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Preface

This publication contains a compilation of static and fatigue strength data for laminated-
wood material made from Douglas fir and epoxy. Results of tests conducted by several
organizations are correlated to provide insight into the effects of variables such as moisture,
size, lamina-to-lamina joint design, wood veneer grade, and the ratio of cyclic stress to
steady stress during fatigue testing. These test data were originally obtained during
development of wood rotor blades for large-scale wind turbines of the horizontal-axis
(propeller) configuration. Most of the strength property data in this compilation are not
found in the published literature. Test sections ranged from round cylinders 2.25 in. in
diameter to rectangular slabs 6 in. by 24 in. in cross section and approximately 30 ft long.
All specimens were made from Douglas fir veneers 0.10 in. thick, bonded together with
the WEST epoxy system developed for fabrication and repair of wood boats. Loading was
usually parallel to the grain. Size effects (reduction in strength with increase in test volume)
are observed in some of the test data, and a simple mathematical model is presented that
includes the probability of failure. General characteristics of the wood/epoxy laminate
are discussed, including features that make it useful for a wide variety of applications.

v
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Chapter 1
Introduction

The NASA Lewis Research Center began a series of projects
in 1977 to develop low-cost rotor blades for megawatt-scale
wind turbines. This work was sponsored by the U.S.
Department of Energy as part of its renewable energy
technology programs. One concept that was explored for
constructing wind turbine blades was to fabricate them from
laminated wood, using methods developed for building the hulls
of high-performance boats. This work was very successful,
leading to the production of blades up to 70 ft in length. Many
thousands of smaller blades have been fabricated from laminated
wood for commercial wind power stations.

The purpose of this publication is to provide an integrated
collection of static and fatigue data on one of the most promising
wood laminate materials: Douglas fir bonded with epoxy.
Early in the wood blade project, it became evident that there
was a serious lack of design data on wood laminated from thin
veneers joined with modern adhesives. This was particularly
true for fatigue data, which are critical to the design of dynamic
structures. Several laboratories were given Nasa subcontracts
to test specimens of Douglas fir/epoxy material in a wide
variety of shapes and sizes and under a variety of loading
conditions. Results were documented in internal reports, but
most of these data have been unpublished until now.

The properties of Douglas fir/fepoxy laminates represent a
balanced combination of static and fatigue strength, stiffness,
density, resistance to moisture and decay, availability, ease
of fabrication, and cost. Therefore, the data reported here
should be useful to the designers of a wide range of wood
structures, not just wind turbine blades.

The principal sources of the data in this publication were
internal reports of the General Electric Company, supporting
the design of an all-wood rotor for the Mod-5A 7.3-MW wind
turbine (frontispiece and ref. 1), a rotor measuring 400 ft from
tip to tip. Although the Mod-5A project was limited to the
preparation of a wind turbine design, considerable experience
was obtained in the manufacture and testing of laminated-wood

specimens, some with volumes in excess of 7000 cubic inches.

A second source of data was Gougeon Brothers, Inc., the
manufacturer of all of the Douglas fir/epoxy material tested.
Some of the GBI work in wind turbine blade development is
described in reference 2. Reference 3 provides comparative
data on clear, solid (unlaminated) wood and basic equations
with which to correct test data for moisture and temperature
effects. Reference 4 contains clear-wood property data similar
to that in reference 3. No data are available in references 3
and 4 on laminated-wood products.

The data reported in this publication are for test specimens
with a minimum of nine laminas. More frequently there are 15
or more laminas, with some specimens having as many as 60.
Materials with only a few laminas (three to five) exhibited
significantly lower fatigue strength and a great deal of scatter
(ref. 5).

Background information on laminated wood as a high-
performance structural material is given in chapter II, together
with descriptions of applications and manufacturing methods.
Chapter IIl summarizes the most useful test data and presents
mathematical models for predicting the effects of size and
moisture content on mechanical properties. Chapter IIT will
probably satisfy most data needs.

Chapter IV presents detailed test data in tabular and
graphical form, providing a data base suitable for further
analysis and updating. In addition, chapter IV contains
discussions of the test data as well as descriptions of test
specimens, testing procedures, and test equipment.
Uncorrected test results are also listed in the data tables to
permit users of the data to make different moisture corrections
or data interpretations. Because of the size and complexity of
the data set in chaper IV, numerically indexed headings are
used to organize the information.

Listed below are the organizations responsible for the data
contained in this publication and some of the important
contributors from these organizations.
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Chapter 11

Laminated Wood/Epoxy Composites
in High-Performance Structures

Meade Gougeon* and Michael D. Zuteck*

For most of recorded history wood has been the primary
structural material used for large structures subjected to
dynamic loads. In recent times wood has been largely replaced
by steel, aluminum, and fiberglass composites. This transition
has been due mostly to problems associated with moisture
control and joining efficiency, rather than to a lack of attractive
material properties of the wood itself. The systematic
application of modern synthetic resins and joining techniques
has now overcome most of the historical problems that limited
the efficient use of wood. In many large-scale dynamic
applications wood can now provide both structural and
economic advantages over competing materials. This chapter
summarizes the historical uses and problems of wood, the
modern approach to solving these problems, and the potential
economics of the resulting wood/epoxy technology. It also
gives a brief perspective on the nature of wood as an
engineering material, and the significance of the data base
contained in chapters III and IV in this compendium of test
results for wood/epoxy laminates.

Historical Development of Wood
Technology

The most extensive efforts at optimizing the use of wood
in large dynamic structures have been in building ships. Two
thousand years of evolutionary shipbuilding technology
reached its zenith in the 16th century with ships capable of
supporting the great voyages of exploration. The fundamentals
of shipbuilding technology of this era were sound enough that
only small improvements were made over the next 300 to 400
years. Essentially the same materials and construction methods
were still used in the great clipper ships of the 19th century.

*Gougeon Brothers, Inc., Bay City, Michigan.

Up 1o this point the long evolution of wood technology had
focused upon ‘‘the weak link’'—the capability of the joint
between individual wood pieces. Wooden ships were built of
thousands of wood parts that all needed to be joined together
with the manufacturing capability then available. The evolution
of shipbuilding essentially relied upon improvements in joint
technology, which allowed larger and larger ships to be built.
However, these ships were far heavier than they needed to
be because only a small fraction of the true structural potential
of wood could be used with the existing types of joints.

A shore-bound relative of wooden shipbuilding success was
the Dutch windmill (fig. 1), a superb technical achievement.
Recent wind turbine experience has given us a proper
appreciation of what was accomplished with wooden wind
machines over 400 years ago.

With the arrival of manned flight lightweight structural
capability became paramount for the success of aviation. At
this point the true limitations of past wood technologies were
addressed. For the first 30 years of the development of the
airplane, wood was the primary structural material. Pressures
to develop safe, reliable, lightweight structures fueled research
and development efforts that, for the first time, began to
scientifically characterize wood properties. Aircraft engineers
quickly realized that even the best mechanically fastened wood
joints could transfer only a little over 30 percent of downstream
wood material capability. Thus, the full material capability
of wood had rarely been utilized in any of the dynamic wood
structures of the past.

Because of the limitations of early adhesives, bonded wood
joint technology did not become fully viable until the mid-
1930°s, when more advanced adhesives became available. This
late development, combined with a lack of uniform, consistent
wood physical properties that could be relied upon in a quality
control effort, limited the use of wood in the then rapidly
developing aircraft industry.

Metals quickly gained favor as a safer material for most
larger and faster aircraft. Metals not only possessed more
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Figure 1. —Eighteenth century windmill still in use in the Netherlands.

consistent properties but could be fabricated with a high degree
of reliability by a semiskilled work force. In comparison,
woodworking required a high degree of skill that took a long
apprenticeship to acquire.

Some efforts to keep aviation-oriented wood technology
alive persisted in both the United States and Great Britain. With
the coming of World War II and the ensuing shortages of all
metal materials, the substitution of wood in aircraft and other
highly sophisticated structures became crucial to the war effort.
For the first time a serious effort was begun to perform the
necessary testing so that an engineering data base could be
established for wood materials.

The De Havilland Aircraft Company of Great Britain
developed a unique stressed-skin monocoque shell design that
was the culmination of 23 years of experience in wooden
aircraft. The chief structural feature of this design was a wood
composite sandwich of birch veneers over a unidirectional
balsa core. The design for De Havilland’s Mosquito bomber
using this advanced structural concept was conceived in 1939
(ref. 1). This extremely successful airplane was in fuil-scale
production in 1941 and saw much service in World War II.
Figure 2(a) shows the overall configuration of the plane, figure
2(b) illustrates some of the details of the wood sandwich
construction, and figure 2(c) is a photograph of a Mosquito
bomber that is still flying. This two-man-crew wooden
bomber, one of the most advanced aircraft of its day, had a
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(a) Overall configuration.

Figure 2.—Laminated-wood Mosquito bomber built in early 1940’s by
De Havilland Aircraft Co.

level flight speed of over 400 mph and was capable of carrying
a 3000-1b bomb load. Operating at fighter speed without
armament, it had a 1500-mile range.

In the United States an effort to build the world’s largest
aircraft, the Hughes flying boat, nicknamed the Spruce Goose,
was a controversial wartime project that relied on the most
advanced aircraft engineering and wood technology then
available. The completed aircraft, shown in figure 3(a) at
takeoff for its only flight, is still the largest totally bonded,
all-wood structure ever built. The authors had the opportunity
to inspect the internal structure of this airplane in 1979. At
a constructed weight of 400 000 Ib, it is an engineering marvel
for its unparalleled combination of fine structural detail,
bonded construction, and immense size. Figure 3(b) shows
an example of the internal construction of the Spruce Goose.

Major pioneering efforts in wood technology ended at the
close of World War II. One reason was that aluminum alloy
technology evolved quickly in response to the needs of modern
aircraft. This was compounded by wood’s past image,
traditions, limitations, and folklore. However, the main reason
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Figure 2.—Concluded.

wood lost favor was related to maintenance. Lack of a viable
moisture protection system for a completed structure was at
the heart of the problem. All wooden structures need some
reasonable moisture stability to prevent internal stressing and
fungus attack. The old wood technology of ships had evolved
to the point where it could successfully deal with large changes
in wood moisture content, but the rot problem was never
solved. Although the development of all-bonded joints solved

the major structural limitation of wood construction, moisture-
related problems persisted. By 1945, moisture problems were
perceived by the aircraft engineering community as a
fundamental unresolved dilemma that severely limited wood
as a viable engineering material for high-performance dynamic
structures. Another major drawback was the lack of adequate
quality controls that could be implemented in large-scale
manufacturing efforts with mass production.
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(a) General view.
(b) Typical internal structure.

Figure 3. —Hughes all-wood flying boat, nicknamed the Spruce Goose, on its one and only test flight. Designed and built for the U.S. Navy, it is the largest
aircraft ever constructed of wood (320-ft wing span; 219-fi-long fuselage; 400 000-1b gross weight). Photo courtesy of Wrather Port Properties, Ltd.,
Long Beach, CA.



Moisture and Dry Rot

Moisture is the major ingredient of all woods, usually being
more than 80 percent on a weight basis in the living tree. Even
wood that is properly dried or cured will have a significant
percentage of its weight in moisture. This will typically range
from 6 to 15 percent of the oven dry weight of the wood,
depending upon the surrounding atmospheric conditions.
Figure 4 shows the long-term moisture content of wood when
subjected to various relative humidities at a temperature of
70 °F. The subject is somewhat more complicated than the
graph portrays because the moisture content in air at 50 percent
relative humidity is much different at 40 °F than at 70 °F.
(Warm air holds more moisture than cold air.) However, every
geographical area has an average year-round moisture and
temperature that will determine the local average wood
moisture content. In the Great Lakes area wood seems to
equalize at about a 10 to 12 percent long-term moisture content
when dried in a sheltered but unheated area.

Wood as a living organism remains at a relatively constant
moisture level during its entire lifetime until it is harvested.
The real problem with wood begins after it is cut, when its
moisture level is rather quickly influenced by short-term
changes in local weather conditions. Unprotected wood may
undergo many moisture changes in a short time, and the
repeated expansion and contraction of the wood under these
conditions is thought to be the leading cause of premature wood
aging. Wood over 3000 years old has been taken out of the
tombs of Egypt. Because of the constant temperature and
humidity in which it was stored, the wood was found to have
lost none of the physical properties typical of its species.

This sponge-like capacity to take on and give off moisture
at the whim of the surrounding environment is the root cause
of nearly all of the problems with wood. Specifically, varying
moisture levels in wood are responsible for dimensional
instability, internal stressing that can lead to checking and
cracking, potential loss of strength and stiffness, and decay
due to dry rot.
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Figure 4.—Equilibrium moisture content of wood as a function of ambient
humidity.
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Figure 5.—Cross section of a typical log from which veneers are cut, showing
principal directions (longitudinal direction is lengthwise).

Dimensional instability has always been a factor limiting
the use of wood in many engineering applications where
reasonable tolerances on size must be maintained. To
complicate matters, the dimensional instability of wood has
never been constant. It varies widely between species of wood
and depends strongly on how the wood is cut from the tree.
Referring to figure 5, radial-grain wood (cut perpendicular
to annual rings) in most species is more stable than is
tangential-grain wood (cut parallel to annual rings). The
dimensional change of wood due to moisture changes always
occurs on outer surfaces first, caused by differing moisture
levels within the same piece of wood. This can lead to internal
stressing that often causes surface checking and cracking.

Of all the problems of wood, dry rot decay is the most known
and feared. Dry rot is a misleading term, since dry wood does
not rot. In fact, four rather specific conditions must be met
for dry rot spore activity to occur:

(1) The moisture content of the wood must be at or near
the fiber saturation point of 30 percent (rot is unknown in wood
with a moisture content of less than 20 percent).

(2) An adequate supply of oxygen must be available to the
rot spore fungi (i.e., the wood must not get too wet).

(3) The temperature must be warm (76 to 80 °F is ideal,
although fungi have been known to be active at temperatures
as low as 50 °F).

(4) The spores must have the proper kind of food (some
woods, such as western red cedar, are resistant to rot because
of the tannic acid in their cellular makeup).

