dimension a. First a notch was cut using a 0.04

inch thick blade. The length of the notch was approximately 0.07

inches less than the desired a. The " tip of the crack " was produced

at the end of the notch using a 0.02 inch thick blade that had teeth

ground down to a sharp edge. The actual dimension of a was measured

for each specimen to an accuracy of 0.01 inches using a thin gage

that was inserted to the tip of the crack. Following the machining

process, all specimens were kept in a controlled environment ( 65%

relative humidity and 72° F ) until the time of individual tests.

Prior to fracture testing, aluminum adherends ( 2.0x2.0 inch

cross-sections ) were attached to the faces of the specimens using

a hot melt glue. These adherends served to transfer an uniform load

to the surface of the specimen. Load was applied normal to the crack

using top and bottom test jig assemblies. The assemblies consisted



132 

Figure 24 
. 

Target dimensions for fracture specimens. The value 
of h was equivalent to panel thickness. 

SYMBOL TARGET DIMENSION (in.) 

a 0.5 0.6 0.7 0.8 0.9 1.0 

2.0 

1.0 

a 

b 
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of universal joints and grips that attached to the aluminum adherends.

Load was applied by a constant head displacement rate test machine

and measured using a load cell ( Instron test machine with a 1000 lb

load cell ). The head displacement rate for all tests was 0.03 cent-

imeters per minute.

The raw data desired from fracture tests included load, P, versus

load-point displacement, A . Several considerations were made leading

to the choice of the location of the A measuring device. The head

displacement of the test machine was not considered an appropriate

measure of A . Instead, A was measured using a clip gage ( MIS

model 632026-20 ). As discussed earlier, the gage length used to

measure A should span a region over which the total displacement

leading to crack growth occurs. In this respect, points close to

specimen grips should be avoided. In addition, COD measurements do

not include the total displacement leading to crack propagation. A

good example of the difference between P-A and P-COD curves for a

composite material was performed in (10) .

In the current study, the value of h limited the gage length to

less than panel thickness. Preliminary tests were performed to deter-

mine the best location for the clip gage with its gage length centered

about the crack plane. Each clip of the gage attached to tabs that

were screw connected to the specimen at an intermediate position

between the adherend and crack opening. The decision made for all

fracture tests was to space the screws that held the tabs to the

specimen by a distance of 0.25 inches above and below the crack plane

( i.e. center to center screw spacing of 0.50 inches ). When using

tabs to secure a clip gage to a specimen the gage length is not



134

clearly defined.

The zone immediately in front of the crack tip was painted white

for the purpose of crack growth detection. The load at the first

observed crack advance was noted. Other damage accumulating in the

vicinity of the crack tip prior to failure was also observed within

the limits of this visual identification. The zone was magnified

ten times to aid this observation.

The P versus A data acquisition made use of the equipment listed

in Table 8. The load cell of the Instron machine was calibrated daily.

External output from the load cell was read as a voltage input to the

computer. The calibration was performed with standard weights and

load was related to the voltage with a linear regression ( r2 0.99).

Displacement calibration with the clip gage was performed weekly

with similar procedures and results.

Table 8. Equipment used for data acquisition with fracture tests.

TYPE
OF DESCRIPTION

EQUIPMENT

Data Acquisition System HP-3050A Multi-Channel ADC

Minicomputer and Plotter HP-9825 and HP x-y Plotter

Specimen type, crack length and other specimen dimensions were

manually keyed into the computer at the start of the test. The data

acquisition system collected P and A data alternately with time ( 0.5

second intervals ). The A data was averaged on a point by point basis
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to align it with P data. All specimen's were tested to maximum load,

Pmax.
Following each test a plot of P versus A was made. The plot

served two purposes. First, the operator was able to check for

faulty data collection. Second, observed fracture behavior could

be related to P versus A characteristics. A permanent record of all

data was stored on magnetic tape for later calculations. Tests were

performed over a time period of one month. Of the three hundred and

sixty specimens tested,the data acquisition or test procedures re-

sulted in the loss of data for fifteen specimens.

A typical P versus A curve is shown in Figure 25. The linear

elastic compliance, C, is defined as

C = A/P ( 47)

Since C is a linear .elastic parameter,it is defined only for the

initial linear portion of the curve in Figure 25. Its value was

determined from experimental data using a criteria for linearity.

The criteria for linearity of the data was the r parameter from the

linear regression, A = f(P) . Starting with the first fifteen data

points and proceeding in increments of five additional points, suc-

cessive linear regressions were performed. When the r parameter fell

below its value from the previous regression the remaining P-A data

was assumed to be from the nonlinear parts of the curve. Hence, C

was determined from the regression with the highest r. The rationale

for this procedure is as follows. It was expected that the data set

collected contained noise that is random and independent of P or A.

Therefore, if the regression scheme is performed on more and more

data points within the linear elastic range the resulting r should
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Figure 25 . A typical P versus A curve obtained from fracture experiments with particleboard. The figure
graphically illustrates critical parameters used for determining failure energies.



increase or remain the same. When the curve becomes nonlinear the

data points associated with the nonlinearity are expected to decrease

the value of r for the linear regression.

The maximum value of load-point displacement,Amax, was the A

associated with the maximum load in the fracture test,P
.

A 5%
max

offset method was established to obtain the critical values of P and

A at a point close to the onset of nonlinearity. The method utilized

the value of C obtained from the linear regression analysis and cal-

culated a 5% offset slope as shown in Figure 25 . The offset shown

in the figure ( 0.95 x C-1) is exaggerated relative to C-1 for the

purpose of illustration. The data pair, P57 and A57 represent the

point closest to the intersection of the offset line with the P-A

curve,

The full set of C data for a given board type can be used in

compliance calibration procedures to determine G. Equation 31 can be

written as
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G =
P2 dC

2bw d(a/w)
( 48)

The key to the calibration is the evaluation of the derivative in

Equation 48. The procedure chosen was to determine C = f(a/w) from

a least squares fit of data and then calculate the derivative

analytically.

Polynomial least square fits were chosen on the basis of the

general trend of the data. Second, third and forth order fits were

obtained for each board type. A typical third order fit and the data

scatter is shown in Figure 26. The complete set of compliance curves

for all board types are shown in Appendix D. Coefficients, Bi, from
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the third order polynomial fit, i.e.,

C =
B1

+ B2(a/w) + B(a/w)2 + B4(a/w) ( 49 )

are listed at the top of each plot.

The critical measure of G was evaluated at P57 This value will

be denoted as G5%. The quantity of G at maximum load, GPmax, was

also calculated but it carries little physical meaning due to the

pronounced nonlinearity in the P versus A curve.

Evaluation of 057 for each material type required a choice be

made as to the best polynomial fit for obtaining dC/d(a/w). Initially

all the fits were used to evaluate dC/d(a/w) and G57. Table 9 shows

a typical comparison between the derivatives obtained from the differ-

ent order polynomial fits. The comparisons are good except for a/ws

close to a target value of 0.25 (i.e. the results above the blank

line in the table) . Several other board types had negative deriva-

tives evaluated at a/w close to 0.25. The only good physical explan-

ation that can be given for this behavior is the possibility that the

crack length (1 = 0.5 in.) is approaching the intrinsic flaw size.

Approximate calculations from ( 57) reported an intrinsic flaw size

of 0.34 in. for particleboards of similar constitution.

A number of factors involved in taking derivatives from curve

fits may also be responsible for the problems in calculating dC/d(a/w)

at a/w close to 0.25. First, these a/w values are at the edge of the

data range. Potentially less accurate curvature is expected at the

ends of fitted curves. In addition, the data trend tends to flatten

out for a/w decreasing towards 0.25 (see Figure 26) . Therefore, it

was possible for small data fluctuations along the curve to cause

very small or even negative derivatives. This would be particularly



Table 9. Values of dC/d(a/w) using second, third and fourth
order least squares polynomial fits for sample HL3L1.

Table 10. The greatest difference between average values of

G57
when using second, third or fourth order least

squares polynomial fits to determine dC/d(a/w). The
difference is expressed as a % of the average G57

from the third order fit.
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a/w

dC/d(a/w)

2nd order 3rd order 4th order

0.232 7.36E-6 1.19E-4 3.24E-4
0.246 7.78E-5 1.60E-4 2.74E-4
0.248 8.52E-5 1.65E-4 2.71E-4
0.252 1.08E-4 1.79E-4 2.61E-4

0.293 3.09E-4 3.18E-4 2.84E-4
0.293 3.09E-4 3.18E-4 2.84E-4
0.301 3.46E-4 3.47E-4 3.07E-4
0.301 3.48E-4 3.48E-4 3.08E-4
0.308 3.80E-4 3.74E-4 3.31E-4

0.347 5.72E-4 5.41E-4 5.20E-4
0.355 6.11E-4 5.78E-4 5.67E-4
0.366 6.62E-4 6.27E-4 6.29E-4
0.366 6.62E-4 6.27E-4 6.29E-4
0.370 6.84E-4 6.50E-4 6.58E-4
0.385 7.58E-4 7.26E-4 7.54E-4
0.394 8.01E-4 7.72E-4 8.08E-4

0.395 8.03E-4 7.74E-4 8.11E-4

0.397 8.16E-4 7.88E-4 8.27E-4

0.448 1.07E-3 1.08E-3 1.11E-3

0.457 1.11E-3 1.13E-3 1.14E-3
0.466 1.15E-3 1.19E-3 1.17E-3

0.487 1.25E-3 1.33E-3 1.21E-3

0.493 1.28E-3 1.37E-3 1.22E-3

0.496 1.30E-3 1.40E-3 1.22E-3

0.502 1.33E-3 1.43E-3 1.22E-3

Board Type % Variation

LL3L1 7.22

LL3L2 2.24
HL3L1 5.01

HL3L2 2.55
HS3L1 22.3
HS3L2 21.1
LL3H1 8.62
LL3H2 8.27
LL5L1 10.6
LL5L2 7.06

HL5L1 2.41
HL5L2 2.08
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true for the constant curvature of second order fits. Indeed, second

order curves had the majority of negative derivatives at a/w close

to 0.25. Uncharacteristic values of G were also reported by (105)

with relatively short crack lengths in double cantilever beam type

specimens of wood. The reason given at the time was a violation of

St. Venants Principle. Since fitted compliance curves were also

used in (105) to get the derivative for G,the explanation given

here is also valid.

In order to obtain an average value of G57 for each board,de-

rivatives_obtained from third order polynomial fits were used with

P57 in Equation 48. The values of G57 of specimens with target values

of a/w equal to 0.25 were not included in the average for reasons

given above. The affect of using dC/d(a/w) from third order fits to

obtain an average G57 was judged by calculating similar averages from

second and fourth order fits. After all three average values of G57

were determined the largest difference between any two was calculated

for each board. This difference was divided by the average G57 from

third order fits to yield a measure of variation. The variation is

expressed as a percentage in Table 10. It appears that the average

value of G57 was not significantly affected by the choice of order of

fit. The largest percent variation was calculated for HS3L boards and

could be attributed to a greater scatter in data for this material

type. This scatter in data caused the fourth order fits to have less

smooth curvature and as a result the derivatives were affected. The

second and third order fits of HS3L boards agreed within a percent

variation of 3.1%.



Nonlinear P versus A behavior was evident in all fracture tests.

As shown in Figure 25 the nonlinearity became pronounced beyond the

5% offset point. Several reasons for this behavior will be given in

Results and Discussion.

Calculations with Equation 48 are limited to the linear portions

of P versus A data. In order to characterize nonlinear behavior a

more general strain energy release rate approach was taken. Equation

30 can be written as

1 3U

bw 9(a/w)

Since mode I loading was used in the current study, the value of J1

was determined.

The first step in calculating J1 was to obtain a continuous

representation of each P versus A curve. This step was taken to

reduce the data storage requirement of the set of P versus A curves

for each board. The density of data points (e.g. Figure 25) were

such as to warrant a continuous description. Third order polynomial

fits were used.

The next step in data reduction involved determining areas under

the P-A curves (i.e. values of U) . These areas were taken to obtain

the experimental information of the form required for calculation of

the partial derivative in Equation 50, i.e.

U = f(a/w)1
A = A
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(50)

( 51)

where A. is a constant. Each P-A curve was integrated over the A

range from 0 to Ai. Several data sets in the form of Equation 51

were obtained for each board type using a range of constant A.s, i.e.
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A'
max for i=1,2,...,40 (52)

where A' was the largest
Amax

from the set of P- A curves for
max

a given board type.

For the purpose of illustration each P-A curve can be thought

to be divided into increments. A typical incremented P- A curve is

shown in Figure 27. The area for a particular Ai was obtained by

integrating the P-A fit over limits from 0 to Ai. As a result area

increasedwithA.and the largest amount was close to the area under

the entire P- A curve (i.e. the P- A curve fit integrated with the

limitsfromOtothevalueofA.closest to
Amax

). The largest
1

amount in Figure 27 is the area under the curve from 0 to A34.

Following the area calculations for all the specimens of a given

board type, data was arranged in the form of Equation 51. Since 40

increments were used in area calculations,there were 40 data sets per

board.ThelengthofeachdatasetdependsonthevalueofA..Data

setsforA.sapproaching the value of A'
max

contained inherently

less points. This occurs because P- A curves for relatively low

values of a/w do not have areas corresponding to higher values of

A..1

Each data set of the form of Equation 51 was curve-fitted with

a second order polynomial using the least squares criteria. The purpose

of the fit was to allow the derivative in Equation 50 to be calculated

analytically. A typical data set and the polynomial fit is shown in

Figure 28 . In general the trend for all data sets suggested only a

slight curvature. For this reason higher order polynomial fits were

not performed.
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Figure 27. A P-A curve for a typical cracked specimen of particleboard

that has been incremented to show the areas used for J calculations.
The area for a particular Ai covers the range from 0 to Ai.
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Figure 28 . A typical plot of U versus a/w for a constant value of pi. The points represent data from
board type LL3111. The curve is a second order least squares fit.
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Figure 29 shows a series of U versus a/w curves, each at a con-

stant A., for material type LL3H1. The curves are shown spanning the

range of a/w for which data existed. Curves that represent Ais up

to 0.5 A' are a result of information from the full set of data
max

( i.e. all specimens had Amax greater than 0.5 A'
max

). Higher A. s
1

had less points. Above 0.8 A'max the data for curve fits was almost

entirely from the target value of a/w equal to 0.5. As a result these

curves did not follow the trend of those corresponding to Ai less

than 0.8 A' . Instead they were less well behaved. Similar char-
max

acteristics were noted for other board types.

The full set of U versus a/w curves for each board type were

used to determine J1-curves. The J calculation was performed using

Equation 50. Graphically the calculation can be imagined with the help

of Figure 29. Starting at a given value of a/w, draw a vertical line

that intersects all of the U versus a/w curves. The intersections

mark points on the curves where the derivatives of Equation 50 are

taken. The resulting values of J1 are each associated with the A.

of the particular U versus afw curve. The plot of J1 versus A. for

constant a/w is the J1-curve.

Instead of calculating a J1 curve for each specimen, an averaging

procedure was used to get JI curves for each target value of crack

length. Remember that five specimens were fabricated for each of the

six target values of crack length. Simple calculation of the mean

values of a/w and A and the full set of U versus a/w curve fits
max

gave all the information needed to obtain the J -curves. The critical

value of
JI

corresponds to
Amax.

As mentioned earlier, U versus a/w curves for Ai greater than
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0.8 A' tended to become less well behaved. The reason for the be-
max

havior appeared to be a lack of data points, diminishing the accuracy

of curve-fitting procedures. The average value of
Amax

for specimens

close to 0.5 was greater than 0.8 A' . Hence, it was not possible
max

to get the complete J1-curve for the five specimens with an average

a/w close to 0.5. In addition, the remainder of the JI curve (

Ai

) for this a/w was often abnormal ( e.g. some negative< 0.8A'max

values ). This was possibly due to a tendency in the data for flat-

tening out at the end of the a/w range. Similar effects were noted

earlier for the compliance curves where the data flattened out in

the region of a/w equal to 0.25. Attempts to interpret the J-curve

for an average a/w close to 0.5 was abandoned for all boards due to

reasons given above.

The J1-curves for LL3H1 are shown in Figure 30 . Data points

are represented as dots. For the purpose of illustration, straight

lines are drawn between the dots for each average a/w. Notice how

the dots of different curves vertically align. This is due to the

method of data reduction. Points in the initial parts of the curves

were plotted to avoid cluttering the figure. The J1-curves are very

well behaved for values of A less than
Amax.

As the value of A
max

is approached the curves show slight variations. Other board types

showed more variation close to
Amax

(see Appendix D) . This will

be discussed in detail later. The critical value of
JI

(i.e.
JIc)

was chosen to be the average maximum value from the five J1-curves

( e.g. the points enclosed by symbols in Figure 30 ).

Recapping the methods of fracture data reduction, two approaches

were taken to characterize the fracture behavior of particleboard.
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Figure 30. J1-Integral curves for board type LL3H1. Lines are drawn connecting .4 data points.

The critical points (Jic) are enclosed by symbols.
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The first involved a compliance calibration routine to determine GI

( Equation 48 ). It was expected to be accurate for the linear P-A

response of the particleboards tested. This linear behavior was

exhibited in the early parts of the P-A curves. The critical linear

value, G5%, was determined at P57 and characterized the onset of

nonlinearity. The second approach, involving J1, was more general. It

was chosen to characterize the nonlinear parts of P-A response.

Since the
JI

is a general approach it should yield accurate

strain energy release rate values in the linear regions of P-A res-

ponse. As a result G and J calculations should be equivalent in the

linear P-A range. This idea was used to judge the success of G and J

calculations. Admittedly, both methods of data reduction involved

curve-fitting and averaging schemes that could lead to error. Therefore,

the validity of the end results should be checked by comparing values

obtained for the two methods at a point where they are theoretically

equivalent. The point chosen corresponded to the 5% offset intersec-

tion on the P-A curve ( i.e. P5%' A5% ).

The parameter J5% was obtained from J-curves at A57 and averaged

to get J57 for each board. A comparison between average values of J5%

and G57 for each of the twelve board types is shown in Figure 31. The

line in the figure represents one to one correspondence between the

two parameters. The average values of G57 and J57 agree very well.

