
AN ABSTRACT OF THE THESIS OF

Yuqing Liu for the degree of Master of Science in Forest Products and Mechanical

Engineering presented on March 30, 2000. Title: Properties of Veneer Sliced from

Serpentine-End-Matched Flitches

Abstract approved:
s E. Re CAiules C. Brufiner

William F. Reiter

Eighteen Ponderosa Pine (Pinus ponderosa Dougl.ex.laws) veneer flitches

were randomly selected and crosscut into paired flitches. Serpentine-end-matched

(SEM) joints were machined in the flitches, joint amplitude equal to the width in

one half of the paired flitch and joint amplitude equal to 2/3 width in the other half

of the paired flitches. A cross-linking polyvinyl acetate emulsion (PVA) was used.

The glued flitches were conditioned, sliced and dried using typical industry

methods. Three thicknesses of veneer were cut from each veneer flitch, 1/16 in

(1.59mm), 1/12 in (2.17mm) and 1/8 in (3.18mm).

Of 468 pieces of veneer produced, only 20 pieces exhibited some bond

failure during manufacturing. The failed bonds occurred in veneer from 7 of the 36

flitches sliced. Subsamples of paired flitches were chosen and the related veneers

tested in tension. The strength of each veneer and failure mode was recorded. Of
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155 pieces of veneer tested, 55% failed with some wood failure. The average

percentage of wood failure was 32.5% with most failure occurring along the entire

glue line except at the joint apex.

Finite element modeling was applied to examine the stress distribution

through an SEM joint in the veneer. To address the thin nature of the adhesive

layer, the submodeling procedure was conducted. The effects of adherend stiffness

dissimilarity, glue line discontinuity, adhesive stiffness, adhesive layer thickness

and geometrical shape were evaluated.

The adherend stiffness dissimilarity was found to have a significant effect

on the stress distribution. When the convex adherend was chosen as the stiffer of

the two adherends, a favorable stress distribution was achieved. This choice also

optimized the impact of stress magnification due to glue line discontinuity. An

adhesive with stiffness that is about the same as the stiffness of the adherend tends

to reduce stress magnification. Stresses in the adherends and adhesive were not

sensitive to the thickness of the adhesive layer and the geometric shapes of the

SEM joints.
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Properties of Veneer Sliced From Serpentine-End-Matched Flitches

Chapter 1
INTRODUCTION

Appearance grade moulding and millwork require high quality lumber. The

price of this material has risen sharply as its availability has steadily declined. One

technique of extending this material is to slice the clear material into veneer and to

use the veneer to overlay more abundant and less valuable wood and non-wood

substrates. However, the clear material available for slicing is also becoming more

scarce and expensive. One solution would be to construct a clear slicing flitch from

lower quality material using aesthetically acceptable joints. Sufficiently wide but

short pieces can be end joined into useable lengths thus adding value and extending

the wood resource. To be of value, the joints would have to be visually non-

detectable under a natural finish.

Serpentine-end-matched (SEM) joints are machined into a half sine wave

shape. SEM joints have been shown to be non-detectable when formed along the

grain pattern on tangential wood surfaces. When properly matched for color and

grain pattern, SEM joints can make carefully selected wood pieces appear as one

solid piece. For current technologies, matching different pieces for grain and color

would be very expensive, probably a slow process accomplished only with the

direct aid of a human observer. Because of this expense, using camouflaged joints

has not been adapted by industries that typically use a large volume of solid wood

in their products, such as furniture and cabinet producers. However, for an industry
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that can add much more value to the final product, the expense of identifying ideal

matches for camouflaged joints may be justified even if a human is needed during

the selection process.

Ponderosa pine was used for this research because it is a preferred millwork

material, and is commonly used by the slicing industry in the Pacific Northwest.

The sapwood of ponderosa pine is nearly white to pale yellow and its heartwood is

yellowish to light orange or reddish brown. Because of its moderately strong and

generally straight grain, it is favored for all kinds of millwork including window

frames, doors, moulding, shelving and paneling.

Lengthways slicing is accomplished by moving the wood piece across a

stationary blade while the veneer is sliced off the length of the piece. Thus, the

veneer has the same two-dimensional (width and length) size and grain appearance

as the parent piece.

The lengthways slicing industry in Oregon and the U.S. Northwest adds a

great amount of value to their product. For example, clear ponderosa pine lumber

used for slicing flitches can cost $3,000 or more per thousand board feet (mbf) but

produce veneer that can be worth $9,000 or more per mbf. Non-clear ponderosa

pine flitch-size material can be purchased for less than $1,000 mbf. There appears

to be an economic opportunity to use this lower value material in such a way as to

remove defects and rejoin the short clear pieces into acceptable slicing veneer

lengths.
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To be successful, the glued slicing flitches should be capable of being

processed by standard industry methods. The glued joints must be able to maintain

their integrity during slicing and produce veneers that are capable of withstanding

normal processing and end use. The objective of the first part of this research was

to determine if SEM joined flitches, and the resulting veneer, could maintain

integrity during normal machining and end use.

The objective of the second part of the study was to examine the stresses in

the region of the SEM joints in the veneer. The variables to be investigated include

adherend stiffness, glue line discontinuity, adhesive stiffness, geometrieal shape,

and thickness of the adhesive layer. Stress analyses of the joints will be conducted

by using the finite element method. Linear-elastic constitutive relations for the

orthotropic material and the condition of plane-stress will be assumed.

The veneer flitch constructed by gluing the short pieces with serpentine-

ended-matched (SEM) joints is an alternative resource for slicing veneers. The ease

of assembly and production handling of SEM joints could make it a reliable wood

joint in veneer manufacturing and increase its added value potential. The

mechanical behavior of the joint depends almost entirely on the performances and

properties of the adherends, the adhesive and the manner in which the adherends

are connected. The joints are potential failure locations during the slicing of the

flitch into veneer and in the application of the veneer. Thus, it is critical to

understand the mechanical behavior of these joints.
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Experimental studies of the mechanical behavior of end joint were

traditionally used. These experimental investigations concerning the adhesive

joints are costly and time consuming. The focus of these investigations has been on

the processing variables rather than on the properties of individual components

(Leichti, 1994). Analytical models provide a means to understand stress transfer

mechanisms and effects of joint parameters such as geometry and material

properties.

Investigation of the stresses in structural members subjected to axial tensile

loads is routinely accomplished by use of the methods of strength of materials.

However, in the tensile loading of end joints, such as the SEM joint, the differences

in material properties of the convex and concave adherends, properties of the

adhesive, and irregular geometry of the joint prohibit the use of classical strength of

materials analyses. Investigation of stress transfer and distribution through a joint

requires the use of a computer model of the joint to include the joint properties

mentioned. The finite element method is a convenient computer modeling tool that

suits this type of investigation.



Chapter 2
INTEGRITY OF SLICED SERPENTINE-END-MATCHED VENEER

INTRODUCTION

The Principle of Veneer Slicing

Wood is commonly machined by one of two basic processes. The first,

known as orthogonal cutting, occurs when the cutting edge is perpendicular to the

direction of the relative motion of the tool and the work piece. The surface

generated is a plane parallel to the original work surface (Koch, 1964).

The second, known as peripheral milling, occurs when wood is removed in

the form of single chips by rotary cutting. The intermittent engagement of knives

with the work piece is carried on the periphery of a rotating cutterhead and

produces single chips. Therefore, the machined surface is a series of individual

knife traces generated by the successive engagement of each knife (Koch, 1964).

Most wood machining problems can be analyzed as one or the other of these

processes by modifying some assumptions. Orthogonal cutting may be considered

a special case of peripheral milling with infinite radius of the cutterhead and with

no angular velocity of the tool edge (Koch, 1964).

Figure 2.1 represents the geometry and nomenclature of orthogonal cutting.

Essentially, veneer cutting is a type of orthogonal cutting that produces thin layers

or sheets of wood. It differs from other forms of orthogonal cutting because of the

extremely large rake angles (about 70 °) and the introduction of nose bar pressure

5



into the cutting processes. Also, about 0 ° (± 1 °) clearance angles are commonly

used (Koch,1964).

Chip

NCutting Plane

Tool

FP / Y Cutting direction

Figure 2.1 Geometry and force nomenclature of orthogonal cutting (Franz, 1958).

a Rake angle; the angle made between the tool face and a plane
perpendicular to the direction of tool travel,
y Clearance angle; the angle between the back of the tool and the work
surface behind the tool,
t Chip thickness; thickness of chip before removal from the work-piece,
Fn Normal tool force; force component acting in a direction perpendicular to

parallel tool motion and perpendicular to the surface generated,
Fp Parallel tool force; force component acting in a direction parallel to
tool motion relative to work piece,
R Resultant tool force; the resultant of normal and parallel tool force

components,
F Friction force; force component acting along the interface between tool

and chip,
N Normal friction force; force component acting normal to tool face,

6
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Figure 2.2 0-90 cutting direction for orthogonal cutting

On the other hand, the applicable notation of 90-0 occurs when orthogonal

cutting is parallel to, and the cutting edge is perpendicular to the fiber direction

(Figure 2.3).

7

An analysis of veneer cutting depends on an understanding of the action that

takes place at or near the cutting edge. McKenzie ((1961) cited in Koch (1964))

described a notation system for orthogonal cutting. In this system the first value

given is the angle the cutting edge makes with the fiber direction of the wood, and

the second value given is the angle that the tool-motion vector makes with the fiber

direction of the wood. Thus, the applicable notation of 0-90 occurs when

orthogonal cutting is perpendicular to the fiber direction and the cutting edge is

parallel to the fiber direction (Figure 2.2).
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Figure 2.3 90-0 cutting direction for orthogonal cutting

Both cutting situations 0-90 and 90-0 of orthogonal cutting can be used for

producing veneer. Conventional slicing is essentially a process of orthogonal

cutting perpendicular to the fiber direction with the knife-edge parallel to the fiber

direction. Thus, the applicable notation for this situation is 0-90. Figure 2.2

illustrates the fiber orientation possible when the cutting edge is parallel to the

fiber. The situation in 2.2A is encountered in rotary veneer cutting and the situation

in 2.2B is encountered in slicing vertical grain veneer. Relative to cutting forces,

the situation in 2.2B is preferable because it minimizes the confounding effect of

density variation between annual rings. Kivimaa (1950, cited in Koch (1964))

found that 12 % more parallel force was required to cut a 0.1 mm-thick chip in

situation 2.2A, flat grain, than in situation 2.2B, vertical grain. He used Finnish

8
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birch equilibrated to 12 % moisture content and a slicing tool with a 35° rake angle.

It was concluded that the influence of the wood rays accounted for this difference.

Lengthways slicing, without an inclined angle, is essentially orthogonal

cutting parallel to the fiber direction with the cutting edge perpendicular to the fiber

direction. In this situation, the applicable notation is 90-0 (Figure 2.3). In situation

2.3B, the confounding effect of varying density between growth rings is minimized

due to the orientation of the piece's radial surface to the cutting tool's edge (Koch,

1964).

The cutting method on a lengthways slicer is somewhat altered from strictly

orthogonal cutting because the cutting edge may be skewed to make a deviation

angle with the longitudinal axis of the veneer flitches. A new force component, in

addition to the normal and parallel cutting forces, must be taken into consideration

in the inclined cutting situation (McKenzie and Franz, 1964; McKenzie and

Hawkins, 1966). The total force is composed of the combination of the parallel,

normal and lateral forces. By increasing the inclination angle from 0° to 80°, the

resultant cutting forces were reduced by more than 50%. In addition, surface

quality was improved. Angling the cutting edge increased the effective sharpness

of the edge and the effective rake angle, so the fibers were deflected less. This

concentrated the stress and made cutting easier (McKenzie and Hawkins, 1966).

Continuous veneer has been defined by Leney (1960a) as "an unbroken

sheet of wood in which the original wood structure is essentially unchanged by the

cutting process". With a sharp and thin blade, veneers with relatively smooth



Figure 2.4 Critical zones of stress in veneer cutting without a nosebar.
Zone A: Tension; Zone B: Shear Zone; C: Compression tearing (Koch,
1964).

10

unbroken surfaces on both veneer surfaces can be obtained. The only wood failure

is the continual separation of the cells at the cutting edge.

During this cutting process, the wood above the cutting edge moves upward

along the face of the knife and is restrained by the wood above it. As the wood

cells at the chip-knife interface are compressed, a force normal to the knife face is

developed together with an accompanying frictional force along the face of the

knife. When the forces reach the maximum strength of wood, the veneer begins to

rotate or bend as a cantilever beam (Koch, 1964).

As the depth of cut is increased, the rake angle is decreased, and as the

cutting edge gets duller, cutting conditions become more difficult than those

described for continuous veneer. Several critical zones of stress become apparent

as shown in Figure 2.4.
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Due to bending of the wood chip, tension stress develops in Zone A close to

the cutting edge. Its direction is perpendicular to the long axis of the zone as

drawn. Also, frictional force develops in Zone B, along the face of the knife and

causes a horizontal shear plane between the compressed cells at the knife-chip

interface and the resisting wood above it. Zone C is in compression tearing, and

develops because the cutting edge deflects the wood elements into a slight bulge

preceding the edge. Eventually, the tension stress builds causing the compacted

cell walls to fail. Failure can occur either above or below the cutting plane (Koch,

1964).

Because of the stresses that develop in Zone A, B and C (Figure 2.4), three

types of rupture may occur singly or in combination as veneer is formed. Leney

((1960a; 1960b), cited in Koch (1964)) has identified these rupture types as tension

checks, shear checks, and compression tearing.

Tension checks develop in the tension Zone A (Figure 2.4). At first, the

typical check occurs in a plane nearly parallel to the cutting plane but then changes

its direction so that it is nearly perpendicular to the cutting plane. The change in

direction of the tension check is due to the change in orientation of the principal

tension stress as the veneer chip fails as a cantilever beam (Koch, 1964).

Shear checks are developed in the shear Zone B (Figure 2.4). The shear

plane occurs behind the cutting edge and between the compressed cells and the

wood above them. Depending on the strength of the wood cell, it may not develop

into an actual rupture and is typically not as obvious as a tension check. Leney
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((1960b), cited in Koch (1964)) reported that rake angles on the order of 550-600

were conducive to shear checks and that they occurred more frequently in

cottonwood than in sugar pine.