Although many types of rot fungi worldwide can destroy
wood, in North America two species of the brown rot family
are dominant. These fungi are extremely hardy and seem to
survive the worst temperature extremes in a dormant state,



waiting only for the right conditions to become active. Efforts
to control brown rot in solid (unlaminated) wood have had
only limited success and generally center around poisoning
the food supply with various commercial wood preservatives.
The approach to solving this problem in laminated wood is
quite different, as will be explained later.

Wood Technology Today

The demise of wood as a serious engineering material was
both unfortunate and premature. With the help of modern
technology most of the problems with wood can be solved in
a practical manner. For nearly two decades the authors have
successfully used wood as a composite with plastic resins to
build high-performance ice boats (fig. 6), multihull racing
sailboats (fig. 7), and blades for modern wind turbines. An
experimental 200-kW wind turbine on Oahu in the Hawaiian
Islands (fig. 8) has a 125-ft-diameter turbine rotor constructed

Figure 6.—A GBI iceboat traveling at a speed of 60 mph. Hull and outriggers
are constructed of laminated fir/epoxy.

Figure 7.—Adrenalin, a 40-ft racing trimaran with laminated wood/epoxy hulls.
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Figure 8.—DOE/NasA 200-kW Mod-0A experimental wind turbine near
Kahuku Village, Oahu, Hawaii. Laminated Douglas fir/epoxy blades form
the 125-ft-diameter rotor.

of Douglas fir/epoxy laminate. The boats and turbine blades
were built by Gougeon Brothers, Inc. (GB1). These dynamic
structures must be built with high strength to weight ratios
to be successful. These examples have been successful, in part,
because wood itself is an excellent engineering material and
in some applications has capabilities that are unavailable with
any other material. The ability to solve both woods’ moisture
and joining problems, however, is the key to its use as a
practical and competitive engineering material.

At a time when fiberglass was dominating the boatbuilding
industry, a unique wood technology was developed at GBI that
relied on a new plastic ingredient: epoxy resin. For the first
time the industry possessed a key ingredient that could be used
to both bond and seal wood structures, permitting high strength
to weight ratios that efficiently utilized wood’s excellent
physical properties. This upgrading of an old material with
a new technology has evolved considerably during the past
two decades and is the basis for a revolution taking place in
wood technology.



Wood as an Engineering Material

In considering using wood as an engineering material, it is
pertinent to note that wood is not a single material with one
fixed set of mechanical properties. Wood includes many
species with a wide range of properties, depending upon both
the species and the density selected. The range of properties
is considerably wider than that generally available with most
other materials. In a given metal, for example, some variation
of properties can be attained by alloying or tempering, but
little variation of material density is possible. The density of
wood, on the other hand, can be selected over more than a
full order of magnitude, from 6 Ib/ft® (or even less) for
selected grades of balsa to over 60 Ib/ft® for certain species
of hardwood. Designers using other materials can perhaps best
appreciate what this means by imagining that a factor of 10
in density variation were somehow readily available for steel,
aluminum, or composite materials.

The basic mechanical properties of wood such as strength
and modulus are roughly proportional to its density. This is
true regardless of species, since the basic organic material is
the same in all species. Thus, changing density is rather like
compressing or expanding the net strength and elastic stiffness
into different cross-sectional areas, with little net variation of
total properties per unit of weight.

The design flexibility this can provide is obvious. Low-
density species can be selected for efficient use as sandwich
panel core materials and for panels or beams where stiffness
or buckling resistance per unit of weight is of primary
importance. High-density species can be selected where there
is a need for high strength or stiffness per unit of volume, such
as panel skins or structural members that must occupy
constrained geometric volumes. The full range of intermediate
densities provides a match for requirements anywhere between
these extremes. For example, for a given buckling load and
weight per unit length, approximately a factor of 10 in
unsupported panel length and a factor of 3 in unsupported
column length are readily available to the designer of wooden
structures.

Granted that the density variation of wood can be of
advantage to designers of wooden structures, one must also
inquire how good are its net properties per unit of weight
relative to other structural materials. After all, other light,
variable-density materials, such as expanded foams, are
available. For modern structures where weight is an important
issue, designers often select materials on the basis of specific
strength, or strength divided by density. For example, a
fir/epoxy laminate with a tension strength of 12 000 psi and
a density of 0.023 Ib/in.? is competitive on a specific strength
basis with steels as strong as 156 000 psi and aluminum alloys
with tension strengths to 52 000 psi.

In addition to specific strength advantages, the lower density
of wood materials permits greater wall thicknesses in wooden
structures with the same overall weight as structures made of
other materials. This feature provides the designer with

significant advantages in solving problems involving stiffness,
elastic compressive buckling, and deflection.

This strength comparison considered the properties of wood
along its grain direction. However, the same piece of fir that
displays 12 000-psi tension strength along its grain will have
something like 300-psi maximum tension strength across its
grain. That is a 40-to-1 variation in tension strength with load
direction. The other physical properties of wood are also
distinctly anisotropic, although not to as great a degree as
tension strength. What this means is that the designer of
wooden structures may have to take explicit measures to deal
with cross-grain and shearing forces, unlike the designer who
uses conventional materials with isotropic properties. It also
means that in cases where large loads flow in more than one
direction, wood grain will have to be arranged to align with
all of these loads. For cases where the large loads are confined
to a single plane, laminated veneer or plywood can meet the
requirements. Where loads exist in all three axes, the designer
must use more sophisticated approaches tailored to the loads
and the geometry. All these factors are the other side of the
wooden structure’s ‘“‘coin,”” and dealing with them is the price
the designer pays in order to gain the advantages of this easily
fabricated, high-performance, low-density structural material.

Fatigue Resistance

Another factor that must be considered when evaluating
wood is its performance in fatigue. By its nature as a fibrous
material, wood is not given to the kind of fatigue crack
propagation that is familiar in metals. The literature of the
fatigue properties of wood is not as well developed as that of
some other materials, but in round numbers, one can expect
essentially infinite fatigue life (more than 10® cycles of
loading) for wood with maximum stresses to 30 percent of
static tension strength. For some kinds of loading even higher
percentages are acceptable. Figure 9 illustrates how the fatigue
resistance of laminated wood (Gougeon engineered laminate,

GOUGEON ENGINEERED LAMINATE,
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Figure 9.—Tension-tension fatigue strength of various structural materials.



type 110) compares favorably with that of other structural
materials.

Because a large structure will be composed of a great deal
more material than a small one, it will include a much larger
number of built-in defects. Statistics dictate that the worst
defect (which sets the strength level for a whole piece or
structure) will be more severe in a large structure than in a
small one and that a lower level of practical working strength
will therefore result for the large structure. Although ductile
yield can somewhat mask this effect for one-time or low-cycle
loading in some materials, long-term fatigue inevitably seeks
out these strength-limiting defects. The size effect must there-
fore be accounted for to properly design large fatigue-driven
structures.

The wealth of experimental data in chapters III and IV
provides a modern basis for assessing the fatigue performance
of fir/epoxy laminates that goes well beyond what was
previously available. Work continues on a volume of
wood/epoxy test data that addresses two other central issues
for large, fatigue-driven structures; namely, what is the effect
of size upon the strength and fatigue performance of a material,
and what role do defects play in setting these overall strength
levels?

The Sequoias of the western United States are colossal trees
that must withstand nature’s fatigue loads for centuries and
must do so in the presence of defects from boring insects,
physical damage, and disease. Because the survival of any tree
dictates that the weakening effects of size, defects, and fatigue
are successfully dealt with, the utility of wood for large fatigue-
driven structures should come as no surprise.

Wood/Resin Composite

The basic principle of laminating wood has been used
effectively for many years. The major difference between a
standard wood laminate (such as plywood) and the new wood-
resin composite developed by GBI is that as much as 20 to 25
percent of this new material is resin. The main reason for this
change in approach is to provide the wood fiber with maximum
protection against moisture. A second reason is to provide
sufficient resin to fill the inevitable voids and gaps that can
occur with low-pressure bonding and thus reduce the number
of defects that might act as nuclei for failures.

A schematic view of a typical laminate (fig. 10) shows
its directional geometry. Two types of laminate joints are
illustrated here, namely, scarf and butt joints. Both have been
used successfully at GBI.

As already discussed, most of the problems with wood are
moisture related. The basic approach at GBt is to seal all wood
surfaces with a properly formulated resin system. A typical
laminate using 1/10-in.-thick veneers will have nine glue lines
per inch of thickness, and each glue line must be penetrated
by water vapor to either increase or decrease the moisture
content of the entire laminate. All subsequent joints in the
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Figure 10.—Grain orientation in a typical laminate and illustration of types
of laminate joints.

wood/resin composite structure must also be sealed at the same
time a proper bond is being made.

The basic success of the wood/resin composite depends on
the ability of the resin system to both effect an adequate bond
and resist the passage of moisture. An epoxy-based resin
system has evolved over the past 20 years that has been proven
effective through actual usage in a wide range of environments
with both marine and wind turbine blade applications. At
present no known resin system can form a perfect moisture
barrier. However, the present level of capability is sufficient
to slow the passage of moisture to such an extent that actual
moisture change within the wood is kept to a minimum. In
the presence of the short-term fluctuations in atmospheric
conditions that are so damaging to wood stability, the wood
inside the resin glue lines remains at a virtually constant
moisture level that is in equilibrium with the average annual
humidity. The more violent short-term and seasonal moisture
fluctuations are easily resisted.

With proper sealing, dry rot has been eliminated by keeping
the moisture content below that required for dry rot activity
and also by sealing the wood from any oxygen source. This
removes two of the necessary ingredients for the rot spore to
function.

A third benefit of using a high resin ratio in a wood
composite is utilization of the excellent physical properties
available with modern resin systems. Some of these unique
properties can be used to enhance the capabilities of many
wood species, especially in the secondary properties of cross-
grain compression, tension, and shear.

Early in the GBI wood composite development, the Douglas
fir species was chosen as the best available to fulfill all long-
term needs. The reason for this decision was primarily
economic, but it was also recognized that the Douglas fir
species possesses excellent specific physical properties, better
than those of many other readily available wood species. Of
particular interest was Douglas fir’s ideal density for use in
many types of high-performance structures. Its density is high
enough to give needed strength, yet low enough to provide
efficient buckling stability.



Douglas fir, widely traded as a commodity in a veneer form,
supports a large plywood industry. An active reforestation
effort with this species has meant that a significant portion of
the market is in second-growth trees that range from 20 to
30 in. in diameter. These trees, cut into 8-ft lengths called
peeler logs, are efficiently turned into veneers with a minimum
of waste. At historic growth rates the present reforestation
efforts should ensure an ample supply of this species through
the next century.

Economical Fabrication of Wood/Epoxy
Composite Structures

The price of ideal 1/10-in.-thick premium-grade (AB)
Douglas fir veneers has averaged approximately $55 per
thousand square feet from 1975 to 1985. More recent prices
in 1989 have been as high as $86 per thousand square feet,
an increase that is still well below the inflation rate since 1975.
Our experience has been that this basic veneer price increases
by 60 percent after drying, grading, spoilage, and shipping
costs are taken into account. But even at 14 cents per square
foot, the 1989 per-pound cost of Douglas fir veneer only
amounts to about 40 cents, which is about half the price of
unwoven synthetic fiberglass materials. The wood industry has
made significant strides to improve overall efficiency in past
years, and it appears that a low-cost supply of the Douglas
fir species will be available for many years to come.

Laminating pressures of 100 psi or above are typically
necessary to make effective bonds with traditional wood
adhesives. Achieving these high pressures can be expensive,
and this limits the size of the laminated parts that can be made.
With special epoxy-based adhesives excellent bonds can now
be made at low pressures under room-temperature conditions.
Lowering the pressure needed for laminating has the positive
effect of lowering the cost of wood bonding. Pressures to
12 psi are easily and cheaply produced with a vacuum-bag
system that has been used at GBI to manufacture laminated parts
for wood/epoxy wind turbine blades as long as 68 ft.

The ability to join veneer subassemblies into a useful
structure with low bonding pressures at room temperatures
relies upon a high-strength, gap-filling adhesive. Test data
suggest that gaps of 0.250 in. in longitudinal joints can be
successfully bridged with a thickened WEST SYSTEM €pOXy
adhesive, without measurable reduction in long-term fatigue
resistance.

Costly quality problems due to low or uneven bonding
pressures that produce gaps are significantly reduced. A high-
strength adhesive with bridging capacity can provide a wide
safety margin by successfully spanning significant voids in a
laminate. The physical properties of specially formulated
epoxy-based resins can be considerably higher than the static
cross-grain strength or shear properties of most woods. The
ability to make highly reliable joints with only contact pressure

has thus been important to the economical fabrication of large,
lightweight wooden structures.

The fact that wood is a defect-laden material has led to the
development of two separate procedures for minimizing the
effect of defects on the laminate. The first is a randomization
of defects by systematically arranging veneers to scatter defects
as evenly as possible through the laminate. Statistically, this
procedure reduces the severity of defect-initiated failure, but
it does not eliminate the problem. The second, and far more
effective procedure, is to ultrasonically inspect all vencers.
This 100-percent-inspection process can be performed by a
machine in what is a high-speed, in-line process at minimal
cost. About 30 percent of the veneers typically do not pass
inspection, and these are sold back to the plywood market.
Depending on volume, the total grading costs can be as low
as $10 per thousand square feet of veneer. This new and
effective method of quality control provides a more homo-
geneous wood laminate material that consistently meets high
physical property standards.

The base material costs for producing wood composite
materials are a function of the relative amounts of the two
principal ingredients: wood veneer and bonding/sealing resin.
Although the relationship will vary, 80 percent wood veneer
and 20 percent resin (by weight) is typical of a standard
laminate. The base raw material cost can be figured on this
veneer/resin ratio as follows (assuming 100 Ib of laminate):

1/10-in.-thick Douglas fir veneer at $0.40/1b x 80 1b = $32.00
Gougeon WEST SYSTEM resin at $2.57/1b x 20 1b = $51.40

$83.40
$83.40/100 = $0.834/1b

Wastage and handling costs must be added to this base cost.
According to GBI experience, this increases the total raw
material cost to almost $1.00 per pound.

The total cost of a wood/epoxy laminate is obviously
sensitive to resin costs, and there is far greater need to reduce
this cost element than to reduce wood costs. It is important
to understand that any attempt to reduce the percentage of resin
in the laminate will adversely affect both moisture resistance
and proper bonding. Wood/epoxy ratios will vary depending
on a number of factors, but the resin content cannot usually
drop much below 20 percent of laminate weight without
performance losses.