This is true despite the different methods of calculation. In general,

the values of J57 tend to be slightly smaller than Cr,. Such behavior

may be explained by the use of P57 in the G calculation. At this point

the curve has started a slight nonlinearity which is ignored in the

calculation of G57. On the other hand the J5% calculation accounts for
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Figure 31. A comparison between G57 and J57. The line drawn on the 

graph represents one to one correspondence between the two parameters. 
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the small nonlinearity. The results of Figure 31 are an encouraging

argument for the success of all numerical and averaging schemes used

in the current study to reduce P-A information into measures of G

and J.

Nonlocal Moduli Calculations

Nonlocal moduli have been discussed in a number of locations

within this dissertation. The study of their role in characterizing

internal structure interactions ma continuous sense for a material

is thought to be critical to the relationship between wave dispersion

and fracture. As shown in the background section on wave dispersion,

nonlocal moduli can be determined when the entire Brillouin zone of

the acoustical branch of the dispersion curve for a material is known.

Ultrasonic methods were applied to obtain this information for parti-

cleboard. Theoretically, the calculation of nonlocal moduli is a way

in which the defects of particleboard, as detected in wave dispersion

measurements, can be quantified as material properties. This charac-

terization is an intermediate step to the use of nonlocal moduli in

models to predict material behavior. This section describes the tech-

niques used to convert experimental wave dispersion information into

nonlocal moduli for particleboard.

In equations 12 through 17 the nonlocal moduli were defined

and related to wave dispersion. The moduli were defined for a three-

dimensional isotropic nonlocal solid in Equation 12. In Equations

15,16 and 17 the one-dimensional longitudinal wave solution was

given. Technically, the 11(x) in Equation 16 is not the same as that

in the definition given in Equation 14. Instead, Equation 16 should
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read

P (k) E l(x) exp(ikx) dx (53)

and

(Ix1-k11) HI 1' (1).5-1$1) dk2dk3 ( 54 )

where the subscripts signify the directions of the space ( 1 is the

direction of the one-dimensional wave problem ) and denotes a vector

(31 ). The function l' of Equation 54 is the same as that defined in

Equation 14. For the purpose of the current calculations the relation-

ships from Equations 14 through 17 suffice, remembering that 11(x)

is the one-dimensional representation of the ratio of nonlocal to

classical moduli.

The assumptions behind the solution used to obtain Equation 15

include isotropy and a body with infinite boundaries. Since particle-

board is recognized as anisotropic ( see Appendix A ) the former as-

sumption is violated to some extent. A measure of the nonlocal moduli

is still possible with Equation 15 if the wave dispersion data was

collected along an axis of symmetry in the material. Such was the case

in the current work. The characteristics of the waves that propagate

in a specimen of material should not be affected by the finite bound-

aries if a model of an infinite body is used. Data from the region of

recognized specimen geometric dispersion was ignored . The informa-

tion obtained when X was less than the specimen length, X L/2,

was assumed to be independent of specimen boundaries. In addition,

the calculation of nonlocal moduli requires wave dispersion data

for the entire Brillouin zone. More will be said on this point later.



154

The first step in treating the dispersion data was to merge

all the data for a given board. Each merged data set included dis-

persion information ( v versus k ) from five specimens. This method

of data treatment was thought to be better than calculations with

individual specimens because an average functional value for the

nonlocal moduli of each board was the desired final result.

Least squares polynomial fits were performed on each data set.

Curve fits were chosen to satisfy requirements imposed by the

final step of nonlocal moduli calculations (i.e. a fast Fourier

transform ). The trend in dispersion data did not allow description

by first or second order fits. Third,fourth and fifth order fits

were made on each data set. It is well known that the curvature of

a higher order polynomial fit is sensitive to slight variations in

data (21). However, since the curves were not used to evaluate

derivatives, this effect was minor. In fact, when the entire process

of nonlocal moduli calculations was performed using each of the three

fits the final results were essentially the same.

Figure 32 shows a plot of v versus k for board type HL3L1. The

different order polynomial fits of the data are superposed and labeled

with a number for the respective order. The calculation of nonlocal

moduli assumes the dispersion relation to be independent of specimen

geometry (i.e: infinite boundaries ). Therefore, any data involving

specimen geometric dispersion was not used in the calculations. Exper-

imental observation of the behavior of all data sets concluded that

the start of useful data for nonlocal moduli calculations occurred

at k= 550 ft-1 for the specimen sizes tested. This point is marked

in Figure 32 by a dashed line. Measured variations in v as a function
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Figure 32. A plot of v versus k for board type HL31,1
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of k for k <550 ft-1 was thought to be due to specimen geometric dis-

persion. The assumption was made that if a specimen had infinite

boundaries its value for v at k < 550 ft-1 would be equivalent to the

value of v at k = 550 ft-1 (i.e. a nondispersive range ). Since the

data trend for all materials was relatively nondispersive for a range

of k beyond 550 ft-1 (550 ft-1 < k < 800 ft-1) the assumption is

warranted. As will be discussed in detail in Results and Discussion

A is larger than the internal structure for k < 800 ft-1 (i.e.

A > 0.1 in.) , which is the range where micro-geometric dispersion

does not occur on the basis of physical arguments.

The polynomial curve fits in Figure 32 are drawn to the final

data point. Each of the five specimens had its own final value of k,

kcut-off
(i.e. the point where data collection ceased due to the

loss of a coherent signal ). Hence, the ends of the curves are a

result of the least squares evaluation of data from a decreasing

number of specimens and the curve fits become less accurate. To

avoid discrepancy in the results from board to board,a convention was

adopted to determine a consistent cut-off point for each board. The

convention set the k limits on the Brillouin zone as

0 < k < (kcut-off)AVE ( 53)

where (kcut-off )AvE was the average value of k for the five
cut-off

specimens of a given board type (see Figure 32).

Recapping the discussion of data reduction thus far, a dispersion

curve for positive k values of the entire Brillouin zone was obtained

for each board type. The value of v for

0 < k < 550 ft-1 (54)
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was taken as the value of v from the polynomial fit at k = 550 ft-1.

This was done to avoid specimen geometric dispersion effects. The value

of v for

550 ft-1 < k <cut-off)AVE 55 )

was obtained from the polynomial curve fit for the respective value

of k. As shown in Figure 32, all fits ( 3rd, 4th and 5th order ) re-

present the data in this range ( between the dotted lines ) equally

well. The plots for other boards are shown in Appendix C using the

same convention as that of Figure 32 . The third order fits were

chosen for calculating the nonlocal moduli. Table 11 shows the third

order polynomial coefficients and (kcut-off )AvE'for each board type.

The next step in data reduction to get nonlocal moduli was to

calculate the function on the right hand side of Equation 17, i.e.

(v v1)2 ( 56 )

From the steps above the values of

v = f(k) for 0 < k
(kcut-off)AVE

(57)

are known. As defined earlier, the quantity vi is the phase velocity

at A-4-03 ( i.e. long wavelength limit ). For the current application

v1
is given as

v = v @ k = 550 ft
1

The final step of calculating nonlocal moduli involves taking the

inverse Fourier transform of the relationship, Equation 56, i.e.

11(x) = 1 f (v v1)2 exp(-ikx) dk . (59)
- 27

The limits on the integral of Equation 59 exceed those of Equation

-1
58 )



Table 11. The coefficients of the third order polynomial curve fits and (k
cut-off

) used
AVE

to determine nonlocal moduli for each board type.

v = So + S1 k + S2 k2 + S3 , for v in ft/sec and k in ft-1

POLYNOMIAL COEFFICIENTS
(
kcut-off)AVE
(ft-1)

BOARD TYPE
So S1 S2 S3

LL3L1 1.942E+3 1.122E0 -1.185E-3 2.688E-7 2420

LL3L2 1.863E+3 1.191E0 -9.982E-4 1.883E-7 2560

HL3L1 2.321E+3 3.906E-1 -4.686E-4 8.517E-8 2520

HL3L2 2.262E+3 1.450E-1 -3.177E-4 5.656E-8 2810

HS3L1 3.202E+3 -1.725E0 1.311E-3 -3.276E-7 2010

HS3L2 3.113E+3 -1.505E0 1.242E-3 -3.555E-7 1800

LL3H1 2.595E+3 -1.207E-1 -2.957E-4 6.730E-8 3160

LL3H2 2.341E+3 2.668E-1 -4.492E-4 8.128E-8
2600

LL5L1 2.189E+3 8.870E-1 -8.252E-4 1.488E-7 2800

LL5L2 2.548E+3 -2.675E-1 -2.046E-4 6.393E-8 2640

HL5L1 2.426E+3 5.004E-1 -5.061E-4 8.047E-8
2890

HL5L2 2.552E+3 3.557E-1 -4.329E-4 6.857E-8 2430



57. However, the limits of Equation 57 represent the positive k

Brillouin zone and the information can be used to generate the acous-

tic branch for all positive and negative values of k (see the dis-

cussion pertaining to Figures 3 through 5 and the quote on page 47).

Since v is an even function of k,

v(k) = v(-k) (60)

Define v' as the phase velocity obtained from the current

experiments for the positive k Brillouin zone, i.e.

vi = P(k)lk=550 ft-1
0 k S 550 ft

-1
= P(k) @ 550 ft k s (kcut-off)AVE

where P(k) is the least squares third order polynomial fit of the v

versus k data. The v for any positive k in the range

m (kcut-off)AvE < k
(m+1)(kcut-off )AVE

was derived to be

sx v k=s
v - where s = ((m+1)(kcut-off)AVE - k )

Or
tX V Ik=t

v - where t = ( k -
m(kcut-off)AVE

)
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( 61)

( 62 )

( 63)

when m is an odd or even integer, respectively. Equation 60 was used

to generate the values of v at negative ks.

By applying the concept of a discrete inverse Fourier transform

( 17) the integral of Equation 59 can be evaluated as a sum. A fast

Fourier transform routine (MINC FFT) was used for the discrete

calculation. To use the discrete inverse Fourier transform, functions

must be modified such that they become periodic and the values of

negative arguments are "folded" about the positive end point. The input



sufficient.

160

data sampling must be equally spaced (the reason for curve fitting

the dispersion data) and constitute an exact integer multiple of

the periodic waveform to avoid "leakage". The phenomena known as

"aliasing" must be overcome with sufficient sampling density. The

sampled function must be "truncated" so that only a finite number

of points are considred. Finally, the results of an inverse transform

must be scaled by dividing each value by the number of data points

(i.e. data length).

To meet the requirements of a discrete inverse transform for

the function, Equation 56, the data was treated as follows. Data

length was taken as 1024. The ratio, v/vi, was evaluated over the

range

-16 x
(kcut-off)AVE

k< 16 x(kcut-off)AVE ( 64)

using Equations 58,60,61,62 and 63. An example plot of the ratio for

positive k values is shown in Figure 33 as a dotted line for mater-

ial type HL3L2. Notice the similarity to the idealized case of

Figure 4b. The square of the ratio, Equation 56, is shown as a solid

line. This plot tends sharply towards zero with increasing k.

The inverse transform, l'(x), was calculated for all boards.

Remember that l'(x) is the one..-dimensional counterpart of Equation 14.

It will be referred to as a normalized nonlocal moduli throughout the

rest of the text. The calculated values of l'(x) were essentially the

same when the k range of Equation 64 was cut in half , i.e.

-8 x (kcut-off)AVE k 8 x
(kcut-off)AVE

(65)

Therefore, the truncation interval and sampling rate appear to be
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A final calculation was performed with l'(x) to ascertain the

interaction of points within the material that are separated by a

distance, x'. This was done using the satisfaction of the condition,

Equation 20, as a measure. When the integration of Equation 20 is

performed over various limits,a measure of a material's tendency to

concentrate or redistribute stress is the result. The integration was

performed with the integrand, l'(x), using the trapezoidal rule with

the data points obtained in the inverse transform operation. Due to

the symmetry of l'(x),the limits of integration were set from 0 to

positive values of x'. The interaction of neighboring points was

thought to be insignificant when the integration varied within ±1.0%

of 0.500 with increased x'.

The discussion of the normalized nonlocal moduli for the various

board types will appear under the heading of The Relationship Between

Wave Dispersion and Fracture In Particleboard in the following section.

The plots for all board types appear in Appendix C. These plots show

only the positive x' values. The negative values are a "mirror reflec-

tion" about the y-axis.



VI. RESULTS AND DISCUSSION

Throughout this dissertation the topics of wave dispersion and

and fracture have been covered separately, followed by the discussion

of their relationship. Results and discussion will utilize the same

policy of organization. The sub-sections are entitled:

Acoustic Wave Dispersion In Particleboard

Mode I Fracture Behavior In Particleboard

The Relationship Between Wave Dispersion And Fracture

In Particleboard

Each sub-section is structured to address subjects directly related to

the respective objective statements given earlier.

Acoustic Wave Dispersion In Particleboard

There is a lack of fundamental research on wave dispersion for

any woody materials in the current literature*. For this reason exper-

iments have been carried out by the author over a period of four years.

Although most of the information in this section was obtained with the

current test matrix, the results of other experiments with particle-

board will be given as they pertain to the discussion.

The first objective stated involved the verification of the exist-

ance of longitudinal wave dispersion in particleboard. Descriptions of

various types of wave dispersion were given on pages 31 to 32 . Scat-

tering ( micro-geometric ) dispersion, which occurs due to the inter-

action of waves with the internal structure, is characterized by

* Some of the effects of specimen geometric dispersion in solid
wood samples are discussed in (62).
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decreasing phase velocity with increasing frequency. Micro-geometric

dispersion is the type of dispersion of primary interest in the current

study.

Plots of V versus k for the boards of the test matrix are given

in Appendix C using the format of Figure 32. Wave dispersion is clearly

evident since V depends on k. As discussed earlier the dispersion at

small values of k ( k 550 ft-1 ) was attributed to specimen geometric

dispersion and is not to be confussed with micro-geometric dispersion.

Specimen geometric dispersion was found to occur when f 5- 100 kHz

for the specimen geometry of the current test matrix. These specimens

had path-lengths on the order of 0.25 inches. As expected, specimen

geometric dispersion occurred at lower frequencies when longer path-

lengths were used. Since it depends on sample size,this type of disper-

sion is not a material property. However, from experimental observations

with different material types, specimen geometric dispersion does appear

to depend on the material as well as the specimen size.

Particleboard was found to have much less specimen geometric disper-

sion than other materials. Conceivably this is due to its high attenua-

tion of ultrasonic waves. Since VPF analysis on a material assumes a

unique dispersion relation, that is independent of specimen path-length,

the range of specimen geometric dispersion should be avoided in its

application. In VPF tests with particleboard, phase measurements from the

tail end of specimen geometric dispersion were included and deleted in

separate calculations to determine average B. s. The final results of

VPF were equivalent. This shows the minor amount of specimen geometric

dispersion that occurs in particleboard at X/L = 1. It also suggests

the use of the less complex 7-phase comparison technique for measuring
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the dispersion of particleboard. Several tests were performed with

particleboard to show that the Tr-phase comparison and VPF methods

yielded identical results. In general, since it is possible that

equipment limitations may not allow the Tr-phase point to be reached,

VPF remains the more reliable method. Other details on specimen geo-

metric dispersion were covered in Analytical and Experimental Methods.

All the different types of particleboards tested over the past

few years have exhibited varying amounts of micro-geometric dispersion.

This dispersion is characterized in the plots of Appendix C by a de-

creasing V with increasing k as the cut-off point is approached.

The current study was concerned with the acoustic branch of the

wave dispersion curve. Figure 34 shows typical dispersion data for the

five specimens of material type HL3L1 (each data point appears as a

small circle ). Data points attributed to specimen geometric dispersion

(at small values of k) were omitted from the figure. As discussed

earlier, the average value of k at the cut-off point for the five

specimens was chosen as the end of the experimental Brillouin zone.

Several characteristics of Figure 34 are worthy of special note.

The response of the material is relatively nondispersive at frequencies

below 400 kHz. For this range of frequencies the classical continuum

concept of a constant phase velocity (i.e. the slope of the dashed

line) fairly represents the data. Nondispersive behavior is character-

istic of waves that have wavelengths and frequencies that excite the

internal structure as a group. Above 400 kHz micro-geometric dispersion

dominates and, hence, modeling the material as a classical continuum

diminishes in accuracy.
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Figure 34 Dispersion data plotted in the form of f versus k for five specimens of material
type HL3L1. The dashed line represents classical nondispersive behavior which is common near
the long-wavelength end of the measurements with particleboard. The vertical dotted line marks
the end of the experimental Brillouin zone as determined by an average of the five specimens
( see the discussion pertaining to Table 11 ).
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The scatter in data from specimen to specimen is small in the non-

dispersive part of Figure 34 . As dispersion occurs the data becomes

much more scattered. This behavior appears to reflect the inhomogeneous

nature of particleboard. Inhomogeneity in particleboard is most pro-

nounced at the scale of the internal structure. In fact, it is clearly

evident when viewed under a microscope. As the wavelength of waves

approach the level of the internal structure one would expect a greater

variability in particleboard response that is reflective of the micro

inhomogeneity.

Several types of inhomogeneity exist from point to point in the

internal structure of particleboard. These include resin distribution,

variability of resin/particle bond strength (from variables of fabrica-

tion), particle size and orientation, and voids. Although industrial

particles were screened to get two distinct groups for the current

project, particle size and shape still varied considerably within each

classification. Intuitively, since micro-geometric dispersion is tradi-

tionally thought to occur when the wavelength approaches a character-

istic dimension of the internal structure, variability in particle size

would appear to be the main cause for increased scatter in the disper-

sive range. However, jumping to such a conclusion may be premature

since the insight is based on theoretical models of particles that are

"perfectly" bonded to one another. With particleboard, and real mater-

ials in general, the assumption of perfectly bonded internal structure

is violated to some extent.

The particleboards of (56,57) were fabricated in the laboratory

from particles of relatively constant dimension that aligned in ehethick-

ness direction of the board. In this direction the internal structure of
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the boards may be considered periodic. Longitudinal wave dispersion

experiments with specimens cut from these boards were performed in the

current study. The direction of wave propagation coincided with that of

the constant particle size. Some of the results of these experiments

were discussed at the end of the section on Analytical and Experimental

Background. Further analysis of the results of these tests pertain to

the current discussion on specimen to specimen data scatter in the dis-

persive range of material response. If the scatter in Figure 34 was

primarily due to variations in the size of particles within that

particleboard, then similar experiments on the periodic particleboards

should result in less scatter.