Compression tearing can develop at Zone C (Figure 2.4), especially in weak

and flexible wood. When tension develops ahead of the knife-edge and

perpendicular to the cutting plane, but is not severe compared to the strength of the

wood cell, the knife-edge cannot cause instant severance of the cell walls, but

compresses and deflects the wood cells. The deformed wood cells wrap around the

cutting edge and distribute stress over a large area. This resistance to severance

produces a tensile stress above and below the cutting edge and slightly behind the

edge. When the tension development reaches a critical point, the wood elements

will rupture in tension. As this failure proceeds, the rupture causes a group of cells

to be peeled out of the veneer surfaces. Roughness in the surface of veneer depends

on the extent of this type of failure (Koch, 1964).

The rupture initially caused by compression tearing may introduce tension

checks above the cutting plane. It has been observed that tension check rupture and

compression tearing rupture develop their initial paths in the same general direction

and are a cause of veneer roughness (Koch, 1964).

The severity of lathe checks can be minimized with pressure from a nosebar.

The nosebar precompresses the wood tissue ahead of the cutting edge and allows

the forming veneer to rotate smoothly and escape along the face of the knife. Since

the forming chip has been precompressed both parallel and perpendicular to the
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cutting plane, the depth of the tension checks are limited in the veneer.

Additionally, the nosebar guides the knife in relation to the outer surface of the

flitch or bolt. Because the nosebar is fixed, the distance from nosebar to cutting

plane and knife regulates the thickness of veneers. Nosebar compression can be

increased up to a limit because too much compression can cause permanent

deformation or destruction of the wood structure (Koch, 1964).

Tension checks form because the forming veneer is bent as a cantilever

beam. The bending deformation can be reduced by increasing the rake angle a,

decreasing the sharpness angle fi , and at the same time reducing the clearance

angle y (Figure 2.1). Furthermore, compression tearing can be minimized by

employing an extremely sharp cutting edge. But, the mechanical properties of knife

materials limit reducing the sharpness angle fi . Application of a nosebar can help

to lessen the problem of tension checks. Compression tearing can be partially

alleviated by maintaining knife sharpness (Koch, 1964).

The strength of veneer depends on the veneer quality. The effect of work

piece temperature on the depth and frequency of knife checks in veneer was studied

by McMillin (1958). He measured knife check severity in small specimens of

yellow birch and redwood prepared by low velocity orthogonal cutting. He found

that by increasing wood temperature, tension and compression strength

perpendicular to the fiber and shear strength, tended to decrease. Because of the

relationship of the work piece's temperature and the wood's mechanical properties,
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the severity of knife checks was minimized by slicing at elevated temperatures

(cited in Koch (1964)).

Lutz (1956) found that the smoothness of veneer is affected by cutting

plane orientation with respect to wood fibers, wood rays, and annual rings. Bolts

and flitches should be mounted in such a way that the most favorable fiber

orientation of the wood elements is presented to the knife. Similarly, the

smoothness of the cut with respect to the tangential axis is determined mainly by

the relation of the slope of the annual rings to the direction of the knife cut. The

smoothness of the cut with respect to the radial axis is determined mainly by the

relation of the slope of the wood rays to the direction of the knife cut.

When cutting parallel to the grain, the smoothness of veneer is determined

mainly by the fiber orientation i.e., the slope of the fibers with respect to the

longitudinal direction of the piece. Figure 2.5 illustrates basic favorable and

unfavorable fiber orientations relative to the cutting direction. Practically, two like

orientations can frequently be encountered at the same time, e.g. when cutting

knotty veneer, or veneer with wild or curly grain (Lutz, 1956).
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Figure 2.5 Diagram of slope of fibers in relation to cutting plane.
A. Favorable. B. Unfavorable (Lutz, 1956)

The smoothness of rotary-cut veneer is significantly affected by the

orientation of the annual rings with relation to the cutting plane. The favorable cut

is the knife passes from earlywood into latewood at the annual ring line, as shown

in Figure 2.6. The effect of annual ring orientation on veneer smoothness is more

pronounced with softwoods than with hardwoods (Lutz, 1956).

Figure 2.6 Diagram of annual ring orientation in relation to cutting plane.
A. Favorable. B. Unfavorable (Lutz, 1956)

15
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The roughness of quarter-sliced veneers can be influenced mainly by

orientation of the rays with respect to the cutting plane. Wood rays affect

smoothness of sliced veneer of both hardwood and softwood species because they

constitute radially disposed planes of weakness (Figure 2.7). The wood tends to

split ahead of the knife with the split following the ray direction. This results in

rough veneer.

16

A B

Figure 2.7 Diagram of ray orientation in relation to the cutting
plane for quarter cut veneer. A. Favorable. B. Unfavorable. (Lutz, 1956)

In summary, when the knife moves across the wood in the direction in

which the fibers, rings, or rays run out at the surface, the cut is smooth.

Conversely, when the fibers, rings, or rays run out at the surface being cut in the

direction opposite to the movement of the knife, the cut is rough. Because the

orientation of the fibers, rings, and rays also can change, rough and smooth cuts can

be involved in one single cut at the same time (Lutz, 1956).



It is impossible to orient wood structures in the most favorable cutting

orientation for a series of cutting cycles within one piece. To keep undesirable

effects, such as splitting and producing rough veneer, to a minimum, bolts or

flitches should be adequately heated to plasticize the wood, sufficient nosebar

pressure should be applied and the cutting tool should be kept as sharp as possible

(Lutz, 1956).

Veneer Cutting and Manufacturing

There are two basic methods used to produce veneer. One method is rotary

cutting. A log is placed in a veneer lathe and spun against a knife to produce a

ribbon of rotary peeled veneer. In the other method, slicing, the blade is held in the

same relative position with respect to the log, but in this case the cutting motion is

across the log or lumber rather than around it as in rotary cutting. When slicing

lumber, a piece of veneer is produced that is equal in size to the length and width of

the parent flitch (Marra, 1983; Haygreen and Bowyer, 1989).

Wood is heated and moistened before being rotary peeled or sliced. In the

case of rotary-peeled plywood veneer, the log is usually placed in a tank of hot

water. In cold climates the tanks are often covered whereas in warmer climates the

tanks are usually not covered. The temperature of the water is approximately 180°F

(82.2°C) and the logs are left in the water for up to ten hours or until the core of the

log reaches a temperature over 100°F (37.8°C) (Baldwin, 1995; Haygreen and

Bowyer, 1996; Sellers, 1985). Denser woods require a higher temperature to obtain

the same quality of veneer. For example, good quality veneer was produced from

17
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Figure 2.8 Peeling veneer by rotary cut and variegated grain veneer
produced (The Hardwood Plywood and Veneer Association, 1995).

18

basswood at 60°F (15.6°C) while the same quality white oak veneer required a

temperature of 200°F (93.3°C) (Fleischer, 1965). Conditioning with hot water

plasticizes the wood. This softening reduces tool wear and improves the quality of

the veneer by making it easier to peel through annual growth rings and knots (Cade

and Choong, 1968; Faust and Rice, 1986).

Rotary peeling veneer is the most common method used in plywood mills.

Plywood peeler blocks can be processed at high-speeds. Even a large diameter

block can be peeled in less than a minute. One side of the veneer contacts the knife

and is referred to as the loose side while the opposite side of the veneer is referred

to as the tight side. The loose side of the veneer is where lathe checks are formed

(Haygreen and Bowyer, 1996). Rotary peeling logs produces a variety of mixed

grain patterns in the veneer, known as variegated grain pattern (Figure 2.8).
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Because the properties of softwoods are suitable for construction purposes

(high strength to weight ratio), rotary cutting is practiced throughout the softwood

plywood industry (Marra, 1983). Although both softwood and hardwood plywood

are produced from rotary-peeled veneer, over 95% of the plywood produced in the

United States is from softwoods (Haygreen and Bowyer, 1996). A core of wood

from approximately 1.5 inches (38.1mm) to 6 inches (152.4mm) in diameter,

depending on the lathe, is left after peeling the ribbon of veneer. Cores can be

chipped for pulp production, sent to a stud sawmill to be re-sawn into lumber,

usually with dimension of 1.5 inches (38.1mm) by 3.5 inches (88.9mm) (nominal

2"-by-4"), or treated with a preservative and made into posts or landscape timbers.

Slicing is mainly used to produce clear hardwood veneer for decorative face

panels. Rotary cut and poorer quality hardwood veneer can be used for inner plies.

Generally, rotary cut veneer can be produced for less cost than sliced veneer

(Marra, 1983).

Hardwood veneers are normally sliced or peeled thinner than softwood

veneer. It is typical for softwood plywood to cost less but be thicker than hardwood

plywood (Marra, 1983). In order to reduce the number of costly glue lines, plies for

softwood plywood are peeled thicker, in the range of 1/10 in (2.54mm) to 1/4 in

(6.35mm). Because hardwood costs are generally higher, the veneer is cut as thin

as possible, consistent with subsequent finishing operations. Veneers are typically

cut 1/45 in (.56mm) to 1/32 in (.79mm) thick for face veneer and 1/16 in (1.59mm)

to 1/8 in (3.18mm) thick for inner plies. Veneer as thin as 1/100 in (.25mm) has
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been cut. The thickness of the veneer has been shown to be important to bond

formation and performance because the quality of the surface varies with the

thickness (Marra, 1983).

The qualities of veneer decrease as the orientation of the parent pieces move

inward from the surface of the log, and more knots, decay, and heartwood are

encountered. The use of a veneer sheet as the face of a panel, the back, or inner ply

depends on the quality. Different thicknesses of veneer cut are determined by

whether the veneer will end up as an outer lamination or an inner lamination

(Marra, 1983).

Different slicing methods are used to produce veneer. Quarter slicing

produces straight grain veneer by slicing perpendicular to the growth rings (Figure

2.9). This manner is the same as sawing quarter-sawn lumber (The Hardwood

Plywood and Veneer Association, 1995). The quarter log or flitch is mounted on

the flitch table so that the growth rings of the log strike the knife at approximately

right angles.

Because some species, such as the oaks, have large medullary ray cells that

radiate out from the center of the tree and because some species, such as red

mulberry, have rays distinctively different in color, quarter-sawing and quarter

slicing can produce a distinctive figure called ray fleck (Panshin and de Zeeuw,

1980). Finishing problems can occur on wood surfaces exhibiting ray fleck.

Rift slicing is a variation of quarter cutting and is produced by slicing at a

slight angle to the ray cells. Although it also produces straight grain veneer, this
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Figure 2.9 Straight grain veneer is produced when quarter slicing.

straight grain pattern minimizes ray fleck (The Hardwood Plywood and Veneer

Association, 1995).

Plain slicing produces flat-cut veneer with chevron-shaped grain patterns

similar to plain-sawn or flat-sawn lumber as shown in Figure 2.10. The flitch is

mounted heart side flat against the flitch table. Slicing is done parallel to a line

through its center. The cathedrals are formed by the inner most annual growth rings

as the veneer is cut through the flitch (The Hardwood Plywood and Veneer

Association, 1995).

Half-round slicing is a variation of rotary cutting and is accomplished by

splitting a log in half and mounting the half log in a veneer lathe with the bark side

of the log towards the knife. The veneer is sliced across the growth rings at an

angle, thus increasing the amount of figure in the veneer face. Compared to slicing

flat-sawn lumber, half-round slicing produces flat-cut veneer with more rounded
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Figure 2.10 Slicing veneer by plain cut and cathedral grain veneer produced.

tops on the chevron-shaped grain. An alternative method of slicing half logs is to

place the core side of the log towards the knife. The veneer sliced by this method is

known as back-cut veneers (The Hardwood Plywood and Veneer Association,

1995; Panshin and de Zeeuw, 1980).

Lengthways slicing involves passing lumber, also known as veneer flitches,

over a stationary knife. As the lumber passes over the knife, a sheet of veneer is

sliced from the bottom of the board as shown in Figure 2.11. Veneer patterns can

be quarter, flat or mixed depending on the grain pattern of the parent piece.

Traditional slicing firms buy the complete veneer log which can have

hidden defects. Slicing a log with unexpected hidden defects results in lower than

expected veneer recovery. When lengthways slicing lumber, the quality of the

lumber can be inspected from the faces and edges. If they are clear, there will be

22
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Figure 2.11 Slicing veneer by
lengthwise slicing and variegated
veneer produced.
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very few hidden defects. The quality of the veneer can be determined before the

board is selected for slicing. Also, the lengthways method of slicing veneer ensures

a smooth cut because when slicing with the grain, rather than across the grain,

fewer cell fibers are ruptured (Brussel, 1999).

Compared to slicing a log, lengthways slicing yields about twice as much

veneer suitable for splicing into aggregate larger pieces. When slicing a log,

however, unusable veneers are produced. These include short and narrow pieces as

well as veneer with sapwood on the outside and defective heartwood on the inside

(Brussel, 1999).

When slicing logs, as the knife cuts deeper into the log, medullary rays are

oriented to the knife on a plane so that the resulting veneer exhibits ray flecks.

Lumber for lengthways slicing are sawn from various angular locations relative to



the radial plane, so that flat-sawn and mixed-grain figure are more often obtained.

Thus, quartered veneer and flake are virtually eliminated in lengthways sliced

veneer (Brussel, 1999).

Oregon Slicing Industry

Observations from several mills in Oregon lead to the following general

description of lengthways slicing of ponderosa pine flitches. The flitches are pre-

conditioned for 16 to 24 hours. One mill pre-conditioned by soaking the flitches in

cold water for 24 hours. However, several mills pre-conditioned either with hot

water, 160 -170 °F (71.1-76.7 °C), or steam for up to 24 hours.

In addition to pre-conditioning, soak tanks are used just in front of the

slicer. Flitches are aligned one after another on a circular conveyor system. The

tanks maintain the temperature and moisture of the flitches as they are conveyed in

a circular fashion, across the slicer, through the soak tank and back again. The

temperature of water in the soak tank is 160 -170 °F (71.1-76.7 °C).

Unseasoned, that is green or undried, lumber has been reported to slice

easier than dry lumber (Vassar, 1997). However, unseasoned lumber is susceptible

to stain and fungi. Lumber dried to a moisture content below 20% can be stored

inside or under a cover for long periods of time with little chance of staining or

decaying. Inventory levels are maintained at slicing operations such that most

lumber used for veneer flitches are purchased as kiln dried to a moisture content

below 20% (Vassar, 1997; Beitler, 1997). Steaming, soaking in hot water, spraying
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with hot water or a combination of these methods are used to plasticize the wood,

thus reducing knife wear and making the wood easier to slice.