From GBI's experience a high-volume, mature manufac-
turing plant is generally capable of producing ordinary
structures at roughly double the base material cost. This
suggests that a production cost of $2.00 per Ib (in 1989 dollars)
could be attained under the right circumstances for a fully
mature, high-volume product constructed of wood and epoxy.
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Development of Wood/Epoxy
Wind Turbine Blades

The successful development of wood/epoxy composite
blades for modern wind turbines (fig. 8) serves to illustrate
the large potential for many other high-performance structures
designed and fabricated using the same basic technology.

Wind turbine blades may well be one of the most difficult
performance applications for any material. Blades built of
steel, aluminum, and fiberglass have all suffered from fatigue
failures. One reason is that peak blade loads and their cyclic
components have turned out to be more severe than anyone
anticipated. Long-term performance (more than 20 years of
life) has not yet been demonstrated by any material for this
difficult application, but a wood/epoxy composite has
demonstrated excellent potential for achieving this life span.

Personnel from the Nasa Lewis Research Center in
Cleveland, Ohio, who were involved in developing large,
horizontal-axis wind turbines for the Department of Energy,
contacted GBI in 1977 while searching for ways to reduce the
high cost of blades. Efforts to develop aluminum, fiberglass,
and steel blades were already under way, and GBI was asked
to perform a wood-blade feasibility study. Early results of the
study were encouraging, and a 20-ft-long, full-size test section
that represented the inboard one-third of a 60-ft blade was
constructed.

NASA’s experience had shown that the inboard ends of
turbine blades were the most susceptible to fatigue failure. The
hub end of the 20-ft sample contained a ring of 24 studs bonded
into the 3-in.-thick blade walls with epoxy. GBI designed this
somewhat unusual but simple method for attaching the wood
blades to the rotor hub. A typical stud, 18 in. long, is shown
in figure 11. Other stud configurations are discussed in
references 2 and 3. Nasa tests confirmed that individual studs
had sufficient static and fatigue strength in the bonds, but
testing of the complete blade-to-hub joint was necessary before
this novel method could be accepted for use on a wind turbine.

The completed 20-ft blade section was delivered to Nasa
in July 1978 for evaluation. After rigorous testing with both
static and fatigue loads, the wood/epoxy portion of the sample
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was undamaged, confirming the potential application of
wood/epoxy laminates as a structural material for wind turbine
blades. The steel studs, however, failed in fatigue outside the
blade as a result of flexibility in the support plate to which
they were attached. This led to a recognition of the importance
of stiffness in the hub attachment flanges, and modifications
were made to prevent this type of failure in the future.

Subsequently, several contracts were awarded for the design
and manufacture of blades for four 200-kW Mod-0A wind
turbines with rotors 125 ft in diameter. The first pair of blades
was built on an accelerated schedule that allowed only 5 months
for design, tooling, and fabrication. The blades were delivered
on time and on budget and performed satisfactorily for 7844
hours before a corrosion-fatigue failure occurred in one steel
stud as a result of misalignment during assembly. As a
precautionary measure the blades were removed from service.
Follow-on blades saw satisfactory service on all four of the
Mod-0A experimental turbines, confirming the success of the
wood/epoxy composite blade approach.

The success of these early blades was made possible by a
combination of good luck and conservatism in the design and
engineering effort. Many years of working with wood
composite materials in the marine industry helped significantly
by providing a practical working knowledge of the material.
A major problem was the lack of specific material data upon
which to base a set of design stress allowables for a 30-year
life (4 x 10 major load cycles). A secondary and still
prevalent problem in the wind power industry was a lack of
knowledge of the real loads that wind turbine blades had to
withstand, particularly in extreme operating conditions.

The issue of material performance capability was more
seriously addressed in late 1980 when GBI began a subcontract
with the General Electric Company to develop a 400-ft-
diameter wind turbine rotor for their 7.3-MW Mod-5A wind
turbine, a project managed by Nasa and sponsored by DOE.
The need for considerably better material understanding than
that resulting from the earlier Mod-0A effort became a major
obstacle. This need resulted in funding of the most compre-
hensive fatigue testing program ever undertaken on a wood
material.

C-82-4953

Figure 11.—Steel stud typical of type bonded into end of 60-ft wind turbine blade for attachment to rotor hub.



Unfortunately, the entire Mod-5A program was then
operating on an accelerated schedule, and the blade design
effort was always waiting for material test results. Because
of the time pressure the cyclic fatigue testing was concentrated
on those basic laminate properties most relevant to stress
conditions driving the blade design. Minimum numbers of test
samples sometimes provided data that were not conclusive,
requiring careful interpretation to develop meaningful design
parameters. This was a particularly difficult problem in the
area of secondary properties.

The test program was completed in June 1984 after the
Mod-5A project was terminated at the end of the design phase.
Although a wood/epoxy rotor 400 ft in diameter was not built,
a qualified design was completed, together with a manufac-
turing plan.

Since the demise of the Mod-5A project, both poe-funded
and cBI-funded testing programs have added significantly to
the data base. However, many design-allowable issues are still
not completely resolved, such as size effects and cross-grain
tension strength. Until these issues are better defined,
conservative use of certain design allowables must prevail.

Production of Commercial
Wind Turbine Blades

Bl made a decision to enter the commercial wind turbine
blade business in 1981. Over the next 2 years, four different
blades ranging from 10 ft to 38 ft in length were designed and
put into production. Altogether, over 4300 of these blades were
built and sold by late 1985 for use in generating power. To
date, none of these blades has failed in normal service, with
some of them achieving well over 20 000 service hours.

In November 1983, GBI was contacted by Westinghouse
Electric Corporation to design and develop blades for a 142-ft-
diameter rotor for its 600-kW utility-oriented wind energy
system. Production tooling was completed by April 1985, and
36 blades were built and delivered by November 1986. These
blades, one of which is shown in figure 12, have performed
satisfactorily on a Westinghouse-constructed wind power
station located on the Hawaiian island of Oahu. These 600-kW
turbines are the largest commercial units yet to be built in a
series production and are thought to be an ideal size for
commercialization with utilities in the near future.

A vital factor in determining the ideal wind turbine machine
size for economical operation is rotor cost. Both wood/epoxy
and fiberglass blades were considered for the Westinghouse
wind turbines. The GBI wood/epoxy blades cost less and were
considerably lighter than the fiberglass option. A lighter blade
allowed significant weight-associated savings in other compo-
nents of the machine, which meant that an extra premium price
could be justified because of the low rotating mass.

Manufacturing High-Performance
Laminated Wooden Structures

The basic approach to manufacturing wood/epoxy laminate
structures has not changed since the first Mod-0A blades were
built in 1980. The steps in the manufacturing process are
illustrated in figure 13 and described in more detail in
references 2, 4, and 5.

Figure 13(a) shows the female mold for one-half of the blade
airfoil. A layer of fiberglass cloth and a layer of aluminum
screening installed for lightning protection form the external
surface of the blade. Figure 13(b) shows precut and fitted

Figure 12.—Laminated fir/epoxy blade for 142-fi-diameter Westinghouse 600-kW commercial wind turbine.
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(a) Installation of materials for blade external surface in female mold.
() Stacking of epoxy-coated wood veneers that form blade shell.
(¢) Vacuum bagging used to apply atmospheric pressure to veneers during epoxy cure cycle.
(d) Trimming leading and trailing edges prior to mating of shell halves.
(¢) Installation of shear web into blade half-shell.
(f) Mating and bonding of shell halves.
(g) Closeup of leading-edge bonded joint.

Figure 13.—Manufacturing steps for Douglas fir/epoxy wind turbine blades.
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(h) Inserting adhesive-coated studs into blade root end.
(i) Completed blade being prepared for shipment.

Figure 13.—Concluded.

epoxy-coated fir veneers stacked in the mold. During this
operation veneers are stapled in a number of locations to ensure
proper stacking. Figure 13(c) shows the installation of a
vacuum bag over the half-shell for the purpose of applying
light, uniform pressure to the veneers during the epoxy cure.
Figure 13(d) shows the cutting operation that trims the leading
and trailing edges of the half-shell so that it will mate properly
with the other half-shell. Figure 13(e) shows placement of the
shear web, and figures 13(f) and (g) illustrate mating and
bonding of the two half-shells. Steel studs of the type shown
in figure 11 are held in a fixture, coated with a thickened

epoxy, and inserted as a set into the blade root as shown in
figure 13(h). The finished blade is shown in figure 13(i) being
loaded for shipment in a protective carrier.

Beginning blade manufacturing efforts were limited to
prototype development and small-volume production. Typical
costs ranged from $20 to $30 per pound (1981 dollars)
for these early blades, reflecting high labor costs. Serious
production efforts begun in late 1982 started a natural evolution
in improving efficiencies in the basic manufacturing procedure.
By late 1985, prices for blades had dropped to the $7 to $10
per pound range depending on blade size, complexity, and
volume. These prices are still dominated by high hourly labor
costs, but modest capital expenditures have made large
reductions in labor hours.

With labor costs being a high percentage of the total cost,
there is considerable room to reduce future costs through
mechanization of the work effort. Many labor-saving
improvements have been identified and are awaiting proper
business levels to justify the capital expenditures needed for
implementation. It is believed that a sales price of under $5
per pound can be achieved for a completed wind turbine blade.
This prediction assumes leveled production in a mature plant,
with moderate capital expenditures for machinery and
equipment. It should be recognized that wind turbine blade
manufacturing needs strict quality control procedures, and this
is a significant cost element that is not likely to decrease much
with increased volume.

Concluding Remarks

The success of boat and wind turbine blade applications
would indicate that this new laminated wood/epoxy technology
is both a viable and an advantageous approach for many types
of high-performance structures. Its inherent low density
provides adequate buckling strength through the use of thicker
wall sections at the same weight. Both its natural fibrous
composition and its ability to be readily bonded into a virtually
monolithic structure contribute to long fatigue life. Its excellent
physical properties for its weight, together with high specific
stiffness make extremely lightweight structures that are still
strong and stiff enough to meet tough dynamic operating
conditions. In addition, the basic material is reasonably priced,
domestically available, ecologically sound, and most impor-
tantly, easily fabricated.

Numerous other potential commercial applications for this
technology have been identified. Many of these potentials
will be fully developed in the years to come. There has
already been a direct spinoff in the marine industry with an
improvement in the design and manufacturing approach to boat
construction.
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Chapter 111

Data Summary and Analysis

David A. Spera* and Jack B. Esgar**

This chapter of the report summarizes the static and fatigue
tests conducted on laminated Douglas fir/epoxy. In addition,
information is provided on the fatigue strength of various
joining methods, including glued joints between wood
members and the use of metal studs for attaching laminated-
wood structures to metal components of the overall structure.
Analyses are developed for correcting strength values for wood
moisture content and, based on the data available, for more
generalized strength models. Approaches used for statistical
analysis are described in both this chapter and chapter IV.

Chapter IV, which follows, contains tables of all the data
presented in chapter IIl, some further analysis, and additional
data on shear strength, modulus of elasticity, strength in other
directions relative to grain direction, and damping
characteristics.

Correction for Moisture Content

The moisture content of wood affects its strength. Higher
moisture content results in reduced strength. Wood generally
stabilizes at a moisture content that is dependent upon its
environment. This moisture content may be different from the
value at which experimental tests were conducted, and indeed
the moisture content may vary between specimens during
experimental testing. It is therefore necessary to have a means
of correcting strength data for moisture.

Reference 1 presents an analytical method for correcting the
static strength of clear wood specimens for moisture content,
but information is not presented for laminated specimens.
Experimental evidence presented in reference 2, particularly
for tension parallel to the grain, indicates that the approach
of reference 1 is not necessarily valid for wood moisture
contents below about 8 to 10 percent. Unfortunately most data

*NASA Lewis Research Center.
**Sverdrup Technology, Inc., Lewis Research Center Group.

obtained on laminated Douglas fir/epoxy were at moisture
contents below 8 percent. Lacking a better analytical approach
than reference 1, however, we used the reference 1 method
herein. Reference 1 presents the following equation to calculate
a clear wood property P for any moisture content (in percent)
M.

_ P12 —[(M—12)/(MP—-12)]
P =Pyl — (D

P,

where

P, property at 12 percent wood moisture content

P,  property (in green condition) for all wood moisture
contents greater than M,
M, wood moisture content at which changes in property

due to drying are first observed (M, = 24 percent
for Douglas fir)

Since Py, and P, do not vary

=K @

where K is a constant for a given wood property. Values of
K are discussed later.

In laminate testing, the moisture content of the test specimens
was determined by weighing the test specimen, or a portion
thereof, after mechanical property testing and both before and
after oven drying. Specimens were oven dried at approximately
220 °F for at least 12 hr until their weight stabilized. Then

Wy — W,
ML=—_BW DXIOO 3)
D
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where

M; moisture content of laminated specimen

Wy weight of moisture-content specimen as tested and
before drying

W, weight of moisture-content specimen after oven
drying

For the laminates reported herein the epoxy weight was
approximately 22 percent of the wood weight. The epoxy
absorbed little moisture; therefore

My=122M, (4)

where My, is the moisture content of the wood. Combining
equations (1) and (4) and letting Py be the mechanical
property as tested gives

Pl2 — PBK(I,ZZML—D)/IZ (5)

Combining equations (1) and (5) yields

PX — PBK(ML—MX)/QM (6)

where Py is the corrected mechanical property of the laminate
at a specified laminate moisture content My.

In the data reported herein there was some variation in the
moisture content of the specimens as tested. The midrange of
most test conditions was at a laminate moisture content of 6
percent. The physical property data of the specimens were
therefore arbitrarily corrected to 6 percent laminate moisture
content as a standardized condition. At this condition equation
(6) becomes

P(, —_ PBK(ML—6)/9.84 (7)

Equation (7) was the basis of moisture-content correction
for all data in this report. Values of K used in the equation
for laminated Douglas fir/epoxy were obtained empirically
where possible. Where data were insufficient for an empirical
determination, values were taken from reference 1 for clear
Douglas fir.

