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- Preface

i

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, ahd 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 arc not
found in the published literaturc. 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.
Allispecimens 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 prescnted 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.
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Chapter I
Introduction

{ i

The NASA Lewis Research Center began a series of projects
in 1977 to develop low-cost rtor 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, Onc 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 sldtl()n\

“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 1o 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/epoxy laminates represent a
balanced combination of static and fatigue strength, stiffness,
density, resistance to moisture and decay, availability, case
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 (o the
preparation of a wind turbine design, consideruble experience
was obtained in the manufacture and testing of lamirated-wood

specimens, some with volumes in excess of 7000 cubic inches.
A second source of data was Gougeon Brothert, Inc., the
manufacturer of all of the Douglas fir/epoxy material tested.
Some of the G 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) r'xhihit_cd ‘
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 11, together
with descriptions of applications and manufacturing methods.
Chapter II1 summarizes the most useful test data and presents
mathematical models for predicting the effects of size and
moisture content on mechanical properties. Chapter 111 will
probably satisfy most data needs.

Chapter IV presents detailed test data in tabular and
graphical form, providing a data base suitable tor 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 n this publication and some of the important
contributors from these organizations,
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Chapter II

Laminated Wood/Epoxy Composites
in High-Performance Structures

Meade Gougeon* and Michael D. Zuteck®

For most of recorded history wood has been thé 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 technigues
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 {II and IV in this compendium of test
results for wood/epoxy laminates.

Historiéal 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 1o 4040
years. Essentially the same materials and construction methods
were still used in the great clipper ships of the 19th century.

*Gougeon Brotherw. Inc . Bay Cits. Michigan

Up to 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 farger and larger ships to be built.
However, these ships were far heavier than they nceded 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 cxperience has given us a proper
appreciation of what was accomplished with wooden wind
machines over 400 ears ago.

With the arrival of manned flight lightweight structural
capability became paramount for the success of aviation. Al
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, religble, lightweight structures fucled rescarch
and development efforts that, for the first time, began to
scientifically characterize wood properties. Aircraft engineers
guickly realized that even the best mechanically fastened wood
joints could transfer only a little over 30 percent of downstream
wood materiai 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 carly adhesives, bonded woaod
joint technology did not become fully viable until the mid-
1930°s, when more advanced adhesives became available, This
Jate development. combined with 4 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
Jarger 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 4 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 full-scale
production in 1941 and saw much service in World War 1.
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 aircrafi of its day, had a

r# . 40 £T 9.5 IN. - .

54 FT 2 1N,

t" 16 FT 4 IN. »]

(a) Overall configuration.

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

level flight speed of over 400 nph 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 cffort 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 1I. 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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- Preface

i

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, ahd 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 arc not
found in the published literaturc. 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.
Allispecimens 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 prescnted 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.
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Chapter I
Introduction

{ i

The NASA Lewis Research Center began a series of projects
in 1977 to develop low-cost rtor 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, Onc 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 sldtl()n\

“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 1o 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/epoxy laminates represent a
balanced combination of static and fatigue strength, stiffness,
density, resistance to moisture and decay, availability, case
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 (o the
preparation of a wind turbine design, consideruble experience
was obtained in the manufacture and testing of lamirated-wood

specimens, some with volumes in excess of 7000 cubic inches.
A second source of data was Gougeon Brothert, Inc., the
manufacturer of all of the Douglas fir/epoxy material tested.
Some of the G 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) r'xhihit_cd ‘
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 11, together
with descriptions of applications and manufacturing methods.
Chapter II1 summarizes the most useful test data and presents
mathematical models for predicting the effects of size and
moisture content on mechanical properties. Chapter 111 will
probably satisfy most data needs.

Chapter IV presents detailed test data in tabular and
graphical form, providing a data base suitable tor 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 n this publication and some of the important
contributors from these organizations,
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Chapter II

Laminated Wood/Epoxy Composites
in High-Performance Structures

Meade Gougeon* and Michael D. Zuteck®

For most of recorded history wood has been thé 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 technigues
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 {II and IV in this compendium of test
results for wood/epoxy laminates.

Historiéal 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 1o 4040
years. Essentially the same materials and construction methods
were still used in the great clipper ships of the 19th century.