Figure 35 shows a plot of the dispersion data for a typical part-

icleboard with periodic internal structure. The data on the plot repre-

sents the results of tests on eight specimens. Each specimen was ma-

chined to have the same path-length. The data was collected only when

the input and received signals were in-phase or 1800 out-of-phase. By

taking measurements in this discontinuous manner on specimens of equi-

valent path-lengths, the specimen to specimen variation is clearly evi-

dent. Data points would tend to clump when the specimen to specimen

scatter is small.

The lower frequency range of Figure 35 ( f 5._ 300 kHz ) is char-

acterized by nondispersive behavior. As with Figure 34 , the data

scatter in this region is small. The clumping of the data for the eight

specimens of Figure 35 slowly diminishes as the dispersive region is

approached. Above 500 kHz distinct clumps of eight do not appear.

Hence, scatter is also evident in the micro-geometric dispersion of

particleboards that have periodic internal structure. The results of
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Figure 35. Dispersion data plotted in the form of f versus k for
eight specimens of a material type used in (56,57). The particles
of the material were of uniform thickness and in that sense the

particleboard could be considered periodic. All specimens had the
same path-length and data was collected only when the input and
received signals were in-phase or 1800 out-of-phase. Data was
obtained in this manner in order to show the inhomogeniety at the
scale of the internal structure for particleboard in general.
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Figure 35 lead to the conclusion that specimen to specimen data

scatter in the dispersive ranges of material response for particle-

board is a result of more than just variations in particle size within

the panel.

With the specimen to specimen scatter in data that appears to

be characteristic of micro-geometric dispersion in particleboard,

special care must be taken when applying the method of VPF to measure

dispersion. In review, VPF was adapted in the current study to remove

the ambiguity in phase that is inherent to ultrasonic, continuous wave

measurements. The primary assumption of VPF analysis is the uniqueness

of the dispersion relation for a material. As discussed earlier in this

section, specimen geometric dispersion violates the assumption of VPF

and should be avoided in the analysis. Since specimen to specimen data

scatter also violates the assumption of VPF analysis, the effect that it

would have is unclear. Some data variations are allowed by the minimum

sum criteria of VPF. Perhaps merging some statistical method that uses

several specimens for each path-length of VPF analysis would overcome

any inherent limitations in the technique. However, the procedure

adapted in the current study appears suitable for particleboard. This

method was discussed in detail in Analytical and Experimental Methods.

In short, VPF was applied at frequencies below 300 kHz where specimen

to specimen data scatter was small. Once the ambiguity was removed in

the low frequency range, data at higher frequencies was simply obtained

by incrementing phase in the normal manner of continuous wave measure-

ments for each specimen.
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Several experimental observations are not readily apparent from

the dispersion curves of particleboard in Appendix C. These include

the nature of attenuation, small amounts of viscoelastic dispersion

and individual specimen characteristics.

Attenuation of the received signal controlled the point where

cut-off was observed. All measurements ceased when the phase difference

between input and output signals became indefinite. In this sense,

measurements at frequencies approaching a stop band are limited by the

sensitivity of the equipment as well as the material's attenuation and

dispersion characteristics. Similar observations have been madein other

studies on the dispersion of waves in composites (e.g.(67) and (134) ).

The average cut-off frequency observed in the current study ranged

between 700 and 900 kHz for the various board types.

Experiments were performed at higher frequencies (1 to 3 MHz)*

to. determine the range of the stop band and to check for optical

branches of wave dispersion. Any energy that was transmitted through

the specimens did not result in a coherent signal for those frequencies

close to 1 MHz. At higher frequencies possible inductive coupling lead

to received signals that were sharply peaked. With these signals, phase

difference remained constant while sweeping the full range of frequency.

Persistent wave attenuation within the particleboards appears to be

blocking the detection of optical branches. If the attenuation is due to

the flaws in particleboard,then higher resin contents may allow observa-

tion of the optical branches. Alternatively, viscoelastic attenuation

may be the main factor blocking the next pass band. Both components in

* These tests used a different set of transducers than those discus-
sed earlier to allow greater sensitivity at the higher frequencies
( Panametrics VIP series 1 MHz transducers ).
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in particleboard (i.e. wood and resin) are known to be viscoelastic

materials. Viscoelastic attenuation was surmised to be the mechanism

blocking optical branches in stainless steel reinforced epoxy (131).

Viscoelastic dispersion is manifested by an increasing phase

velocity with increasing frequency. None of the particleboards tested

had wave dispersion curves that were dominated by this type of disper-

sion. However, some of the boards exhibited viscoelastic dispersion

over a short range of frequencies ( e.g. 250 to 325 kHz for LL3L1 ).

Viscoelastic dispersion was best observed in the data from individual

specimens. It was evident as a tendency towards increased phase. velocity

between the nondispersive range and micro-geometric dispersion. Since

its magnitude was small, covering a range that varied somewhat from

specimen to specimen of the same material, it is not readily apparent

in the superposed data plots of Appendix C.

It is possible that the mechanisms of viscoelastic and micro-

geometric dispersion competed resulting in the wave propagation behavior

of some of the particleboards. The response of material types HS3L1 and

HS3L2 suggests such an interaction. The phase velocity of these mater-

ials remained nearly constant until immediately prior to cut-off. While

the cut-off phenomena is characteristic of micro-geometric dispersion,

a constant phase velocity does not distinguish either viscoelastic or

micro-geometric dispersion. Perhaps their interaction in this material

type results in the constant phase velocity. The amplitude of the re-

ceived signal of HS3L1 and HS3L2 decreased continuously with increasing

frequency. Such behavior may be classified as viscoelastic attenuation.

All other material types showed similar attenuation characteristics but

several points of local maximum and minimum amplitude were noticed as
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frequency was increased during the experiments.

One final characteristic, occasionally noted during the frequency

sweeps of experiments, was a short backtrack in the number of cycles of

phase, N. This backtrack was observed as a decrease in N of less than

0.25 with increasing frequency (N normally increases with frequency).

The result is a local maximum in a phase velocity versus frequency curve

for the particular specimen. It is not known what characteristic of the

material may be responsible for such behavior. Hypothetically, the

higher frequency wave at the local maximum may have overcome an obstacle

in the internal structure that had slowed down the waves at slightly

lower frequencies.

Comparisons of the dispersive behavior of particleboard as a func-

tion of the variables of the test matrix are made in Figures 36, 37 and

38. The three variables are specific gravity, resin content and particle

size. The third order polynomial curve fits are used to avoid cluttering

the figures with data points. Each curve is drawn from k equals 550 ft-1

to the value of (kcut-off)AvE for the particular material type. As dis-

cussed in the section entitled ANALYTICAL AND EXPERIMENTAL METHODS,

these limits encompass the range of useful experimental data collected

in the acoustic branch of dispersion.

Figure 36 shows the effect of specific gravity. At first glance

there appears to be little or no difference between the four particle-

boards. All curve-fits suggest micro-geometric dispersion resulting in

similar drops in phase velocity. Upon close examination, the particle-

boards with higher specific gravities (HL3L1 and HL3L2) are seen to

drop in velocity with a different slope than the other, less dense,
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Figure 36, Plots showing the effect of specific gravity on dispersion
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boards (LL3L1 and LL3L2). In both instances slopes of the boards with

similar specific gravities appear to be close to parallel throughout

the center of the k range. The observation of a slope dependence on

density is particularly interesting since the difference between

the high and low specific gravities of the test matrix was small (= 0.1).

Hence, showing the sensitivity of wave dispersion measurements to a

subtle difference. Physically, the difference in dispersion behavior

when specific gravity is varied and all other variables are held

constant,may be due to the relative amounts of particle compaction

within the particleboard.

Figure 37 shows the effect of resin content. The particleboards of

this plot have similar specific gravities. Again the decending slopes

of the curves appear equivalent. Examination of the values of v at

the start and end of the curves shows that the higher resin content

boards undergo a greater total drop in velocity. The value of v at

-1
the nondispersive end of the curve (i.e. at k = 550 ft ) is larger

for the 7% resin content boards than those with 5% resin content. This

suggests an increased stiffness with increased resin content which is

expected with particleboard at the long wavelength limit. The observa-

tion that the value of v at (kcut-off)AvE is less for higher resin

content boards is not explained from classical insight. However, the

dispersion behavior of perfect crystals results in v drops of several

thousand ft/sec within the Brillouin zone. With this in mind it seems

reasonable that the total drop in velocity might be related to the

increased bond between units of internal structure.

Figure 38 shows the effect of particle size. The boards made from

the fine, sawdust-like particles (HS3L1 and HS3L2) have vastly
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different wave dispersion characteristics. All other particleboards

had a coarser internal structure and showed distinct micro-geometric

dispersion. The slight downward trend at the start of the curves for

the sawdust boards may be due to an extended range of specimen geometric

dispersion in this material type. Both sawdust boards were only weakly

dispersive up until cut-off. As discussed earlier, competition between

viscoelastic and micro-geometric dispersion may be given as the mechan-

istic explanation of the behavior.

A study by Sutherland (131), who measured the dispersion of two

resin matrix composites, appears related to the current discussion. In

his study the dispersion of a "finely structured" composite was domin-

ated by weak viscoelastic dispersion and that of a "coarse structured"

composite was primarily micro-geometric dispersive.

Obviously the sawdust particleboard has relatively fine internal

structure as compared to the other particleboards of this study. With

this in mind ,the results of Sutherlandb work (131) qualitatively

compares with the work on particleboard despite the unsimilar mater-

ials. However, the comparison between fine and coarse structured compos-

ites in both studies implied a range for the level of observation. The

level of observation may be defined as the wavelength of the test. The

fine structure may be coarse as compared to the internal structure of

other composites and a smaller level of observation.

The total drop in the phase velocity within the Brillouin zone

is a simple measure of the relative amounts of micro-geometric disper-

sion measured for each board type. This parameter is given as

Av = k=550 ft-1 - vlk=(k
cut-off)AVE

( 66)
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and can be determined from the polynomials of Table 11. Table 12 lists

the values of Av for all of the board types.

As discussed earlier the location of specimens cut from the 5/8

inch thick particleboards differed from that of the 3/4 inch thick

boards. In the former the specimens were cut to have path-lengths

encompassing a region close to the surface while the latter had path-

lengths centered about the core. There was a similar 3/4 inch board for

each 5/8 inch board. Original panel thickness should not be critical

to the materials response to waves. Hence, the only major difference

between specimens for each board thickness should be the location from

which they were cut. From Table 12 it appears that samples close to the

surface exhibit greater amounts of micro-geometric dispersion than

Table 12. The values of Av for all particleboard types.

BOARD Av (ft/sec)
TYPE

,

LL3L1 720

LL3L2 720

HL3L1 720

HL3L2 840

HS3L1 220

HS3L2 250

LL3H1 1070

LL3H2 940

LL5L1 980

LL5L2 760

HL5L1 970

HL5L2 780



( Equations 6 through 8 ). The discussion pertaining to Equation 45

describes how the ideal behavior can be compared to the experimental

. Figures 13 a and 13 b ) . The parameters Cji and of Equation 45

were obtained from the experimental data of Table 11, i.e.

= k=550 ft-1
( 67)

and

XC = /
(kcut-off) AVE

68)

Figure 39 makes the comparison between ideal behavior (Equations

45, 67 and 68 with the information of Table 11) and the third order

polynomial curve fit of experimental data for the three board types.

The middle plot of Figure 39 , which is for material type LL3L1, is

the only one of the three showing a good comparison between experiment

and ideal behavior. Although this material does not have periodic inter-

180

those close to the core' (e.g. AV of LL5L1 and LL5L2 is greater than

the Av of LL3L1 and LL3L2 ). Since a greater Av was associated with

a better bond in the discussion pertaining to Figure 37, it seems rea-

sonable to expect better bonds close to the surface of particleboard.

In addition, the higher density of surface material, characteristic of

the pressing process,was evident in the specific gravity data for dis-

persion specimens from the 5/8 inch thick particleboards.

The final subject of discussion within this section involves

modeling the dispersive behavior of particleboard as an ideal periodic

lattice whose response is governed by nearest neighbor interactions.

The theory for the ideal behavior was developed at the start of the

ANALYTICAL AND EXPERIMENTAL BACKGROUND section on Wave Dispersion
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nal structure it fits the distinction of ideal behavior better than

particleboards that might be considered periodic (see Figures 13a and

13b). The experimental data for material types HS3L2 and LL3H1,respec-

tively,fall above and below the ideal curves.

Lattice models with more complex neighbor to neighbor interactions

would be expected to fit the experimental data of the first and third

plots of Figure 39 with greater success. Modeling a materiaa discretely

requires some interpretation of how the internal structure will affect

the phenomena. The evidence presented thus far has, in general, shown

the behavior of particleboard to be unpredictable relative to the ideal

lattice model used. Once the experimental response is known, the lattice

model which fits the data best could be found,but the question arises

as to the usefulness of such an approach when generalized continuum

exist. For example, once the correct discrete model is interpretted for

each material type, separate analysis with each model is required to

predict other phenomena ( e.g. fracture ). Applying the generalized

continuum, nonlocal theory, to the same problem results in nonlocal

moduli that characterize the material for more complex problems. Remem-

ber that the ideal lattice model was found to be a special case of

nonlocal theory (36).

Several steps are simplified when applying nonlocal theory to

study fracture as compared to the use of discrete models. First, a

search for the number of nearest neighbor interactions is not needed.

Instead nonlocal moduli are measured to determine neighbor to neighbor

interactions. Second, separate crack solutions are not necessary for

every model. The affect that the different degrees of variability

from ideal behavior shown in Figure 39 has on nonlocal moduli will be



discussed in detail later.

Mode I Fracture Behavior in Particleboard
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The objective of fracture measurements was to interpret the

behavior of cracked specimens of particleboard. The plane of the crack

aligned with the plane of the board and was found at the mid-thickness

of the panel. The task was complicated by several factors. Both linear

and nonlinear response was found to combine, resulting in the P-A

curve of cracked specimens (see Figure 25). Calculations of linear

and nonlinear strain energy release rates were performed. Since the

specimen size was restricted by the thickness dimension of the particle-

board panels, experimental calibration procedures were required for both

calculations. Finally, the physical meaning of each parameter in regards

to the mechanism of failure was important. This lead to a logical choice

for the fracture parameter which was related to wave dispersion char-

acteristics.

Measurements pertaining to the linear range of P-A response of

particleboard will be discussed first. The strain energy release rate,

GI'was
found to be the relevant fracture measurement. As discussed

earlier,the values for GI are a direct result of compliance calibration

procedures. The stress intensity factor,
KI'

is related to GI for clas-

sical orthotropic materials through Equation 32. The values of 1(1 can

be calculated when G and the elastic constants are known for the ma-

terial. Ultrasonic measurements were performed to obtain the full set

of elastic constants for particleboard ( see Appendix A ).
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Appendix A discusses the test procedures and results of ultra-

sonic measurements that were performed to obtain the set of elastic

constants for particleboard. The results from these tests showed that

particleboard was not accurately modeled as a classical material. With-

out the correct description of the constitutive response of particle-

board, Equation 32 can not be used to calculate
KI

( i.e. not enough is

known about the stress field of the material ).

Alternatively, ICI can be calculated from analysis of a specific

specimen size and shape. For this method a constitutive theory is

assumed but no elastic constants need to be measured to calculate a

KI
value. The resulting equation for KI comes in the form of Equation

34 ( e.g. see the procedures of ASTM E399 ). The specimen of this

study may be considered a single edge notched specimen ( SEN ). The

isotropic equation for this specimen type is given in (137). Appendix B

is devoted to comparing the K1 s calculated from the equation for a SEN

specimen to the GI values obtained in the compliance calibration. If

the calculation of KI is accurate, then the relationship

GI = Constant
KI2

( 69 )

should hold, independent of crack length. The results of Appendix B

showed that this second attempt at obtaining a valid K1 for particle-

board in the current study was also questionable. This was expected

based on the results of Appendix A.

When equations of the form of Equation 34 are used to calculate K

for a material, values are always possible. Without performing the

analysis similar to Appendicies A and B,the validity of the KT value is

unknown.
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From the results of Appendicies A and B, unpredictable constitutive

behavior and insufficient specimen size appear to be the reasons why K1

can not be accurately calculated in the current study. The extent of the

inaccuracy is unknown. It may be possible to approximately model the

behavior of particleboard as a classical material by ignoring some of

the measurements made in Appendix A. The exactness of the approximation

could be checked by performing analysis similar to that used by Awerbuch

and Hahn (10). In (10),excellent results were obtained with metal matrix

composites, which were assumed to be orthotropic, when using the isotro-

pic K-calibration factor ( i.e. Y ) for the KI equation. As discussed

earlier, the success of the approach of (10) depended on the use of spec-

imens of sufficient size. It was not possible to obtain specimens of

this size for particleboard in the direction of interest. Since the

values of KI are not critical to the success of the current study

further analysis was not performed. Instead, characterization by GI

served the purpose.

Compliance curves were obtained for all material types and are

shown in Appendix D. Remember that the value of compliance, C, was cal-

culated from the slope of the initial linear part of the P-A curves.

In Figures 40 through 44 the compliance curves are compared in terms of

the variables of the test matrix.

Compliance is classically associated with the elastic constants of

materials and the specimen geometry. The classical elastic constants are

known to depend on the phase velocity at the long-wavelength limit of

material response. Due to nonclassical behavior, the elastic constants

of particleboard could not be obtained in the current study ( see



186

Appendix A ).However, the longitudinal phase velocity measured for

particleboard in the direction which was the same as that of load in

fracture experiments,is expected to be related to compliances. This

phase velocity corresponds to the value of v at k= 550 ft-1 ( i.e.

vi ). For a particular material type, vi was the phase velocity at

the start of the curve in Figures 36, 37 and 38. The value of vl for

all the different board types varied within 20% suggesting small dif-

ferences in compliance behavior. In general, Figures 40 through 44

show only minor variations in compliance.