To correct the data to any other level of laminate moisture
content My, combine equations (6) and (7) to yield

PX — P6K(6—Mx)/9.84 (8)

To correct the data to a specified level of wood moisture
content Myy,, combine equations (4) and (8) to give

Py = P K32~ Mxw) /12 )

Correlation Coefficient

Values of the constant K were determined empirically for
fatigue tests by finding the value of K that resulted in the
highest correlation coefficient. The correlation coefficient r
is a measure of the scatter of data about a linear regression
line for log-log plots of cyclic fatigue data. The following
equation defines r:

- n 7 122
Y X
i=1 B
- X2
n
r=m| —— (10)
n
r b
i=1 -
-y
ke n -

where

m  slope of least-squares regression line
X log S (S = maximum cyclic stress)
Y log N (N = cycles to failure)

X  mean value of X,

Y  mean value of Y,

The value of r will lie between 1 and — 1 with the least scatter
when r—1 or r——1.

Evaluation of K

Evaluating K empirically was considerably more successful
for fatigue than for static data. As stated above, the constant
K was determined for fatigue data that resulted in a maximum
value of the correlation coefficient r for the regression line
calculated for all data points. Figure 1 shows how correcting
compression fatigue data for moisture content moves the data
points in a vertical direction and how it can improve r. A range
of K was chosen by a trial-and-error process to find the value
resulting in a maximum r. In the case shown, the regression
line is not appreciably affected by the moisture correction, even
though r is improved. The reason the regression line was only
slightly affected was that the moisture contents of the
specimens as tested were about equally split above and below
the arbitrary reference value of 6 percent. If the bulk of the
specimens had a moisture content either higher or lower than
6 percent, the regression line would have shifted.

Attempts were made to find static strength data at different
moisture contents and then to establish an empirical value of
K that would correlate the data. In most cases the data scatter
was far greater than the variation in strength due to moisture
content, and empirical evaluation of K was not possible.
Evaluation of X is discussed further in chapter IV.
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Figure 1.—Moisture correction of data for compression fatigue (R = 10)
parallel to grain in laminated Douglas fir/epoxy specimens. Veneer grade,
A-+. Data from figure 4.2-1 of chapter IV.

The following table lists K values taken from reference 1
for clear Douglas fir and the values used for laminated Douglas
fir/epoxy. The values for laminated Douglas fir/epoxy shown
enclosed in brackets [ ] were taken from reference 1 because
empirical determination was not considered possible or was
probably inaccurate.

Property Clear Douglas | Laminated Douglas
fir (ref. 1) fir/epoxy
K values used for moisture-
content correction

Static tension parallel to grain 1.21 [1.21]
Static tension perpendicular to

grain 1.13 [1.13])
Static compression parallel to

grain 1.92 [1.92)
Static compression perpendicular

to grain -— 1.50
Static shear paraliel to grain 1.26 1.07
Modulus of elasticity parallel to

grain 1.25 1.05
Tension-tension fatigue parallel

10 grain - 1.21
Compression-compression fatigue

parallel to grain - 1.92
Tension-compression fatigue

parallel to grain - 1.57

Note that the empirical values of K that could be determined
from static tests of laminated specimens were lower than the
K values from reference 1 for clear specimens but that the
empirical values for fatigue of laminated specimens were equal
to static tension and compression values from reference 1 for
clear specimens. Further, the tension-compression fatigue tests

of laminated specimens yielded a K value that was the average
for static tension and static compression for clear specimens
as obtained from reference 1.

Additional Statistical Analysis Methods for
Mechanical Property Data

Standard Deviation

Standard deviation o is a measure of the variability of data
that have been averaged to obtain a mean value. The equation
for standard deviation is available from many sources, such

as reference 3.
[z -p?]"”
n

[nsz - (EP)Z]”2
g = ——,)__'—

(1

n

where

P individual value of property measured

P mean value of n measurements of P

These two equations are equal and the choice of equation may
depend on the chosen calculation procedure.

The ¢ Test

The ¢ test is discussed in reference 3. In this investigation
the ¢ test was used for two purposes: (1) to estimate the
precision of the mean value of individual measurements P for
a specified confidence level, normally 95 percent (at this
confidence level there would be one chance in 20 that the true
mean lies outside of the specified range), and (2) to test
whether the means of two different groups could have come
from the same population or from populations with the same
means for a specified confidence level, such as 95 percent.

The precision limits, usually called precision, can be
specified by the symbol ¢. Again for a confidence level of 95
percent

fo.os = % 10.05. /0 (12)

where 10 o5 ¢ is read from a ¢ table available in statistics books
such as reference 3 or in books of mathematics tables, 0.05
is the probability of observing a larger absolute value of ¢,
and f is the degrees of freedom and is equal to n — 1, where
n is the number of specimens tested. Note that a confidence
level of 0.95 requires using 0.05 in the # tables. Different
values of confidence level can, of course, be substituted for
a specific application.
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Then for a confidence level of 95 percent the minimum value
of a property that could be expected would be

Pmin =P - J&).‘)Si (13)

In testing whether the means of two different groups could
be from the same population the following equation is used:

Py — P
e — (14)

) NE
ol —+ —
<n, nz>
The subscripts 1 and 2 refer to the two different groups, and

n ", N -
E Pf + 2 P% — n,Pf — nng

oy =

= = (15)
ny + Hny — 2

where g is a pooled estimate of the standard deviation for the
two groups.

The value of ¢ calculated from equation (14) is compared
with a value of ¢ read from the 7 table for the degrees of
freedom equal to n; + n, — 2 and a preselected probability
a. If the calculated ¢ is larger than the tabulated ¢ (from the
1 table), then we conclude that the population mean estimated
by P, is significantly different from the population estimated
by P,, with the chance o of being wrong. Conversely,
matching the calculated r as closely as possible with a ¢ from
the table for the corresponding degrees of freedom can be used
to determine the value of «, that is, the probability that the
two means are not from the same population.

For example, to interpret the significance of a calculated
value of 1 = 2.53 for 20 degrees of freedom (22 data points
in the combined samples), we can look at a ¢ table and
determine the values of « that closely correspond to this value
of 1. The  table shows that for 20 degrees of freedom ¢ values
for o of 0.05 and 0.02 are 2.086 and 2.528, respectively.
Therefore there is about a 2 percent probability (1 chance in
50) of being wrong by saying that the two population means
being compared by equation (15) are significantly different.
In other words the higher the value of ¢, the smaller the
probability that you will be wrong in assuming that the means
arc from different populations.

Static Strength Data

Static tension and compression data with load applied
parallel to the grain are available to investigate the effects of
specimen size, or volume, on failure strength. Information on
the effects of joints in the laminations is also available. Mean
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values of strength, corrected to 6 percent laminate moisture
content, and standard deviations are plotted in figure 2 for
specimens with no joints, butt joints, and scarf joints in the
laminations. The number of specimens tested for cach data
point is indicated. The abscissa is a logarithmic scale to cover
the wide range of specimen volumes.

Structures or specimens fabricated from laminated wood that
are longer than approximately 8 ft and wider than
approximately 4 ft require joints or discontinuities in the
laminations. A few of the smaller specimens represented in
figure 2 had no joints in the laminations. The remaining
specimens contained either butt joints, where the two adjacent
veneers were trimmed and butted against each other, or scarf
joints, where the veneers were scarfed at a slope of 12:1 and
the scarfs overlapped so that more tension load could be carried
through the glue line of the joint.

Figure 2 shows primarily the scope of the tests and also
shows a general trend of decreasing mean strength with
increasing specimen volume for the static tension case. This
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(a) Mean failure stresses.
(b) Standard deviations.

Figure 2. —Compilation of mean values of static tension and compression
failure stresses (parallel to grain) in laminated Douglas fir/epoxy
specimens for range of specimen volumes. Data corrected 1o 6 percent
laminate moisture content (K = 1.21 for tension and K = 1.92 for
compression). Veneer grade. A+,



trend can be expected owing to the probability of a larger
number of defects, or stress raisers, in large specimens. The
figure also shows decreasing values of standard deviation with
increasing specimen volume.

The static tension tests were conducted on 88 Douglas
fir/epoxy specimens 1.5 in. thick (15 laminations) with widths
varying from 2 in. to 8 in. and lengths of 7.5 to 30 ft. The
test section volumes varied between 132 and 3768 in.>. All
specimens were cut from large panels. Veneer grade and
fabrication procedures were closely controlled in an attempt
to eliminate extraneous factors in specimen strength. In
addition to these specimens, three tests were conducted on
specimens with a test volume of 32 832 in.? (specimen size,
6 in. thick by 24 in. wide by 28 ft long). Most specimens
contained butt or scarf joints in the laminations perpendicular
to the load direction.

Standard deviations for the tension specimens with test
volumes of 3768 in.* or less ranged from a minimum of 307
psi to a maximum of 1297 psi with mean strengths for groups
of specimens at each specimen volume ranging from 9497 to
13 289 psi. The three largest specimens with test volumes of
32 832 in.? had a standard deviation of 160 psi and a mean
tensile strength of 8187 psi.

The compression strength data for 77 specimens are limited
to a much smaller range of specimen volumes. Further, the
compression specimens were fabricated at a different time and
from different panels than the tension specimens. The
compression specimens ranged from 1.5 to 3 in. thick and had
three different aspect ratios (ratio of length to thickness),
2.667, 3.560, and 4.333.

Strength Models for Static Tension and
Compression

A strength model to condense the data of figure 2 into what
could be a basis for designing structures of a size different
from the specimens tested would be quite useful. One such
model with variations for tension and compression is presented
herein.

Strength Model for Static Tension

It seems obvious that a strength model for static tension must
show a decreased tension strength with increasing volume, but
the model cannot be a straight-line variation on linear,
logarithmic, or semilogarithmic plots because such plots would
result in essentially zero strength at very large volumes. It is
more reasonable that an asymptotic value of strength be
reached at high volumes. It would appear therefore that a
reasonable model might take the form

S=AVE+C (16)

where

h mean failure stress
|4 volume
A,B,C empirical constants

Because of variations in test failure strengths for replicate tests,
this variability should also be considered in the model.
Standard deviation is a reasonable basis for this variability
consideration. Therefore in a manner similar to that for stress,
the standard deviation ¢ can be modeled by an equation in the
form

o=DV8 an
which has another empirical constant, D.

The curves of figure 3, along with their equations, were
developed from the static tension strength data in figure 2 for
scarf-jointed specimens from 132 to 32 822 in.? in volume.
These equations were developed by iteration to obtain the
constants 4, B, C, and D in which the sum of the deviations
of the mean strength from the model approaches zero, with
the further stipulation that the model agree with the mean
strength at the largest volume.

Figure 3 also shows four lines of strength minus N times
the standard deviation. The value of N = 2.837 was obtained
from the ratio D/A (18 300/6450) in the two preceding
equations. For N =2.837, 5§ — No is equal to the constant C
for all volumes. The constant C is the asymptotic strength at
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Figure 3.—Strength and standard deviation models for static tension in
laminated Douglas fir/epoxy specimens with scarf joints in laminations.
Data corrected to 6 percent laminate moisture content (K = 1.21). Veneer
grade, A+.
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large volumes. A statistical ¢ table shows that for a normal
distribution of data 99.5 percent of all data points will have
a value greater than § — 2.837¢. The model shown in figure 3
is therefore very convenient for extrapolating strength data
to predict minimum failure tension stress with a confidence
level of approximately 0.995 for specimens or structures much
larger than those for which test data are available.

Note, however, that the equations presented in figure 3
should not be considered as a design basis for all scarf-jointed
Douglas fir/fepoxy structures. On the basis of various
investigations compiled in this volume there can be significant
variations in strength data from specimens fabricated at various
times. It is believed, however, that the model shown in figure 3
can be a basis for other batches of specimens. Equations for
butt-jointed specimens in static tension and for both scarf- and
butt-jointed specimens in static compression follow.

Figure 4 shows the model equations for static tension with
butt joints in the laminations, along with standard deviations,
mean strengths, and § — 2.8370. The resulting equations are

S=EU4v8+0) (18)
and
a=EDV™E (19)

where the constants A, B, C, and D are the same as for the
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Figure 4.—Strength and standard deviation models for static tension in
laminated Douglas fir/epoxy specimens with butt joints in laminations. Data
corrected to 6 percent laminate moisture content (K = 1.21). Veneer grade, A+.
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scarf-jointed specimens and the value of E is determined by
iteration to result in the summation of the deviations between
the mean stresses and the model approaching zero. Figure 4
shows butt-jointed specimens in static tension to be 96.5
percent as strong as scarf-jointed specimens.

Strength Model for Static Compression

Figure 5 shows model equations for the static compression
strength data shown in figure 2 for both scarf- and butt-jointed
specimens. There was an added complication in obtaining these
models. The compression tests were conducted on specimens
having three different aspect ratios (ratio of length to
thickness). Increasing aspect ratio will result in increased
buckling in compression; therefore a correction must be made
for aspect ratio. In the case shown in figure 5 all specimens
were corrected to an aspect ratio of 3.56, the aspect ratio of
specimens having a volume of 31.8 in.3. (The development
of this correction is discussed later in relation to compression
fatigue. The aspect ratio effect for compression fatigue was
assumed to be applicable to static compression.) The three
groups of mean strengths for butt-jointed static compression
specimens were then weight averaged, based on the number
of specimens tested at each volume. The resulting weight-
averaged strength is shown as the solid triangle in figure 5
for butt-jointed specimens. The standard deviations for the
three groups of butt-jointed compression specimens were
weight averaged to obtain a mean value of standard deviation.
The model equations were then developed by the following
procedure:

(1) The value of D/A = 2.837 in the model for static tension
was assumed for static compression since S — 2.837¢
encompasses 99.5 percent of normal distribution data. Then
the constant A could be calculated from

AV—0,320
T 20

(2) The constant C could then be calculated from the mean
value of strength S represented by the solid triangle in figure 5
and the value of the constant A from the equation

S=AV 9304 ¢ @2n

For scarf-jointed static compression specimens the equations
for § and ¢ obtained for butt-jointed static compression
specimens could be corrected by the value E in the same
manner as for static tension specimens. For these static
compression specimens, where the strength was available at
only one volume, the value of E was taken as equal to the ratio
of mean scarf-jointed specimen strength to the weighted value
of mean butt-jointed specimen strength at a volume of
31.8 in.3, corresponding to an aspect ratio of 3.56 for both
types of specimens.
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Figure 6 compares strength models for static tension and
for static compression with both scarf and butt joints in the
laminations. The asymptotic strengths, represented by
S — 2.837g, are also shown. From the models shown, the
asymptotic strengths for compression are higher than those
for tension. In addition, the models for compression show less
sensitivity to volume than the models for tension.