*Gougeon Brotherw. Inc . Bay Cits. Michigan

Up to 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 farger and larger ships to be built.
However, these ships were far heavier than they nceded 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 cxperience has given us a proper
appreciation of what was accomplished with wooden wind
machines over 400 ears ago.

With the arrival of manned flight lightweight structural
capability became paramount for the success of aviation. Al
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, religble, lightweight structures fucled rescarch
and development efforts that, for the first time, began to
scientifically characterize wood properties. Aircraft engineers
guickly realized that even the best mechanically fastened wood
joints could transfer only a little over 30 percent of downstream
wood materiai 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 carly adhesives, bonded woaod
joint technology did not become fully viable until the mid-
1930°s, when more advanced adhesives became available, This
Jate development. combined with 4 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
Jarger 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 4 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 full-scale
production in 1941 and saw much service in World War 1.
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 aircrafi of its day, had a

r# . 40 £T 9.5 IN. - .

54 FT 2 1N,

t" 16 FT 4 IN. »]

(a) Overall configuration.

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

level flight speed of over 400 nph 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 cffort 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 1I. 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
10 the point where it could successfully deal with farge 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 engincering 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.



(a) General view.
(by 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-b gross weight). Photo courtesy of Wrather Port Properties, Ltd.,
long Beach, CA.
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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, Bven
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 thun 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.
phy prog yp p

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. —-Equilibriuin moisture content of wood as @ tunction. of ambient
humnidity.

Figure 5.--Cross section of a typical log from which vencers are cut, showing
principal directions (Jlongitudinal 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. [t 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 & 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 10 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

(-84 08ht/*

Figure 6.— A auniceboat traveling at a speed of 60 mph, Hull and outriggers
are constructed of laminated fir/epoxy.
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Figure 7.—Adrenaling o 40-[ racing wrimaran with laminated wood/epoxy hulls,

Kahuku Village, Oahu, Hawaii. Laminated Douglas fir/epoxy blades form
the 125-ft-dimneter rotor,

- of Douglas fir/epoxy laminate. The boats and turbine blades

were built by Gougeon Brothers, Inc. (Gi1), These dynamic
structures must be built with high strength to weight ratios
to be successful. These examples have been suceessful, in part,
because wood itself is an excellent engincering 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 engincering material,

At atime when fiberglass was dominating the boatbuilding
industry, a unique wood technology was developed at aai that
relied on a new plastic ingredient: epoxy resin, For the first
time the industry possessed a key ingredient that could be used
10 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 tuking place in
wood technology.



Wood as an Engineering Material

In considering using wood as an engineering malerial, it is
pertinent  note that wood is not a single material with one
fixed set of mechanical propertics. Wood includes many
species with a wide range of properties, depending upon both
the species and the density selected. The vange ol propertics
is considerably wider than that generally available with most
other materiuls, fna given metal, for example, some variation
of properties can be attained by llluving or temgiering, but

little varintion 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/ftY (or even less) for
selected grades of bulsa to over 60 1b/* 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 tor steel,
aluminum, or composite materials,

The basic mechanical propertics of wood such as strength
and modulus are roughly proportional to its density. This is
true regardless of species, since the basic vrganic material is
the samc in all species. Thus, changing density is rather ike
compressing or expanding the net strength and elastic stiffnoss

inlo different cross-sectional arcas, with little net vatiation 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
pancel core materials and for panels of beams where stiftuess
or buckling resistapce per unit of weight is of primary
importance. High-density species can be selected where there
is a need lor high strength or stitfness per unit of volume, such
as panel skins or structural members that must occupy
constrained geometrie volumes. The full range of intermediate
densitics provides a match for requirements anywhere between
these extremes. For example, for a given buckling load and
weight per unit length, approximately a factor ot [()
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 alse
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 seleet materials on the basis of specific
strength, or strength divided by density. For exarple, a
fir/epoxy Luninate with a tension strength of 12 000 psi and
a density of 0,023 Ib/in, Y 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 miaderials 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,
clustic compressive buckling, and deflection,

This strength comparison considered the properties of wood
along its graln direction, However, the same picee 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 40-10-1 variation in tension strength with load
direetion, The other physical propertics of wood are also
distinetly anjsotropic, although not-to as greal o degree as
tension strength, What this means is that ‘the designer of
wooden structures may have to take explicit measures to deul
with crosg-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
tera single plane, laminated vencer 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, " und dealing with them s the price
the designer pays in order to gain the advantages of this casily
fabricated, high-performance, tow-density structural material.