For a typical lengthways slicing mill, production ranges from approximately

7,000 to 12,000 slices per day. For almost all mills, the limiting factor in

production is dryer capacity. Since the slicing flitch has moisture reintroduced to it,

the resulting high moisture veneer is susceptible to stain and fungi attack if not

dried soon after slicing. Blue stain, a sap stain, can be a problem if the veneer is

not dried within several hours after slicing.

Veneers are typically dried in gas fired continuous dryers or a combination

of gas fired and radio frequency driers. Typical temperatures range from 275 to 356

°F (135 -180 °C).

Inside the gas dryer, hot air is forced at high velocities to impinge on the

veneers. This removes the boundary layer of moist air that acts as an insulator

between the veneers and hot air. As the temperature of veneer increases, the

moisture vaporizes (Haygreen and Bowyer, 1989). A radio frequency or RF dryer

is essentially two electrodes attached to a radio frequency generator. The polarity

of the electrodes fluctuates rapidly, usually between 10 and 27 megahertz (MHz).

Water molecules, which are polar, attempt to align themselves with the rapidly

changing magnetic field. Heat is generated by friction between the molecules and

internal forces which restrain them. Both rate and amount of heat generated depend

on the extent of these frictional forces. As the field strengthens and the frequency

increases, the heating increases (Jokerst, 1981).
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Relative veneer thinness permits easy escape of moisture. However,

because of its wide surface area, drying uniformly is crucial to avoid splitting and

wrinkling. To ensure veneer flatness, some pressure must be applied during drying

(Marra, 1983).

Because no sawdust is produced, peeling and slicing veneer are efficient

methods of utilizing a log and most of the wood volume goes into high value

products. Veneer that cannot be used for plys, or for wrapping or overlaying other

material, can be used to produce pulp, particleboard, medium density fiberboard or

burned to generate steam or electricity.

Visual Effect for Veneer Matching

According to Panshin and de Zeeuw (1980), the reasons for different figure

in wood can be grouped into four classes based on various forms of grain

orientation. Figure can be due to 1) interlocked grain, 2) localized waves that do not

disturb the overall grain direction, 3) grain that is twisted and lacks any consistent

direction, and 4) combinations of interlocked and curvy or wavy grain. The authors

describe many different patterns. The variations in patterns occur because light is

reflected differently depending on the grain orientation.

Special effects can be obtained from figured veneers by matching the

veneers. Individual veneers can be matched between adjacent pieces and used for

panels, table tops, or tops and sides for case good furniture (drawers and boxes).

Full panels can be matched to create a visual effect around a room. Architects
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sometimes use veneer in furniture to match that of the paneling used in a room (The

Hardwood Plywood and Veneer Association, 1995).

After slicing operations, the veneer sheets are often kept together in exactly

the same order they were sliced from the log. This unique feature of slicing permits

one of the more artistic advantages of gluing a bundle of veneer: the matching of

veneers to form designed patterns (Marra, 1983).

Matching refers to the arrangement of veneer strips of similar or varying

grain patterns within a given panel or from panel to panel. Table 1 summaries

some of the more common matching techniques in use in the industry today

(Canadian Hardwood Plywood and Veneer Association, 1999).

Book matching describes the pattern obtained by alternately turning over

successively cut pieces of veneer, often referred to as leaves. Veneer edges match

to create a symmetrical pattern from the unsymmetrical pattern found in the

individual pieces of veneer. Prominent characteristics in the grain ascend or

descend across the match. However, the matching sides can be different in color

because tight side and loose side alternate and often reflect light and stain

differently (Canadian Hardwood Plywood and Veneer Association, 1999).

Slip matching refers to adjoining veneers by slipping them out in sequence

and matching them with the same face sides exposed. Unlike book matching, the

figure repeats but the grain does not match at the joint (Canadian Hardwood

Plywood and Veneer Association, 1999).



Table 2.1 Common veneer matching techniques (Canadian Hardwood
Plywood and Veneer Association, 1999).

When veneers leaves are matched by color similarities without regard for

grain characteristics, a pleasing match results. The grain pattern of the match is

random (Canadian Hardwood Plywood and Veneer Association, 1999).

28

Book Match
Alternately turning over successively cut pieces of leaves,
like the pages of a book, resulting in identical but opposite
pattern

9 x ,

Slip Match
Adjacent veneer sheets are joined side by side in the
sequence, same sides up for a uniform grain pattern

1t

Pleasing Match
Components are matched by color similarity rather than
grain characteristic

Unmatched
Components of veneer are assembled with no particular
order to grain pattern matchings. This results in a casual
effect

A

'
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Random or mismatch matching occurs when leaves from different flitches

are matched. Lower quality and less valuable veneer can be used for the matching,

such as veneers with stain or tight knots. Random matching gives a boardlike or

plank effect in a panel (Canadian Hardwood Plywood and Veneer Association,

1999).

For panel production, there are several different ways of arranging matched

leaves within a face and between panels. Running match uses either book or slip

matching. The panel face is assembled by as many leaves as necessary and left over

pieces from the last leaf is used to start the next panel. The leaves are usually

different widths (Hardwood Plywood and Veneer Association, 1995).

When using a balance match to produce panels, each panel is assembled

from leaves of uniform width. This results in a very balanced and uniform

appearance (Hardwood Plywood and Veneer Association, 1995).

Center match is similar to balance match because each panel has an even

number of veneer leaves of uniform width. However, center match panels have a

veneer joint in the center of the panel. The center joint provides horizontal

symmetry to the panel (Hardwood Plywood and Veneer Association, 1995).

Panel sets are often used for architectural installations. Panel sets are made

up of veneer produced from a common flitch (Hardwood Plywood and Veneer

Association, 1995).

Sequence matched uniform size panel sets are usually manufactured for a

specific end use and are manufactured to a uniform panel width and height. When
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more than one flitch's veneer is needed to produce the set, flitches with similar

properties are used. Sequence matched uniform size panel sets are usually used

where layout of equal width panels is uninterrupted (Hardwood Plywood and

Veneer Association, 1995).

Blueprint matched panels achieves maximum continuity. All panels, doors

and other veneered components (can include desks and other furniture) are made in

the exact sizes required and in exact veneer sequence. Large enough flitches are

chosen to complete an entire area or room. If veneer from more than one flitch is

necessary, the transition is done in an inconspicuous pre-planned location.

Although the most expensive matched panel set, blueprint matching is usually one

of the most impressive forms of veneering (Hardwood Plywood and Veneer

Association, 1995).

Wood Joining

The successful gluing of lumber depends on which surfaces are being glued

- the edges, the faces or the ends. The objective is usually to make the pieces

wider, longer, or thicker. Each of the three gluing surfaces has its own technology

and its own pressing system. The operations are dictated largely by the surface

being glued. Selection of the glue is made on the basis of the performance desired.

Butt Joints

End gluing of lumber is difficult, mainly because end grain is a very porous

surface and is susceptible to overpenetration of adhesive. Because end grain
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surfaces of wood are like the ends of hollow tubes, the adhesive tends to penetrate

into the wood. To produce a strong joint with liquid glue, the glue must wet the

wood surfaces completely and give a film of uniform thickness. Two important

factors for successful end gluing are surface composition and the angular aspect of

the gluing surface with respect to the main fiber direction of the lumber element.

Several types of wood end joints are shown in Figure 2.12.

A B

C D

Figure 2.12 Different configurations of end joints.
A. Butt Joint; B. Scarf Joint; C. Finger Joint; D. SEM joint.

A square butt joint is an angular configuration to be avoided because it

presents the maximum open tubular structure of wood to the liquid glue. Results

from using butt joints are overpenetration of the glue, a starved joint, and a weak

bond. At the same time, it produces a sharp discontinuity in the path of the high

stresses that course along the fiber. The angularity of these joints influences both

bond formation and bond performance. The great angle of the bond surface to the
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fiber direction of the wood promotes overpenetration of glue into the wood cells.

Also, as the angle decreases from 900 to 00, stresses change from relatively pure

tension in the square butt joint to relatively pure shear in a face-to-face joint.

Because glue joints resist shear stress better than tension stress, lowering the angle

of the bond surface to the fiber direction leads to stronger joints (Marra, 1983).

The highest stresses in wood structures are carried along the grain. Butt

joints cause an abrupt discontinuity of the stress along the fiber direction, and

forces the glue line to accept a concentrated stress in tension, its weakest direction.

So the direct bonding of end-grain surfaces as square butt joints is seldom

attempted. Regardless of the glue used, square butt joints cannot begin to have

sufficient strength, and are therefore never used where strength is a factor (Marra,

1983).

Sizing can be helpful with overpenetration of glue into end-grain surfaces.

A thin coat of adhesive is applied, and allowed to dry partially to seal the end grain

on both surfaces of a joint. This achieves some penetration and wetting of the

wood. Penetration brings the adhesive into the coarse capillary structure of wood

and into checks and ruptures created in processing. Wetting is basically a

spontaneous motion driven by the attraction of the polar molecules of the wood

surface with the polar molecules of the adhesive (Marra 1983).

Schaeffer and Gillespie (1970) attained butt joints with strengths close to

the tensile strength of clear eastern white pine. They pretreated the end-grain

surface with resorcinol formaldehyde adhesive twice. For the first time, the mating
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surfaces were permitted to air-dry for 30 minutes and for second time to air-dry for

4 hours. Then, they heated the mating surfaces of the end-grain butt joints before

joining them with an epoxy adhesive.

Sasaki et. al (1973) found surface preparation to be important on the tensile

strength of end-grain butt joints. In their investigation, bent fibers, air bubbles, and

debris from machining on the end-grain surface produced a poor end-grain joint.

End-grain butt-joint strength can be improved by having undamaged end-grain

surfaces. A reservoir method was designed to make sure that a good supply of

adhesive was available during the flow phase prior to gelation.

Bassett (1960) found that a porous sawn surface, which had fewer bent and

deformed fibers than sanded end-grain surfaces improved end-grain joint strengths.

Glues with high viscosity generally penetrated less, particularly on sanded surfaces,

and produced inadequate joints. However, penetration is required only to the extent

necessary for the adhesives to reach an undamaged surface.

Nordstrom (1995) investigated the bending strengths of the butt joints by

loading beams containing end-grain butt joints while using different resorcinol

formaldehyde-based adhesives. The low bending strength values, about 5 to 13

percent of the values for clear spruce samples, were led by both conventional

resorcinol formaldehyde adhesive formulations and the fiber-carried formulation

(i.e., a thin adhesive-impregnated mat between the two pieces being joined). This

resulted from a porous glue line structure due to excessive penetration pressure

followed by capillary imbibition on earlywood, and shrinkage in the glueline during



the curing of the adhesive. Although a balanced circular saw was used, the sawn

end-grain butt-joined surfaces were somewhat deformed.

Scarf Joints

Scarf joints are formed by cutting across the end grain at an angle producing

a sloped surface (Figure 2.12). This increases the amount of side grain exposed to

the glue; the lower the slope, the more side-grain is exposed to the glue joint.

Better bond performance can be obtained because some of the high-tensile stresses

traveling along the grain are transformed into shear stresses at the glue line.

Furthermore, the stresses entering the sloped glue line don't appear abruptly but are

graduated, therefore forming a stress gradient. Thus, a well-made scarf joint has

been shown capable of capturing up to 90 percent of the strength of clear wood.

However, scarf joints are costly in terms of wood wasted in cutting the joint surface

(Marra 1983).

Finger Joints

Finger joints are similar to scarf joints. Finger joints are cut as a stacked

series of sloping areas resembling fingers (Figure 2.12). Finger joints waste less

wood, are somewhat easier and faster to produce, and are only slightly weaker than

scarf joints. A well-made finger joint, optimized for geometry and production

factors, can be expected to obtain 60 to 80 percent of the strength of clear wood

(Marra 1983). The slope of the finger can be oriented perpendicular or parallel to

the face, and is more an aesthetic consideration than a strength consideration.
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Fingers are made shorter, of higher slope, lower in number, and with square tips

and gullets for low-strength applications. Conversely, fingers are made longer, of

lower slope, higher in number, and with rounded tips and gullets for high-strength

applications. For all cases, the surfaces of the fingers should be smoothly and

uniformly cut (Marra 1983).

Serpentine-End-Matched Jonits

Serpentine-end-matched (SEM) joints are precisely machined end joints

with a sine wave shape (Figure 2.12). When well-matched flat-sawn pieces of

wood are end joined by SEM joints, the joints are difficult to see with the naked

eye, even for those who are well informed about SEM joints. Hansen and Gatchell

(1978) performed a perceptual test and concluded that SEM joints can be made

inconspicuous when made from pieces properly matched for color and grain

pattern. The joint has been shown to perform well in panels made of sugar maple,

red oak, black walnut and black cherry (Hansen and Gatchell, 1978).

The physical performance of SEM joints was investigated by Gatchell and

Peters (1981). Panels containing SEM joints were equilibrated at 80° F but at

different relative humidities (RH). They found that SEM joints are unaffected by

changes in equilibrium moisture content of wood from 6 to 12%, from 12 to 18%,

and from 18 to 6%, which is far more severe than cycles found in normal use.

SEM joints were tested in panels for surface smoothness by Peters and

Mergen, ((1971), cited in Gatchell and Peters (1981)). A stylus tracing head which
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was sensitive enough to detect wood anatomy and raised or sunken joints, was used

to determine if an SEM joint could be detected at different moisture contents. They

were unable to detect SEM joints on the panels, regardless of whether the stylus

went along or across the grain, whether the panels were flat or edge grained, or

whether the panels were made from black walnut, black cherry, or northern red oak.

To evaluate bending strength of panels with and without SEM joints, 40-

inch-long panels made of strips of wood were crosscut into two panels, each 20

inches long. One panel had an SEM joint and the other did not have an SEM joint.

Because the gluing procedures and processing were the same for each panel, the

difference in bending strength between them was attributed to the SEM joints.

When tested to failure in bending, panels with SEM joints were weaker than control

panels. However, the panels had to bend much farther than nonstructural

applications would dictate before 'catastrophic' failure took place. Also, tension

tests were conducted to investigate the effect of SEM joints on the stiffness of

panels. Gatchell and Peters (1981) concluded that the panels containing SEM joints

had about the same stiffness as panels without SEM joints.