Figure 7 compares the stress models’ asymptotic strength
with the minimum strength measured in replicate tests. A total
of 168 tests were conducted in both tension and compression.
Except for one compression data point all of the asymptotic
strengths were at least 5 percent more conservative than the
minimum strengths measured in tests. These results are
consistent with the confidence level of 0.995 previously
mentioned for all test data having strengths at or above
S — 2.8370.
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Figure 6.—Comparison of strength models for static tension and compression
in laminated Douglas fir/epoxy specimens with scarf and butt joints in
laminations. Data corrected to 6 percent laminate moisture content
(K = 1.21). Veneer grade, A+.
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Figure 7.—Ratio of minimum experimental static tension and compression
strengths from replicate tests to calculated asymptotic strengths (S — 2.837 o)
from strength models for laminated Douglas fir/epoxy specimens with
scarf and butt joints in laminations. Data corrected to 6 percent laminate
moisture content (K = 1.21). Veneer grade, A+.

Fatigue Strength Data

Fatigue tests of laminated Douglas fir/epoxy specimens
showed far less scatter in the data than static tests. Typical
fatigue test data are shown in figure 8 for tension-tension,
compression-compression, and reverse axial tension-
compression. Strengths in tension-tension fatigue (R = 0.1)
and compression-compression fatigue (R = 10) are of
comparable absolute value. (Note that R is the stress ratio,
the ratio of arithmetic minimum load to maximum load during
the fatigue test.) The fully reversed axial tension-compression
(R = —1) fatigue strength is on the order of 60 percent of
the tension-tension fatigue or compression-compression fatigue
strength.

Joint and Aspect Ratio Effects on Compression-
Compression Fatigue

The effect of laminate joint configuration on compression-
compression (R = 10) fatigue strength is illustrated in
figure 9. Data points are not shown in the figure to improve
clarity. The actual data points are presented in chapter 1V in
the compilation of data for laminated wood. Figure 9(a) shows
how the slope of the scarf in laminate joints affects
compression-compression fatigue life. The longer the joint
(flatter slope), the better the fatigue life. Figure 9(b) shows
how joint imperfections affect fatigue life for scarfs with a
10:1 slope. Mismatches by overlapping the scarfs or
underlapping (which provides gaps in the joints of up to 50
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Figure 8.—Examples of fatigue test data for laminated Douglas fir/epoxy dogbone specimens 2.25 in. in diameter and 8 in. in effective test section length
(31.8-in.3 volume and 3.56 aspect ratio) and 12:1-slope scarf joints in laminations. Data corrected to 6 percent laminate moisture content. Veneer grade,

A+; test temperature, 70 °F. Reference figures 4.1-1(b), 4.2-1(b), and 4.3-1(d) of chapter IV.
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(a) Summary of effects of scarf slope.
(b) Summary of effects of imperfections in 10:1-slope scarf joints.

Figure 9.—Effect of scarf slope and imperfections in lamination joints for compression-compression fatigue (R = 10) parallel to grain in laminated Douglas

fir/epoxy specimens. Square-cross-section specimens 2

in. by 2 in. by 12 in. long contained scarf joints staggered 3 in. apart in center three laminations.

Data corrected to 6 percent laminate moisture content (K = 1.92). Veneer grade, A+ test temperature, 70 °F. Reference figures 4.2-4(g) and (h) of chapter IV.
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percent of the scarf length) had an almost negligible effect on
compression-compression fatigue life.

Compression-compression fatigue test data from figure 9(a)
and from specimens having a different aspect ratio and with
scarf or butt joints in the laminations were used to develop
a compression-compression (R = 10) fatigue model to
provide insight on the effects of these variables. Figure 10
illustrates the model for a life of 10 million cycles. Two
specimen configurations were investigated. One was a
cylindrical dogbone specimen 2.25 in. in diameter and 8 in.
in effective test section length (aspect ratio AR equals 3.56),
and the other was a square-cross-section specimen 2 in. by
2 in. by 12 in. long (AR = 6). Unfortunately the same joint
configurations were not tested in both types of specimens. A
model was developed in a somewhat similar manner as the
model for effect of volume on static strength. In the present
casc the model was assumed to have the form
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Figure 10.—Strength model that accounts for lamination scarf angle and
specimen aspect ratio for compression-compression fatigue at 10 million
cycles in laminated Douglas fir/epoxy specimens. Data corrected to 6 percent
laminate moisture content (K = 1.92). Veneer grade, A+.
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S, = B(1 + Ce DryeEAR) (22)

where

S, maximum compressive stress at 10 cycles
B, C, D, E empirical constants

¥ angle of scarf slope, deg

AR specimen aspect ratio

The four empirical constants were determined by curve fitting
the 10-million-cycle life data points shown in figure 10 for
two specimen configurations and a variety of joints in the
laminations. Square-cross-section specimens (AR = 6)
consisted of those without joints (y = 0°) and those with scarf
joints having slopes of 4:1, 10:1, and 16:1. Cylindrical
specimens (AR = 3.56) consisted of those with scarf joints
having a slope of 12:1 and with those butt joints (y = 90°).
From this model the curves for aspect ratios of 1, 2, and 8
were also calculated. The figure illustrates that the
complication of scarfing the edges of the laminates to make
a small-angle scarf substantially improved fatigue strength.

Stress Ratio and Specimen Size (Volume) Effects on Fatigue

Figure 11 shows compression-compression fatigue curves
(without data points) for stress ratios R of 2.5 and 10 for a
12:1 slope scarf and butt joints in the laminations. As expected
the loading amplitude, as indicated by the stress ratio, does
affect fatigue life; a ratio of 2.5:1 in loads (R = 2.5) is less
severe than a ratio of 10:1 (R = 10) for both butt and scarf
joints in the laminations. The effect shown for the type of
lamination joint is consistent with the effect shown in figure 10.

Figure 12 shows the effect of lamination joint configuration
and specimen size for tension-compression fatigue (R = —1).
Figure 13 shows similar effects for tension-tension fatigue
(R = 0.1) plus the effect of veneer quality for butt-jointed
specimens. Grade A+ veneers are superior to grade A
veneers. Veneer grade is based upon both the visual quality
of the veneers and an ultrasonic grading technique. The better
veneers provide better fatigue life, as might be expected.

Far less information is available for the effect of specimen
size on fatigue than there is for static tension. The results of
specimen size are qualitatively the same, however. Larger
specimens have shorter fatigue lives than smaller specimens,
but available data are insufficient to develop a model for
predicting fatigue life as a function of size.

Many of the strength effects discussed in this section
can be illustrated by using a Goodman diagram, as shown in
figure 14. This figure presents a composite illustration of static
and fatigue strengths for laminated Douglas fir/epoxy
specimens. The data shown illustrate the effects of both scarf
joints (12:1 slope) and butt joints in the laminations and
indicate the effect of specimen size. The data points lying on
the abscissa are static data. Those lying on the ordinate are
tension-compression fatigue data. Points to the left of the
ordinate axis and above the abscissa are compression-
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Figure 11.—Effects of joint type and stress ratio on compression-compression fatigue parallel to grain in laminated Douglas fir/epoxy specimens. Cylindrical
specimens 2.25 in. in diameter by 8 in. long containing joints staggered 3 in. apart in center three laminations. Data corrected to 6 percent laminate
moisture content (K = 1.92). Test temperature, 70 °F. Reference figures 4.2-1(b), 4.2-2(b), and 4.2-3(a) of chapter IV.
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chapter IV.

= 1.57). Veneer grade, A+ test temperature, 70 °F. Reference figure 4.3-2 of
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Figure 13.—Effects of joint type, veneer grade. and specimen size on tension-tension fatigue (R = 0.1) parallel to grain for laminated Douglas fir/epoxy

specimens. Data corrected to 6 percent laminate moisture content (K =
chapter IV.
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Figure 14. —Goodman diagram illustrating design range for tension-tension,
compression-compression, and reverse axial tension-compression faligue
plus static tension and compression for various specimen sizes and joint
configurations. Fatigue strengths based on 10 million cycles to failure.

1.21). Test temperature, 70 °F. Reference figures 4.1-1(b), 4.1-2. and 4.1-3 of

compression fatigue data, and those to the right are tension-
tension fatigue data. For illustrative purposes the straight
dashed lines connect data points for specific values of R.

The curves connecting the circular data points are for small
specimens (31.8-in.” test section) with scarf joints in the
laminations. The curves connecting the triangular data points
are for small specimens (31.8-in.? test section) with butt
joints in the laminations. The line connecting the square data
points (tension only) is for larger specimens (5000- to
7500-in.? test section volume) with scarf joints in the
laminations. The areas enclosed by the lowest lines and the
abscissa indicate a probable safe operating region for cyclic
loads up to 10 million cycles.

Effect of Stress Raisers (Cutouts) on Compression-
Compression Fatigue

Figure 15 compares compression-compression fatigue
(R = 10) data for 6-in.-wide, 1.5-in.-thick, and 12-in.-long
specimens containing a 2-in.-diameter circular hole with data
for 2-in.-wide, 2-in.-thick, and 12-in.-long specimens without
a hole. The fatigue strengths of these specimens undoubtedly
contain an aspect ratio effect as well as a hole effect, but in
general the effect of the hole was no more serious that would
be expected in a homogencous material. The strength reduction
from the cutout was approximately 38 percent.
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Figure 15.—Effect of 2-in.-diameter circular cutout on compression-compression fatigue (R = 10) parallel to grain for laminated Douglas fir/epoxy specimens.
Data corrected to 6 percent laminate moisture content (K = 1.92). Veneer grade. A+ test temperature, 70 °F. Reference figure 4.2-7(a) of chapter IV.

Joints for Laminated-Wood Structures

Three types of joints may be required for joining laminated-
wood substructures. Longitudinal butted joints may be used
where the load across the joint is small. Finger joints may be
required for carrying large loads between substructures, and
metal studs embedded in the wood structure may be used for
attachment to a metal structure. Two types of longitudinal
joints are illustrated in figure 16. Finger joints and metal studs
are illustrated in figure 17.

The longitudinal wedge joint has an assembly advantage over
the longitudinal butt joint (fig. 16). A closer fit can be provided
by driving the wedge in until the proper glue joint separation
is achieved. The butt joint, on the other hand, may fit closely
in some places but have a poor fit in others. Figure 18 shows
that the butt joint has potential for greater strength in low-
cycle fatigue but the wedge joint appears better for high-cycle
fatigue. The data shown are for controlled fits in the joint.
Under practical applications the wedge joint may provide a
better fit and be superior for the complete range of fatigue
cycles.

Figure 19 compares the tension-tension fatigue strength of
specimens having three different finger joint configurations
with the fatigue strength of specimens without finger joints.
A joint bond gap of 0.015 in. is considered practical. The
figure shows a fatigue strength reduction on the order of 35
to 40 percent, relative to no finger joints, for a joint bond gap
of 0.015 in. and an approximately 50 percent strength
reduction if the gap was 0.062 in. Part of this strength loss
for the larger gap resulted from less bond area because the
larger gap was obtained by reducing the finger engagement
distance. Reinforcement with glass fibers (Burlington Style
7500 glass fiber fabric) between the veneers in the finger joint
area increased fatigue strength about 8.5 percent over that of
unreinforced finger joints.

Metal studs of the type illustrated in figure 17 can be used
to attach a laminated-wood structure to a metal structure. Metal
studs embedded in wooden specimens were tested. These studs
have circumferential grooves and are glued with epoxy into
oversize, stepped holes in the laminated wood. Several stud
configurations were investigated in an attempt to provide a
strain distribution along the embedded length that would be
compatible with strains in the laminated wood. Fatigue tests
in tension-tension, compression-compression, and reverse axial
tension-compression were conducted on one of the strongest
configurations. The results are shown by the regression curves
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Figure 16.—Alternative longitudinal joint concepts for wind turbine blade.
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Figure 18.—Three-point-bending fatigue tests (R = 0.1) on longitudinal wedge
~WOOD ~FILLED-EPOXY and butt joints. Epoxy-asbestos adhesive in joints 1 in. wide. Data corrected
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(a) Finger joints for attaching wood subassemblies.
(b) Metal studs for attaching laminated-wood structures to metal structures
Figure 17.—Joint configurations for laminated-wood structures.
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Figure 19.—Efi... v: uuger joints on tension-tension fatigue (R = 0.1) parallel to grain for laminated Douglas fir/epoxy dogbone specimens. Finger joints
10 in. long; finger slope, 1:10. Dogbone specimens, 2.25 in. in diameter at test section and 57 in. long. Data corrected to 6 percent laminate moisture
content (K = 1.21). Veneer grade, A+ test temperature, ~68 °F. Reference figure 6.2-1 of chapter 1V.
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Figure 20.—Fatigue tests of metal studs (design 5) embedded in laminated Douglas fir/fepoxy specimens with carbon-fiber-filled epoxy resin. Room-
temperature tests. Reference figures 7.2-1(b) and 7.2-2(a) and (b) of chapter 1V.

in figure 20. Loads greater than 30 000 lb per stud seem
feasible up to 100 million cycles.

Concluding Remarks

This chapter has provided strength models for accounting
for specimen size in static tension and compression and for
evaluating the effects of lamination joint scarf angle and
specimen aspect ratio for compression-compression fatigue.
Highlights of other strength investigations of laminated
Douglas fir/epoxy were also presented. Chapter IV, which
follows, presents tabular data that may be evaluated in a
different manner from the curves presented in this report if
an investigator so desires. The data have been gathered from
a number of sources, and the matrix of test specimens and
conditions was generally incomplete. As a result some
comparisons are difficult to make directly. and estimates based

on simple models are required. The data that have been
collected and analyzed are provided for the purpose of
assessing the feasibility of using laminated wood for
engineering structures. Specifying or recommending design-
allowable stresses is beyond the scope of this test data
compilation.