Fatigue Resistance

Another factor that must be considered when evaluating
wood s its performance in fatigue, By its nature as a librous
material, wood s not given 1o the kind of fatigue crack
propagation that is fumiliar in metals. The literature ul"lhc
fatigue properties of wood is not as well developed.us that of
some other materials, but in round numbers, one can expect
essentially infinite fatigue life (more than 108 cycles of
loading) for wood with masimum stresses to 30 pereent of
static tension strength. For some kinds of loading even higher
pereentages are aceeptable. Figure 9 illustrates how the fatigue
resistance of faminated wood (Gougeon engineered laminate,
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type 110) compares fuvorably with that of other structural
materials. ‘

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

“The wealth of experimental data in chapters [ and 1V
‘provides a modern basis for dssessing the faugue performance
of fir/epoxy laminates that goes well beyond what was

previously available, Work continues on a volume of

wood/epoxy test data that uddresses 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 cffects 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 Gai s that as much as 20 to 25
percent of this new material is resin. The main reason for thig
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

oceur 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, scarl and butt joints, Both have been
used successfully at Ga. ‘

As already discussed, most of the problems with wood are
moisture related. The basic approach at Gt is to seul all wood

surfaces with a properly formulated resin system. A typical |

laminate using 1/10-in.-thick vencers will have nine glue lines
per inch of thickness, and each glue line must be penetrated
by water vapor to cither increase or decrease the moisture
content of the entire laminate. All subsequent joints in the
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Figure 10, —Graln orientation In a typical laminate and Blustration 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 scasonal moisture
fluctuations are casily resisted. :

With proper scaling, dry rot has been climinated 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 tor the rot spore to
function,

A third benefit of using a high resin ratio in a wood
composite .8 utilization of the excellent physical properties
available with modern resin systems. Some of these unigue

' properties can be used to enhance the capabilities of many

wood species, especially in the secondary properties ol cross-
grain compression, tension, snd shear,

Early in the Gni wood compusite development, the Douglas
fir species was chosen as the best available to fulfill all long-
term needs. The reason for this decision was primarily
ceonomic, 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,
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Douglas fir, widely traded as « 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
30 in. in diameter. These trees, cut into 8-ft lengths called
peeler logs, are efficiently turned into vereers with « 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 1o 1985, More recent prices
in 1989 huve been as high as $86 per thousund 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 1o 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 excetlent 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-bug
system that has been used at Gsi to manufacture luminated 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 epoxy
adhesive, without measurable reduction in fong-term fatigue
resistance,

Costly quality problems due to low or uncven 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 physicul propertics of specially formulated
epoxy-hased resing can be considerably higher than the static
crogs-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 econontical lnhliuulon 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 s 4 randomization
of defects by systematically arranging vencers to scatter defecty
as evenly as possible through the laminate, Statistically, this
procedure reduces the severity of defect-initiated fallure, but
it does not eliminate the problem. The second, and far more
cffective procedure, is to ultrasonically inspect all vencers,
This 100-pereent-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 vencers 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 quelity control provides a more homo-
geneous wood taminate material that cmmstultly 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 vencer
and 20 percent resin (by weight) is typical of a standard
laminate. The base raw matewial cost can be figured on this
veneer/resin ratio as follows (assuming 100 b of laminate):

1/10-in.-thick Douglas fir veneer at $0.40/1b X 80 Ib = $32.00
Gougeon WEST SYSTEM resin at $2.57/1b x 20.1b = $51.40
| $83.40

$83.40/100 = $0.834/1b

Waustage and handling costs must be added to this base cost,
Acvording to G 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 clement 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 depeading
on & number o factors, but the resin content cannot usually
drop much below 20 pereent of laminate weight without
perforinance losses.