With precision machining, only relatively low end and edge pressures are

required when gluing wood adherands using SEM joints (Gatchell and

Peters,1981). End pressures need to be high enough to bring the two sides of the

joint together but not so high as to force open the concave side of the joint. In their

study, a special device with a screw mechanism was built to apply pressure to SEM

joints with end pressures of 60, 120, 240 and 400 pounds per square inch (psi).
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Side pressure was applied using spring-releasing hand clamps to prevent the feather

edges from opening. Gatchell and Peters (1981) used two different commercial

polyvinyl acetate emulsion adhesives in forming the SEM joints. Tension tests

were conducted to evaluate the joints. They found the performance of SEM joints

and of panels with SEM joints to be excellent. End pressures between 60 and 240

psi were effective in bringing the two sides of the joint together without forcing the

concave side of the joint open. Side pressure was desirable, but only restraint side

pressure was needed.

A computer program SEMTAP was evaluated by Coleman (1977) for

manufacturing SEM joints using a numerically controlled router. The program

generated a tool path to make SEM joints. It was reported to be both accurate and

easy to use. The only inputs for the computer were the amplitude and period of the

sine wave (Coleman, 1977).

Marra (1983) discussed different mechanical devices used to apply pressure

to the assembly of wood pieces. He summarized that there were six basic

mechanisms for this purpose: live roll, dead weight, spring, screw, ram, and

pneumatic or fluid pressure. The screw differs from the others in a significant way.

The load-delivering head for a screw mechanism remains in a fixed position

throughout the pressing cycle. The other mechanisms, except for the roll, have a

"follow-up" potential. There are movements that occur during pressing that include

moisture migration; wood compression, wood swelling and shrinking, adhesive

penetration or flow and reduction in the volume of the glue line. Follow-up
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pressure devices can accommodate some of these changes and maintain the

pressure for the entire press period. Screws cannot adjust to the changing situation

except by additional servomechanisms. It is not unusual for the system to

experience a rise in pressure shortly after clamping, and to end up with zero

pressure several hours later as the wood and glue make their adjustments.



MATERIAL AND METHODS

Eighteen sample flitches of ponderosa pine (Pinus ponderosa

Dougl.ex.laws), 7-feet-long (2.13m), 1.3 in (33.02mm) thick and either 4.110 in

(104.39 mm) or 4.875 in (123.83 mm) wide were randomly selected for this study.

Sample flitches were free from defects such as knots, wane, and warp.

The flitches were equalized to approximately 9% moisture content. The

samples were crosscut into two equal lengths. Each pair was marked to identify it

as coming from the same flitch. Fiber angle was estimated near the middle for each

of the thirty-six samples by using a scribe and measuring the angle with a

protractor.

An SEM joint was machined into each flitch half. Using continuous path

machining, one paired-half had a joint with an amplitude equal to the width of the

flitch, 4.110 in (104.39 mm) or 4.875 in (123.83 mm) cut into it. While the other

paired-half had a joint with an amplitude equal to 2/3 (0.6667) of the width, 3.25 in

(82.55 mm) or 2.75 in (69.85 mm) cut into it. Work was performed at the

Department of Industrial and Manufacturing Engineering at Oregon State

University using a CNC Vertical Machining Center (HAAS VF-Series - HAAS

AUTOMATION, INC., OXNARD, CA). The basis for locating points and the path

between those points was a rectangular coordinate system (Figure 2.13). A 1/2 inch

up-spiral, double fluted end mill was used as the cutting tool. The spindle speed
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was 6,500 RPM (clockwise) and the feed rate was 30 inches per minute (0.013

m/s).

Amplitude

Figure 2.13 The x, y coordinates system and definition of SEM joints.

The SEM joint was composed of short lines to resemble a single continuous

curve. The path taken by the cutting tool between these points was determined by

linear interpolation. A typical part of the CNC code is shown as the following:

%
N10 T06 M06
(TOOL #6; .500 CARBIDE END MILL)
GOO G57 Y-2.50 X0.9141 S6500 MO3
G43 Z1.50 H6
G42 D6
GO1 Z-.05 F30.0
Y-2.49 X0.8944
Y-2.48 X0.8745
Y-2.47 X0.8547
Y-2.46 X0.8347

Width
(1/2 Period)
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Four CNC programs were created, one for each joint geometry. Each of the

programs was composed of two machine cuts - one on either side of the desired

glue line. These paths were parallel to the sine wave and offset a distance equal to

the radius of the cutter (end mill). The first cut produced the concave side of the

SEM joint; the second produced the convex side as illustrated in Figure 2.14.

First cut complete;
Head upmove to
beginning of second cut

Head down;
Begin first cut

Second cut complete;
Head upmove to
Starting point

Head down;
Begin second cut

0 Cutter
Cutter path programmed
Finished cut (desired glue line)

Figure 2.14 Machining sequence for manufacture of SEM joint.
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First, the cutter was moved to the point of entry. The cutter was then

lowered into cutting position and the first cut began for the concave part of the

joint. After the first cut was completed, the cutter was raised and moved to the

point of entry of the convex side of the joint. After the second cut, the cutter was

raised and returned to the starting point. This completed the cutting cycle.

To ensure a tight fit, the period of the convex side was machined 1% larger

than that of the concave side, and the amplitudes were kept the same for both the

convex and concave sides. The distance between the y coordinates of the points

was 0.01 inches (0.254 mm). This ensured a smooth cut along the sine curve. The

tool paths were run out approximately 0.5 inches (12.7mm) beyond the widths of

the sample flitches to achieve a clean cut on the edge surfaces. A vacuum was used

to clean wood chips from the router as the joints were being machined. After

machining, the joints were wrapped in plastic bags to ensure that no debris

contaminated the freshly routed surfaces.

The machined pieces were returned to the Department of Forest Products at

Oregon State University and allowed to equalize to a moisture content of about 9%.

Moisture contents were measured using a capacitance-type moisture meter. The

sample ends, opposite of the machined joints, were precision end trimmed (PET) to

ensure a flat and perpendicular end relative to the longitudinal direction to ensure

equal end pressure when gluing. Cross-linking polyvinyl acetate (PVA), National

Starch & Chemical Company DURO-LOK 150, adhesive was used to bond the

SEM joints. According to the recommendations of the manufacturer, a 5%, by



Figure 2.15 The pneumatic press with air-pressure-operated cylinder
and constraint devices.
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weight, catalyst (Aluminum Chloride) was added to the PVA adhesive. The

adhesive was mixed and applied with a dowel on both adherend surfaces after those

surfaces were cleaned with a brush. An excess of adhesive was applied on the

surfaces of the joints to ensure some squeeze out and a good supply of adhesive in

the joint.

An air-pressure-operated cylinder was built to apply continuous pressure

when gluing the flitches. An air regulator and pressure gauge were used to adjust

and monitor the pressure that the cylinder applied. A universal joint was used to

account for the effect of any non-perpendicularity still remaining at the sample ends

(Figure 2.15).



P I xili=P2xA2 So, P i=
P2 x A2

AI

Al Universal Joint

P2 X A2
pi =

P2

200x 4.875 X 1.30/2 = 44.8 psi (0.31Mpa)
/ g x 3

A2

Figure 2.16 The diagram of the air-pressure-operated cylinder.

According to Gatchell and Peters (1981), an end pressure of 200 pounds per

square inch (psi) (1.38 MPa) was used to successfully glue SEM joints in

hardwoods. To obtain 200 psi for these joints, the corresponding gage pressures Pi

for the two widths were calculated as follows:

For samples with the end section dimension of 4.875 inch x 1.30 inch,

44

Flitches were pressed one at a time. Press times varied between twenty and

twenty-five minutes. The cylinder ram moved as continuous pressure was applied.

The gage pressure Pi, on the pneumatic cylinder (Figure 2.16) was

calculated as the following equation:



For samples with the end section dimension of 4.110 inch x 1.30 inch,

= 200x 4.11x1.30/2 = 37.8 psi (0.26Mpa)
/ R- x3
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To ensure that the feather edges of the concave SEM joints did not open

near the base of the joints, side pressure was applied by using spring-releasing hand

clamps. For restraint, the closed hand clamp was adjusted until it fit snugly above

the concave side of the joint, and then it was released and moved to clamp the

feather edges of the joint. Short wood slips were used between the wood and clamp

to keep from damaging the flitch. To prevent the sample flitches from buckling and

to ensure correct alignment of the joint, top pressure was applied using C-clamps

across the joint. The flitch sat on one-inch diameter plastic pipe so it could move

freely during pressing. Adhesive squeeze out was removed with a wet cloth. After

pressing, the flitch was returned to a room with equilibrium moisture content

(EMC) conditions of approximately 9% and allowed to attain final cure.

The resulting eighteen pairs of flitches (36 flitches) were transported to an

industry supporter's mill for slicing. The samples were preconditioned in a hot

water and steam environment for about 24 hours. Flitches were sliced on a

TakeKawa lumber slicer (Figure 2.17). After each slice, the flitch entered a merry-

go-round system that re-introduced it to a hot water soak tank with the water

temperature maintained at 160-170 °F (71-76 °C).

131 =
P2 x A2



(3) 1/8" -{"

(5) 1/124

(3) 1/16"{:

/11r
Backer board

Mao

Figure 2.17 The lengthways lumber slicer and veneer produced.

Three pieces of veneer1/16 in (1.59mm) thick, five pieces 1/12 in (2.17mm)

thick and three pieces 1/8 in (3.18mm) thick were sliced from each flitch. In

addition, two backer boards (first and last pieces) were produced (Figure 2.18).

Backer board

Figure 2.18 Locations and approximate number of three thicknesses
of veneer cut from sample flitches.
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Veneers were dried in a combination gas and radio frequency (RF) drier.

The feed rate of veneers through the drier was 32 feet per minute (.163 m/s) with an

average drying cycle of 41 seconds. After drying, the moisture content varied from

approximately 5% for the thinner veneer to 12% for the thick veneer. Each flitch's

veneer was kept in order during manufacture and drying, and transported to Oregon

State University for further analysis (Figure 2.19).

Figure 2.19 The veneer bundles were kept in order during manufacturing
and drying.

Adhesive layer joint thicknesses were measured half way from the base to

the apex on both sides, and at the apex, using a light microscope equipped with an

optical reticle.
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Veneer bundles were placed in a standard room (72 degrees F, 65 % RH,

and 12% EMC) for four weeks before two wood plates, also equalized in the

standard room, were glued on both wide faces of both ends of each veneer sample.

Tension testing was conducted for veneers from seven matched pairs (14 samples)

of veneer flitches. Among them, five pairs of the veneer bundles were 4.110 inches

wide and two pairs were 4.875 inches wide. Since the backer boards were not a

standard thickness, they were not included in the test samples.

Samples were cut to approximate an equal distance to both ends from the

centroid of the joint. The centroid of the SEM joint was estimated to be 1/3 the

distance from the base to the apex of the joint. Two grips were specially designed

to mount the veneers during the tension test by holding wood cleats glued to the

ends of the veneers. The grips were attached to the testing machine with universal

joints (Figure 2.20).

Maximum load was recorded when fracture occurred in the joined samples.

The ultimate tensile stress, in pounds per square inch (psi), was calculated based on

maximum tensile load and the cross-sectional area of the veneer.

A detailed statistical analysis was performed only on the tensile strength

data. The research was planned to reduce wood sample variability by using one

flitch to produce half-flitches each containing one of two joint designs. This

created a split-plot design with the three veneer thicknesses representing further

sub-plots employing sub-sampling or repeated measures. The analysis was

performed using the SAS statistical software package. Because the data contained



Figure 2.20 Tension testing SEM jointed veneer.

missing values, the SAS procedure PROC MIXED was used. This is a linear

model used to fit both fixed treatments and random effects into an analysis. The

fixed treatments are the joint amplitude, the veneer thickness, and their interaction.

The random factors are the flitches, or plots, the between plot interaction of the

flitch and joint amplitude, the sub-plot variation, or interaction of amplitude and

veneer thickness, and the residual variation represented by the values for adjacent

veneers of like thickness.
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RESULTS AND DISCUSSION

Ponderosa pine is the preferred species for the lengthways slicing industry

in Oregon. The veneer is mostly used by the door and window manufacturing

industry. The scarcity and expense of this material were primary reasons for

conducting this research.

Circular interpolation would have been more accurate than linear

interpolation for the router's tool path when machining the SEM joints. However,

the linear interpolation obtained the desired accuracy and can be accomplished

faster and, therefore, cost less. By choosing the distance between the input points,

the smoothness of the sine curve can be determined and adjusted in the CNC

program code. The increment of 1/100 in (0.254 mm) in the y direction was used in

this study and found to be acceptable. For different species, grain orientations and

densities, satisfactory surface quality can be achieved by varying spindle speeds,

feed rates and cutter diameters. The difference between the width of the concave

and convex sides of the joint can be optimized to form tight fitting joints,

depending on the end pressures used and wood pieces to be joined. When all

geometrical factors are determined, the only inputs to the tool path program are the

amplitude and width of the sine wave desired, and the diameter of the cutter head.

The misalignment of the two matching sides of the SEM joint presented a

gluing problem while pressing. Even though the flitches were PET, and a universal

joint was attached to the press ram, the matching wood pieces tended to misalign
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and buckle when end pressure was applied. This problem was lessened by using

two C-clamps to hold down a wood plate spanning the joint, thus applying a

constant pressure across the joint. In an industrial setting, top and side pressure will

have to be maintained during pressing in such a way as to allow continuous

processing.

After typical industry manufacturing, 468 pieces of veneer were produced

with 20 pieces having poor bonds. Of these, 6 of the 20 pieces were backer boards.