Figures 40 and 41 show slighty lower compliances for particleboards

with higher specific gravities and greater resin contents, respectively.

This is physically expected because compliance is the inverse of stiff-

ness. The values of
v1

in Figures 36 and 37 also show the materials with

increased specific gravity and resin content to be stiffer ( i.e. higher

values of v 1). The exception is material type HL3L2 which has approx-

imately the same vi as the lower density boards.

Figure 42 shows the effect of particle size on compliance. From the

values of
v1

in Figure 38 HS3L1 and HS3L2 appear to be stiffer. This

stiffness is evident in the compliance curves only for the midrange

values of a/w.

Figures 43 and 44 show the effect specimen height had on compliance.

All of the particleboards on either figure had identical variables from

the test matrix with the exception of board thickness. The difference

in specimen height is seen to have little affect on compliance. Only

HL5L1 and LL3L2 show any significant difference from the compliances

of other boards. Their differences were attributed to material vari-

ations since they differ as much from boards of identical thickness
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( i.e. HL5L2 and LL3L1 ) as from those with different thicknesses.

The results shown in Figures 43 and 44 are encouraging indicators

of a correct choice for the location of the clip gage used for measuring

displacements. This is to say that the measuring limitations imposed by

the specimen height do not appear to.have a major effect on compliance.

The displacement measured was supposed to include only the total

displacement leading to crack growth. Any displacements associated with

the specimengrippingmechanism should be excluded from this displace-

ment. The quantity GI depends on dC/d(a/w) as shown in Equation 48.

Judging by the small differences in the slopes of the curves in either

of Figures 43 or 44, specimen height may have had a negligible effect

on the measurement of GI. The exception occurs at values of a/w ap-

proaching 0.5. The evidence presented above for the independence of

specimen height holds only within the linear range of measurement.

Table 13 lists the average values ofand G obtained forG5x
Pmax

each board type. Later in this section the physical meaning of these

parameters will be discussed in detail. Remember that the P- curves

suggest that G57 is a critical measure of the onset of material non-

linearity. The values of G57 and Gp of Table 13 are found to have

some correlation ( r=0.82 from a linear regression analysis ). The

quantity Gpmax is calculated by substituting the value of Pmax for P

in Equation 48. Therefore, the correlation of G57 with Gpmax is more

simply interpretted as one between P5% and

"maxTheparameter Gp is a fictitous critical energy release rate.

It represents the critical energy release rate when the nonlinear parts

of the P- A curves are approximated to have the same slope as that of

the initial linear response.
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Table 13. The average values of G.57. and Gpmax for all particleboard
types.

BOARD
TYPE

G57
2

(in.lb/in )

STANDARD
DEVIATION

(in.lb/in2)

GPmax
2,

(in.lb/in )

STANDARD
DEVIATION

(in.lb/in2)

LL3L1 0.42 0.13 1.05 0.31

LL3L2 0.44 0.17 0.90 0.22

HL3L1 0.45 0.18 1.21 0.39

HL3L2 0.50 0.20 1.25 0.42

HS3L1 0.25 0.10 0.47 0.10

HS3L2 0.31 0.14 0.53 0.14

LL3H1 0.62 0.23 1.29 0.35

LL3H2 0.53 0.23 1.29 0.44

LL5L1 0.41 0.19 0.93 0.28

LL5L2 0.26 0.14 0.76 0.25

HL5L1 0.41 0.19 1.11 0.23

HL5L2 0.26 0.13 0.98 0.31
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In order to characterize the nonlinear load versus displacement

behavior of fracture samples of particleboard, a
JI

analysis was at-

tempted. The ICI r-curve approach was inapplicable in the current study

because the calculation of a suitable KI in the linear range was not

possible ( see an earlier discussion within this section and Appendicies

A and B ). The method of
JI

data reduction was discussed in detail in

the Fracture Measurement section of ANALYTICAL AND EXPERIMENTAL

METHODS.

The J1-curves for all material types appear in Appendix D. Each

plot is drawn using the format of Figure 30. In general, the J1-cuves

have a well-behaved pattern when A 5 0.6 A (Amax for the respec-
max

tive a/w is the A at the end of the curve ). Above this point many of

the curves fluctuate as A is approached. There are several reasons
max

for the fluctuations in the curves.

The most obvious reason pertains to the accuracy of the U versus

a/w curve-fitting procedure which is the last data reduction step prior

to the calculation of J1. The U versus a/w curves are used to determine

the partial derivative of the equation for
JI

(i.e. Equation 50 ).

Inherent to the calculation is the fact that U versus a/w curves for

higher values of A are the result of polynomial fits with less data

points than the low A counterparts. Only the first J1-curve, which is

for the a/w with the smallest A , has a full set of data for each
max

U versus a/w curve. As shown in the plots of the J1-curves for all

material types, the first curve shows the smallest amount of fluctua-

tion. For each subsequent J1-curve the points approaching the tops

of the curves are a result of derivatives taken on U versus a/w curves

that were fitted with decreasing numbers of data points.
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Another reason for the fluctuations in J1'-curves at their ends

involves the difficulty in judging the point of crack extension. No

precise experimental method was used to detect this point. Instead,

all of the P versus A curves used in
JI

analysis extended to
Pmax.

When approaching P the P- A curve flattens out (large increasesmax

for small changes in P) . The value of P was often greater than the
max

P where crack extension was first visually noted. This leads to an

overestimate in
JIc'

the final point of each J1-curve. Similar problems

arose in JI analysis with metals, which resulted in experimental

criteria for judging the onset of crack extension ( 77 , 85).

Typical sets of J., curves for four particleboards are shown in

Figures 45 through 48. Figure 45 shows the .7, curves for material type

LL3H1 which were plotted earlier in Figure 30. The curves of Figures 45

through 48 and those of Appendix D align in the order of increasing a/w

(e.g. see Figure 30 ).

The value of
JIc

is theoretically expected to be a constant inde-

pendent of a/w. From Figure 45,particleboard type LL3H1 appears to have

a constant JIc. A similar observation cannot be made for particleboard

type HL3L2 in Figure 46. The J1-curves of Figure 46 show a decrease in

JIc
with increasing a/w. Other particleboard types also showed a

JIc

dependence on a/w. In some cases
JIc

increased with a/w. Discrepancies

such as these can be explained by the limitations in the method of

JI
analysis of this study that were discussed above (e.g. the ambiguity

in the point of first crack extension on the P- t curves ). However,

they may also suggest that J., analysis, in general, does not strictly

apply to the particleboards studied. Additional evidence supporting the

last statement will be discussed later in this section.
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The J1-curves for the similar particleboard types LL3L1 and LL3L2

are shown in Figures 47 and 48. These two sets of curves are a good

example of the inaccuracy of assuming the coincidence of the point of

crack extension with Pmax on the P- A curves. Board type LL3L1 has

significantly higher Jics than LL3L2. There is little reason to suspect

the difference between the
JIc

of the two boards to be as large as it

appears. Close examination of corresponding curves for each particle-

board ( for a particular a/w ) show that board type LL3L1 generally

has much larger values of Amax than LL3L2. There is not as noticable

a difference between the Pmax versus a/w response of the two boards.

Perhaps the difference in the
JIc

values can be explained by excessive

amounts of displacement included in the J1 analysis of LL3L1. The

visually observed crack growth point was consistently ahead of the

final point used in J1 analysis ( i.e. Pmax, A ) for material type

LL3L1,leading to the overestimate.

The average values of J57 ( i.e. J at P57 ) and Jic ( i.e. J at

) are given in Table 14 for all material types. The standard
max

deviations of J parameters tend to be less than those of Gs listed

in Table 13. This is expected because the method of
JI

analysis smooths

the data. The values of J are found to be larger than those ofPmax
Ic

Remember,
GPmax

has been given little physical meaning for particleboard.

Recapping to this point, all discussions on the inaccuracy of

applying J1 analysis to particleboard pertain to the ends of j1 curves.

As shown in Figure 31, the experimental data reduction procedures of

J1 analysis and compliance calibrated GI give results that were in close

agreement over the linear ranges of the P- A curves. In addition, the

range of success for applying J1 analysis to characterize the material's
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strain energy release rate appears to extend far into the nonlinear

regions of P- response. However, the values of JI approaching

JIc are difficult to interpret due to curve-fitting limitations,

the ambiguous nature of crack extension and possible violations of

the assumptions of JI analysis by particleboard.

Table 14. The average values of J57 andJic for all particleboard
types.

BOARD
TYPE

J5%

(in.lb/in2)

STANDARD
DEVIATION

(inlb/in2)

JIc

(in.lb/in2)

STANDARD
DEVIATION

(in.lb/in2)

LL3L1 0.38 0.08 2.39 0.38

LL3L2 0.37 0.15 1.80 0.12

HL3L1 0.48 0.16 2.84
4

0.14

HL3L2 0.45 0.11 2.28 0.37

HS3L1 0.24 0.07 0.97 0.15

HS3L2 0.29 0.08 1.10 0.09

LL3H1 0.50 0.10 2.56 0.19

LL3H2 0.47 0.18 2.40 0.65

LL5L1 0.40 0.19 1.58 0.11

LL5L2 0.28 0.12 1.50 0.53

HL5L1 0.34 0.12 2.48 0.25

HL5L2 0.23 0.06 1.91 0.26
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The physical understanding of the mechanism of failure in particle-

board gives additional meaning to the parameters used to quantify frac-

ture. To this end several experiments were designed and run to provide

more information than the typical load to failure experiments discussed

earlier. The main concern was the behavior of cracked particleboard

samples that had been loaded beyond
P5%'

where nonlinear P-tx response

dominated. Once the load on a sample had exceeded P57,unloading/loading

cycles were performed. These experiments gave some idea of the nature

of the nonlinearity of the material.

Figure 49 shows a typical P- A curve where, following the onset

of nonlinearity, the sample was unloaded and then reloaded. This pro-

cedure was performed at three successively higher loads as shown in the

figure. The test machine head displacement rate was constant during

loading/unloading and the same as for other fracture tests.

The first important behavior noted in Figure 49 pertains to

displacement. After entering the region of nonlinear material response

and unloading to zero load a permanent displacement is noted. The per-

manent displacement component is incremented in the figure as succes-

sively higher loads are tested. This shows that permanent displacement

accumulates throughout the nonlinear region of P- A response. The

permanent deformation seems to occur in a zone surrounding the crack

tip. As will be discussed, this deformation is the mechanism leading to

the nonlinear P- A curves of particleboard fracture samples. In other

words the nonlinear response of the material is not one of nonlinear

elasticity.

Another important observation of Figure 49 involves the reloading

curves. Each subsequent curve has an extended linear range of P- A
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response. The point at which nonlinearity begins to occur for each

reloading curve is in the neighborhood of the last unloading point.

Hypothetically, if the sample was unloaded at a load immediately prior

to unstable crack growth, the following reload P- A curve would be

very close to linear to failure.

The observations made with particleboard in Figure 49 are similar

to those from the work of Awerbuch and Hahn (10, 11) on metal matrix

composites. The permanent displacement of the metal matrix composites

was attributed to subcritical crack-tip damage ( e.g. fiber failure

and splitting and plastic deformation in the matrix ). An extensive

microscopic study of the damage zone in particleboard was not made

in the current study. However, audible acoustic emissions and visable

flaw growth was noted in many tests prior to unstable crack growth.

In ( 10), actual measurements of the linear slopes of load and

unload P- A curves showed that compliance was essentially unchanged

by the permanent displacement except very close to failure. Figure

49 shows that the linear compliance of load and unload curves for

particleboard also appear to be close to the same. Hence, the develop-

ment of a crack-tip damage zone in specimens of metal matrix composites

and particleboard has little affect on the compliance but results in

extended ranges of linear response.

The nonlinearity of P- A curves for particleboard carry some

similarity to the elastic/plastic behavior of metals. One possible

difference is that the former has nonlinearity which starts as low as

0.5P . Despite the onset of considerable amounts of permanent dis -max

placement, particleboard sustains higher loads. It may be surmised that

the strong axis of particles ( or even parts of split particles )
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undergo some alignment with the principal direction of stress at higher

loads when bonds break, freeing particle movement. The tendency towards

alignment may be modeled by micropolar elasticity. However, the exist-

ance of actual material failure leading to alignment requires a theory

that allows permanent deformation, possibly micropolar plasticity.

Materials that behave in a manner similar to that described above

for particleboard and metal matrix composites have failure energies that

depend on the history of loading. Consider the fracture measurements of

the current study. The cracked samples of particleboard that were used

to determine GI and JI were never loaded prior to the test. These

samples will be referred to as undamaged. As discussed earlier, the

parameter G57 was the strain energy release rate at the onset of non-

linearity for undamaged specimens. In order to characterize the nonlin-

ear P- response for loads above P57,the J1-integral approach was

chosen. The quantity
JIc

approximated the critical strain energy

release rate associated with loading previously undamaged specimens to

. The value of JIc would be expected to drop if the particleboard
max

specimens had a previous history of loading in the range between P57

and P
max

In order to interpret the drop in Jic with load history, one must

consider the J calculation. A large portion of the energy (i.e. area

under the P-A curves) used in calculating Jic is that which is dis-

sipated in creating the damage zone above P57. While this energy is

important to the critical failure energy of previously undamaged spec-

imens,it may be dissipated over a long period of time, prior to catas-

trophic failure, in particleboard with a load history in the range

between
P5%

and Pmax. The value of JIc at a given instance of time
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is normally the critical design parameter. Such a value would drop as a

function of the highest previous load in the history of the structural

component. This places severe limitations on the use of any failure

criteria with such materials.

Conceivably, the lower limit of
JIc

is given by the measure denoted

in the current study. This idea is based on a hypothetical situa-GPmax

tion in which all specimens had undergone a prior load history resulting

in fully linear P-is response all the way to Pmax. It also assumes that

compliance is unchanged by the load history*. Under these circumstances

each specimen would have a fully developed damage zone and all the -

energy associated with Gpmax would be dissipated by the actual crack

growth (i.e. a brittle elastic response ). Perhaps the value of
GPmax'

as calculated in this study, serves a more useful purpose as a critical

design parameter for particleboard than
JIc.

In any case the measure of

has more physical meaning than originally thought.
GPmax

Following the same concept,
GPmax

is also an upper limit for the

measure of G57. In other words, if damage accumulated with load history

then G increases, reaching its maximum value at
GP5% max

The quantity G57 of this study was chosen as the fracture parameter

which should be related to wave dispersion in particleboard for several

reasons. The analytical relationship between dispersion and fracture is

derived from the linear case of nonlocal theory. Hence, in the initial

investigation, the linear fracture response of the material was of great-

est interest. In addition, all wave dispersion measurements were made on

undamaged specimens of material. The value of G57 was physically inter-

* Since the compliance may change significantly as the damage zone
grows near loads approaching P x, Gpmax is still only an estimate.
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pretted as the critical strain energy release rate at the onset of

damage growth. While higher values of GI are seen as damage accumulates,

it is less likely that wave dispersion measurements would relate to

them. Hypothetically, prediction of higher values of GI (e.g. Gpmax)

would require wave dispersion experiments on thensterialcharacteristic

of the damage zone when this zone is under load.

The Relationship Between Wave Dispersion and Fracture in Particleboard

The two previous sub-sections covered the details of wave disper-

sion and fracture in particleboard's "weak" direction (i.e. through the

panel thickness). The hypothesis of this thesis stated that dispersion

is related to fracture. In the following pages, experimental proof of

the relationship will be shown. First, an experimental correlation

between wave dispersion and fracture energy will be given, based on the

results from the last two sub-sections. Finally, nonlocal moduli, which

were calculated for all particleboard types, will be discussed.

The scatter in data from wave dispersion and fracture tests with

particleboard indicates that both phenomena have mechanisms that occur

at the scale of the internal structure. Specimen to specimen data scat-

ter was attributed to the inhomogeneous nature of the internal structure.

In wave dispersion tests the scatter was small for the long wavelength

nondispersive measurements. The onset of dispersion was marked by

increased scatter in the data (see the discussion pertaining to Figures

34 and 35). The values of critical fracture parameters for the particle-

boards are listed in Tables 13 and 14. These measurements also have

considerable specimen to specimen variations, as reflected in the

standard deviations. Apparently the stress distribution at the tip of
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a crack in particleboard is also affected by the inhomogeneous internal

structure. Fracture tests for materials, in general, are found to have

higher scatter in results than those of other material properties. This

suggests that some inhomogeneous internal structure is also present in

other materials.

As discussed before, the parameter Av is a simple measure of the

relative amounts of micro-geometric dispersion for the particleboards.

The values of Av were given in Table 12. According to the arguments

given at the end of the last sub-section, G57 represents the fracture

parameter that should be related to dispersion measurements. Physically,

G57
is the strain energy release rate at the onset of material nonlin-

earity. Material nonlinearity was due to permanent defOrmation in the

internal structure. Since measurements of Av were made on material that

had not undergone deformation, the logical comparison is Av versus G57.

The values of G57 are listed in Table 13.

Figure 50 shows a plot of Av versus G57 for all the 3/4 inch thick

particleboard types. It is apparent that G57 strongly depends on Av.

Linear regression analysis of the data results in a correlation coef-

ficient,r, equal to 0.98 (the maximum value of r is 1.0). This figure

clearly shows that wave dispersion and fracture are related. In the

literature, comparisons between strength andsome long-wavelength

velocity are conponly made. When that comparison is made with the data

in this study,poor correlation is seen ( the long wave-length velocity

for all material types was very close to the same).

Earlier, when discussing the effect that resin content has on wave

dispersion (Figure 37), it was surmised that larger values in Av were

related to the increased bond between units of the internal structure.
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Figure 50 gives more credibility to the suggestion. The high resin

content boards, LL3H1 and LL3H2, had the largest values of G57 and Av.

The boards formed from small (sawdust-like) particles, HS3L1 and HS3L2,

had the lowest values of
G57

and Av. This may be due to the greater

amount of internal surface area that exists when particleboard is

formed from small particles. For example, consider two equivalent

weight samples of particles. Each sample is sprayed with a constant

amount of resin. The only difference is that one sample has relatively

small particle size. The surfaces of particles of the board that has

small particle size will get less resin coverage than those of the

board formed from large particles. As a result, there is inherently

more flaws (lower internal bond) in boards that contain small particles.