References

{. Wood Handbook: Wood as an Engineering Material. Forest Service
Agriculture Handbook No. 72, U.S. Forest Products Laboratory,
Madison, VA, 1974

2. Gerhards. C.C.: Effect of Moisture Content and Temperature on the
Mechanical Properties of Wood: An Analysis of Immediate Effects.
Wood and Fiber, vol. 14, no. 1, Jan. 1982, pp. 4-36.

3. Volk, W.: Applied Statistics for Engincers. McGraw-Hill Book Company.
Inc.. 1958.






Chapter IV

Compilation of Data for

Laminated Wood
Jack B. Esgar*

This chapter presents tables of all the data, in both raw form
and corrected for moisture content, gleaned from references
1 and 2 and from unreferenced engineering reports written
by authors from various organizations. Mean or corrected
values of the data, or both, are also plotted in figures. The
methods of correcting for moisture content and definitions of
standard deviation, correlation coefficient, and ¢ test are
presented in chapter III.

Testing procedures, specimen configurations, and test
equipment are described in this chapter. Since uncorrected test
data, as well as data corrected for moisture content, are listed
in the tables, users of the data may provide their own moisture-
content corrections or data interpretations that may differ from
those presented herein.

1.0 Description of Douglas Fir/Epoxy
Laminate Material

1.1 General

The discussion in this report is limited to applications of
formed, laminated-wood composites made of peeled Douglas
fir veneers. The composite resembles conventional plywood,
but with some major differences. The differences relate to
veneer (or ply) thickness, grain orientation between veneers,
the glues used, the care used in selecting and grading the
veneers, the care used in fitting veneers together, the layup
of the veneers in molds prior to curing, and the pressure
application during curing.

Laminated composite veneer material is different in
character, composition, and variability from solid wood, and
they are therefore not directly comparable. Properly assembled
veneer composites are more uniform in composition and less

*Sverdrup Technology, Inc., Lewis Research Center Group.
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subject to strength losses from defects such as cracks and knots
than solid wood. Further, defects are less likely to propagate
in a composite structure such as laminated veneers.

1.2 Wood Investigated

1.2.1 Veneer.—In conventional plywood the veneers can
be made of hardwood or softwood. The terms ‘*hardwood”’
and ‘‘softwood’” have no reference to the hardness of the
wood. Softwood can be harder than hardwood, and vice versa.
Hardwoods refer to the botanical groups of trees that have
broad leaves, in contrast to the conifers, which have needlelike
or scalelike leaves and are classified as softwoods (ref. 3).
The data in this report are for the softwood Douglas fir glued
with an epoxy to form a laminate, hence the term *‘Douglas
fir/epoxy’’ used throughout this document. Douglas fir is the
most widely used wood in the plywood industry.

Veneers for fabricating laminated composite structures can
be formed by two main methods: (1) rotary peeling of right-
circular cylindrical logs, and (2) slicing of logs of rectangular
cross section. The first method is the one most commonly used
in the plywood industry. It provides the greatest yield and the
lowest cost. In this method, a log is positioned in a lathe type
of machine and spun against a knife that slowly moves in
toward the center, peeling off a given thickness of veneer with
each revolution of the log. Limitations to this method of
producing veneer are veneer length, which is limited to a little
over 8 ft, and that the veneer produced is somewhat wavy from
cutting tangentially along the growth rings. These limitations
can be overcome by straight slicing the veneer from logs that
have been sawn into sections. This process is more expensive,
but it produces veneers in lengths up to 17 ft, and slicing across
the growth rings results in a flatter veneer, which improves
the conformity of the veneers when they are placed in a mold
for lamination. Sliced veneers have the disadvantage of
generally being in narrower widths than the peeled veneers.
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Data presented in this document are limited to peeled
Douglas fir veneers with a thickness of 0.1 in. This thickness
was about the maximum considered feasible for molding into
contoured shapes for fabrication of wind turbine blades.

1.2.2 Grade, modulus, and defects.—Veneers can be
graded both visually and mechanically. Grade, defects, and
the modulus of elasticity of the veneer are related. Visual
grading is based upon observed defects; mechanical grading
is based upon sonic velocity in the veneer as measured by
ultrasonic pulse transit times in microseconds for a 92-in. gage
length. This ultrasonic pulse transit time can be used to
calculate the modulus of elasticity. Some veneer grade
definitions are given in the following tables:

Visual grade Description
for wood
veneers
A Up to 18 neat repairs in-a 4-ft by 8-ft sheet
Solid surface with repair plugs and tight knots to 1 in.
in diameter
C Tight knots to 1.5 in. in diameter and knot holes to
| in. in diameter; plugged 1/8-in.-wide splits and some
broken grain permitted
D Knots and knot holes to 2.5 in. in diameter; limited
splits allowed

Douglas fir veneer | Visual | Ultrasonic Average
grade based upon | grade | pulse time, | modulus of elasticity,
modulus of usec psi
elasticity
A+ AorB <406 2 450 000 greater

A or B | 406 to 438 | 2 100 000 to 2 450 000

CorD <438 2 100 000 or greater

Note that on the basis of ultrasonic pulse time, veneer grade
C is as good as veneer grade A and can be as good as veneer
grade A +. Veneer grade C consists of veneers having visual
grades C or Dj; veneer grades A+ and A consist of veneers
having visual grades A or B. Veneer with pulse times greater
than 438 usec were not used in the program.

For all materials the modulus of elasticity and the sonic
velocity in the material are related. The square of the sonic
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velocity is proportional to the modulus of elasticity divided
by the density with a correction for Poisson’s ratio. On the
basis of this relationship an ultrasonic grader was developed
by the Trus Joist Corporation Micro-Lam plant in Eugene,
Oregon. This grader measures the time for a mechanically
induced pulse to be transmitted through a 92-in. gage length
of the veneer. The process is nondestructive and can be done
rapidly. Transducer wheels contacting each end of the veneer
sheet transmit and receive ultrasonic signals, but they are
actually measuring sonic transmission time in the veneer sheet.
The veneer sheets are placed on a conveyer belt that moves
at speeds of over 100 ft/min. The transducer wheels roll over
the ends of the veneer sheets. A pulse of ultrasonic energy
is transmitted along the grain by the transducer wheel at one
end of the veneer sheet in the test zone, and an electronic timer
is started. When the leading edge of the ultrasonic pulse is
detected by the receiving transducer at the other end of the
veneer sheet, the timer is stopped and the propagation time
averaged with other samples similarly taken on the veneer
sheet. Photosensors detect a sheet of veneer in the test zone
and activate grade determination and marking equipment when
the veneer leaves the test zone. The entire grading procedure
takes about 1 sec per sheet. The operation is automatic. Veneer
is graded, grade marks sprayed on the veneer, and a tally kept
of the number of pieces of veneer falling in each grade. At
a line speed of 100 ft/min, a 25-in.-wide sheet of veneer will
have at least 10 and as many as 80 samples of propagation
time averaged to determine the average propagation time or
sheet stiffness. Grade breakpoints are set on precision
potentiometers that are user adjustable. References 4 and 5
describe a somewhat similar process for grading veneers.

1.3 Glue

The test data in this report are based upon the laminations
being glued with an epoxy of proprietary formulation. This
epoxy glue is WEST SYSTEM 105 epoxy resin and 206 hardener
supplied by Gougeon Brothers, Inc., Bay City, Michigan. For
applications where it was necessary to fill voids, such as
installing metal studs into laminated-wood structures or where
finger joints were used to join structural sections, a filler such
as asbestos or carbon had to be added to the epoxy adhesive.
Filled epoxies investigated included the following three
proprietary epoxy systems:

(1) WEST SYSTEM asbestos-filled thixotropic epoxy 206-ASB

(2) wesT sYsTEM carbon-filled thixotropic epoxy 206-CFX

(3) wesT sysTEM modified thixotropic epoxy X-216-CFW



1.3.1 Spread rate.—Most tests were conducted on
specimens that had glue spread rates of 60 pounds per thousand
square feet of double glue line, abbreviated as 60 Ib/MDGL,
but block shear tests were conducted over a range of spread
rates from 45 to 65 1b/MDGL to determine optimum spread rate.

1.3.2 Reinforcement.—Three types of reinforcement
between veneers were investigated:

(1) The addition of 10-0z/yd? glass fiber fabric, Burlington
Style 7500 or Burlington Style 7781, with fibers at 45° to the
wood grain direction

(2) The addition of unidirectional ORCOWEB graphite
(4.75 oz/yd? and 0.010-in. dry thickness) with fibers parallel
to grain direction

(3) Unidirectional FIBERITE Style W-1705 (5.86 oz/yd? and
0.015-in. dry thickness) with graphite fibers parallel to the
grain direction and held in place with crosswise fiberglass fill
yarns

1.4 Lamination Process

The lamination process described herein is of a generalized
nature.

1.4.1 Veneer preparation.—Ultrasonically graded sheets of
veneer were selected to provide uniformity. These graded
sheets were kept in a controlled environment in order to control
moisture content prior to fabricating the veneers into billets,
specimens, or structures. Moisture content was measured by
weighing a sample of the wood before and after moisture was
driven from the wood by heating the sample in an oven at
approximately 220 °F for at least 12 hr, until the weight of
the specimen stabilized.

The ends of the veneers were trimmed, either square to
provide butt joints or scarfed to provide longitudinal load
transfer in scarf joints. These end joints are necessary when
the laminated piece is longer than the veneers.

1.4.2 Layup and glue application.—The trimmed veneers
were assembled, on a layout table, with staggered longitudinal
and transverse joints. One edge of this layout pile was then
trimmed to provide a pilot surface. Each veneer was run
through a glue machine that applied glue of a predetermined
thickness to rollers. This thickness determined the weight of
glue per thousand square feet that was to be applied. The
veneer traveled between two rollers and glue was applied to
both sides of each veneer.

The veneers were then placed in the mold in the same order
as they were on the layout table. The mold could be either
contoured (usually a female mold) or flat, depending upon the

application. The veneers could be stapled to eliminate shifting
during the pressure application that followed.

1.4.3 Vacuum bagging and curing.—For large laminated
structures of a contoured shape it is not practical to apply
mechanical pressure during the curing process. The method
used for applying pressure was to enclose the uncured
laminated component in a vacuum bag. Air was removed from
the bag by suction to provide a curing pressure of 20 to
25 in. of mercury. This vacuum was held until curing was
complete. The laminated component was then removed,
trimmed, and machined as required.

1.5 Selected Physical and Mechanical Properties

Nominal values of some physical and mechanical properties
of Douglas fir from reference 3 are listed in the following table.
The properties are for 12 percent wood moisture content.
Because wood is very anisotropic, the properties differ in the
longitudinal, radial, and transverse directions. These directions
are illustrated in figure 10 of chapter II.

Modulus of elasticity, psi:

Longitudinal (parallel to grain), £, ...................... 1.95 x 106

Radial (perpendicular to growth rings

and to grain), Eg ..o 0.133 x 108

Tangential (parallel to growth rings

and perpendicular to grain), Ep ... 0.098 x 106
Modulus of rigidity in TR plane, Grg, pSi ...ooooeeviiinnnnn 0.014 x 106
Thermal conductivity, Btu/hr ft °F:

Longitudinal, k; ........coooiiiii 0.172

Radial, kg «oevveeeiiiiiiiii e 0.075

Tangential, k7 ..o 0.068
Coefficient of thermal expansion, *F~!:

Longitudinal, o ......ooooiiiiiiii 2.10 x 10-¢

Radial, g .o.oooiiiii e 25.90 x 10-¢

Tangential, o7 «..vvvveriiiriiiaii e 34.90 x 10~
Poisson's ratio:?

JALR +cxveeetemtn et e e e e 0.292

LT <t et et 0.449

JART +cevee e et et ettt e e e e e 0.390

JARL +ceeteerenen et e e e 0.020

JATR +ceeeeeememn e e e e e e 0.287

JETL + v e e e ettt 0.022
Density, p, Ib/f ..o 349

aThe first letter of the subscript refers to the direction of applied stress and the second letter refers
1o the direction of latera} deformation. Note that reference 3 has the values of g and pg; inadvertently
reversed; they are correct here,

35



2.0 Testing Procedures 2.2 Specimen Configurations

Specimens used in the investigations are described in this

2.1 ASTM Standards - . g
section. Specimen drawings are not to scale.

Wherever it was feasible, AsT™ standards (refs. 6 and 7) 2.2.1 Static tension specimens.—The following table lists
were used for testmg. The standards used are listed in the the ﬁgures describing each of the types of Specimens tested:
following table. Specimens are shown in figures 2.2-1 to
2.2-15.

Specimen Figure Comment
Test ASTM Title Loading | Specimen
standard rate shown in Parallel to grain 220 |
figure
2.2- Parallel to grain; 2.2-2 | Three laminations with joints in
transverse scarf joints each specimen
Static tension D 198 | Standard Methods of | 5 min to lw4
parallel to Static Tests of failure ) Parallel to grain; 2.2-3 { Three laminations with joints in
grain Timbers in transverse butt joints each specimen
Structural Sizes
Parallel to grain; 2.2-1 | Same proportion of lamination

Static tension D 1037 | Standard Methods of | 0.15 in./ 5,6 size effect 2.2-3 | butt joints per unit volume

perpendicular Evaluating the min 2.2-4 | in each specimen

to grain Properties of

Wood-Base Fiber Perpendicular to grain; 2.2-5 | Radial direction perpendicular
and Particle radial direction to growth rings

Panel Materials . . . . .
Perpendicular to grain; 2.2-6 | Tangential direction perpen-

Static compres- D 198 | Standard Methods of { 0.01 in./ 7.9, tangential direction dicular to grain and radial
sion parallel Static Tests of min 10 directions
to grain Timbers in

Structural Sizes

Static compres- | D 143 | Standard Methods of | ----- 8 2.2.2 Static compression specimens.—The following table
sion perpen- Testing Small Clear lists the specimens tested:
dicular to grain Specimens of
Timber - -
Specimen Figure Comment
Static shear D 905 | Standard Method for | 0.01S in./ 11
Test for Strength min Parallel to grain 2.2-7 | Scarf joint effects
Properties of 2.2-10
Adhesive Bonds
in Shear by Perpendicular to grain; | 2.2-8 | Specimen dimensions the same
Compression radial direction for each grain direction
Loading . . . . .
Perpendicular to grain; | 2.2-8 | Specimen dimensions the same
Tension fatigue 173 T [ . 4, 13, tangential direction for each grain direction
14
Parallel to grain; 2.2-9 | Augmented specimens (10 oz/yd?
Compression (a) 15 circular hole of glass cloth between each
fatigue lamination)
Damping [ ) I R T I 1
coefficient . R .
2.2.3 Static shear and bending strength specimens.—The
Reverse fatigue L e 13 following table lists the specimens tested:

Wood moisture D 2016 | Standard Test | -—=—~ | —--—v
content Methods for

Moisture Content
of Wood Block shear | 2.2-11

Bending 2.2-12

Specimen | Figure

#There are no asTM standards for fatigue testing or determining the damping coefficient of wood specimens
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2.2.4 Tension fatigue specimens.—The following table lists
the specimens tested:

Specimen Figure Comment
Parallel to grain 22-13 ) e
Parallel to grain: 2.2-14) -- -
size effect
Parallel to grain; 2.2-13 | Three transverse butt joints in
transverse butt joints center veneers—3-in. spacing

2.2.5 Compression fatigue specimens.—The following table
lists the specimens tested:

Specimen Figure Comment
Parallel to grain: 2.2-15 | Specimen configuration the same:
transverse scarf joints three joints in each specimen
Parallel to grain; 2.2-15 | Specimen configuration the same;
transverse butt joints three joints in each specimen

2.2.6 Reverse axial tension-compression fatigue specimens.—
Specimens were tested parallel to the grain (fig. 2.2-13).
2.2.7 Damping ratio specimens.—Specimens were tested

parallel to the grain (fig. 2.2-1). Specimen lengths varied from
166 to 235.6 in.