Backer boards are the first piece sliced and the last piece remaining after slicing a

flitch. Backer boards are usually not uniform in thickness or are a different

thickness than the target veneer thickness. The failed bonds occurred in veneer

from only 7 of the 36 flitches sliced. With only 4.3% of the pieces of veneer

showing some bond failure, it appears that aesthetic joints, at least those shaped as

SEM joints with the reported amplitudes, can adequately maintain their integrity

during typical industry manufacture when joined with a commercially available

cross-linking PVA adhesive. When backer boards are removed, only 3.5 %

(14/396) of the veneer showed some bond failure after processing. When backer

boards failed, the failure always occurred in the last piece of veneer remaining after

the last slicing operation and this type of failure is reported to occur frequently even

when slicing finger-jointed flitches. The average adhesive layer thickness of the

joints was 0.0017 inches with a minimum thickness of 0.0006 inches and a

maximum thickness of 0.007 inches.
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In tension, complete glue line failure on all veneer samples occurred in only

four of the 14 flitches tested. Among all 155 pieces of veneer tested in tension,

55% failed with some wood failure. The average percentage of wood failure (ratio

of length of no failed glue line to length of failed glue line) of samples was 32.5%

with a standard deviation of 26.9%. Most wood failure occurred along the entire

length of the glue line except at the joint apex where end grain was glued to end

grain. For several samples, failure occurred away from the joint.

The statistical analysis is detailed in Appendix A. The tension stress data

for the two flitch widths were analyzed separately, but produced similar results.

The residual plots and other diagnostics indicate that the data was reasonably

normal and that PROC MIXED was an appropriate procedure for the analysis.

The analysis did not detect any effect from the fixed treatments of joint

amplitude and veneer thickness. This means that the joints, or the veneers

themselves, were not affected during slicing because of differences in veneer sheet

thickness. Likewise, there were no statistical strength differences between the two

joint designs with an average stress value of 2,140 psi for the 4-1/8 inch wide

flitches. However, the variability was such that real differences as large as 900 psi

between joint designs would not be detected with 95% confidence. Tests on

additional flitches would be required if greater precision is desired. This seems

unnecessary given the degree of wood failure observed during the tension tests.

The mean stress value for the 4-7/8 inch wide flitches was 2,826 psi which was not

statistically greater than that for the 4-1/8 flitches given the small number of 4-7/8
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inch test specimens. Again, from a practical standpoint, the amount of wood failure

indicates that the joints are sufficiently strong for the intended purposes of this

study.

Multiple-purpose CNC machine centers can be used for many complicated

machining applications. To be cost-effective, a single-purpose CNC machine could

be used to machine aesthetic joints such as SEM joints. However, the joints can be

cut with various geometric shapes as long as they are aesthetically and practically

acceptable. Future research needs include designing other joint shapes and testing

these shapes both by FEA methods and empirical methods to determine their

integrity during manufacture and end use. Additionally, computer vision scanning

for matching grain pattern and color in veneer flitches needs further study.

Combined with edge gluing, unique figure and grain patterns can be formed when

using aesthetically matched veneer. Two computer-generated patterns are shown in

Figure 2.21, illustrating book and slip matching.



JJ

34

Figure 2.21 The veneer leaves with joints and visual appearance after book
matching and slip matching (Adapted from Forrer, J., Oregon State Univ.).

BOOK MATCHING SLIP MATCHING
VENEER VENEER

BOOK MATCHING SLIP MATCHING
VENEER VENEER
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Source
Between half-flitch level
Flitch
Amplitude
Flitch*Amplitude

ANALYSIS OF 4.11 INCH-WIDE FLITCHES

Partitioning of degrees of freedom:
Treating the experimental design as a split plot with whole plots arranged in

complete blocks (Flitches) and with subsampling at the subplot level. The degrees
of freedom can be partitioned as follows:

d.f.

4 Blocks for amplitude factor
1

4 "Error (1)" i.e., typical error term for
Amplitude (when balanced)
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Within half-flitch level
Thickness 2

Amplitude*Thickness 2
Thickness*Amplitude (Flitch) 16-1=15 "Error (2)" Typical error term for

Thickness and Amplitude*Thickness (when
balanced) (one subtracted from d.f. because
no 0.0625 data for one half-flitch) Read
"thickness by amplitude nested within
flitch"

Within each thickness by half-flitch combination
Samples (Thickness*Amplitude*Flitch) 78 d.f. representing variation between

repeated samples of the same thickness
within a half-flitch "sampling error"

Modeling Procedure:
A linear mixed model was fit using PROC MIXED in SAS version 8 (A

mixed model has both fixed factors and random factors). The fixed treatment
factors in the model were Amplitude, Thickness and their interaction. The random
factors included blocks (Flitch), variation between "whole plots"
(Amplitude*Flitch), variation between "sub plots" (Thickness*Amplitude (Flitch))
and residual variation (between consecutive veneers of the same thickness).

A number of residual plots and diagnostics were examined. The basic
residuals looked reasonably normal. There were a couple of fairly large residuals,
but the conclusions were not sensitive to them. By that I mean the conclusions
were the same whether or not the observations associated with the large residuals
were included in the analysis.



With the random factors, a form of likelihood analysis rather than ANOVA
was used for the final analysis. It is instructive to see the relative magnitude of
Mean Squares organized as in the breakdown of the degrees of freedom above. If
the design had been balanced, the likelihood analysis and the ANOVA analysis
would have agreed exactly. When multi-level designs are unbalanced, the
likelihood approach generally is better.

WIDTH=4.11 Type 3 Analysis of Variance

Within half-flitch level

Within each thickness by half-flitch combination
>Residual 78 7804188 100054

> indicate the usual error terms for each level of the design (when balanced)

With a design of this type, it is common for the error terms to get larger as
one moves up from the bottom. This is an example of a basic law of geography:
things that are closer together tend to be more similar than things that are farther
part (This is true in both space and in time). Greater similarity results in smaller
variation and therefore a smaller mean square.

MS (Amplitude*Thickness (flitch) is more than 4 times larger than MS
(residual) (426644 vs. 100054). MS (Amplitude*Flitch) is over 2 times larger than
MS (Amplitude*Thickness (Flitch) (1088611 vs. 426644)

Based on the study design alone it would be important to use the correct
error term for each factor and the relative magnitude of the MS shows how
important this is. If error terms are dropped from the model or if incorrect error
terms are used to form F-tests, incorrect conclusions can easily be reached.

For the fixed factors, the approximate F-tests generated by PROC MIXED
using REML estimation and denominator di. approximated by the Satterthwaite
method (F-tests not from ANOVA) are as follows:

Within half-flitches, there is still no evidence of Thickness or
Amplitude*Thickness effects (p=0.40 and p=0.78).
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Sum of
Source DF Squares Mean Square
Between half-flitch level
FLITCH 4 10124833 2531208
AmPLITUD 1 2488201 2488201
>AMPLITuD*FLITCH 4 4354444 1088611

Type 3 Tests of Fixed Effects
Num Den

Effect DF DF F Value Pr > F
AMPLITUD 1 4.1 2.65 0.1769
THICKNES 2 14.2 0.97 0.4044
AMPLITUD*THICKNES 2 14.2 0.25 0.7817

THICKNES 2 1077238 538619
AMPLITUD*THICKNES 2 136305 68153
>AMPLITUD*THICKNES(FLITCH) 15 6399666 426644
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Having Flitch the model does take the block effect out of the error term.
Note in the ANOVA table that MS (Flitch) is about 6 times larger than MS
(Amplitude*Thickness (Flitch)). Even if one brings in thickness as a continuous
variable, there is no real evidence of linearity in the thickness effects (either as a
main effect or as an interaction with amplitude, p>0.4 both effects).

Even after a hypothesis test indicates no significant difference, confidence
intervals are useful to see what potential real differences are consistent with the
data. A wide confidence interval for a difference indicates that there could be large
thickness effects that are not being detected due to variation in the data. A narrow
confidence interval for a difference would indicate that if there are any thickness
effects they should be small. Least squares means from PROC MIXED are given
at the end of the document. Also called adjusted means, the LS means adjust for
the unbalancedness.

Between half-flitch effects, there is little evidence of an amplitude main
effect (p=0.18). The correct error term is Amplitude*Flitch which measures the
consistency of the amplitude effect from flitch to flitch. There are only 5 flitches
and the difference between the two amplitudes is not very consistent from flitch to
flitch (and there are only 4 d.f. for the error term).

Estimated adjusted means (least squares means) are given. Although no
statistically significant difference was found between the two amplitudes p=0.18),
according to the 95% confidence intervals the potential real difference could be as
large as over 900.

Standard
Effect AMPLITUD Estimate Error DF
AMPLITUD 1 2458.54 197.83 6.66
AMPLITUD 0.666 2114.94 199.30 6.83
DIFFERENCE Standard
Effect AMPLITUD AMPLITUD Estimate Error DF t Value Pr > Iti
AMPLITUD 1 0.666 343.60 210.95 4.1 1.63 0.1769
Effect AMPLITUD AmPLITUD Alpha Lower Upper
AMPLITUD 1 0.666 0.05 -236.38 923.58

One can visually see the evidence for an amplitude effect by calculating
averages for each half flitch. Unbalancedness would lead to some type of weighted
averages, but one can see the pattern with simple overall averages as well.

As you can see in the following table, the difference between the two
amplitudes is not very consistent from flitch to flitch. For flitch 11 mean stress for
amplitude 1 is considerable larger than mean stress for amplitude 0.666. However,
the difference is much smaller in all other flitches and even negative in one (or two
if use mean of thickness means). A plot of the mean vs. amplitude with a line
connecting the two points from a flitch is useful here (see attached).



13 4.875
14 4.875

Source d.f.
Between half-flitch level
Flitch 4
Amplitude 1

Flitch*Amplitude 4

22 0.666
22 1

Blocks for amplitude factor

For width=4.875, for stress amp=1 vs amp=0.666, have one large positive difference
(flitch 22) and one small negative difference (flitch 19).
11 4.875 19 0.666 11 2754.086 3 2731.43
12 4.875 19 1 12 2697.644 3 2682.332

13 2409.996 3 2393.019
12 3443.356 3 3355.282

F = MS (Amplitude) / MS (Flitch*Amplitude) is
same as a paired t-test.
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The table for width=4.11 above might suggest a paired t-test for analysis.
Indeed when the data are balanced, the analysis in the top part of the ANOVA table
is exactly equivalent to a paired t-test:

ObS WIDTH FLITCH AMPLITUD nsamp
Simple
mean nthick

mean of
Thickness
means

1 4.11 6 0.666 12 1752.995 3 1738.008
2 4.11 6 1 9 1802.395 3 1632.419

3 4.11 9 0.666 9 2102.957 2 2086.335
4 4.11 9 1 11 2588.4 3 2580.204

5 4.11 10 0.666 11 2815.999 3 2811.646
6 4.11 10 1 10 2742.868 3 2718.981

7

8

4.11
4.11

11
11

0.666
1

11
11

1740.177
2795.569

3
3

1764.046
2776.421

9 4.11 16 0.666 11 2330.589 3 2255.236
10 4.11 16 1 12 2513.075 3 2496.17



Simple means graph:
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AMPLITUD

INDEX 6 6-AA 9 0 -0- -0- 10 11 16

0.7 0.75 0.8 0.85

11,11

0.950.9



Adjusted means and differences in adjusted means from
mixed model analysis (width=4.11):

AMPLITUDE BY THICKNESS COMBINATION
Least Squares Means

Standard
Effect AMPLITuD THICKNES Estimate Error DF t Value

Differences of Least Squares Means
Effect AmPLITuD THICKNES AMPLITUD THICKNES Estimate
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AMPLITuD*THICKNES 1 0.125 1 0.0625 48.2301
AMPLITUD*THICKNES 1 0.125 1 0.0833 -77.0993
AmPLITUD*THICKNES 1 0.125 0.666 0.125 273.46
AMPLITuD*THICKNES 1 0.125 0.666 0.0625 533.25
AmPLITuD*THICKNES 1 0.125 0.666 0.0833 195.22
AMPLITuD*THICKNES 1 0.0625 1 0.0833 -125.33
AMPLITuD*THICKNES 1 0.0625 0.666 0.125 225.23
AMPLITUD*THICKNES 1 0.0625 0.666 0.0625 485.02
AMPLITUD*THICKNES 1 0.0625 0.666 0.0833 146.99
AMPLITuD*THICKNES 1 0.0833 0.666 0.125 350.56
AmPLITuD*THICKNES 1 0.0833 0.666 0.0625 610.35
AMPLITuD*THICKNES 1 0.0833 0.666 0.0833 272.32
AMPLITUD*THICKNES 0.666 0.125 0.666 0.0625 259.78
AmPLITuD*THICKNES 0.666 0.125 0.666 0.0833 -78.2458
AMPLITUD*THICKNES 0.666 0.0625 0.666 0.0833 -338.03

Standard
Effect AMPLITUD THICKNES AMPLITUD THICKNES Error DF

AmPLITuD*THICKNES 1 0.125 1 0.0625 236.85 16
AmPLITuD*THICKNES 1 0.125 1 0.0833 225.92 13.5
AmPLITuD*THICKNES 1 0.125 0.666 0.125 281.89 11
AMPLITuD*THICKNES 1 0.125 0.666 0.0625 296.62 12.2
AMPLITUD*THICKNES 1 0.125 0.666 0.0833 277.69 10.4
AMPLITUD*THICKNES 1 0.0625 1 0.0833 231.08 14.5
AMPLITuD*THICKNES 1 0.0625 0.666 0.125 286.03 11.6
AMPLITUD*THICKNES 1 0.0625 0.666 0.0625 300.69 12.9
AMPLITUD*THICKNES 1 0.0625 0.666 0.0833 281.90 10.9
AMPLITUD*THICKNES 1 0.0833 0.666 0.125 277.05 10.3
AMPLITuD*THICKNES 1 0.0833 0.666 0.0625 292.03 11.5
AMPLITUD*THICKNES 1 0.0833 0.666 0.0833 272.78 9.64
AmPLITuD*THICKNES 0.666 0.125 0.666 0.0625 248.55 15.1
AmPLITuD*THICKNES 0.666 0.125 0.666 0.0833 225.14 13.3
AmPLITuD*THICKNES 0.666 0.0625 0.666 0.0833 243.34 13.8