The
G57

and Av of the 5/8 inch thick particleboards were not

included in the comparisons of Figure 50. This was because the wave

dispersion specimens of the 5/8 in. thick panels were cut from close

to the surface, while the cracks of fracture specimens were at the

mid-thickness. The values of Av for 5/8 inch thick boards were high,

suggesting higher strain energy release rates. As discussed earlier,

the strength of surface material is expected to be higher. This is

due to the way in which particleboard is manufactured.

The parameter Av may serve as a nondestructive indication of

particleboardh internal bond strength. Conceivably, it could be measured,

following fabrication, to judge the success of the forming process. The

procedure followed in this dissertation may be too time-consuming for

industrial applications. However, alternatives do exist. Ultrasonic

Phase Spectroscopy could be applied to obtain the entire dispersion

relation from single pulses. Once the dispersion relation is known,
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Av is easily determined. Another alternative involves the simplifica-

tion of continuous wave experiments to get an equivalent measure of Av.

Counting the total cycles of phase difference,N, over the full range of

frequencies, serves as a relative measure of the total drop in velocity.

Obviously, the units are not the same but a relatively large N total

is indicative of a large Av. The lower limit frequency would have to

be set according to panel thickness, in order to avoid specimen geo-

metric dispersion. The task becomes one of simply turning the frequency

dial of a signal generator, while visually counting N with an oscillo-

scope.

A typical plot of the nonlocal moduli for particleboard is shown

in Figure 51. Only the positive x-axis is shown in the figure. The

negative x-axis is simply the mirror reflection (e.g. see Figure 7).

The nonlocal moduli for all other board types are shown in Appendix C,

using the convention of Figure 51. Remember that the normalized nonlocal

modulus, l'(x), is the ratio of nonlocal to classical moduli. The units

of l'(x) is inverse length. As shown in Figure 51, li(x) is a function

of the "distance from local point", x. Hence, unlike classical moduli,

nonlocal moduli are functions of distance. This is not to be confused

with a description of inhomogeneous behavior. Instead, the distance

represents the interaction of neighboring points. For example, the

stress at a local point is influenced by neighboring strains through the

nonlocal moduli.

Further insight into the nonlocal moduli can be obtained by exam-

ining the constitutive law. For nonlocal isotropic solids, the law can

be expressed as



CS7

cs)

Sample HL3L1

ao4Tbacloacrocre000000.aaocorroaciut)oolmkacmocraocpuotaockockao-400000

1-

Figure 51. The normalized nonlocal moduli, 11(x), for particleboard .type HL3L1. The figure shows only the
positive x-axis. This is the convention adopted for illustrating the moduli.

OMSTANCE FkOM LOCAL_ F01...INIT (FT.)* 1 e)



209

tkl
(x) = IV e (x"

kl
) + 2(x-xl)

ekl
(x') dv(x')} (70)

- rr -

where V is the volume occupied by the body and 6kl is the Kroeneker

delta. The stress, tu(x), at a point x depends on the strains, eki(x'),

at all points x in the body. The nonlocal moduli, X' and p', are both

functions of the distance 1x'-x1 between the reference point x and any

other point x' in the body. This distance constitutes the x-axis in

Figure 51. As shown by the figure, the influence of neighboring points

diminishes quickly with distance.

The nonlocal moduli were determined from the wave dispersion curve

for the particleboard type. As a result, the entire dispersion curve is

accurately predicted by nonlocal theory using the respective moduli. In

other words, a search for the correct model to predict dispersion is

unnecessary. Nonlocal theory is general enough to interpret the inter-

action of neighboring points from the dispersion curve. The flaws that

effect the wave dispersion response of a material, can hypothetically

be modeled by the nonlocal moduli. A closer look at the nonlocal moduli

for various board types, will help to interpret what characteristics of

wave dispersion affect neighboring interactions within the material.

The nonlocal moduli for three particleboard types are shown in

Figure 52. The dispersion curves for these same boards were shown in

Figure 39. In Figure 39, comparisons were made between the experimental

dispersion curve and a prediction from the lattice dynamics model of

nearest neighbor interactions. In the middle plot of Figure 39, the

experimental curve of material type LL3L1 was close to the lattice

dynamics prediction. As expected, the nonlocal moduli for LL3L1

(middle plot of Figure 52) takes a form very close to that obtained
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when the lattice model is used. The nonlocal moduli calculated from the

dispersion curve for the lattice model was discussed earlier (Figure 7).

The x-intercept of the nonlocal moduli for LL3L1 is given as 0.0013 ft.

This parameter was denoted d in Figure 7. If the normalized nonlocal

moduli for LL3L1 are multiplied by the experimental value of d, the

y-intercept becomes 1.00. Hence, Figure 7 and the middle plot of

Figure 52 are essentially the same. The neighboring interactions of

material type LL3L1 die out over a distance equal to d.

The nonlocal prediction of fracture, obtained in the final results

of (37), can be used with material type LL3L1. This is allowed because

the nonlocal moduli of LL3L1 are equivalent to those used to get the

.final numerical results of (37). Rearrangement of Equation 40 gives

-
a = S 1177-71) ( 71)
c o

where
ac

is the intrinsic strength,
ao

is the applied stress, a is 11

the crack length and d is the characteristic dimension (d=0.0013 ft.

for LL3L1). At the onset of nonlinearity,

ao = P5%
-:- (wb) ( 72 )

Substituting Equation 72 into Equation 71 gives a prediction of the

intrinsic strength of particleboard at the onset of nonlinearity.

Experimental fracture data for LL3L1 was used to get values of ac.

The average value was determined to be

ac = 164 psi ( 73)

This value of intrinsic strength is very close to the internal bond

strength (i.e. uncracked ultimate strength) of the material. The inter-

nal bond strength of particleboards that have specific gravities and

resin contents the same as LL3L1 are in the range between 100 to 200
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psi. Four specimens of LL3L1 were used to determine an internal bond

strength of 130 Psi.

The value of
ac

for LL3L1 appeared to be a constant, independent

of a/w, in the range of a/w between 0.25 and 0.40. However, it dropped

for a/ws close to 0.45 and 0.50. The intrinsic strength should be

independent of crack length. This may .show the limits of applying a

- nonlocal crack solution, that assumes infinite boundaries, to finite

specimen sizes.

The three plots for materials of Figure 52 are shown in order of

increasing G57 (i.e. from top to bottom). These three curves were

chosen to cover the full range of material response. When examining

Figure 50, HS3L2 is found at the low end of the curve, LL3L1 is in an

.intermediate position and LL3H1 is at the top. There are obvious dif-

ferences in the three curves of Figure 52. For the remainder of the

text, the moduli obtained for LL3L1 will be considered a baseline, from

which relative comparisons can be made. The reason for this is because

the result is very close to the moduli obtained when using the disper-

sion relation from an ideal periodic lattice with nearest neighbor

interactions. The ideal lattice model has been used throughout the text

for comparisons.

Material type HS3L2 had the lowest G57 of the three materials in

Figure 52. Its nonlocal moduli are found to drop in a manner similar to

LL3L1. The difference appears when the moduli for HS3L2 cross the zero

line, becoming negative for a distance. This behavior was found to be

characteristic when, as shown in Figure 39, the experimental dispersion

relation was above the prediction of the ideal periodic lattice. The

phase velocity of HS3L2 drops at a slower rate, with the noted differ-
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ence in nonlocal moduli.

When nonlocal moduli become negative over a distance from a local

point, the compressive strains,existing at this distance, result in

tensile stress contributions at the local point. Likewise, tensile

strains result in compressive stress contributions. As will become

apparent later, the existence of this behavior is possible only when

the points closer to the local point tend to concentrate the dominant

condition (e.g. tensile stress near the tip of a crack). The effect

is negligible for a uniform strain field. However, when the strain field

involves steep gradients (e.g. near a crack tip), the stress concentra-

tion is increased, weakening the material. Physically, the flaws of the

material are responsible for the added stress concentration.

Material type LL3H1 had the highest G57 of the three materials in

Figure 52. Its nonlocal moduli are also found to drop in a manner simi-

lar to those of LL3L1. The difference occurs before the curve reaches the

zero line. The desending slope is found to change, becoming less steep.

This behavior was found to be characteristic when the experimental

dispersion relation was below the prediction of the ideal periodic

lattice (see Figure 39). The phase velocity of LL3H1 drops at a faster

rate than the lattice, with the noted difference in nonlocal moduli.

The nonlocal moduli of LL3H1 have behavior that is characteristic

of stress redistribution, relative to the moduli of LL3L1. The points

close to the local point are found to allow less stress concentration

when steep gradients of strain exist. This behavior is marked by the

change in slope of the nonlocal moduli, extending the distance before

the moduli reach the zero axis. Again, the effect is negligible for

uniform strain fields. However, the strain gradient near the tip of a
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crack combines with the nonlocal moduli of LL3H1 to reduce the stress

concentration at the crack's tip, strengthening the material.

Physically, the higher resin content in the material is responsible

for the stress redistribution.

Equation 20 can be used to judge whether the nonlocal moduli

concentrate or redistribute stress. Equation 20 was satisfied within

integration limits between -d and d for the nonlocal moduli of Figure

7. Equation 20 can be changed to

I l'(x) dx = 0.5
0

because l'(x) is an even function in x. Changing the upper limit of

integration from to x results in an integral that can be used to

check for stress concentration and redistribution, i.e.

l'(x) dx ( 75 )

When the integral, Equation 75, equals 0.5, independent of increasing

x, the nonlocal interactions of neighboring points are said to have

died out.

The integration, Equation 75, was performed on the nonlocal moduli

for particleboard, while varying the upper limit of integration. The

three nonlocal moduli of Figure 52 were used in the calculations. Figure

53 shows the results. Notice that the moduli of all three material types

satisfy the condition, Equation 74, as the value for the upper limit of

integration increases.

The difference in the three material types is seen to occur as the

curves of Figure 53 first level off. This region is magnified in the

superposed plots of Figure 54. Material type LL3L1 reaches the level of

approximately 0.5 and remains relatively constant. This is expected,

( 74)
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based on the shape of the nonlocal moduli plot for LL3L1. Material type

HS3L2 exceeds 0.5 and then returns to oscillate about the curve for

LL3L1. The curve for LL3H1 bends below that of LL3L1 and gradually

climbs to reach it.

The tensile strains of a cracked body are concentrated close to

the tip of a crack. Consider the tip of the crack as the point of

interest (i.e. the local point). The stress at this point depends on

the neighboring strains and the nonlocal moduli. Since the strains

concentrate close to the crack tip, the behavior of the nonlocal

moduli close to the local point is most critical. This is the region

shown in Figure 54. Therefore, HS3L2 would appear to concentrate the

stress at the tip of the crack, relative to the stress distribution of

LL3L1. The opposite is true for LL3H1. The nonlocal explanation given

above, for the relative crack resistance of the three particleboard

types, is in agreement with the respective G57 values obtained for the

three materials. In fact, comparisons with other nonlocal moduli from

Appendix C yield similar conclusions.

As discussed earlier, the actual stress concentration at the tip

of a crack can be determined nondestructively with nonlocal theory. The

material's dispersion relation must be used in the numerical solution

to the crack problem. The one result that appeared in the literature,

used the lattice model with nearest neighbor interactions for the

dispersion relation (37). Material type LL3L1 had dispersion behavior

close to the model. The calculations made with this material and the

nonlocal model yielded good predictitions (see the discussion pertaining

to Equation 73). The nonlocal solution for a crack in a body with finite

boundaries appears to be the next step for critical evaluation of the
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theory.

Nonlocal theory appears to have vast potential in nondestructive

applications. The use of the dispersion measurements to calculate

nonlocal moduli shows promise as a method of quantitative defect char-

acterization. It is interesting to note that the scale of applications

for nonlocal theory ranges from the atomic (i.e. lattice dynamics) to

much larger. In the current application, flaws existing on the order

of 1/100 th of an inch were modeled. Micropolar theory has been the

only other microcontinuum that has been applied in experiments in

the past (43,156). In the future, microcontinuum theories are expected

to help engineers understand phenomena that originate within the

internal structure of materials.



VII. CONCLUSIONS

The ultimate goal of this dissertation was to find conclusive

evidence of a relationship between wave dispersion and fracture in

particulate materials. Wave dispersion and fracture behavior were

studied in detail for wood-based particleboard. The conclusions of

this study are listed in the order in which the respective topics

were given as objectives.

1.) Longitudinal wave dispersion exists in particleboard.

With the presence of dispersion, the application of

classical continuum theories to particleboard is limited.

The particleboards studied were nondispersive at

frequencies below 400 kHz.

The dispersion of particleboard, above 400 kHz,

is dominated by micro-geometric dispersion (i.e.

decreasing phase velocity with increasing frequency).

Waves that have frequencies above 900 kHz were ef-

fectively "stopped" by particleboard.

The dispersion of particleboard reflects micro-inhomo-

geneity, that exists in the internal structure. For

this reason, the variable frequency/ variable path-

length method of dispersion measurement must be ap-

plied with care.

The dispersion response of particleboard depends on

specific gravity, resin content and particle size.

2.) The mode I load-displacement curves of cracked samples of

particleboard exhibit initial linear behavior. At higher

219
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loads, nonlinear response dominates.

The calculation of a stress intensity factor, KI' was

not possible because particleboard exhibited non-clas-

sical behavior. The non-classical behavior appeared to

be micropolar.

The linear strain energy release rate, GI, was calcu-

lated by a compliance calibration procedure. Compliance

calibration was necessary due to restictions placed on

specimen geometry. The critical value of GI was success-

fully determined at the onset of nonlinearity.

The J1-integral was applied to characterize the nonlin-

ear regions of material response. The J1 approach was

limited by an inability to judge the onset of crack

advance and possible violations of the assumptions of

the analysis by the material's behavior.

The fracture response of particleboards tested depended

on specific gravity, resin content and particle size.

The nonlinear behavior of particleboard is due to a

local damage zone that contains permanent deformation.

The strain energy release rate of particleboard is a

function of prior loading history.

3.) Longitudinal wave dispersion characteristics have been found

to be related to fracture in particleboard.

The existing nonlocal model for fracture (37) is a

special case. Numerical work is necessary to obtain

more general predictions of fracture.

The methods of calculating nonlocal moduli from a
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material's dispersion relation were developed.

The nonlocal moduli of particleboard were shown to

relate to stress concentration or redistribution for

relatively weak or strong materials, respectively.

A simple measure of the relative wave dispersion

was found to have a very high correlation with a

strain energy release rate parameter in samples of

particleboard.

Based on the conclusions given above, microcontinuum theories

show promise in applications with materials that have complex internal

structure. The final stages of loading prior to fracture in particle-

board involves damage growth in the internal structure. This behavior

has resulted in high failure energies. However, the energy is dependent

on the history of loading, making the material difficult to model even

with the increased sophistication of microcontinuum theories. It may be

necessary to use a constitutive law that allows the material's behavior

to change with load history. The change in material behavior is isolated

in a localized region close to the crack tip. Therefore, a microcontin-

uum theory with a more complex constitutive law appears to be the candi-

date theory.
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APPENDIX A

Velocity/Elastic Constant Measurements

The measurements contained within this appendix were taken to

judge the anisotropic behavior of particleboard. Classical orthotropic

elasticity was assumed. Particleboard may be considered tansversely

isotropic but nothing is lost when applying the more general case

of orthotropy.

The relationship between elastic constants and wave velocities

have been documented (88,141). Recently, work with bone lead to

procedures where all of the elastic constants of an orthotropic

material can be obtained from a small cubic specimen (4,142). By

making measurements of shear and longitudinal velocities in several

directions, the elastic constants can be calculated and the assumed

material symmetry is automatically checked (i.e. requirements must

be met by the material). The procedures and specimen geometry of (142)

were adopted to the current tests with particleboard. In addition,

samples of Douglas-fir wood were also tested.

The constitutive equation for a linearly elastic classical solid

may be written as

U. = C..E. ( Al )
1 lj

where a. and c. are the components of stress and strain, and c.. is
1 1.]

the stiffness matrix. The usual classical summation convention is

applied with a range of six. For an orthotropic material,
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Cubic specimens of particleboard were cut from the panels at the

locations shown in Figure 15. The specimens were cut so that the

proposed axes of symmetry coincided with the axes of the cube. The

dimensions of the specimens were taken to an accuracy of 0.001 in.

The weight of the samples were also taken to allow calculation of

density. Assuming an orthogonal coordinate system, the x1-direction

was the through-the-thickness direction of the particleboard and the

x2, x3-directions were in the plane of the panel. The x1'
z

x- and x3

directions of wood samples corresponded to the longitudinal, tangential

and radial directions, respectively.

The velocities measured followed a labeling convention that was

consistent with (142). For example, the velocity, vi/j, denotes the

speed of an ultrasonic wave traveling in the xi direction with particle

displacementinthex.direction. Hence, if i=j, the wave is longitu-

dinal and if iij, the wave is transverse (shear). Off axis directions

must also be tested to get the full set of constants. Let
ei

represent

theunitvectoralongthex.-axis. The velocity,
vij/k

denotes the
'

speed of a wave propagating in the (e.+e.) direction with particle
j

displacement in the xk direction. The velocity,vij/kl' denotes the

speed of a wave propagating in the (e.+e.) direction with particleI
displacements in a plane parallel to the plane formed by xk and xl.

=

c11 c12 c13

c12 c22 c23
c13 c23 c33

0 0 0

0 0 0

0 0 0

0

0

0

c44

0

0

0

0

0

0

c55

0

0

0

0

0

0

c66_

( A2 )



The relationships between elastic stiffnesses and the velocities

are given as:
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)

( A5 )

( A6 )

( A7 )

( A8)

2 2 ,
- c66c12 = 1/{(c11 +c66 -2 pv12/12 )(c22 +c66 -2pv12/12)j

(A9)

2 2

c13 = 1{(c11±c55
-2 p v13/13) (c33+c55-2pvi3/13)} - c55 (A10)

.....2.
c23 = i {(c224-c44-2 P v232/23) (c44+c33-2pv Z3/23)1 - c44 (All)

In addition, the following relationships provide a check for the

assumption of classical orthotropy:

2

c444-c66 =
2 v

(Al2)c44+c55 = 2 v12/3
2 (A13)

2

c551-c66 =
(A14)2 v23/1

The press used to hold the samples for velocity measurements is

shown in Figure 55. Valpey-Fisher fine ground, PZT-5A, crystals (300

kHz compressional and shear mode) were used to generate the ultrasonic

waves. The crystals were held by the templets shown in Figure 55.