GRIP ,” ﬁﬁéi
AREA -

4 <«—— LOADING —» |
Il

e —
/Zzs——,ég—z—qs-__,éis/ \/21

Figure 2.2-1.—Test specimen tor tension parallel to grain. (Dimensions are
in inches.)
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Figure 2.2-2.—Details of veneer scarf joints for tension, compression, and
fatigue specimens. (Dimensions are in inches.)
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Figure 2.2-3.—Details of veneer butt joints for tension, compression. and
fatigue specimens. (Dimensions are in inches.)
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Figure 2.2-4.—Test specimen for size effect on tension. (Dimensions are in
inches.)
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Figure 2.2-5.—Test specimen for tension perpendicular to grain (radial
direction). (Dimensions are in inches.)
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SLEEVE DETAIL
LOADING

" DIRECTION

EIGHT ANNULAR LAYUPS OF

r\ GLASS CLOTH AT 0.0155 IN,
THICK: JOINTS OFFSET AT
U 90% AS SHOWN
F 24
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LONGITUDINAL ‘ DIRECTION

Figure 2.2-6.—Test specimen for tension perpendicular to grain (tangential ,
I
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direction). (Dimensions are in inches.)
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Figure 2.2-9.—Specimen for testing effects of unreinforced and glass-fiber-
J Y fabric-reinforced central hole. (Dimensions are in inches.)
-1
P

S A
e

Figure 2.2-7.—Test specimen for compression parallel to grain. (Dimensions
are in inches.)

TANGENTIAL ~ AREA COVERED BY

LOADING | LOADING PLATEN
/
Arpia, DIRECTION K
LONGITUDINAL //4_ 7

D
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2
l )
U (a) Staggered scarf joint test sample configuration. (Control specimens have
o ,’ same overall dimensions but contain no scarf joints.)

5

1.
% 6 ;I/
Test specimen for compression perpendicular o grain,
(Dimensions are in inches,)

(b) Overlap joint: 50 percent overlap, D = 0.50 in.; 2§ percent overlap,
D = 0.25in. (Overlap joints tend to distort somewhat within the laminate.)

Figure 2.2-8.— Figure 2.2-10.—Static compression and compression-compression fatigue
specimen for investigations of scarf joint configuration strength.
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(c) Gap joint: 50 percent gap, D = 0.50 in.; 25 percent gap, D = 0.25 in.
Figure 2.2-10.—Concluded.
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(a) Parallel.

{b) Perpendicular.

Figure 2.2-11.—Block shear specimens parallel and perpendicular to laminations. (Dimensions are in inches.)
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(a) Vertical laminations.
(b) Horizontal laminations.

Figure 2.2-12.—Specimens for bending with vertical and horizontal laminations. (Dimensions are in inches.)
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SECTION A-A

SECTION B-B

Figure 2.2-13.—Dogbone test specimen for fatigue testing. (Dimensions are in inches.)
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Figure 2.2-14.—'Plank ™ style static tension test specimen. (Dimensions are
in inches.)
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Figure 2.2-15.—Compression test specimen. (Dimensions are in inches.)
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2.3 Specimens With Structural Joints

In large structures it may be necessary to use joints to join
subassemblies together, as illustrated in figure 2.3-1 for
transverse joints in a wind turbine blade. This section of the
report describes specimens that were tested to determine the
strength of such joints.

2.3.1 Finger joints.—Figure 2.3-2 illustrates the general
geometry of finger joints, and figure 2.3-3 provides some
details on how the specimens were cut from laminated billets,
machined, and joined. The following table lists the figures
(2.3-4 10 2.3-9) describing cach of the types of finger joint
specimens tested:

Specimen Comments

Six-in. finger length, 2.
various slopes

Three-in, finger length | 2.3-5 | Static tension tests
Aging effects R T ——
Augmentation 2.3-7 | Glass fiber or Kevlar between
veneers; static tension tests
Dogbone 2.3-8 | Tension and compression
2.3-9 | fatigue tests

2.3.2 Longitudinal bonded joints.—Some structural joints
may not have to carry the tension load that would make finger
joints necessary. Simpler longitudinal joints for a wind turbine
blade are illustrated in figures 2.3-10 and 2.3-11 and in fig-
ure 16 in chapter HI. Bending test specimens for longitudinal
butt and wedge joints are shown in figure 2.3-12.



2.3.3 Stud joints.—Wooden structures can be attached to
WIDTH OF AUGMENTED LAMINATE

metal components by using metal studs bonded into the
Jaminated wood. A specimen for investigating such joints in SPECIMENS AND AGED SPECIMENS,
) 2.31: WIDTH OF ALL OTHERS. 2.25~
shown in figure 2.3-13. \
\
[ 102 '
¢ I}
L 1 e —— 1
@ | GRAIN ¥
T >[ > —
(b
~FINGERS PRIMED WITH WEST SYSTEM
|} 105-B6 RESIN AND 206-BG_HARDENER
| THEN COATED WITH EPOXY THIXO
| ADHESIVE
— —
TOP VIEW
’ 3
_ - FINGER I ——
MIDDLE S JoINTS —
SECTION -~
SIDE VIEW
. ()

(a) Saw-cut billet.
(b) Bandsaw-cut fingers.
(c) Bonded fingers cut to finished length.
Figure 2.3-3.—Fabrication of finger joint tensile test specimens. (Dimensions

are in inches.)

‘l?.OSZ

0.062 {2.25(TYP.)

1.625
‘ 0.562
(a)
GTH 0.062
1.56

(a) 1:6 Slope. Pitch, 2.125 in.

i<~ PITCH —o{ }-f ROOT (b) 1:8 Slope. Pitch, 1.625 in.
WIDTH Figure 2.3-4.—Tensile test specimens showing details of machined fingers

with slopes of 1:6, 1:8, 1:10, and 1:14. (Dimensions are in inches.)

Figure 2.3-2.—Finger joint design geometry.
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(¢) 1:10 Slope.
(d) 1:14 Slope.

Figure 2.3-4.—Concluded.
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Figure 2.3-5.—Details of tensile test specimens with machined fingers 3 in.
long and having a slope of [:8. (Dimensions are in inches.)
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(a) 6-in. fingers.
(b) 10-in. fingers. Pitch, 2.344 in.

Figure 2.3-6.—Detail of machined fingers in aged tension test specimens.
(Dimensions are in inches.)
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L~ 14 LAYERS OF AUGMENTATION FABRIC:
10-02/vp2 BURLINGTON STYLE 7500
GLASS FIBER OR BURLINGTON STYLE
5285 KEVLAR FIBER

SECTION A-A

Figure 2.3-7.—Detail of machined fingers in augmented specimens for tensile
tests. Pitch, 2.344 in. (Dimensions are in inches.)
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/ ()]
< BUTTONHEAD LOAD TAKEOFF
STUD BONDED IN TAPERED HOLE
(a) Saw-cut billet.
(b) Bandsaw-cut fingers.
(c) Bonded fingers and ends cut off for compression test blocks.
(d) Machined and finished dogbone with studs installed.

Figure 2.3-8. —Fabrication of finger joints in dogbone specimens for fatigue
tests. (Dimensions are in inches.)
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Figure 2.3-9.—Detail of machined fingers in dogbone specimens for fatigue tests. (Dimensions are in
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(a) Saw cut 96-in.-long strips into 32-in.-long pieces; bond two pieces at centerline with epoxy asbestos adhesive.

(b) Saw cut 0.12-in.-thick slots; saw cut to 30 in. long; €

poxy coat cut edges. (See section B-B.)

Figure 2.3-10.—Fabricating longitudinal butt joint test specimens. (Dimensions are in inches.)
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Figure 2.3-11.—Longitudinal wedge joint test specimens. (Dimensions are in inches.)

(b) Wedge detail.
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(a) Typical steel stud.
(b) Stud bonded into wood block.

Figure 2.3-12.—Stud test specimen configuration. (Dimensions are in inches.)
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2.4 Test Equipment special machines were designed or existing machines
were modified for the tests. The apparatus and a specimen used

Tests on laminated-wood specimens were conducted at for measuring damping characteristics during transverse
a number of different organizations. In most cases vibration are shown in figure 2.4-1. The equipment used is
standard testing machines were used, but in some instances listed in the following table:

Equipment description Test organization Types of tests

MTs model 810.14-2 two-column material test | Gougeon Brothers, Inc., Static tension
machine. Test opening, 30 in. wide by Bay City, Michigan and compres-
81 in. high; capacity, 110 000 Ib. sion; fatigue
MTs 643.67 buttonhead grips

MTs 200 000-1b hydraulic universal test University of Dayton Research | Static tension
machine with 77 000-1b actuator for high- Institute, Dayton, Ohio and compres-
cycle fatigue sion; high-

cycle fatigue

mts 110 000-1b load frame with 50 000-b University of Dayton Research | Fatigue
hydraulic actuators and 50 000-1b fatigue- Institute, Dayton, Ohio
rated load cell. MTs 643.67 buttonhead
grips

mTs model 308.01 four-column material test Illinois Institute of Static tension and
machine. Capacity, 20 000 Ib Technology Research fatigue

Institute, Chicago, Illinois

Baldwin S-million-1b screw-driven Lehigh University, Bethlehem | Static tension
universal test machine Pennsylvania

Metriguard 186 000-lb-tension, 200 000-1b- Washington State University, Static tension
compression horizontal hydraulic test Pullman, Washington and compres-
machine. Specimen lengths up to 312 in. sion fatigue

Specially designed 300 000-Ib tensile test Oregon State University, Static tension
machine Corvallis, Oregon

Tinius Olsen test machine. Capacity, Oregon State University, Static tension
60 000 1b. Corvallis, Oregon

Nicolet Instruments model 206, Explorer I, | Metriguard, Inc., Pullman, Damping
digital storage oscilloscope Washington

Metriguard model 3300 transverse vibration
E-computer

Hewlett-Packard model 7034A X-Y recorder

Modulus grader (sec subsection 1.2.2) Trus Joist Corporation, Laminate modulus
Eugene, Oregon of elasticity

INITIAL DEFLECTION AND RELEASE

#

POINT /S
suPPORT . |
~ KNIFE
~LOAD EDGE L
CeLL SUPPORT —

Figure 2.4-1.—Apparatus and specimen for measuring damping characteristics.
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3.0 Static Strength of Laminated
Composite Specimens

Considerable data are available on the static tension, compres-
sion, and shear strength of Douglas fir/epoxy laminates.
Among the variables investigated were (1) direction of force
relative to grain direction (parallel, perpendicular in a direction
radial from the tree centerline, and perpendicular in a direction
tangential to the peeling surface of the log, see fig. 10 in
chapter II), (2) specimen size, (3) specimen temperature,
(4) moisture content, (5) laminate or veneer grade, (6) butt
joints or scarf joints in laminates with the joint transverse to
the direction of force, (7) glue spread rate, (8) effect of circular
holes in the specimen, and (9) graphite fiber augmentation
between laminates. Note that more significant figures are
presented in the tables of this report than are warranted by
the precision of the data. All numbers are based upon computer
calculation without rounding. Rounding to the nearest 100 psi
is probably warranted in most cases, based on a load cell
accuracy of 0.5 percent of full-scale reading.

3.1 Static Tension Strength

3.1.1 Parallel to grain.—In order to achieve the greatest
strength in laminated wood, the load direction should be
parallel to the grain, but there are many variables that can affect
the strength. The larger the specimen or structure, the more
defects are apt to be present and the lower the strength. If the
structure is larger than the length of log peeled to make the
veneers, there will be joints in the individual veneers that can
reduce strength. Temperature, moisture content, and veneer
grade also affect strength. The effects of these variables are
shown in the following subsections.

1.6
[__ ~— COMPRESSION, K = 1,92

// (STATIC AND FATIGUE)
7/

1.4

/
e (STATIC)

1.0

\
— MODULUS OF

RELATIVE LAMINATE PROPERTY, PX/PG

~~ SHEAR, K = 1,07

3.1.1.1 Effect of moisture content on tension strength: The
effect of moisture content is predicted analytically in refer-
ence 3 by means of equation (1) in chapter III of this report.
This equation can be manipulated to predict strength or
modulus of elasticity for any wood moisture content less than
the fiber saturation value of about 24 percent from any other
known values of strength or modulus and the moisture content
at which those values were determined. Figure 3.1-1 shows
how the properties parallel to the grain of Douglas fir laminates
are predicted to vary with moisture content, according to
equation (8) in chapter IIl and its accompanying table of
K values.