Effect AMPLITUD THICKNES AMPLITUD THICKNES Lower upper
AMPLITUD*THICKNES 1 0.125 1 0.0625 -453.79 550.25
AmPLITuD*THICKNES 1 0.125 1 0.0833 -563.40 409.20
AmPLITuD*THICKNES 1 0.125 0.666 0.125 -346.91 893.84
AMPLITUD*THICKNES 1 0.125 0.666 0.0625 -111.68 1178.17
AMPLITUD*THICKNES 1 0.125 0.666 0.0833 -420.58 811.02
AMPLITUD*THICKNES 1 0.0625 1 0.0833 -619.31 368.65
AMPLITUD*THICKNES 1 0.0625 0.666 0.125 -400.37 850.84
AMPLITUD*THICKNES 1 0.0625 0.666 0.0625 -165.20 1135.23
AMPLITUD*THICKNES 1 0.0625 0.666 0.0833 -473.85 767.83
AMPLITUD*THICKNES 1 0.0833 0.666 0.125 -264.59 965.72
AMPLITUD*THICKNES 1 0.0833 0.666 0.0625 -29.1187 1249.81
AMPLITUD*THICKNES 1 0.0833 0.666 0.0833 -338.56 883.20
AMPLITuD*THICKNES 0.666 0.125 0.666 0.0625 -269.77 789.34
AMPLITUD*THICKNES 0.666 0.125 0.666 0.0833 -563.56 407.07
AMPLITUD*THICKNES 0.666 0.0625 0.666 0.0833 -860.70 184.64

AMPLITuD*THICKNES 1 0.125 2448.92 238.93 12.7 10.25
AMPLITuD*THICKNES 1 0.0625 2400.69 243.81 13.7 9.85
AMPLITuD*THICKNES 1 0.0833 2526.02 233.21 11.6 10.83
AmPLITUD*THICKNES 0.666 0.125 2175.46 238.19 12.6 9.13
AMPLITUD*THICKNES 0.666 0.0625 1915.67 255.46 14.8 7.50
AmPLITUD*THICKNES 0.666 0.0833 2253.70 233.21 11.6 9.66

Effect AmPLITuD THICKNES Pr > Iti Alpha Lower upper
AMPLITUD*THICKNES 1 0.125 <.0001 0.05 1931.71 2966.13
AmPLITuD*THICKNES 1 0.0625 <.0001 0.05 1876.81 2924.58
AMPLITuD*THICKNES 1 0.0833 <.0001 0.05 2015.74 3036.30
AMPLITUD*THICKNES 0.666 0.125 <.0001 0.05 1659.16 2691.76
AMPLITuD*THICKNES 0.666 0.0625 <.0001 0.05 1370.38 2460.96
AMPLITuD*THICKNES 0.666 0.0833 <.0001 0.05 1743.42 2763.98
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From the above we see that the adjusted means range from about 1900 to 2500 with
standard errors over 200. We also see the differences in the means range from 48
to 600 with standard errors for the differences between 200 and 300. Confidence
intervals for the differences are wide Generally one limit has an absolute value of
500 or more. In one case the difference could be as large as 1200. So for example
a real change from 2000 to 2500 would be consistent with the data, but not detected
due to the variation.

THICKNESS MAIN EFFECT
Standard

Effect THICKNES Estimate Error DF t Value Pr > Iti Alpha
THICKNES 0.125 2312.19 192.47 6.67 12.01 <.0001 0.05
THICKNES 0.0625 2158.18 199.37 7.54 10.82 <.0001 0.05
THICKNES 0.0833 2389.86 189.17 6.22 12.63 <.0001 0.05

Least Squares Means
Effect THICKNES Lower Upper
THICKNES 0.125 1852.51 2771.87
THICKNES 0.0625 1693.45 2622.92
THICKNES 0.0833 1931.00 2848.72

Differences of Least Squares Means
Standard

Effect THICKNES THICKNES Estimate Error DF t Value Pr > Itl
THICKNES 0.125 0.0625 154.01 171.61 15.5 0.90 0.3832
THICKNES 0.125 0.0833 -77.6725 159.47 13.4 -0.49 0.6341
THICKNES 0.0625 0.0833 -231.68 167.74 14.1 -1.38 0.1887

Differences of Least Squares Means

Effect THICKNES THICKNES Alpha Lower Upper
THICKNES 0.125 0.0625 0.05 -210.71 518.72
THICKNES 0.125 0.0833 0.05 -421.19 265.84
THICKNES 0.0625 0.0833 0.05 -591.14 127.78

AMPLITUDE MAIN EFFECT
Least Squares Means

Standard
Effect AMPLITUD Estimate Error DF t Value Pr > Iti Alpha

AMPLITUD 1 2458.54 197.83 6.66 12.43 <.0001 0.05
AMPLITUD 0.666 2114.94 199.30 6.83 10.61 <.0001 0.05

Least Squares Means

Effect AMPLITUD Lower Upper

AMPLITUD 1 1985.81 2931.28
AMPLITUD 0.666 1641.24 2588.65

Differences of Least Squares Means

Standard
Effect AMPLITUD AMPLITuD Estimate Error DF t Value Pr > ItI

AmPLITuD 1 0.666 343.60 210.95 4.1 1.63 0.1769

Differences of Least Squares Means

Effect AMPLITUD AMPLITUD Alpha Lower upper

AMPLITUD 1 0.666 0.05 -236.38 923.58



ANALYSIS OF 4.875 INCH-WIDE FLITCHES

There are only two flitches so the sample sizes and d.f. are small to be able
to detect much. The same model was fit as was fit to the width=4.11 data. The
residuals do not look quite as good, but there is so little data, that it is difficult to
say much.

An approximate ANOVA gives some feeling regarding how few di. are
available for testing. Note that there is only 1 d.f. for testing for amplitude.

WIDTH=4.875 Type 3 Analysis of Variance
Sum of

Source DF Squares Mean Square
Between half-flitch level
FLITCH 1 321460 321460
AMPLITUD 1 2395160 2395160
>AMPLITUD*FLITCH 1 2937981 2937981

Within half-flitch level
THICKNES 2 1398611 699306
AMPLITUD*THICKNES 2 790550 395275

>AMPLIT*THICKN(FLITCH) 4 2463397 615849

Within each thickness by half-flitch combination
>Residual 36 1906426 52956

Mixed model hypothesis tests for fixed factors based on mixed
model analysis.

Num Den
Effect DF DF F Value Pr > F
AMPLITUD 1 2.01 1.46 0.3507
THICKNES 2 3.92 0.92 0.4713
AMPLITUD*THICKNES 2 3.92 0.65 0.5700

If interested in precision can provide least squares means and differences as was
done with width=4.11. However, the confidence intervals should be very wide.
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Chapter 3
FINITE ELEMENT MODELING OF SERPENTINE-END-MATCHED

JOINTS

INTRODUCTION

Background

Wood is a natural material with interesting material properties and structure.

Wood cells are generally long, slender, hollow tubes, most of which are aligned

parallel to the axis of either the tree trunk or branches. For this reason the

properties of wood are highly dependent on the direction in which they are

measured (Bodig, 1982).

A wood structure model that is used to relate principal directions in the

wood to mechanical behavior is shown in Figure 3.1. Three principal directions of

longitudinal (L), radial (R) and tangential (T) in wood are defined relative to the

tree trunk as shown in Figure 3.1.

Figure 3.1 The definition of three principal axes of longitudinal (L), radial
(R) and tangential (T) in wood.
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where
= normal strain; n = shear strain
= normal stress; ai; = shear stress
= compliance tensor (proportionality parameter)

i ,j = coordinate index

This expression indicates that normal stresses do not produce shear strains,

that shear stresses do not produce normal strains, and that shear stresses produce

shear strains only in the same plane. All shear compliances except S44, S55, and S66

are zero. The strain energy stored in a material is a unique quantity, independent of
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The longitudinal direction is the direction parallel to the axis of the tree

trunk. The tangential direction is tangent to its growth rings (trunk circumference),

and the radial direction is normal to the growth rings (Wood handbook, 1987;

Wood As A Structural Material, 1982).

Wood is an anisotropic material. The mechanical properties of wood are

symmetric about the three orthogonal planes corresponding to the L,R,T directions

thus further categorizing wood as an orthotropic material. The generalized Hooke's

Law relating strains to stresses for an orthotropic material has nine independent

constants as shown in expression 1.

-S11 S12 S13 0 0 0

S21 S22 S23 0 0 0

S31 S32 S33 0 0 0

0 0 0 S44 0 0

0 0 0 0 S55 0

0 0 0 0 0 S66

1

3 (1)
623

613

912



the sequence of application of the stresses. By using this concept, the compliance

matrix is shown to be symmetric. This provides the additional relation given as

expression 2.

S=S (2)

In an isotropic material, such as steel, the mechanical properties are the

same in all directions, and thus there are only three independent elastic constants

that relate strains and stresses. They are the modulus of elasticity, E, the shear

modulus, G, and Poisson's ratio, 1.t. In an orthotropic material, there are three

moduli of elasticity, one for each of the principal directions, three shear moduli, one

for each of the principal planes, and six Poisson's ratios, two for each principal

direction. For instance, if the stress is in the longitudinal direction, there will be

lateral strains in both the radial and the tangential directions, and each requires its

own Poisson's ratio. The elastic constants for an orthotropic material are usually

specified as (Bodig, 1982; Wood Handbook, 1987):

Moduli of elasticity: EL, ER, ET

Shear moduli: GTR, GRL, GTL

Poisson's ratios: iLT, 11RL

The subscripts refer to the three principal directions (L, R, T). For the Poisson's

ratios the first subscript refers to the direction of the applied stress and the second

subscript to the direction of the lateral strain.

In the L, R, T notation system, Hooke's law for an orthotropic material takes

the following form (Bodig, 1982; Wood Handbook, 1987):
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The symmetry relation given by expression 2 takes the following form in the

L,R,T notation.

/Ei =pii/ E'i , i i; i ,j = L, R, T (4)

Values for the nine constants must be measured or obtained through

empirical correlations. Bodig and Goodman (1973) developed regression equations

among the elastic parameters of wood. The best correlations were found between

the various moduli and density. The elastic parameters are tabulated as functions of

the longitudinal moduli. Poisson's ratios did not correlate with any statistical

significance. Thus, as a practical matter the elastic properties can be predicted

based on a single measurement of density, and a single evaluation of one of the

Poisson's ratios and repeated application of expression 4, because of the uniformity

of measured values of Poisson's ratios among softwoods and hardwoods (Bodig

and Goodman, 1973). Density or specific gravity correlates well with elastic
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moduli. Thus it is used to determine these values. Density is known to be an

excellent indicator of the strength and stiffness of wood and thus is often used to

estimate these parameters. Density is strongly related to the amount of cell wall

substance present. Cell walls are the chief elements producing strength and

stiffness. Marra (1983) summarized a general relation between the longitudinal

modulus of elasticity and specific gravity (density divided by the unit weight of

water), as shown on Figure 3.2. Different species of wood show the same linear

relationship with only slight shifts vertically.

3

Longitudinal 2 -
modulus of elasticity
EL (x 106 psi) 1 -

0 1

71

0.1 0.6 1.1

Specific gravity

Figure 3.2 A general relationship of specific gravity to longitudinal modulus
of elasticity, EL for clear wood (Marra, 1983).

Adhesive Bonding of Wood and Finite Element Analysis

The use of synthetic resins for the structural bonding of wood provides a

number of advantages and values. The resins are quite impervious to moisture and

are resistant to fungi and bacteria. Adhesive joints are lightweight, have high
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strength, provide a means to bond dissimilar materials, and are relatively

inexpensive to produce.

The strength of adhesive wood joints and the controlling parameters have

been investigated for some time. Sasaki et al. (1973) performed experimental

investigations of the tensile strength of end-grain butt joints with epoxy adhesive.

The investigation included the effects of adhesive layer thickness and adhesive

flexibility. It was reported that the joint tensile strength increased as the adhesive

layer thickness decreased until a critical value of about 0.75 mm was achieved. For

adhesive layer thickness values less than this critical value joint strength decreased

significantly.

Analytical investigation of the strength and stress distribution in adhesive

joints has received considerable attention. Goland and Reissner (1944) developed

elasticity solutions for two limiting cases: (1) the case in which the adhesive layer is

so thin and stiff that its deformation can be neglected; and (2) the case in which the

adhesive layer is soft and flexible and the joint flexibility is assumed to be

dependent only on the deformation of the adhesive layer. Their analysis is limited

to identical adherends and the stresses across the adhesive layer are assumed

constant (cited in Reddy and Roy, 1985).

The finite element method of analysis provides a convenient tool for the

investigation of adhesive joints in a wood structure. This method allows a model to

include effects of different properties of the adherends, adhesive layer thickness and

properties, the orthotropic character of wood, and complex joint geometry such as a
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finger joint. Reddy and Roy (1985) summarized the work performed on the finite-

element analysis of adhesively bonded joints. They also investigated the effect of

boundary conditions and finite element meshes on the stress distribution in a single

lap joint.

A problem encountered in finite element modeling of adhesive joints is the

relatively thin nature of the adhesive layer compared to the adherends. This

generally results in high aspect ratio elements in the adhesive layer. Such elements

can lead to numerical difficulties in the process of solving the finite element model.

However, with the current advances in computer technology, particularly in

processing speed and memory, the problem of numbers of elements in the finite

element model required to represent the adhesive layer is no longer a severe

limitation.

A special interface model was developed to idealize the presence of the

adhesive in the joint by Barker and Hatt (1973). The interface element consisted of

four nodes and was of zero thickness. The actual adhesive layer thickness was

represented by a term in the element stiffness matrix. This element had been used

in applications involving geotechnical engineering and structural engineering with

high-strength composites, and had been found to be an important innovation in

modeling thin inhomogeneities in materials (Pellicane, 1992).

The structural finger joint is the most common end joint in engineered wood

products. Leichti and Groom (1991) developed a finite element model of the finger

joint that included the orthotropic character of wood and variation of joint
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geometry to develop design information for finger joints. Their finite element

model was used to investigate adherend dissimilarity based on material stiffness,

joint geometry, and adhesive stiffness. These investigations led to improved joint

design recommendations. Results showed that the dissimilarity of adherends,

expressed by stiffness and shape, influenced the stress distributions for shear and

normal stresses.

Groom and Leichti (1994) also investigated the effect of adhesive stiffness

and thickness on the stress distribution in finger joints. They found that a flexible

adhesive layer intensified adherend longitudinal and radial stresses at the finger

base, whereas a stiff adhesive layer minimized adherend stresses by increasing

adhesive stress levels. Results also showed that a thin adhesive layer intensified

longitudinal adherend stresses at the juncture of the fingertip and flexible finger

base, and intensified radial stresses at all finger bases. However, these increased

longitudinal and radial stresses were balanced by reduced adhesive shear stresses.