Inductive coupling between the crystals was overcome by shielding each

connection with aluminum foil. The press was placed in a hardboard box

(described earlier for dispersion measurements) to isolate experiments

from exterior noise. The crystals were coupled to the specimen by a

stiff silicone lubricant (Dow-Corning high vacuum grease).

The velocities were measured using an ultrasonic gated burst

2ci/= p v1/1
2

C22 = P v212
2C33 = pv3/3
2 2

C44 = Pv2/3 = P v3/2
2 2C55 = pv3/1 = pv113
2 2

C66 = P v1/2 = P v2/1
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technique. The bursts consisted of six peaks. The time delay to a

specific peak of the received signal was measured with and without

the specimen in the apparatus. The difference between the two was

the time delay through the specimen. A peak from the middle of the

burst was most often chosen for the measurements. The central fre-

quency of the burst was adjusted to fall in a range where the mater-

ial response appeared to be nondispersive (i.e. velocity was indepen-

dent of frequency).

Figure 56 shows the equipment set-up for velocity measurements.

The operator controlled the frequency setting with the help of

computer control (digital to analog, D/A, conversion). The operator

also controlled the measurement of time delay. This was done by

manually choosing a specific peak of the burst with the triggering

level of the timer. The velocities at several, adjacent frequencies

(within a range of ±60 kHz) were taken for each velocity type and the

values were averaged to get the desired result. There were four spec-

imens for each material type.

Specimens were kept in a controlled environment until immediately

prior to test (65% relative humidity and 72°F). In order to get off-

axis velocity measurements (e.g. Vi/k and vij/kl) the cubic specimens

underwent additional machining following viii tests. The off-axis cuts

were the same as those of (142).

The velocities for the various material types are shown at the end

of this appendix. Elastic constant calculations with these velocities

were attempted using Equations A3 to All. Based on the results for all

material types, it may be concluded that wood and particleboard are not
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classical orthotropic materials.

The conditions, Equations Al2 to A14, were violated by particle-

board and wood. In addition, not all of the elastic stiffnesses of

the materials could be calculated due to negative values under the

square root sign (e.g. see Equations A9 through All).

The most obvious non-classical behavior is the difference

between adjacent shear velocities. For particleboard, v1/2#v2/1 and

v113# v3/1. For wood, v112# v2/1, v113# v3/1 and v273# v312. Similar

inequalities were noted in (112) for continuous filament and eutectic

composites, leading to the conclusion that classical anisotropy was

only an approximation for the materials.

Preliminary work by the current author with micropolar anisotropy

has shown the existence of elastic constants that would allow unbal-

anced shear velocities. In addition, based on the velocities measured

for particleboard and wood, the bilevel theory discussed in the

JUSTIFICATION section of this thesis may be the correct model for

particleboard. Particleboard appears to be a polar transversely

isotropic material (i.e. unbalanced shear velocities when one of the

subscripts corresponds to the thickness direction of the board). Wood

seems to be a polar orthotropic material (i.e. unbalanced shear veloc-

ities in three directions). Since the micro scale of particleboard

consists of wood particles, the assumed constitutive law may be cor-

rect (i.e. transversely isotropic on the macro scale and orthotropic

on the micro scale). In order to test this conjecture one must solve

the wave problem for several material directions, yielding enough

equations for the unknown elastic constants. These equations are

expected to allow dispersion.
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Physical interpretation of the non-classical wave propagation

behavior in wood and particleboard leads to the insight required to

understand polar behavior. In both materials there is one direction

that is much different than the other two. In wood, the longitudinal

(i.e. grain) direction is very stiff. This is reflected in the

longitudinal and shear velocities (i.e. v111,
v1/2

and v113). Classical

theory expects the balance of shear velocities, e.g.

v1/2 = v211
(A15)

V1!3 = v3/1

However, even the longitudinal velocities in the
x2

and
x3

directions,

v2/2 and v313, of wood are less than v1/2 and v1/3. It seems unrealis-

tic to expect the shear velocities, v2/1 and
v311

to balance according

to Equation A15. Any theory incorporating polar effects (e.g. micro-

polar or nonlocal polar theories) will not expect the classical balance

of shear velocities. Imagining the actual shear displacements of the

components of wood structure, leads to the realization that conditions

such as Equation A15 should be violated. Similar arguments can be

made for the 1-direction of particleboard. This direction is much less

stiff than the other two directions. Perhaps, polar behavior can be

expected to be most pronounced in "highly" anisotropic materials.

The components from the stiffness matrix from Equation A2 are

related to the elastic compliances of Equation 33. Without the full set

of stiffnesses, the compliances can not be calculated. As a result, KI

cannot be determined from the compliance calibrated GI s and Equation

32. There is not enough known about the nature of stresses in

particleboard to calculate KI.
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The velocities given in the tables on the following pages

are in raw data form. The correct number of significant

figures is three. The units for velocity is ft/sec. The

direction uses the convention discussed in this appendix.

The letters A, B, C and D represent individual samples.



VELOCITIES FOR BOARD LL3L1

DIRECTION A B C D AVERAGE ST'D DEV.

01/01 2188.0 2156.0 2137.0 2119.0 2150.0 25.54

02/02 5796.7 6166.0 5052.5 5696.5 5677.9 401.19

03/03 6811.5 6456.7 7020.4 6247.0 6633.9 300.83

02/03 5082.0 4603.0 4808.0 4058.0 4637.8 375.39

03/01 4394.0 4446.0 4711.0 4561.0 4528.0 121.72

01/02 1678.0 1658.2 1030.2 1843.4 1752.4 84.77

03/02 4735.0 4641.0 5172.0 4366.0 4728.5 289.74

01/03 1771.1 1744.0 1888.6 1746.7 1787.6 59.26

02/01 4858.0 4372.0 4807.0 4903.0 4735.0 212.31

12/12 2587.3 3269.1 3249.3 2961.8 3016.9 276.21

13/13 2840.1 3330.9 2477.6 2980.5 2907.3 305.77

23/23 5835.1 5454.2 5261.5 5695.0 5561.5 220.35

12/03 2225.2 2397.3 2618.0 2261.1 2375.4 154.06

13/02 2414.5 2810.0 2408.5 2414.8 2512.0 172.07

23/01 4788.8 4936.4 5110.3 5746.0 5145.4 364.99

VELOCITIES FOR BOARD LL3L2

DIRECTION A B C D AVERAGE ST'D DEV.

01/01 2153.0 2081.0 2126.0 2116.0 2119.0 25.78

02/02 5121.0 6392.8 5435.2 6317.2 5816.5 550.44

03/03 6441.9 5380.8 6029.8 5515.5 5842.0 422.65

02/03 5219.0 4960.0 3983.0 3889.0 4512.8 584.92
03/01 4152.0 4071.0 4657.0 4364.0 4311.0 226.61

01/02 1622.7 1638.3 1774.5 1724.1 1689.9 62.27
03/02 4158.0 4586.0 4447.0 4282.0 4368.3 162.22

01/03 1761.0 1672.4 1819.4 1860.1 1778.2 70.49

02/01 4974.0 4776.0 4348.0 4566.0 4666.0 233.50

12/12 3182.2 3347.4 3081.7 3206.9 3204.6 94.88

13/13 3008.6 3225.5 3360.0 2994.4 3147.1 153.27

23/23 5271.1 5378.2 5391.7 5672.2 5428.3 148.36

12/03 2618.5 2408.4 2591.1 2389.1 2501.8 103.70

13/02 2255.7 2594.6 2531.2 2296.5 2419.5 145.86

23/01 4484.2 5279.1 4599.9 4539.9 4725.8 322.08
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VELOCITIES FOR BOARD HL3L1

DIRECTION A B C D AVERAGE ST'D DEV.

01/01 2292.0 2309.0 2296.0 2417.0 2328.5 51.48

02/02 6425.3 6385.6 6502.0 6194.6 6376.9 113.23

03/03 5938.4 6493.6 6171.9 5590.4 6048.6 329.90

02/03 4196.0 4805.2 5366.5 4350.0 4679.4 455.54

03/01 4808.8 4559.4 5184.1 4508.4 4765.2 267.25

01/02 1658.9 1865.8 1950.5 1916.0 1847.8 113.16

03/02 5336.0 4865.0 5468.0 5276.0 5236.3 225.31

01/03 1690.4 1790.2 1988.4 1945.6 1853.6 119.67

02/01 4897.3 4606.2 5032.1 4377.7 4728.3 254.31

12/12 3682.6 2815.0 3716.2 3652.9 3466.7 376.92

13/13 3705.7 2903.0 4011.0 3604.6 3556.1 405.66

23/23 6068.6 6921.7 6778.8 6901.0 6667.5 350.05

12/03 2759.0 2602.2 2791.4 2808.0 2760.2 48.32

13/02 2526.8 2657.0 2629.6 2560.6 2593.5 52.11

23/01 5090.2 5370.8 4916.3 5013.8 5097.8 169.26

VELOCITIES FOR BOARD HL3L2

DIRECTION A B C D AVERAGE ST'D DEV.

01/01 2286.0 2221.0 2280.0 2305.0 2273.0 31.41

02/02 5558.7 5794.5 6355.3 5710.5 5854.7 301.10

03/03 5992.3 6625.9 6913.7 6659.8 6547.9 339.52

02/03 5324.0 4881.0 4516.7 5204.0 4981.4 313.43

03/01 5170.9 4778.2 4943.9 4954.5 4961.9 139.47

01/02 1690.8 1791.8 1776.1 1931.6 1797.6 86.42

03/02 4657.0 5336.0 4530.1 5682.0 5051.3 475.92

01/03 1729.8 1790.7 1846.8 1981.0 1837.1 92.83

02/01 4408.3 4794.6 4902.3 4577.5 4670.7 191.40

12/12 3507.4 3026.6 2843.5 3330.3 3176.9 258.11

13/13 3381.2 3335.0 3971.4 3486.9 3543.6 253.04

23/23 6256.2 6775.2 6462.0 6521.6 6503.7 185.08

12/03 2475.0 2700.0 2638.9 2543.0 2589.2 86.49

13/02 2683.4 2465.5 2481.7 2433.4 2516.0 98.20

23/01 4329.9 5309.0 5314.5 4811.9 4941.3 407.75
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VELOCITIES FOR BOARD HS3L1

DIRECTION A B C D AVERAGE ST'D DEV.

01/01 2692.0 2599.0 2570.0 2666.0 2631.8 49.22

02/02 5686.7 6162.3 5919.1 5412.5 5795.1 277.62

03/03 5740.7 6269.3 6011.8 5314.7 5834.1 353.34

02/03 4091.2 4347.7 4333.3 4051.6 4206.0 135.40

03/01 4374.3 4418.4 4470.8 4119.7 4345.8 134.93

01/02 1863.0 1862.9 1943.5 1998.6 1917.0 57.44

03/02 4550.0 4637.7 4224.0 4307.9 4429.9 169.48

01/03 1865.4 1866.2 1938.1 2037.0 1926.7 70.18

02/01 4370.8 4493.6 4431.6 4274.9 4392.7 80.70

12/12 3193.1 3305.4 4106.8 3739.9 3586.3 363.32

13/13 3647.1 3792.3 4439.3 3696.6 3893.8 319.21

23/23 5533.2 6096.1 5886.5 5880.7 5849.1 202.00

12/03 2543.6 2504.9 2611.6 2315.1 2493.8 110.02

13/02 2484.2 2573.2 2455.7 2475.8 2497.2 45.06

23/01 4332.7 4612.4 4403.9 4063.5 4353.1 196.26

VELOCITIES FOR BOARD HS3L2

DIRECTION A B C D AVERAGE ST'D DEV.

01/01 2443.0 2726.0 2665.0 2668.0 2625.5 108.14

02/02 5597.4 5771.5 6136.3 5596.0 5775.3 220.33

03/03 5633.5 6055.5 6268.8 5747.5 5926.3 250.83

02/03 3835.4 4233.4 4499.2 4115.7 4170.9 238.38

03/01 4370.7 4503.6 4527.8 4430.2 4458.1 61.93

01/02 1722.3 1838.3 2028.0 2022.8 1902.8 129.23

03/02 4148.0 4569.8 4178.8 4563.2 4365.0 201.86

01/03 1711.2 1847.8 2062.2 1963.6 1896.2 131.01

02/01 4467.5 4630.2 4721.1 4327.2 4536.5 151.17

12/12 3858.9 4117.1 3215.8 2878.1 3517.5 493.94

13/13 3871.2 3112.3 3094.6 2965.2 3260.8 356.93

23/23 5808.4 6384.8 6706.0 6084.5 6245.9 334.85

12/03 2291.8 2523.6 2686.1 2394.7 2474.1 147.42

13/02 2535.6 3144.2 2484.0 2553.2 2679.3 269.67

23/01 4583.1 4365.7 4470.2 4188.8 4401.9 145.09
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VELOCITIES FOR BOARD LL3H1

DIRECTION A B C D AVERAGE ST'D DEV.

01/01 2288.0 2299.0 2215.0 2329.0 2282.8 41.90
02/02 5951.7 6705.7 6259.1 6904.9 6455.4 373.16
03/03 5939.1 5684.2 6735.1 6454.9 6203.3 413.95
02/03 3849.0 4812.0 5238.0 5378.0 4819.3 597.70
03/01 5287.0 4764.0 5065.8 4719.0 4959.0 231.63
01/02 1733.7 1762.2 1892.2 1840.4 1807.2 62.76
03/02 4855.0 4570.0 5228.0 4716.0 4842.3 244.45
01/03 1753.2 1787.3 1892.5 1956.4 1847.4 81.27
02/01 4806.0 4656.6 4663.0 4809.0 4733.7 73.89
12/12 3470.0 3222.9 3755.0 3692.4 3535.1 209.05
13/13 3207.4 3331.7 4055.4 2827.5 3355.5 444.70
23/23 5540.8 6319.0 5701.7 6611.4 6043.2 438.16
12/03 2897.7 2556.1 2814.3 2657.1 2731.3 133.03
13/02 2857.9 2490.3 3039.6 2533.2 2730.3 228.26
23/01 5003.2 5280.0 5453.1 5144.8 5220.3 166.30

VELOCITIES FOR BOARD LL3H2

DIRECTION A B C D AVERAGE ST'D DEV.

01/01 2299.0 2302.0 2239.0 2354.0 2298.5 40.72
02/02 6569.5 6756.7 7106.5 7233.9 6916.6 265.88
03/03 6463.1 6308.7 6310.9 5858.3 6235.2 226.44
02/03 4327.0 4667.0 5441.0 5099.0 4883.5 422.44
03/01 4555.0 4590.0 4393.0 4466.0 4501.0 77.02
01/02 1854.7 1837.9 1861.4 1858.5 1853.1 9.12
03/02 4998.0 4769.0 4697.0 4366.0 4707.5 226.33
01/03 1834.6 1873.2 1782.9 1858.6 1837.3 34.31
02/01 4320.0 4638.0 5263.0 5347.4 4892.1 429.16
12/12 3579.4 3696.0 4159.2 3576.6 3752.8 239.55
13/13 2757.0 2892.8 3612.6 2816.5 3019.7 345.63
23/23 6356.0 7020.6 6448.6 6389.2 6553.6 271.67
12/03 2479.2 2893.4 2608.0 2880.8 2715.4 177.75
13/02 2790.9 2569.3 2722.6 2635.0 2679.4 84.26
23/01 4737.7 5253.7 4294.4 4617.0 4725.7 345.24
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VELOCITIES FOR BOARD LL5L1

DIRECTION A B C D AVERAGE ST'D DEV.
_

01/01 2285.0 2287.0 2257.0 2308.0 2284.3 18.13

02/02 6083.7 5921.4 5827.7 5212.5 5761.3 329.84

03/03 6101.2 6265.6 6362.8 5975.4 6176.3 148.97

02/03 4193.4 4905.0 5224.4 4120.2 4610.8 468.51

03/01 4309.8 4318.2 4724.0 4333.0 4421.2 174.99

01/02 1712.0 1919.0 1800.0 1877.0 1827.0 78.93

03/02 4560.7 4201.6 4571.7 4169.8 4375.9 190.64

01/03 1749.0 1914.0 1780.0 1914.4 1839.4 75.65

02/01 4844.1 4811.1 4345.9 4820.9 4705.5 207.96

12/12 2981.2 2783.6 2967.9 2695.3 2857.0 121.71

13/13 2995.0 3002.7 2882.7 4095.2 3243.9 493.77

23/23 6461.0 6512.4 7122.9 5574.1 6417.6 552.22

12/03 2600.6 2526.4 2378.6 2515.7 2505.3 80.16

13/02 2570.8 2480.0 2436.5 2341.6 2457.2 82.49

23/01 5054.9 4894.0 4162.3 4258.6 4592.4 387.71

- VELOCITIES FOR BOARD LL5L2

DIRECTION A B C D AVERAGE ST'D DEV.
---- ----

01/01 2237.0 2285.0 2233.0 2250.0 2251.3 20.47

02/02 5990.1 6525.5 6330.3 4891.5 5934.4 631.83

03/03 6473.5 6881.2 6804.4 6346.5 6626.4 222.67

02/03 4753.0 4464.0 4354.0 4262.0 4458.3 184.59

03/01 4822.0 4400.0 4583.0 4185.0 4497.5 234.40

01/02 1708.0 1723.0 1856.0 1868.8 1789.0 73.79

03/02 4894.0 4815.0 4224.0 4082.0 4503.8 355.42

01/03 1699.0 1946.0 1720.7 1895.0 1815.2 107.13

02/01 4102.0 4394.0 5184.0 4168.0 4462.0 430.68

12/12 2685.8 2781.0 3808.9 2708.5 2996.1 470.59

13/13 3984.6 2686.8 3927.8 3810.2 3602.4 532.33

23/23 5397.0 6377.1 6026.0 5956.1 5939.1 351.27

12/03 2624.3 2700.7 2699.7 2804.4 2707.3 64.06

13/02 2605.8 2588.8 2843.5 2382.9 2605.3 163.14

23/01 4253.1 4739.8 4192.6 4219.6 4351.3 225.31
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VELOCITIES FOR BOARD HL5L1

DIRECTION A B C D AVERAGE ST'D DEV.
==== ====

01/01 2409.0 2353.0 2341.0 2443.0 2386.5 41.51
02/02 6903.1 6451.4 6429.6 6265.9 6512.5 236.66
03/03 5526.5 6658.6 6348.6 5547.5 6020.3 495.61
02/03 4973.4 4763.7 4852.6 4964.8 4888.6 86.44
03/01 4905.3 4763.6 4926.4 4703.8 4824.8 93.82
01/02 1650.0 1852.0 1736.0 2047.0 1821.3 148.75
03/02 5277.0 4804.3 4895.9 4692.9 4917.6 219.65
01/03 1890.0 1935.0 1947.0 2063.0 1958.8 63.83
02/01 4904.9 4886.9 4778.9 4707.8 4819.6 80.57
12/12 3200.1 3032.7 3206.0 3077.8 3129.2 75.63
13/13 3192.0 3330.1 3786.3 2996.1 3326.1 291.00
23/23 6649.8 7501.8 6988.6 6120.4 6815.2 502.89
12/03 2453.0 2396.3 2993.8 2799.3 2660.6 246.59
13/02 3212.7 2587.9 2853.4 2836.5 2872.6 222.70
23/01 4981.0 5112.4 4710.2 5013.1 4954.1 148.95

VELOCITIES FOR BOARD HL5L2

DIRECTION A B C D AVERAGE ST'D DEV.