From asr's experience a high-volume, mature manufac-
turing plant s generally capable of producing  ordinary
structures at roughly double the base material cost. This
suggests that u 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.,



Development of Wo‘od/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 matefinl, Blades built of

steel, aluminum, and fiberglass have all suffered from fatiguc
fallures, One reason is that peak blade louds and their cylic
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
ditficult application, bhul o wood/epoxy  composite  has
demonstrated excellent potential for achieving this life span,
Personnel from the NAsa Lewis Rescurch Center' in
Cleveland, Ohio, who were involved in developing large,
horizontal-axis wind turbinés for the Depurtment of Energy,
contacted Garin 1977 while searching for ways to reduce the
high cost of blades. Efforts to develop aluminum, fiberglass,
and steel bludes were already under way, and Gir 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 o 6011 blade was
constructed.

NASA's expericnee had shown that the inboard ends of

turbine blades were the most susceptible to fatigue fuilure, The
hub end of the 20-ft sample contained o ring of 24 studs bonded
into the 3-in.-thick blade walls with epoxy. Gar 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 conligurations are discussed in
references 2 and 3. NAsA Lests confirmed that individual studs
had sufficient static and fatigue strength in the bonds, but
testing of the complete blade-to-hub joint was necessary belore
this novel method could be aceepted for use on a wind turbine.

The completed 20-ft blade section was delivered 1o NASA
in July 1978 for evaluation, After rigorous testing with both
static and futigue loads, the wood/epoxy portion of the sample
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was  undamaged. confirming the potentiul application of
wood/epoxy laminates as a structural material for wind turbine
blades. The steel studs, however, falled in fatigue outside the
blude as o result of flexibility In the support plate to which
thicy were attuched. This led to a recognition of the importance
of stiffness in the hub attachment flanges, and modifications
were made to prevent this type of fallure in the future,
Subsequently, several contracts were awarded for the design
and manufactuce of blades for four 200-kW Mod-0A wind
turbines with rotors 125 {t in diameter, The first pair of blades
was built on an aceelerated schedule that allowed only 5 months
for design, tooling, and fubrication, The blades were deliverad
on time and on budget and performed satisfactorlly for 7844
hours before a corrosion-fatigue failure occurred in one steel

stud as woresult. of misalignment during assemibly, As a

precantionary measute the blades were removed from service,
Follow-on blades saw satistactory service on all four of the
Maod-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 und
engineering cffort. Many years of working with wood
composite materials in the marine industry helped significantly
by providing a practical working knowledge of the materiul,
A major problem was the lack of specific material data upon
which to base u 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 o0
withstand, particularly in extreme operating conditions,

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

(B2 1gh4

Steel stud typical of type bonded wto end of 6071t wind turbine blude for attachment o rotor hub.



Unfortunately, the entite 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 propertics most relevant to stress
conditlons driving the blade deslgn. Minimum numbers of test
samples sometimes provided data that were not conclusive,
requiring careful interprotation to develop meuningful 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-35A 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 & manufac-
turing plan, '

Since the demise of the Mod-5A project, both pog-funded
and GBI-funded testing programs have added signiticantly 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

a8l 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, amt was contacted by Westinghouse
Electric Corporation to design and develop blades for a 142-{1-
diameter rotor for its 600-kW utility-oriented wind energy
system, Production tooling was completed by April [985, and

- 36 blades were bullt and delivered by November 1986, These

blades, one of which is shown in figure 12, have performed
satisfactorily on a Westinghouse-constructed wind power
statlon located on the Hawalian island of Oahu. These 600-kW
turbines are the largest commercial units yet to be built in a
series production und 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 cconomical operation 1s rotor cost, Both wood/epoxy
and fiberglass blades were considered for the Westinghouse
wind turbines, The GB1 wood/epoxy blades cost less and were
considerably lighter than the fibergless 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 approuch 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
ilfustrated 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 firerglass 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

LR (g 0BG Y/

Figure (2, Laminated fir/epogy blude for 142 fi-diameter Westinghouse 600-kW commercial wind turbine.
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) Installation of materials for blade external surfuce in female mold,
(b) Stacking of epoxy-coated wood veneers that form blade shell.
(¢) Vucuum bagging used to apply atmospherie pressure to veneers during epoxy cure eycle,
() Trimming leading and tralling edges prior to mating of shell halves,
() Installation of shear web into blade half-shell.
(N Mating and bonding of shell halves,
(8) Closeup of leading-edge bonded joint,