Pellicane (1994) also investigated the effects of material differences on

adherends. Three-node, constant-strain triangular elements were used in the finite

element model in the software GTSTRUDL. Longitudinal moduli of elasticity

between 1.0 and 3.0 million psi of adherends were considered. The adhesive layer

thickness was ignored in this model. This assumption has validity since most

adhesives in use are stronger than the native wood adherends, thus failure normally

occurs in the adherends rather than in the adhesive. He determined that the

irregular geometry of the finger-joint, combined with material inhomogeneity,
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caused considerable increases in longitudinal stresses in the connected members.

Joint discontinuities were modeled to determine the effects of poor glue line

assemblies.

The effect of discontinuities in the joint, due to void spots or cracks in the

adhesive layer, were also investigated by Pellicane. These cracks or voids

significantly increased the concentration of stresses if the top and bottom

boundaries of the model were free. A preliminary investigation was performed to

determine how far the end boundary needed to be from the fingers to ensure that St.

Venant effects (influence of the boundary in localized stresses) would not be

present. He found that placing the load away from the joint a distance equal to the

specimen depth was more than adequate when the orthotropic material direction

was aligned parallel to the load.



FINITE ELEMENT MODELING PROCEDURE

Finite Element Models

Finite element models were developed to investigate the following

phenomena:

material property dissimilarity in the two adherends

cracks or voids in the adhesive layer

adhesive layer thickness, stiffness, and joint geometry

The models were developed with ANSYS finite element software using element

type #82, a two dimensional, eight-node isoparametric quadrilateral element. The

SEM joint model was subjected to uniaxial tensile loading. Boundary conditions

were established such that the model was fixed against translation in the x,y-plane

at the left end. A symmetry boundary condition was applied along the x direction at

the center of the model. Symmetry was used to reduce the size of the model and

resulting computational effort. Plane-stress analyses were conducted with a

pressure load of 1 ksi at the free end. The model is shown in Figure 3.3.
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Figure 3.3 Boundary conditions for uniaxial tensile loading.
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Figure 3.4 Sinusoidal shapes used for the SEM joints

Material Property Dissimilarity in the Two Adherends

To investigate this phenomena a simplified model of the adhesive joint is

used. It is assumed that the adhesive properties are such that no failure or

deformation will occur in the adhesive joint. This is a reasonable assumption based

on existing properties of adhesives used in these applications. Essentially it is

assumed that the adhesive is much stronger than the wood adherends. Based on
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A sinusoidal shape was chosen for the geometry of the SEM joint. Three

different amplitudes of sinusoids were investigated. These three shapes are shown

in Figure 3.4. The x,y coordinates of the sinusoids were used as keypoints to

construct these shapes in the finite element model. The x, y values of keypoints for

these sinusoids are given in Appendix B Table B.1. The amplitudes for those joints

are equal to 1/3, 2/3 and 1 times the width.
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this assumption the two adherends are joined through a common set of nodes along

the sinusoidal line shown as the adhesive line in Figure 3.3 (note however there is

no adhesive layer). The material properties for the left and right adherends can now

be assigned and a finite element analysis performed. This model allows for

investigation of the effect of dissimilar adherends. It should be noted that if the

material properties of both adherends are identical that the finite element analysis

results would appear as though there were no joint in the model. A typical meshed

model for this joint is shown in Figure 3.5. This model consisted of 1280 elements

and 3985 nodes.

Figure 3.5 A typical mesh for idealized joint.

Adherend Material Properties

The two adherends in the model are referred to as a convex adherend and a

concave adherend as shown in Figure 3.6. Material properties for the convex and

concave adherends were chosen to represent wood considered to be homogeneous,

and orthotropic. Knots and defects were not considered. The wood was assumed to

be oriented in the longitudinal-tangential plane (LT-plane). The geometric and

material property axes were made coincident to further simplify the model.



Tangential
direction

> Longitudinal direction

Convex adherend

mp itu e? Concave adherend

Adhesive layer

Figure 3.6 Definition for the SEM joint and longitudinal-tangential
plane in the FEA modeling.

For the orthotropic elasticity of the adherends, the longitudinal modulus of

elasticity was assumed based on the average values of wood. Average Poisson's

ratios in the longitudinal-tangential plane JILT (0.42) and gm (0.033) were used

according to Bodig and Jayne (1984). The modulus of elasticity in the tangential

direction, ET was computed according to Hooke's Law for an orthotropic material

with the relation.

/LT /TL
EL ET

The shear modulus GLT was computed according to empirical formulas

(Bodig and Jayne, 1984):

GLR: GLT 10:9.4 (3.2)

EL: GLR 14:1 (3.3)

(3.1)

Width

V
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For example, when the longitudinal modulus of elasticity of wood was taken

as 1 x106 psi, the modulus of elasticity in the tangential direction, ET was calculated

to be 78,581 psi from expression 3.1. Similarly the shear modulus GLT was

determined from expressions 3.2 and 3.3 to be 67,143 psi.

Cracks or Voids in the Adhesive Layer

To model a void or crack in the adhesive layer the mesh along the adhesive

line was altered as shown in Figures 3.7 and 3.8 below. The voids were placed on

the glue line at two locations to represent two discontinuities: an edge void and a

center void. They were made by defining two new sets of nodes at the same

location as the existing boundary between elements. One set of nodes was attached

to the elements to the left of the interface, while the other set of nodes was attached

to the elements to the right of the interface. The model for the joints with an edge

void or center void comprised 2496 elements and 7697 nodes. The depth of the

voids is 0.05 inch and width is 0.025 inch.
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Figure 3.7 A typical mesh and close-up view for a joint with
an edge void.
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Figure 3.8 A typical mesh and close-up view for a joint with a center
void.
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Adhesive Layer Thickness, Stiffness, and Joint Geometry

To investigate the effects of the adhesive layer stiffness and thickness, a

new model was developed. In this model the actual thickness of the adhesive layer

and its properties are considered. Since the layer is relatively thin compared to the

adherends, the submodeling technique was used. The submodeling procedure

allows one to focus on and refine the mesh on specific areas within the model.

Thus some portions of the model can have a relatively coarse mesh while an area of

interest such as the adhesive layer can have a fine mesh. In this problem it was felt

that the thickness of the adhesive layer should be represented by at least three

elements. To implement the submodeling procedure a boundary with some

distance from the area of interest must be established. This boundary line must be

far enough away from the area of interest (the adhesive layer) so that any effects of

the adhesive are not apparent at this boundary (Figure 3.9). This is an application

of St. Venant's principle similar to looking at regions far away from a localized

point force or load in a beam when studying stresses in the beam.

In the application of this submodeling procedure first the finite element

model is solved as a coarse model, similar to the model that was used for the

investigation of the dissimilar properties of the adherends. The mesh for this coarse

model is shown in Figure 3.10.



Submodel Boundary Adhesive Layer

Figure 3.9 The boundary for the submodel.

Figure 3.10 A typical mesh for coarse model.

A second model (the submodel) is now developed corresponding to the

boundaries shown in Figure 3.9. The submodel has a much finer mesh as shown in

Figure 3.11.
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Detail view

Figure 3.11 A mesh for the submodel and the cut boundary of the submodel.

The finite element solution to the coarse model provides values for

displacements along the cut boundary. Since the mesh of the submodel is

considerably finer than that of the coarse model, the results of the coarse model are

interpolated to provide values for the nodes of the submodel along the boundary.

This procedure is implemented conveniently in ANSYS. The same elements were

used in the submodel as in the coarse model. The material properties of the

adherends were maintained. The adhesive layer used the same elements, however,

the properties were assumed to be isotropic rather than orthotropic. This change

was easy to accomplish with a simple change of element property definitions in

ANSYS. The adhesive layer was isotropic and assigned a range of moduli of

elasticity from 0.5x106 to 1.5x106 psi based on work by Triche and Hunt (1987)
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(cited in Leichti, 1991). For the isotropic material, a Poisson's ratio, 1.1, was taken

as 0.3, and G was computed as (Bodig and Jayne, 1984):

G = E/[2(1+v] (3.4)
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RESULTS AND DISCUSSION

The following results are taken from the finite element analysis graphic

display of element stresses. Examples of these graphic displays are shown in

Figure 8.1 Appendix B. Maximum values of normal and shear stresses are easily

obtained from these graphic displays. Based on the plane stress assumption, stress

distributions and values in the vicinity of the SEM joint in the longitudinal and

tangential directions are considered. These directions correspond to the x and y

directions in ANSYS. A normal stress value for ax in ANSYS will correspond to a

longitudinal stress value aL in the wood model. The longitudinal direction is

oriented in the direction of the wood grain/fibers and will usually yield the highest

stress values. The shear stress in the SEM joint is given by txy in ANSYS, this

corresponds to a shear stress 'Cu in the wood model. It was found in general that

shear stress in the SEM joint was quite low in comparison to the normal stresses.

The longitudinal moduli of elasticity of the adherends are identified as

Econvex and Econcave. These represent the longitudinal stiffnesses of the adherends.

The stress results are presented as a ratio of numerical stress predicted by the finite

element analysis to a nominal stress of 1000 psi.

Effect of Adherend Property Dissimilarity

The longitudinal modulus of elasticity of the concave adherend was

assumed to range from 1.0 to 3.0 million psi (6.8 to 20.6 Gpa). Analyses were

conducted in increments of 0.2 million psi. The longitudinal modulus of elasticity
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Figure 3.12 Effect of the stiffness dissimilarity on the convex and concave
adherends on the maximum longitudinal stress (GL).

It should be noted in Table B.2 that the normal stress in the tangential

direction is generally more than an order of magnitude less than the longitudinal

stress. The shear stress is also very small compared to the longitudinal stress. As

expected, the finite element results show that when stiffness of the adherends is
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of the convex adherend was held constant at 1.0 million psi. Then, the concave

adherend was assigned a constant longitudinal modulus of elasticity of 1.0 million

psi, while the longitudinal modulus of elasticity of the convex adherend ranged

from 1.0 to 3.0 million psi, also by increments of 0.2 million psi. Results for

maximum longitudinal stress (k), maximum tangential stress (CT) and maximum

shear stress (T-r) for varying adherend stiffness ratios are summarized in Table B.2

in Appendix B. The result for the maximum longitudinal stress normalized to 1000

psi is shown in Figure 3.12.

2 -

Numerical
stress/ nominal 1.5 -

Stress
1 -

0.5
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equal there are no stress gradients in the SEM joint. As the longitudinal stiffness

properties of the adherends diverge, the stress distribution through the joint is no

longer uniform.

Figure 3.12 shows that in the region where Econvex fEconcave<1, the maximum

longitudinal stress (CL) increases significantly as the stiffness ratio changes from

.333 to 1. These higher longitudinal stresses occur in the adherend with the higher

longitudinal modulus of elasticity (the concave adherend). These results are

consistent with those reported by Leichti and others.

Figure 3.12 shows that in the region where Econvex /Econcave>l, the maximum

longitudinal stress (CL) increases, however not nearly as significantly as the

stiffness ratio change from 1 to 3. Again the maximum longitudinal stress OD

occurs in the stiffer adherend (the convex adherend).

These results suggest that the design of the SEM joint should have the

stiffer adherend be the convex side of the joint. This design would minimize the

effect of stiffness dissimilarity on longitudinal stress through the joint.

Effect of Cracks or Voids in the Adhesive Layer

A single void was modeled in the SEM joint to represent a defect in the

adhesive. The void was placed at an edge of the joint or at the center of the joint as

described and shown in Figures 3.7 and 3.8. Finite element analyses were then

performed to investigate the stress distribution through the joint as the ratio of

adherend stiffness was varied. The results of these analyses are tabulated in



Table B.3 of Appendix B. Figure 3.13 shows the results of these analyses. It is

clearly shown in Figure 3.13 that a void or crack in the joint will significantly

increase the maximum longitudinal stress (aL). It is observed in Figure 3.13 that

the longitudinal stress magnification due to a void in the center of the joint is not

significantly influenced by the stiffness ratio of the adherends. In contrast it is

observed that the stress magnification due to an edge crack or void is significantly

effected by adherend stiffness ratio. In the joint design it appears that the convex

adherend should be chosen as the stiffer of the two. This choice will optimize the

impact of stress magnification due to an edge void or crack. This choice will be

valid for center voids as well as they are not sensitive to the stiffness ratios.

14 -

12 -

10 -

Numerical 8 -
stress/ nominal

6 -
Stress

4 -

2 -

0

0 0.5 1 1.5 2 2.5 3 3.5

Joint w/Edge void Joint w/center void

Stiffness ratio of adherends (Econvex/Econcave)

Figure 3.13 Effect of stiffness dissimilarity of adherends on the maximum
longitudinal stress (CL) for the joint with edge void and the joint with center
void.
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Effects of Adhesive Layer Thickness, Stiffness, and Joint Geometry

The effects of adhesive stiffness, adhesive layer thickness, and joint

geometry were investigated with the aid of submodeling in ANSYS. The model

used is shown in Figure 3.9. This procedure or technique allows for investigating

more details in the vicinity of the adhesive joint.

To verify if the cut boundary of the submodel was far enough away from the

region of stress magnification, the stresses along the cut boundaries were compared

with those along the corresponding locations of the coarse model. The results

showed a good agreement, which indicates that the boundaries chosen were

adequate.

Effect of Adhesive Stiffness

The effect of adhesive stiffness was investigated with adherends matched in

longitudinal modulus of elasticity (Econvex = Econcave= lx 106 psi). The adhesive layer

thickness was taken as 0.006 inches. The moduli of elasticity of the adhesive

ranged from 0.5x106 psi to 1.5x106 psi (3.4 to 10.3 Gpa). Results for maximum

longitudinal stress (al), tangential stress (CT) and shear stress (Tur) in the adherend,

and principal stress (al) and shear stress (rur) in the adhesive are summarized in

Appendix B Table B.4 and are shown in Figure 3.14.

It is clear in Figure 3.14 (A) that the longitudinal stress, GL, in the adherends

is not very sensitive to adhesive stiffness. Figure 3.14 further shows that selecting
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Adherend longitudinal stress aL
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Figure 3.14 Effect of adhesive stiffness on maximum longitudinal stress (CL)
and tangential stress (CT) in adherend, shear stress (Tur) in the adherend and the
adhesive, and the principal stress (ai) in the adhesive when adhesive layer
thickness = 0.006 inch and Econvex = Econcave = 1 x 106 psi.
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an adhesive with stiffness that is about the same as the stiffness of the adherends

tends to reduce any stress magnification in the adherends.