01/01 2459.0 2454.0 2462.0 2569.0 2486.0 48.01
02/02 5634.6 6530.7 6512.3 6035.8 6178.4 371.37
03/03 6723.5 6526.5 6247.7 6115.2 6403.2 237.11
02/03 4828.2 4750.2 4706.3 4266.0 4637.7 218.99
03/01 4838.6 4924.0 5017.5 4641.4 4855.4 138.80
01/02 1930.6 1913.8 1954.6 2063.7 1965.7 58.44
03/02 4593.2 5013.6 4876.1 5005.4 4872.1 169.99
01/03 1879.6 1954.6 1897.0 1964.9 1924.0 36.43
02/01 4731.4 4546.2 4868.2 4337.3 4620.8 199.61
12/12 3402.5 3906.6 3353.2 3415.9 3519.6 224.69
13/13 3311.1 3619.4 3675.1 3319.9 3481.4 167.06
23/23 6672.1 7174.3 6422.0 6800.2 6767.2 271.59
12/03 2819.4 2683.7 2830.3 2398.8 2683.1 173.95
13/02 2663.0 2763.2 2792.2 2925.4 2786.0 93.72
23/01 4603.0 4871.8 4321.1 5079.6 4718.9 285.12
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Velocities For Solid Wood (Douglas fir)
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Direction A B C D AVE S.D.

01/01 19621 20401 20501 21933 20614 834

02/02 6015.1 6140.0 6067.0 5818.8 6010.2 119.1

03/03 6873.7 6846.5 6975.3 6683.1 6844.7 104.9

02/03 4700.6 4552.1 4727.9 4368.8 4587.3 142.8

03/01 5558.1 5334.8 5432.8 5210.5 5384.0 127.7

01/02 10560 11032 10546 10828 10742 201

03/02 5265.2 5358.9 5183.0 5181.0 5247.0 72.95

01/03 10301 10099 10798 10582 10445 266

02/01 4305.4 4316.0 4491.7 4544.3 4414.4 105.4

12/12 7857.7 7726.2 7984.2 7619.6 7796.9 137.1

13/13 7796.3 8462.1 8295.0 7612.5 8041.5 348.3

23/23 5292.2 5929.2 5679.0 5183.4 5520.9 299.1

12/03 5731.3 6958.9 7748.9 7070.5 6877.4 727.5

13/02 7095.6 6561.8 7090.8 6403.1 6787.8 310.5

23/01 4057.3 4114.4 4075.0 4055.7 4075.6 23.63



APPENDIX B

KI Versus GI
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The fracture specimen of this study may be considered a single edge

notched specimen (SEN). The isotropic equation for the K1 of a SEN

specimen is given as

KI
(1.99-0.41(a/w)+18.70(a/w)2-38.48(a/w)3+53.85(a/04) (B1)

bw

(137). The relationship between
GI

and
KI

for an isotropic material is

GI -

1-1)2

KI2
( B2 )

Therefore, GI relates to lq by a constant. As discussed earlier, GI is

also related to KI2 by a constant for anisotropic materials (see Equa-

tion 32).

The purpose of this appendix is to see if the isotropic SEN equa-

tion for KI' Equation Bl, is accurate for the particleboard specimens

tested. The ratio, G1/K12, should be a constant, independent of a/w,

if the KI equation is accurate. The compliance calibrated GI is used in

the calculation. The graphs on the following pages show the results for

all material types.

In general, the results show that the KI equation does not yield

consistent results. The probable reasons include the fact that particle-

board is anisotropic and the specimen size was not sufficient. Most the

boards of similar constitution (superposed on the same plots) have curves

that are close to the same (exceptions are material types LL3L_ and

HL5L ). As shown in the analysis of (23,83), the correction factor for

specimen dimensions depends on elastic properties for anisotropic mater-

ials. The dependence diminishes when specimen size is large enough,and

the isotropic equation for ICI is valid (10,84). Such was not the case

with the current specimen size.
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APPENDIX C

Variable Frequency/Variable Path-Length

Measurement Results, Dispersion Curves

and Nonlocal Moduli

The results from variable frequency/variable path-length

tests appear on the next twelve pages. Results are given in

raw data form. the correct number of significant figures is

three. The units for frequency is kHz. Length/wavelength is

dimensionless. The units for velocity are ft/sec. The units

for length are feet. The parameter denoted N is the value

of N. from VPF analysis.
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Material Type LL3L1

257

LENGTHS= 0.0452 0.0423 0.0358 0.0305 0.0198

FREQUENCY LENGTH/WAVELENGTH
50.0 1.095 1.066 0.841 0.739 0.605

60.0 1.187 1.149 1.043 0.758 0.599

70.0 1.550 1.385 1.160 1.018 0.647

80.0 1.653 1.596 1.323 1.104 0.704

90.0 1.942 1.799 1.522 1.211 0.857

100.0 2.138 2.037 1.660 1.436 0.988

110.0 2.383 2.214 1.862 1.545 1.036

120.0 2.575 2.425 2.023 1.663 1.116
130.0 2.797 2.622 2.199 1.817 1.219

140.0 3.026 2.791 2.392 1.942 1.329

150.0 3.212 2.975 2.540 2.074 1.425

160.0 3.392 3.180 2.656 2.213 1.520

170.0 3.568 3.381 2.839 2.365 1.610

180.0 3.819 3.587 2.937 2.535 1.711

190.0 4.012 3.677 3.132 2.672 1.801

200.0 4.281 3.929 3.337 2.828 1.883

N= 1 1 i 1 1

LENGTHS= 0.0452 0.0423 0.0358 0.0305 0.0198

FREQUENCY VELOCITY
50.0 2062.82 1982.65 2129.29 2067.66 1636.07

60.0 2283.70 2206.79 2061.85 2418.29 1982.22

70.0 2039.77 2135.20 2161.97 2101.19 2139.63

80.0 2186.11 2118.26 2166.16 2212.86 2247.83
90.0 2093.40 2113.96 2118.33 2269.76 2077.98

100.0 2113.32 2074.21 2157.97 2126.33 2002.29

110.0 2085.30 2099.37 2117.07 2174.16 2099.89

120.0 2105.40 2091.45 2125.65 2203.91 2127.17
130.0 2099.89 2095.45 2118.00 2185.34 2108.95

140.0 2090.12 2119.75 2096.60 2202.37 2084.70

150.0 2109.56 2130.50 2115.83 2209.08 2083.14

160.0 2131.29 2125.87 2158.42 2208.72 2081.83

170.0 2152.71 2124.66 2145.29 2195.95 2088.68
180.0 2129.15 2120.59 2195.38 2168.81 2081.24

190.0 2139.62 2183.68 2173.69 2172.15 2087.34

200.0 2110.43 2150.85 2147.52 2160.52 2101.71
N=



Material Type LL3L2

258

LENGTHS=
FREQUENCY

0.0508 0.0442 0.0374
LENGTH/WAVELENGTH

0.0312 0.0189

50.0 1.173 1.129 0.858 0.763 0.561

60.0 1.384 1.164 1.067 0.831 0.573

70.0 1.628 1.476 1.210 1.051 0.636

80.0 1.878 1.615 1.466 1.130 0.664

90.0 2.116 1.861 1.602 1.295 0.788

100.0 2.406 2.068 1.786 1.487 0.911

110.0 2.620 2.233 1.968 1.588 0.990

120.0 2.862 2.486 2.122 1.751 1.063

130.0 3.121 2.689 2.335 1.927 1.155

140.0 3.374 2.888 2.515 2.066 1.248

150.0 3.589 3.112 2.686 2.232 1.340

160.0 3.860 3.360 2.877 2.352 1.433

170.0 4.058 3.575 3.057 2.436 1.528

180.0 4.332 3.766 3.238 2.605 1.616

190.0 4.616 3.965 3.418 2.747 1.717

200.0 4.918 4.133 3.582 2.883 1.800

N= 2 2 1 1 1

LENGTHS= 0.0506 0.0442 0.0374 0.0312 0.0189

FREQUENCY VELOCITY
50.0 2162.98 1959.33 2177.04 2043.49 1687.81

60.0 2200.74 2279.29 2102.16 2249.62 1983.96

70.0 2182.31 2097.26 2162.42 2075.44 2083.87
80.0 2161.89 2190.53 2039.25 2207.46 2279.18