Figure 13, —Manufacturing steps. for Douglas fir/epoxy wind turbine blades,



(h) Inserting adhesive-coated studs into blade root end.
(1) 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-sheil so that it will mate properly
with the other half-shell. Figure [3(e) shows placement of the
shear web, and figures [3(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 blude root as shown In
figure 13(h). The finished blade is shown in figure (3(1) being

* loaded for shipment in a protective carrier,

Beginning blade manufacturing efforts were fimited to
prototype development and small-volume production, Typical
costs ranged from $20 to 530 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 “i--h hourly labor
costs, but modest capital expenditure/ i« ade large
reductions in labor hours, (

With iubor costs being a high percentage ¢ total cost,
there 1s 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
iiplementation, 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 proceduies, 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 blude 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 dircet spinoff in the marine industry with an
improvement in the design and manufacturing upproach to boat
construction.
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Chapter III

Data Summary and Analysis

Davzd 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, baséd 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 111, 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
erperimental 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 |, however, we used the reference 1 method

herein. Refcience 1 presents the following equation to calculate

a clear wood property P for any moisture content (in percent)
M. :

~[(M-12 -12 ‘
b p P\ "M 1207, 12)] "
| 2\ 5 . |

&

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

P,
“lok )

Py

where K is a constant for a given wood property. Valucs 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
M, = —2— "2 % 100 (3)

D



where

M, moisture content of laminated specimen ‘
Wy  weight of moisture-content specimen as tested and
before drying '
Wy weight of moisture- -content specimen after oven
drying

For the laminates reported herein the epoxy weight was
approximately 22 percent of the wood weight. ’I‘hc €poxy
absorbed little moisture; therefore

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

PIZ —_ PBK(]‘EQMLMI‘E)/]Z (5)

Combining equations (1) and (5) yields
Py = PHK(M'FMXW.M (6)

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

In the data réported 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

P6 — PBK(M['—M/‘)'!M (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 — P(’K(()‘-‘Mxl/9‘84 (8)

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

Py = PoK 7~ Myw) /12 9)

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 112
Y
=1 -
P - X
r=m| ——————— (10)
n
)R
=1
—-Y?
- '1‘ -l

where

m  slope of least-squares regression line
X log § (8= 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 | 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 resuited in a maximum

- value of the correlation coefficient r for the regression line

calculated for all data points. Figure | 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
linz 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 contems and then to establish ah empirical value of

K that would correlate the data. In most cases the data scatter
was far greater than the variation 1n strength due to moisture
content, and empirical evaluation of K was not possible.
Evaluation of K is discussed further in chapter 1V.
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Figure |.—Moisture correction of data for compression fatigue (R = 10)

paralle! to grain in laminated Douglas fir/epoxy specimens. Vencer grade,

A+, Data from figure 4,2-1 of chapter 1V,

The following table lists K values taken from reference |
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 | 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 1o grain 1.21 {121
Static tension perpendicular to
grain 1.13 [1.13)!
Static compression paraliet to ‘
grain 1.92 11.92}
Static compression perpendicular
to grain - 1.50
Static shear parallel to grain 1.26 1.07
Modulus of elasticity parallel to
grain } 1.25 £.05 -
Tension-tension fatigue parallel )
lo grain e 1.21
Compression-compression l'zitigue ‘
parallel to grain s ‘ 1.92
Tension-compression fatigue ‘
paratle! to grain ‘ e 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 | 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 dgvimion 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.

(1D

B - i/72
ngpP? = (£P)*]"
T 2

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 t Test

The 1 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

foos = = typs, ro0 (12)

where 14,45, is read from a 7 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 1,
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 (.95 requires using 0.05 in the 7 tables. Differcnt
values of confidence level can, of course, be substituted for
a specific application.