Table 3.1-1 presents experimental data for two specimen
configurations of Douglas fir/epoxy laminates tested at laminate
moisture contents from 4.6 t0 9.2 percent. The specimens were
of the type shown in figures 2.2-1 and 2.2-12. Other data over
a smaller range of moisture contents are presented in tables
3.1-1 to 3.1-IV. The data from these tables for specimen
volumes of 402 in.” or less are shown in figure 3.1-2 along
with an analytical curve of the type in figure 3.1-1. It is
obvious that the data shown do not verify the effect of moisture
on tension strength predicted by the method of reference 3.

Since the experimental static tension data available for
Douglas fir/epoxy laminates did not satisfactorily determine
an experimental correlation of moisture effects, we used the
method of reference 3 1o correct the data obtained at laminate
moisture contents different from 6 percent. In general the
corrections were small, but the static tension data were tabulated
for two cases: (1) without a moisture correction and (2) corrected
to 6 percent laminate moisture content by using the methods
described in the subsection **Correction of Moisture Content’’
in chapter III and a value of K = 1.21 from reference 3.

Limited additional information on how moisture content

. (B-My)/9.84
Py/Pg = K

~ TENSION. K = 1,21
(STATIC AND FATIGUE)

e

ELASTICITY,
K= 1.05 ,— TENSION-COMPRESS1ON
FATIGUE, K = 1.57
() —
" l I l | l | |
0 2 4y [ 8 12 14 16
LAMINATE MOISTURE CONTENT, MX' PERCENT
Figure 3.1-1.—Predicted variation with moisture content of mechanical properties of Douglas fir wood laminates parallel to grain (see e¢q. (8). chapter III).
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TABLE 3.1-1.—EFFECT OF MOISTURE CONTENT ON STATIC TENSION
STRENGTH PARALLEL TO GRAIN

[Laminated Douglas fir/epoxy specimens; veneer grade, A+; test temperature, 70 °F;
S-min ramp to failure.]

Specimen description | Veneer | Laminate | Failure stress, Failure stress
grade | moisture psi corrected to 6 percent
content, laminate moisture
percent content,
psi
2.25-in.-diameter A+ 5.5 10 841 10 736
dogbone shape with
three transverse butt 5.8 11 287 11243
joints in center
veneers with 3-in. 6.0 12 363 12 362
spacing between
joints (fig. 2.2-14) 8.9 11 267 11918
v 9.2 12 195 12 974
Mean 11 591 11 847
Standard deviation 587 792
2.25-in.-diameter A 7.4 10 028 10 303
dogbone shape with
three transverse butt A 8.7 13 187 13 894

joints in center
veneers with 3-in.
spacing between
joints (fig. 2.2-14)

Mean 11 608 12 099
Standard deviation 1580 1796
0.9- by 4.5- by 96-in. A+ 4.6 10 130 9 859
specimens with 45
laminations; three 5.0 11 971 11 741
transverse 12:1-slope
scarf joints in center 5.8 10 990 10 947
veneers with 3-in.
spacing between joints 6.5 10 438 10 539
(similar to fig.
2.2-1 7.1 12 937 13 215
v 9.0 11 512 12 200
Mean 11 330 11417

Standard deviation 947 1108
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LAMINATE MOISTURE CONTENT. PERCENT

NUMBER OF  JOINTS IN LAMINATIONS  VENEER TABLES
LAMINATIONS GRADE

22 3 BUTT A+ AND A 3.7-1

us 3 SCARF A+ 3.1-1

15 0 TO 13 SCARF OR BUTT At 3.1-11 AND -1V
0 TO 13 SCARF OR BUTT A+ 3,1-1.-111, AND -1V
NONE A 3.1-VIIl
NONE At 3.1-VIl

~ ANALYTICAL CURVE DERIVED FROM REF, 3
FOR AN ARBITRARY STRESS OF 11 000 psi
AT 6 PERCENT LAMINATE MOISTURE CONTENT

Figure 3.1-2.—Maximum static tension strength for laminated Douglas fir/epoxy specimens over a range of laminate moisture contents.

affects static tension strength is given in subsection 3.1.1.5.
Subsections 3.2.1.2 and 3.2.2.1 also provide information on
the effect of moisture content on Douglas fir/epoxy compres-
sive strength.

3.1.1.2 Effect of laminate joint configuration on tension
strength: Tables 3.1-1I to 3.1-1V tabulate experimental data
for Douglas fir/epoxy specimens containing butt or scarf joints
in the laminates. The test specimens were cut from five
different panels. These panels were approximately 60 ft long,
20 in. wide, and 1.5 in. thick. The panel numbers are listed in
the tables. The test specimen configurations were similar to
those shown in figures 2.2-1 to 2.2-3. All specimens contained
15 laminations. Specimen widths were 2 or 8 in. Overall lengths
varied from 7.5 to 30 ft and the corresponding specimen test
section volumes varied from 132 to 3768 in.>. The veneer
grade was A+ for all specimens. (See subsection 1.2.2 on
veneer grade.) All tests were run with a 5-min load ramp to
expected failure. All specimens failed in the gage length
without any indication of significant involvement of the grips.

Table 3.1-V presents the mean values of tension strength
and modulus of elasticity and their standard deviations o for

specimens cut from panels 4 and 5. The specimens had scarf
joints in the laminations spaced at either 3 or 6 in. in adjacent
laminations. The mean values were calculated from the data
points listed in table 3.1-IV. The two joint spacings are
compared for (1) same-size specimens, (2) same-width
specimens (but varying length), and (3) same-length specimens
(but varying width). Although the total number of specimens
was small, only 13 cut from panel 5, there was no consistent
trend in the effect that spacing between scarf joints had on
mean tension strength. The table also shows mean strength
for specimens with 3-in. spacing between scarf joints and cut
from two different panels. In all cases the mean strengths were
higher for specimens from both panels 4 and S than for
specimens from panel 5 alone. This consistent trend showed
panel 4 specimens to be stronger. It was therefore concluded
that panel-to-panel variations, where the panels were
manufactured by the same process and with the same grade
of veneers, were greater than the scarf joint spacing variations.

All the data from tables 3.1-1I, -III, and -1V are compiled
in figure 3.1-3. Mean values of replicate tests and standard
deviations o for specimens with butt and scarf joints in the
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[Two scarf joint spacings in adjacent laminations of Douglas fir/epoxy specimens. All

TABLE 3.1-V.—EFFECT OF SCARF JOINT SPACING ON MEAN FAILURE STRESSES,
MEAN MODULI OF ELASTICITY, AND STANDARD DEVIATIONS—PANELS 4 AND 5

Data corrected to 6 percent laminate moisture content, and based on table 3. 1-1V.]

specimens 1.5 in. thick with 15 laminations. Veneer grade, A+.

Specimen Panel
size
5 5 4 and §
Spacing between scarfs, in,
6 3 3
Number of Mean Mean Number of Mean Mean Number of Mean Mean
specimens failure modulus of | specimens failure modulus of | specimens failure modulus of
in group stress? elasticitya in group stress? elasticitya in group stress# elasticitys
(K =121, |(K=1.05), (K=121), | (K=1.05), (K=121), | (K=1.05),
psi psi psi psi psi psi
All 2 in. by e e e — N B e - 2 13 089 2.600 x 100
L L ] T L R [396] [0.083 x 10°]
All 8 in. by e B e i . 2 10 944 2.641
2 < e I, [1406] |.196]
All 2 in. by 2 9 603 2.309 x 106 2 10 310 2.349 x 106 3 10 879 2.428
15 ft [1014] [0.070 x 109) [1478] [0.060 x 109] 1450} [.122]
All 8 in. by 2 10 196 2.54] 2 9 240 2.510 3 10 030 2.506
15 fi [415) [.005] [.294] [.000} [1143] {.005)
All 2 in. by l 9470 2.465 2 9 462 2,588 4 9 586 2.575
30 f [----- ] [--——- 1 [129} [.120]) [653] {.094]
All 8 in. by 1 9 427 2.388 1 9 202 2.391 4 9 799 2.580
30 fi [-—— ] [---—- ] -~ ] [---—- ] (3s1] [.123]
All 2 in. 3 9 558 2.361 4 9 886 2.468 9 10 795 2.531
wide [830] [.094] [1132] [-153] [1658] [.126]
All 8 in. 3 9939 2.490 3 9 227 2.470 9 10 130 2.568
wide [496) [.072] [241] [.056] {1063] [.134]
All 7.5 fi el B - el B B —— 4 12 017 2.620
2 e e T [1489] [.152]
All 15 ft 4 9 899 2.425 4 9 775 2.429 6 10 455 2.467
long [830] [.126] [1193] [.091] [1373) [.095]
All 30 ft 2 19 449] 2.437 3 9 375 2.522 8 19 692] 2.577
long [22 1.038) [161] [.135] {535] [.109]
All specimens 6 9 749 [2.425] 7 9 604 2.469 18 10 463 2.550
[710) [.105] [929] [.121] {1431] {.131]

“Numbers in brackets are the standard deviations of the mean stresses and moduli listed above
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(a) Mean failure stresses.
(b) Standard deviations.

Figure 3.1-3.—Compilation of mean values of static tension failure stresses
(parallel to grain) in laminated Douglas fir/epoxy specimens for a range
of test section volumes. Data corrected to 6 percent laminate moisture content
(K = 1.21). Veneer grade, A+.

laminations are shown, as well as limited data for specimens
without joints in the laminations. As might have been expected,
the mean strength values were consistently higher for speci-
mens without joints than for specimens with either butt or scarf
Joints. In most, but not all, cases scarf-jointed specimens were
stronger than butt-jointed specimens. As the specimen size
increased, the effect of joint configuration generally decreased,
indicating that with the larger volume there was a greater
probability of other defects being present that could affect
overall strength. In addition, the data scatter decreased with
increasing test section volume as shown by the somewhat
smaller standard deviations at larger volumes.

Table 3.1-VI contains the mean values of all data from tables
3.1-10, -HI, and -1V for scarf and butt joints with 3-in. spacing
of the joints in adjacent laminations. These data are compared
in a manner similar to that for table 3.1-V for (1) specimens
of the same configuration, (2) specimens having the same
length but different widths, (3) specimens having the same
width but different lengths, and (4) specimens from different
panels. With only two exceptions in the entire table, the scarf-
Jointed specimens were shown to be stronger than the butt-
Jjointed specimens, and in these two cases the difference in
strength was small. These same two exceptions are also shown
in figure 3.1-3 for test section volumes of 942 and 1608 in.>.

3.1.1.3 Effect of specimen size on tension strength: The data
in tables 3.1-1I to 3.1-IV cover a range of tension specimen
volumes from 132 to 3768 in.3. Limited tests were also
conducted on a specimen shown in figure 2.2-4 that required
loads in excess of 1 million Ib to fail. The specimen had a
test section volume of 32 832 in.? and had scarf joints in the
laminations. The following data points were obtained for three
specimens:

Failure Failure stress,
stress, corrected to
psi 6 percent
laminate moisture
content,
psi
8542 8575
8778 8811
8986 9021

The mean values of these data are also plotted in figure 3.1-3.

Several approaches were use in attempts to find an
extrapolation method for the data from tables 3.1-II to 3.1-1V
that would predict the failure stress for the 32 832-in.>
specimens. Reference 8 used a Weibull statistical strength
theory to correlate bending strength data for wood members
over a range of sizes. The approach used for the variable stress
distribution across the depth of a bending member is not
applicable to specimens in pure tension.

Figure 3.1-4 illustrates two approaches investigated that
were based on regression lines of log-log plots of strength
versus volume. By using data illustrated in figure 3.1-3 and
including the scatterband of the data, regression lines can be
calculated for (1) the means of all the data at each volume,
and (2) the minimums of the scatterbands (excluding data at
a volume of 132 in.?). Both types of regression lines showed
a reasonable and conservative extrapolation of data obtained
in the volume range 132 to 3768 in.> to large-volume
(32 832 in.?) specimens. A disadvantage of using straight-
line regression curves for extrapolation to very large volumes
is the unrealistic conclusion that the strength would approach
zero. Other approaches that were investigated included the
following:
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TABLE 3.1-VI.—EFFECTS OF BUTT AND SCARF JOINTS ON MEAN FAILURE STRESSES, MEAN MODULI OF ELASTICITY,
AND STANDARD DEVIATIONS—VARIOUS PANELS

|Laminated Douglas fir/epoxy specimens 1.5 in. thick with 15 laminations containing scarf or butt laminate joints spaced 3 in. apart in adjacent laminations.
Veneer grade, A+. Data corrected to 6 percent laminate moisture content and based on tables 3.1-I1, TII, and 1V ]

Specimen Panel
size
3 3 1,2, and 3
Type of joint
Butt Scarf Butt
Number of Mean Mean Number of Mean Mean Number of Mean Mean
specimens failure modulus of | specimens failure modulus of | specimens failure modulus of
in group stress? elasticity? in group stress? elasticity? in group stress? elasticity?
(K= 121, (K=1.05). (K=12D, | (K=1.05, (K=12D, | (K=1.05),
psi psi psi psi psi psi
All 2 in by 8 11 060 2.713 x 100 8 11914 2.654 x 106 14 11 143 2.712 x 106
7.5 ft [1003] [0.083 x 106} [952] [0.087 x 10¢] [943] [0.072 x 10%]
All 8 in. by 4 9734 2.589 4 10 933 2.544 10 9 868 2.643
7.5 1t [514]) |.116} {460] [.111] {899] |.114}
All 2 in. by — e | e -— — | e | e
I T e e N e S Kl N S S
All 8 in. by R T T — —_— | e | -
P L Tt et I B B
All 2 in. by — memee | e — | == e B e B
R R T (e B I N e S S I
All 8 in. by —— | e | e —_ == | — | e | e
N F e e A I e et [ K I I
Al 2 in. 8 11 060 2.713 8 11914 2.654 22 10 715 2.657
wide {1003] [.083] [952] [.087] {1056] [.128]
All 8 in. 4 9 734 2.589 4 10 933 2.544 10 9 868 2.643
wide [514] [.116] [460] [.111] 1899] |.114]
All 7.5 ft 12 10 618 2.672 12 11 587 2.618 24 10 612 2.684
long 11072} [.112] (942 [.109] {1119] [.098]
All 15 ft —— e s -— | = | -— | e |
ong | | e T T T
Alt 30 fi S - e
ong |0 e e | T T T
All specimens 12 10 6