90.0 2158.85 2138.97 2099.78 2166.87 2163.35

100.0 2109.08 2138.29 2092.34 2096.39 2078.20

110.0 2131.08 2178.71 2088.91 2159.04 2103.61

120.0 2128.06 2134.60 2113.16 2136.53 2137.37

130.0 2114.21 2137.75 2080.64 2102.55 2130.36

140.0 2106.12 2143.73 2080.13 2112.33 2124.24

150.0 2121.24 2132.03 2087.02 2094.69 2118.59

160.0 2103.80 2106.19 2078.19 2120.63 2113.12

170.0 2126.21 2103.29 2078.18 2175.27 2105.69

180.0 2108.95 2114.01 2077.56 2153.58 2108.92

190.0 2088.97 2119.41 2077.05 2155.60 2094.63

200.0 2064.20 2140.09 2086.43 2161.84 2103.60
N= 2 2 1 1



Material Type HL3L1

259

LENGTHS= 0.0510 0.0451 0.0331 0.0291 0.0174

FREQUENCY LENGTH/WAVELENGTH
50.0 1.086 0.990 0.727 0.697 0.374

60.0 1.169 1.118 0.773 0.692 0.519

70.0 1.500 1.305 1.009 0.888 0.553

80.0 1.625 1.545 1.102 1.011 0.579

90.0 1.901 1.734 1.230 1.102 0.631

100.0 2.124 1.989 1.448 1.249 0.722

110.0 2.327 2.137 1.555 1.417 0.823

120.0 2.533 2.370 1.688 1.523 0.914

130.0 2.740 2.558 1.877 1.639 0.980

140.0 2.946 2.726 1.998 1.771 1.028

150.0 3.149 2.921 2.156 1.899 1.098

160.0 3.371 3.138 2.308 2.022 1.184

170.0 3.625 3.338 2.423 2.144 1.290

180.0 3.875 3.512 2.557 2.301 1.372

190.0 4.077 3.748 2.727 2.423 1.442

200.0 4.307 3.958 2.879 2.533 1.517

N= 1 1 1 1 1

LENGTHS= 0.0510 0.0451 0.0331 0.0291 0.0174

FREQUENCY VELOCITY

50.0 2345.52 2277.00 2276.46 2085.15 2319.14

60.0 2615.50 2418.76 2571.00 2520.01 2005.94

70.0 2377.12 2418.73 2295.46 2291.92 2195.63

80.0 2509.03 2334.00 2402.36 2299.39 2398.79

90.0 2411.87 2339.72 2421.88 2374.30 2476.11

100.0 2399.05 2266.55 2286.05 2327.36 2405.15

110.0
120.0

2408.10
2413.63

2320.35
2282.06

2341.81
2353.71

2256.35
2291.03

2318.51
2278.73

130.0 2417.56 2290.73 2293.04 2306.07 2302.85

140.0 2421.11 2315.29 2319.72 2297.51 2362.61

150.0 2426.94 2315.01 2302.93 2295.74 2371.72

160.0 2418.35 2298.53 2294.85 2299.86 2344.84

170.0 2389.72 2295.50 2322.59 2304.90 2286.85

180.0 2366.98 2310.44 2330.31 2273.81 2277.66

190.0
200.0

2374.74
2366.10

2285.12
2278.13

2306.80
2299.76

2279.52
2295.03

2286.76
2288.59

N= 1 1 i 1 1



Material Type HL3L2

260

LENGTHS= 0.0485 0.0363 0.0306 0.0173 0.0428

FREQUENCY LENGTH/WAVELENGTH
50.0 1.084 0.791 0.689 0.375 0.950

60.0 1.166 1.003 0.748 0.496 1.077

70.0 1.513 1.104 0.917 0.577 1.224

80.0 1.609 1.300 1.041 0:600 1.493

90.0 1.891 1.499 1.165 0.636 1.613

100.0 2.111 1.622 1.303 0.728 1.833

110.0 2.302 1.752 1.453 0.841 2.024

120.0 2.533 1.949 1.568 0.952 2.220

130.0 2.745 2.120 1.705 1.021 2.431

140.0 2.954 2.283 1.861 1.074 2.580

150.0 3.135 2.440 1.998 1.140 2.782

160.0 3.368 2.593 2.140 1.216 3.023

170.0 3.587 2.781 2.288 1.302 3.239

180.0 3.818 2.975 2.419 1.377 3.397

190.0 4.046 3.123 2.580 1.467 3.576

200.0 4.286 3.278 2.753 1.542 3.760

N= 1 1 1 1 1

LENGTHS= 0.0485 0.0363 0.0306 0.0173 0.0428

FREQUENCY VELOCITY

50.0 2238.21 2293.67 2219.87 2303.67 2250.52

60.0 2496.61 2171.20 2451.79 2090.23 2383.61

70.0 2244.72 2300.84 2334.44 2098.44 2447.45

80.0 2411.95 2233.45 2349.12 2304.07 2292.42

90.0 2309.83 2178.85 2361.59 2446.45 2387.36

100.0 2298.62 2236.59 2347.38 2376.06 2334.21

110.0 2319.02 2278.61 2314.13 2261.74 2325.05

120.0 2298.41 2233.58 2340.28 2178.39 2312.38

130.0 2298.37 2225.53 2331.33 2201.82 2288.15

140.0 2300.02 2224.85 2300.07 2254.65 2321.31

150.0 2321.64 2231.13 2295.45 2274.72 2306.73

160.0 2304.90 2238.76 2285.73 2274.91 2264.25

170.0 2299.50 2218.37 2272.21 2257.75 2245.38

180.0 2287.57 2195.12 2275.72 2259.70 2266.99

190.0 2278.52 2207.59 2251.67 2239.83 2273.09

200.0 2264.43 2214.07 2221.03 2241.99 2275.71

N= 1 1 1 1 1



Material Type HS3L1

261

LENGTHS=
FREQUENCY

0.0496 0.0441 0.0354
LENGTH/WAVELENGTH

0.0286 0.0209

50.0 0.932 0.894 0.726 0.593 0.468

60.0 1.123 1.044 0.801 0.633 0.554

70.0 1.308 1.200 0.954 0.684 0.606

80.0 1.519 1.400 1.061 0.883 0.625

90.0 1.698 1.501 1.194 0.944 0.730

100.0 1.885 1.749 1.415 1.030 0.908

110.0 2.011 1.833 1.418 1.128 0.928

120.0 2.228 2.045 1.612 1.292 0.970

130.0 2.379 2.200 1.796 1.324 1.066

140.0 2.609 2.354 1.854 1.437 1.154

150.0 2.766 2.564 2.020 1.581 1.281

160.0 2.987 2.722 2.200 1.715 1.337

170.0 3.163 2.907 2.276 1.771 1.401

180.0 3.379 3.100 2.451 1.901 1.512

190.0 3.577 3.262 2.627 2.047 1.613

200.0 3.747 3.452 2.738 2.149 1.700

N= 1 1 1 1 1

LENGTHS= 0.0496 0.0441 0.0354 0.0286 0.0209

FREQUENCY VELOCITY
50.0 2662.76 2465.49 2437.68 2413.62 2236.39

60.0 2652.13 2532.16 2653.25 2710.25 2266.35

70.0 2657.19 2571.14 2597.69 2929.22 2418.45

80.0 2613.57 2518.30 2668.20 2592.90 2679.33

90.0 2630.92 2641.87 2669.24 2727.96 2581.59

100.0 2632.71 2518.91 2502.25 2777.94 2305.49

110.0 2715.53 2644.09 2745.38 2790.07 2482.25

120.0 2673.87 2586.12 2634.58 2657.92 2589.99

130.0 2712.61 2603.28 2561.87 2808.56 2553.26

140.0 2664.04 2620.29 2673.33 2788.18 2540.30

150.0 2691.97 2577.57 2629.36 2714.84 2450.54

160.0 2658.75 2589.63 2574.88 2669.14 2504.31

170.0 2668.00 2576.82 2644.59 2745.45 2539.44

180.0 2644.64 2558.26 2600.03 2708.24 2491.60

190.0 2636.66 2566.34 2560.35 2655.46 2466.29
200.0 2649.25 2552.55 2585.59 2662.78 2461.99
N= 1 1 1



Material Type HS3L2

262

LENGTHS= 0.0485 0.0413 0.0276 0.0273 0.0206

FREQUENCY LENGTH/WAVELENGTH

50.0 0.956 0.776 0.537 0.633 0.466

60.0 1.127 0.908 0.582 0.641 0.532

70.0 1.310 1.088 0.644 0.720 0.551

80.0 1.455 1.216 0.774 0.911 0.630

90.0 1.615 1.411 0.908 0.995 0.708

100.0 1.839 1.477 0.961 1.090 0.877

110.0 1.917 1.718 1.083 1.207 0.896

120.0 2.194 1.849 1.216 1.354 0.971

130.0 2.294 1.953 1.303 1.400 1.071

140.0 2.554 2.195 1.356 1.544 1.152

150.0 2.694 2.267 1.499 1.683 1.259

160.0 2.924 2.463 1.629 1.784 1.313

170.0 3.099 2.656 1.713 1.875 1.399

180.0 3.297 2.765 1.803 2.021 1.513

190.0 3.492 2.960 1.944 2.149 1.606

200.0 3.678 3.136 2.061 2.239 1.693

N= 1 1 1 1 1

LENGTHS= 0.0485 0.0413 0.0276 0.0273 0.0206

FREQUENCY VELOCITY

50.0 2538.24 2657.68 2571.57 2158.60 2206.08

60.0 2582.51 2727.33 2847.56 2558.60 2321.52

70.0 2593.15 2655.13 3002.54 2658.50 2612.00

80.0 2667.27 2715.46 2856.43 2400.16 2612.89

90.0 2703.35 2633.49 2737.24 2472.26 2616.14

100.0 2639.30 2794.05 2875.10 2506.34 2346.93

110.0 2784.64 2642.87 2804.99 2491.58 2525.54

120.0 2653.70 2679.09 2725.90 2421.96 2542.64

130.0 2750.28 2747.78 2756.63 2537.23 2497.63

140.0 2659.51 2632.45 .2851.34 2478.23 2500.44

150.0 2702.11 2730.89 2764.30 2435.52 2450.85

160.0 2655.17 2680.93 2713.00 2451.25 2506.27

170.0 2661.65 2641.67 2742.15 2477.71 2499.55

180.0 2649.21 2686.55 2757.65 2434.23 2447.76

190.0 2640.39 2649.03 2700.28 2415.81 2434.38

200.0 2638.56 2632.05 2681.07 2441.19 2429.79

N= 1 1 1 1 1



Material Type LL3H1

263

LENGTHS= 0.0492 0.0401 0.0367 0.0295 0.0188

FREQUENCY LENGTH/WAVELENGTH

50.0 1.086 0.857 0.768 0.685 0.493

60.0 1.150 1.062 0.935 0.711 0.514

70.0 1.506 1.191 1.111 0.921 0.604

80.0 i.592 1.454 1.244 1.030 0.651

90.0 1.858 1.602 1.477 1.132 0.741

100.0 2.065 1.810 1.600 1.297 0.848

110.0 2.248 1.956 1.763 1.428 0.949

120.0 2.513 2.152 1.933 1.514 1.019

130.0 2.756 2.344 2.071 1.648 1.079

140.0 2.959 2.505 2.232 1.792 1.148

150.0 3.192 2.701 2.422 1.924 1.239

160.0 3.361 2.901 2.577 2.063 1.314

170.0 3.611 3.089 2.697 2.207 1.403

180.0 3.887 3.287 2.865 2.330 1.495

190.0 4.182 3.470 3.050 2.447 1.600

200.0 4.362 3.694 3.177 2.600 1.687

N= 1 i 1 1 1

LENGTHS= 0.0492 0.0401 0.0367 0.0295 0.0188

FREQUENCY VELOCITY

50.0 2266.50 2336.35 2390.99 2155.16 1905.67

60.0 2567.58 2263.82 2357.59 2491.16 2194.75

70.0 2287.14 2354.03 2315.88 2243.50 2179.91

80.0 2473.74 2204.40 2362.74 2292.60 2308.77

90.0 2383.82 2250.53 2239.00 2347.75 2284.71

100.0 2383.23 2213.78 2296.36 2276.63 2216.77

110.0 2407.77 2252.36 2292.74 2274.08 2178.71

120.0 2349.95 2234.14 2280.83 2340.68 2214.81

130.0 2321.06 2221.51 2306.28 2329.37 2264.99

140.0 2328.39 2238.60 2304.51 2306.2b 2293.36

150.0 2312.79 2225.06 2275.73 2301.87 2275.88

160.0 2342.98 2209.40 2281.60 2290.37 2289.74

170.0 2317.13 2204.82 2315.93 2274.29 2278.55

180.0 2278.83 2193.53 2308.46 2281.52 2263.66

190.0 2235.84 2193.37 2288.73 2292.96 2232.23

200.0 2256.53 2169.03 2312.97 2271.46 2228.53

N= 1 1 1 1 1



Material Type LL3H2

264

LENGTHS= 0.0493 0.0416 0.0345 0.0321 0.0202

FREQUENCY LENGTH/WAVELENGTH
50.0 1.032 0.926 0.762 0.740 0.558

60.0 1.156 1.095 0.897 0.746 0.578

70.0 1.399 1.234 1.044 0.989 0.631

80.0 1.596 1.474 1.146 1.058 0.690

90.0 1.829 1.624 1.331 1.201 0.839

100.0 2.052 1.830 1.518 1.414 0.962

110.0 2.230 2.032 1.606 1.514 0.999

120.0 2.462 2.217 1.794 1.653 1.089

130.0 2.679 2.396 1.944 1.824 1.192

140.0 2.940 2.609 2.077 1.951 1.288

150.0 3.144 2.817 2.232 2.076 1.380

160.0 3.337 3.025 2.407 2.216 1.471

170.0 3.581 3.198 2.556 2.367 1.569

180.0 3.776 3.319 2.703 2.538 1.648

190.0 3.952 3.405 2.863 2.690 1.749

200.0 4.198 3.717 2.998 2.833 1.858

N= 1 1 1 1 1

LENGTHS= 0.0493 0.0416 0.0345 0.0321 0.0202

FREQUENCY VELOCITY

50.0 2388.53 2245:17 2261.23 2169.04 1810.38

60.0 2559.51 2280.52 2306.13 2582.17 2096.81

70.0 2467.45 2359.66 2311.33 2274.43 2241.73

80.0 2472.11 2257.99 2406.40 2427.63 2342.74

90.0 2427.03 2305.71 2332.39 2407.41 2166.92

100.0 2402.64 2272.88 2272.04 2271.86 2101.22

110.0 2432.76 2251.92 2362.01 2333.99 2224.85

120.0 2403.70 2252.01 2306.18 2331.34 2226.27

130.0 2393.01 2257.25 2305.74 2288.63 2204.51

140.0 2348.42 2232.67 2324.33 2304.78 2196.48

150.0 2352.68 2215.00 2317.38 2321.27 2197.31

160.0 2364.15 2200.53 2292.40 2319.24 2198.00

170.0 2341.06 2211.59 2293.04 2307.11 2190.23

180.0 2350.39 2255.93 2296.33 2278.2R 2207.18

190.0 2370.80 2321.27 2288.39 2268.37 2195.83

200.0 2349.06 2238.32 2300.63 2267.42 2175.83

N= 1 1 1 1 1



Material Type LL5L1

265

LENGTHS= 0.0467 0.0408 0.0374 0.0318 0.0177

FREQUENCY LENGTH/WAVELENGTH
50.0 1.008 0.871 0.801 0.720 0.370

60.0 1.162 1.078 0.962 0.757 0.487

70.0 1.391 1.197 1.120 0.989 0.585

80.0 1.575 1.452 1.247 1.105 0.589

90.0 1.798 1.596 1.477 1.223 0.650

100.0 2.035 1.813 1.616 1.417 0.750

110.0 2.182 1.980 1.793 1.505 0.849

120.0 2.428 2.166 1.976 1.663 0.953

130.0 2.649 2.372 2.124 1.819 1.011

140.0 2.835 2.538 2.300 1.948 1.078

150.0 3.066 2.687 2.453 2.078 1.148

160.0 3.219 2.889 2.626 2.230 1.237

170.0 3.434 3.047 2.774 2.359 1.323

180.0 3.573 3.268 2.941 2.476 1.406

190.0 3.697 3.474 3.056 2.649 1.482

200.0 3.981 3.678 3.241 2.795 1.555

N= 1 1 1 1 1

LENGTHS= 0.0467 0.0408 0.0374 0.0318 0.0177
FREQUENCY VELOCITY
50.0 2316.35 2341.75 2335.56 2205.60 2384.22
60.0 2409.90 2270.50 2335.45 2515.57 2174.22
70.0 2349.97 2384.38 2339.08 2246.90 2110.68
80.0 2371.43 2247.02 2400.98 2298.83 2397.38
90.0 2337.29 2299.97 2280.99 2337.62 2442.76
100.0 2294.22 2249.15 2316.96 2240.73 2354.38
110.0 2353.14 2265.52 2296.51 2320.67 2285.96
120.0 2307.51 2258.94 2273.37 2291.12 2222.46
130.0 2290.87 2235.47 2290.90 2269.83 2270.67
140.0 2305.37 2249.60 2279.11 2282.37 2293.09
150.0 2283.93 2276.49 2288.72 2292.03 2305.95
160.0 2320.73 2258.25 2280.43 2278.97 2282.97
170.0 2311.04 2275.33 2294.15 2288.76 2268.63
180.0 2351.81 2246.37 2290.82 2309.12 2259.75
190.0 2399.06 2230.31 2327.22 2278.12 2263.36
200.0 2345.63 2217.38 2310.25 2272.90 2269.71
N= I 1
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LENGTHS= 0.0470 0.0394 0.0357 0.0294 0.0193 
FREQUENCY LENGTH/WAVELENGTH 

50.0 1.058 0.901 0.766 0.694 0.455 
60.0 1.157 1.089 0.928 0.732 0.540 
70.0 1.409 1.250 1.096 0.922 0.618 
80.0 1.600 1.414 1.186 1.063 0.633 
90.0 1.811 1.605 1.393 1.138 0.731 
100.0 2.058 1.797 1.544 1.317 0.862 
110.0 2.242 1.934 1.676 1.466 0.946 
120.0 2.497 2.127 1.877 1.552 1.036 
130.0 2.666 2.281 2.007 1.694 1.108 
140.0 2.933 2.480 2.182 1.852 1.186 
150.0 3.131 2.629 2.338 1.979 1.274 
160.0 3.363 2.850 2.503 2.106 1.362 
170.0 3.531 3.014 2.617 2.225 1.463 
180.0 3.776 3.180 2.815 2.346 1.556 
190.0 4.010 3.326 2.977 2.498 1.651 
200.0 4.196 3.508 3.146 2.650 1.752 

N= 1 i 1 1 1 

LENGTHS= 0.0470 0.0394 0.0357 0.0294 0.0193 
FREQUENCY VELOCITY 

50.0 2221.32 2184.47 2326.74 2121.15 2122.00 
60.0 2436.91 2169.07 2304.96 2411.56 2143.06 
70.0 2334.39 2205.44 2277.75 2234.61 2186.10 
80.0 2349.75 2228.01 2406.19 2213.97 2440.00 
90.0 2334.77 2207.51 2303.80 2328.00 2375.85 
100.0 2282.81 2191.32 2309.35 2234.39 2238.69 
110.0 2305.25 2239.76 2340.21 2207.96 2244.12 
120.0 2257.95 2221.52 2279.43 2275.63 2234.14 
130.0 2290.65 2243.46 2309.57 2258.76 2262.86 
140.0 2242.89 2222.83 2287.89 2224.71 2277.49 
150.0 2250.60 2246.25 2288.19 2230.91 2271.95 
160.0 2235.52 2210.08 2279.38 2235.74 2265.66 
170.0 2261.79 2220.95 2316.88 2248.44 2242.16 
180.0 2239.65 2228.25 2280.62 2257.71 2232.01 
190.0 2226.25 2248.76 2275.85 2238.75 2220.64 
200.0 2239.48 2244.29 2266.95 2220.89 2201.88 

N= 
. 

1 1 1 1 1 
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LENGTHS= 0.0478 0.0402 0.0363 0.0306 0.0175

FREQUENCY LENGTH/WAVELENGTH
50.0 1.038 0.839 0.771 0.695 0.351

60.0 1.124 1.020 0.829 0.714 0.413

70.0 1.359 1.149 1.053 0.911 0.515

80.0 1.545 1.329 1.154 1.032 0.556

90.0 1.735 1.547 1.384 1.133 0.603

100.0 1.995 1.692 1.546 1.284 0.665

110.0 2.124 1.888 1.649 1.427 0.731

120.0 2.336 2.065 1.832 1.535 0.866

130.0 2.531 2.232 2.002 1.661 0.940

140.0 2.737 2.425 2.141 1.812 0.981

150.0 2.937 2.582 2.308 1.930 1.033

160.0 3.142 2.723 2.474 2.018 1.109

170.0 3.354 2.907 2.661 2.152 1.191

180.0 3.541 3.085 2.789 2.294 1.284

190.0 3.765 3.294 2.931 2.411 1.363

200.0 3.972 3.456 3.070 2.554 1.422

N= 1 1 1 i 1

LENGTHS= 0.0478 0.0402 0.0363 0.0306 0.0175

FREQUENCY VELOCITY

50.0 2303.29 2394.28 2355.10 2201.28 2493.12

60.0 2550.75 2363.29 2627.82 2568.26 2542.44

70.0 2462.53 2448.69 2414.58 2348.33 2383.16

80.0 2475.32 2419.77 2517.75 2370.23 2520.57

90.0 2479.79 2337.95 2361.49 2429.89 2615.75

100.0 2395.58 2374.84 2349.34 2380.94 2632.64

110.0 2475.18 2341.49 2422.12 2356.52 2635.33

120.0 2456.01 2335.97 2378.46 2391.09 2427.27

130.0 2454.90 2340.58 2358.35 2393.24 2422.71

140.0 2445.28 2320.01 2374.35 2362.33 2500.57

150.0° 2441.52 2335.21 2360.25 2375.99 2544.14

160.0 2434.03 2361.39 2348.96 2424.50 2526.77

170.0 2422.74 2349.91 2320.29 2416.07 2500.36

180.0 2429.79 2345.23 2343.59 2398.92 2456.45

190.0 2412.33 2318.33 2354.61 2409.99 2442.06

200.0 2406.72 2326.05 2366.09 2394.56 2464.00

N= 1 1 1 1 1



Material Type HL5L2
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LENGTHS= 0.0468 0.0397 0.0353 0.0309 0.0189

FREQUENCY LENGTH/WAVELENGTH
50.0 0.935 0.779 0.750 0.632 0.368

60.0 1.053 1.005 0.876 0.678 0.500

70.0 1.288 1.084 1.031 0.829 0.549

80.0 1.463 1.231 1.112 1.009 0.569

90.0 1.660 1.450 1.273 1.099 0.635
100.0 1.835 1.583 1.465 1.235 0.714
110.0 1.961 1.745 1.573 1.395 0.793

120.0 2.167 1.931 1.735 1.477 0.904

130.0 2.361 2.068 1.908 1.596 0.959

140.0 2.555 2.244 2.026 1.754 1.021

150.0 2.737 2.417 2.141 1.890 1.086

160.0 2.934 2.593 2.287 1.991 1.171

170.0 3.095 2.765 2.455 2.105 1.254

180.0 3.328 2.928 2.593 2.275 1.336

190.0 3.560 3.098 2.714 2.408 1.409

200.0 3.841 3.272 2.884 2.526 1.481

N= 1 1 1 1 1

LENGTHS= 0.0468 0.0397 0.0353 0.0309 0.0189
FREQUENCY VELOCITY
50.0 2501.90 2549.65 2350.68 2443.75 2564.14
60.0 2666.30 2370.87 2415.71 2730.39 2262.26
70.0 2543.49 2564.15 2395.74 2607.03 2403.52
80.0 2558.34 2580.32 2537.41 2447.96 2652.50
90.0 2536.84 2464.37 2494.38 2528.24 2674.74

100.0 2549.88 2507.92 2407.44 2500.20 2640.49

110.0 2624.81 2502.05 2466.69 2435.08 2617.25

120.0 2590.48 2467.60 2439.41 2508.82 2503.89
130.0 2575.80 2495.77 2402.50 2515.03 2557.12

140.0 2563.59 2477.25 2437.36 2464.84 2587.12
150.0 2564.27 2463.35 2470.52 2450.70 2605.23

160.0 2551.48 2449.52 2467.37 2481.14 2577.21

170.0 2569.63 2440.34 2441.99 2492.80 2558.00
180.0 2530.39 2440.43 2448.48 2442.65 2541.91

190.0 2496.97 2434.78 2468.88 2435.68 2544.29
200.0 2435.89 2426.56 2446.14 2444.47 2547.38
N= I 1 I 1 1
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The following pages contain the dispersion curves for the various

particleboard types. The format for the plots is the same as that used

in Figure 32. Material type HL3L1 was shown in Figure 32 and does not

reappear in this appendix. The first dashed line that is superposed

on all the plots represents k=550. ft-1. The second dashed line that

is superposed on all the plots is the respective (kcut-off)AvE (see

Table 11 for the numerical value). The coefficients for the third order

polynomial fits, which were used in all calculations with the dispersion

relation, are listed in Table 11.
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The following pages contain nonlocal moduli. The format

for the plots is the same as that used in Figure 51. Material

type HL3L1 was shown in Figure 51 and does not reappear in

this appendix. The units for normalized nonlocal moduli are

ft-1. The units for distance from the local point is feet.
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APPENDIX D

Compliance Curves, J1-Curves and Fracture Data

The following pages show compliance curves for

the different material types. The format used is

identical to that of Figure 26. Material type

LL5L1 was shown in Figure 26 and does not reappear

in this appendix.
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The following four pages show the 31-curves

for the different material types. The format used

is consistent with that taken for Figures 45 to 48.

The J1-curves for material types LL3H1, HL3L2,

LL3L1 and LL3L2 were shown in Figures 45 to 48 and

do not reappear in this appendix.
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The following pages contain raw fracture data 

(a/w, compliance, Amax 
, 

Pmax' P5%, Gpmax and G5%). 

The units for compliance, 6'max' Pmax' G and 
Pmax 

05% are respectively in/lb, in, lb, lb, 
inlb/in2 

and 

inlb/in2. 
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