The extreme or principal value of stress in the adhesive is shown in

Figure 3.14 (A). This stress is sensitive to the adhesive stiffness but this may not be

important as long as the stress values are safely below those specified as maximum

for the adhesive.
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Figure 3.14 (B) shows adherend tangential stress, GT, and the shear stress,

"ELT in both the adherends and the adhesive. It should be noted that all of these

values are at least an order of magnitude less than the longitudinal stress. These

shear and tangential normal stress show some variation with adhesive thickness,

however, the absolute values of these stresses are sufficiently small that no further

consideration of them will be provided.

The finite element analyses show that the shear stresses in the L, T direction

are always small compared with the longitudinal stress, GL. This result indicates

that the longitudinal and tangential normal stresses are principal or extreme values

of stress. There is a shear stress of approximate magnitude cr/ oriented at 45
2

degrees from the longitudinal direction. In certain instances this will correspond to

the direction of the glue line. Adhesives used in wood applications are typically

strong in shear thus this result should not affect the joint strength.

Effect of Adhesive Thickness

Results of some of the preceding analyses were utilized in the investigation

of the effect of adhesive thickness. Only three adherend stiffness ratios

(Econvex /Econcave ) were considered. The values used were 0.714, 1, and 1.4. The

adhesive stiffness was selected to be consistent with the adherend stiffness; a value

of 1 x106psi was used. A range of adhesive thickness from 0.0015 to 0.24 inches

was used. The results of the finite element analyses using the above values are

summarized in Table B.5 in the Appendix B and shown in Figure 3.15. It is clear



be greater than one.

93

the maximum stresses in the adherends and in the adhesive are not sensitive to

adhesive thickness when the adherend stiffness ratio, Econvex /Econcave is greater than

one. However when this ratio is less than one there is some stress magnification in

both the adherend and adhesive.

These results suggest that the joint design should have an adhesive with a

stiffness about the same as the adherends, and the stiffness ratio of the adherends,

Econvex /Econcave should
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Figure 3.15 Effects of adhesive layer thickness on the maximum longitudinal
stress (CO in the adherend and principal stress (al) in the adhesive when (1)
longitudinal modulus of elasticity of adherend Econvex = 1 X 106 psi and
Econcave= 1.4 x 106 psi, and modulus of elasticity of adhesive =1.25 x 106 psi.
(2) longitudinal modulus of elasticity of adherend Econvex = 1.4 x 106 psi and
Econcave= 1 x 106 psi, and modulus of elasticity of adhesive =1.25 x 106 psi (3)
longitudinal modulus of elasticity of adherend Econvex = Econcave= 1 x 106 psi
and modulus of elasticity of adhesive =1 X 106 psi.
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Effect of Joint Geometry

Three different SEM joints were investigated. These joints are shown in

Figure 3.4, with the values for this geometric set given in Appendix B Table B.1.

Results from the preceding analyses were used to select parameters for this

analysis. The adherend stiffness ratio, Econvex AEconcave / was taken as one. The

modulus of elasticity of the adhesive was matched to the adherend stiffness, a value

of lx 106 psi was used. The adhesive layer thickness was set at .006 inches. The

finite element analyses were performed based on these parameters as the geometric

shape varied as per Figure 3.4. The results are summarized in Table B.6 in

Appendix B shown in Figure 3.16.

In Figure 3.16 (A) the adherend longitudinal stress and the adhesive extreme

value of stress are shown as a function of the amplitude of the sinusoidal glue line.

It is clear that these stresses are not very sensitive to the amplitude of the joint. The

magnitude of the longitudinal stress appears to reduce slightly with the glue line

amplitude, however the variation is relatively small and should not be considered as

a major input to the design of the joint. Figure 3.16 (B) shows the variation in

adherend tangential stress, GT, and the shear stress, TLT, in both the adherends and

the adhesive. These stresses are very low in comparison with the longitudinal stress

in the adherend and the extreme value of stress in the adhesive. The shear stress in

the adhesive is somewhat higher than the shear stress in the adherends. This result

should be considered in terms of the adhesive specifications. It is expected that



most adhesives used in this application would have a shear capacity far greater than

that required by these results.

1

0
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stress / nominal 0.04
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Adherend longitudinal stress cYL

El Adhesive principal stress al
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Amplitude of sinusoidal shape of glue line (inch)

Figure 3.16 Effect of the amplitude of sinusoidal shape of glue line on the
maximum longitudinal stress (GO, tangential stress (CT) and shear stress (Tur)
in the adherend, and principal stress (al) and shear stress (TLT) in the adhesive
(Note: Three amplitudes equal to 1/3, 2/3 and 1 times of joint width).
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CONCLUSIONS

Finite element analysis was used to investigate the stress distribution

through a serpentine-end-matched (SEM) joint in wood flitches. The effects of

adherend stiffness dissimilarity, glue line discontinuity, adhesive stiffness, adhesive

thickness, and geometrical shape were evaluated. A submodeling procedure was

utilized to investigate adhesive layer thickness and stiffness. Conclusions from this

theoretical investigation are:

1. Two finite element models for the SEM joint using an orthotropic

element (ANSYS element 82) were developed:

A model that assumes the adhesive layer is infinitely stiff with zero

thickness compared to the wood adherends.

A model that includes the adhesive layer thickness and stiffness.

2. Adherend stiffness dissimilarity has a significant effect on longitudinal

stress distribution in the adherends. This result is consistent with those

reported by Leichti and others.

3. A favorable stress distribution in the joint is achieved when the stiffness

ratio Econvex/Econcave > 1.

4. Values of shear stress TLT and tangential normal stress YT in the joint are

always very small compared to the longitudinal normal stress aL . There

is a significant shear stress (approximately Gil2) orient 45 degree from

the longitudinal direction.
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Voids or cracks in the adhesive layer cause significant stress

magnification in the vicinity of the SEM joint. These effects are

minimal when the adherend stiffness ratio Econvex/Econcave > 1.

Longitudinal stress aL in the adherends is not very sensitive to adhesive

thickness. An adhesive with stiffness that is about the same as the

stiffness of the adherends tends to reduce any stress magnification in the

adherends.

Extreme values of stress in the adhesive tend to increase when the

stiffness of the adhesive is greater than that of the adherends. This

agrees with the basic trend of most other reports.

Stresses in the adherends and adhesive are not sensitive to adhesive

layer thickness in the range investigated (0.0015 to 0.024 inches). The

stress magnification effect is minimal when Econvex/Econcave > 1.

The adhesive and adherend stresses are not sensitive to the geometric

shapes of the SEM joints investigated. This agrees with experimental

results of this investigation.

As an SEM joint design guide, the stiffness ratio for the adherends

Econvex/Econcave should be greater than or equal to 1.
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Table B.1 The x, y coordinates for the keypoints of four different sinusoidal
shapes. (A: represent amplitudes of the sinusoidal shape in inch.)
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Key point # A1=413
x, y

A2=8/3
x, y

A3=4
x, y

1 0 0 0 0 0 0
2 0.21 0.2 0.42 0.2 0.63 0.2
3 0.41 0.4 0.82 0.4 1.24 0.4
4 0.61 0.6 1.21 0.6 1.82 0.6
5 0.78 0.8 1.57 0.8 2.35 0.8
6 0.94 1 1.89 1 2.83 1

7 1.08 1.2 2.16 1.2 3.24 1.2
8 1.19 1.4 2.38 1.4 3.56 1.4
9 1.27 1.6 2.54 1.6 3.80 1.6

10 1.32 1.8 2.63 1.8 3.95 1.8
11 1.33 2 2.67 2 4.00 2

MIMI MIMI MIMI



Table B.2 Effect of adherend stiffness dissimilarity on the maximum
longitudinal stress (L), tangential stress (GT) and shear stress (Tur) in the
ideal joint.
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Adherend stiffness ratio
Econvex / Econcave

aL aT TLT

0.333 2.054 -0.130 0.103
0.357 1.983 -0.118 0.094
0.385 1.907 -0.105 0.084
0.417 1.825 -0.093 0.074
0.455 1.736 -0.080 0.063

0.5 1.639 -0.067 0.053
0.556 1.534 -0.054 0.043
0.625 1.418 -0.041 0.033
0.714 1.292 -0.027 0.022
0.833 1.153 -0.014 0.011

1 1 0 0
1.2 1.03 0.011 0.010
1.4 1.056 0.018 0.016
1.6 1.077 0.024 0.021
1.8 1.096 0.028 0.025
2 1.112 0.031 0.029

2.2 1.126 0.033 0.032
2.4 1.139 0.035 0.036
2.6 1.15 0.037 0.038
2.8 1.16 0.039 0.041
3 1.17 0.041 0.043



Table B.3 Effect of adherend stiffness dissimilarity on the maximum
longitudinal stress (CL) in the joints with glue line discontinuities.

Table B.4 Effect of adhesive stiffness on maximum longitudinal stress (CL)
and tangential stress (CT) in adherend, shear stress (TLT) in the adherend and
the adhesive, and the principal stress (ai) in the adhesive when adhesive layer
thickness = 0.006 inch and Econvex = Econcave = 1 X 106 psi.
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Adherend stiffness ratio
Econvex / Econcave

Ideal
joint

Joint w/edge
void

Joint w/
center void

0.333 2.054 11.482 5.882
0.385 1.907 11.112 6.026
0.455 1.736 10.632 6.194
0.556 1.534 9.999 6.391
0.714 1.292 9.139 6.622

1 1 7.936 6.888
1.4 1.056 6.766 7.169
1.8 1.096 5.964 7.424
2.2 1.126 5.385 7.603
2.6 1.15 4.95 7.728
3 1.17 4.612 7.821

Adhesive
stiffness

(X 106 psi)

GL

Adherend
aT

Adherend
TLT

Adherend
TLT

Adhesive
al

Adhesive

0.5 1.132 0.114 0.031 0.162 1.027
0.75 1.060 0.050 0.013 0.089 1.013
1.0 1.019 0.004 0.005 0.051 1.005

1.25 1.049 0.047 0.010 0.069 1.136
1.5 1.086 0.083 0.0185 0.136 1.297



Table B.5 Effects of adhesive layer thickness on the maximum longitudinal
stress (CL) in the adherend and the principal stress (al) in the adhesive when

longitudinal modulus of elasticity of adherend Econvex = 1 x 106 psi and
Econcave= 1.4 x 106 psi, and modulus of elasticity of adhesive =1.25 x 106 psi.

longitudinal modulus of elasticity of adherend Econvex = 1.4 x 106 psi and
Econcave= 1 x 106 psi, and modulus of elasticity of adhesive =1.25 x 106 psi (3)
longitudinal modulus of elasticity of adherend Econvex = Econcave= 1 X 106 psi
and modulus of elasticity of adhesive =1 x 106 psi.

Table B.6 Effect of the amplitude of sinusoidal shape of glue line on the
maximum longitudinal stress (GO, tangential stress (CT) and shear stress (Tur)
in the adherend, and principal stress (al) and shear stress (TLT) in the
adhesive.
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Adhesive layer
thickness

(inch)

Longitudinal stress 01,
in adherend

Principal stress al
in adhesive

(1) (2) (3) (1) (2) (3)
0.0015 1.354 1.065 1.005 1.335 1.069 1.001
0.003 1.422 1.065 1.006 1.255 1.068 1.003
0.006 1.348 1.072 1.019 1.339 1.067 1.005
0.009 1.391 1.065 1.01 1.272 1.066 1.005
0.012 1.377 1.064 1.01 1.274 1.065 1.005
0.018 1.375 1.064 1.012 1.285 1.064 1.009
0.024 1.344 1.06 1.014 1.271 1.062 1.005

Amplitude
(inch)

GI,

Adherend
alc

Adherend
'CM'

Adherend
TLT

Adhesive
al

Adhesive
4

8/3
4/3

1.009
1.019
1.020

0.007
0.005
0.010

0.007
0.005
0.004

0.057
0.051
0.045

1.022
1.005
1.011
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Figure B.1 A: The longitudinal stress (GO, B: tangential stress (aT) and C:
shear stress (TLT) in the adherend when the adherend stiffness ratio
(Econvex/Econcave) is 3.

103



Chapter 4
GENERAL SUMMARY

Sliced veneer, joined with SEM joints using a cross-linking PVA adhesive,

maintained their integrity during standard industrial manufacturing, that included

preconditioning, slicing and drying. The SEM joint proved to be strong in tension.

The tensile strength of the veneer varied between 2,000 to 3,000 psi. Although

lower than that of solid wood, this strength should be adequate for most types of

non-structural aesthetic uses. The small percent of veneer that exhibited failed

bonds during the manufacturing process may have had poor bonds to begin with

and then further weakened during the slicing and drying process.

Based on the FEA model, a tiny void in the glue line can increase the stress

magnitude up to seven times the nominal stress. Therefore, intimate contact

between adherends and adequate glue spread are critical for an aesthetic joint to

have sufficient strength to withstand standard industrial manufacturing and

application. Of course, intimate contact and sufficient glue spread are necessary for

satisfactory bonds of any kind.

The precise method in which SEM joints are machined allows for relatively

low assembly end pressures. The one percent difference in the base width between

concave and convex joints achieved an adequately tight joint. To prevent buckling

and opening at the sides of the joints when end pressure was applied, top and edge

pressure were necessary. For this project, constant pressure was applied using C-
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clamps but for an industrial setting, side and top pressure will need to be applied in

such a way as to allow continuous processing of flitches.

Although no measurement of adhesive stiffness was conducted, the FEA

model suggests that glue with comparable stiffness to the wood adherends will

reduce stresses in the joint compared to using glues with vastly different stiffnesses

than that of the adherends. A relatively stiff adhesive will intensify the stress in the

adhesive layer of the joint. According to the model, the amplitude and thickness of

the sinusoidal glue line were found to be non-significant variables as far as

influencing stress intensification.

According to the FEA model, the dissimilarity between adherends was

found to be significant affecting stresses in the SEM joints. When stiffer materials

are used as the convex adherend, the stiffness mismatch is reduced when compared

to using the stiffer adherend as the concave piece. Therefore, if possible, denser

wood should be used for the convex side of the flitch.
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