Then for a confidence level of 95 percent the:minimum value
of « property that could be expected would be
‘Pmin =P~ I‘,(),‘)SI ' (l})

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

Py = Pal
= (14)
of — + —
ny s

The subscripts 1 and 2 refer to the two different groups, and
I groups, ¢

' "y “Hy

Y P+ Y PPl - nPi

= | = |
0= : : (15
H\ -+ )12"’*2

where o is a poaled estimate of the standard deviation for the
WO groups.
The value of 1 caleulated from equation (14) is compared

with a value of ¢ read from the rtable for the degrees of

freedom equal to n; + ny — 2 and a preselected probability
«. If the caleulated 1 is larger than the tabulated 1 (from the
t table), then we conclude that the population mean estimated
hy P, is significantly different frony the population estimated
by P.. with the chance « of being wrong. Conversely,
matching the caleulated 1 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 o that closely correspond to this value
of 1. The ¢ table shows that for 20 degrees of freedom 1 values
for @ 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 signii'icunlly different.
In other words the higher the value of 1, the smaller the
probability that vou will be wrong in assuming that the means
are from different populations.

Static Strength Data

Static tension and compression data with load applied

parallel to the grain are available to investigate the elfects of

specimen size, or volume, on tuilure strength, Information on
the effects of joints in the Taminations is also available. Moan

20

values of strength, corrected o 6 percent laminate moisture
content, and standard deviations arc plotted in figure 2 lor
specimens with no joints, butt joints, und scarf joints in the
laminations. The number of specimens tested for cach data
point is indicated. The abscissi is u logarithmic scale to cover
the wide range of spécimen volumes,

Structures or specimens fabricated from laminated wood that
arc longer than approximately 8 ft and  wider: than
approximately 4 fU 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 ¢ach 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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trend can be expected owing to the probability of u larger
number of defects, or stress ralsers, 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
speeimens were cut from large pancls. Vencer 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 {t 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
32 632 in. " had a standard deviation of 160 psi and u 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 lincar,
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

reasonable model might take the form

S=AV "4 ¢ (16)

where
S mean failure stress
V volume

AB,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 o reasonable basis for this variability
consideration, Therefore ina manner similar to that for stress,
the standard deviation o cun be modeled by an equation in the
form

o=DV1 (17)

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 cquations were developed by iterution to obtain the
constants 4, B, C, and 1)'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, § — No is equal to the constant C
for all volumes. The constant C is the asymptotic strength at
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large volumes. A statistical ¢ table shows that for & normal
distribution of data 99.5 percent of all data points will have
a vultie greater than S — 2.8370, The model shown in figure 3
is therefore very convenient for extrapoluting strength data
to predict minimum failure tension stress with o confidence
level of approximately 0.995 for specimens or structures much
lurger than those for which test data are available.

Note, however, that the equations presented in figure 3
should not be considered as u design basis for all scarf-jointed
Douglas fir/eposy structures, On tho busis of varlous
investigations compiled in this volume there can be significant
variations in strength data from specimens fubricated 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-jolnted 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 cquations are

S=EAV*+0) (18)
and
o =FE(DVH - (19

where the constants 4, 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
luminated Douglas firfepoxy specimens with butt joints in laminations, Data
corrected 0 6 pereent kuninate moistuge content (K= 1.21). Veneer grade, A+

o
(e

searf=jointed specimens and the value of & s 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
pereent as strong as scarf-jointed specimens,

Strength Model for Static Compression

Figure § shows model equations for the static compression
strength data shown in figure 2 for both scarf= and butl-jointed
specimens, There was an udded complication in obtaining these
models. The compression tests were conducted on specimens
having three different aspect ratios (ratio of length to
thickness), Increasing aspeet ratio will result in increused
buckling in compression; therefore a correction must be made
for uspect 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.*, (The development
of this correction is discussed later in relation (o 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 §
for butt-jointed specimens, The standard deviations for the
three groups of butt-jointed compression specimens were
weight averaged 1o obtain a mean value of standard deviation,
The model equations were then developed by the following
procedure:

(1) The value of D74 = 2,837 in the model for static tension
was assumed  for static compression since S — 2.8370
encompasses 99.5 pereent of normal distribution data. Then
the constant A could be caleulated from

AV -(). 320
o= (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 4 {rom the equation

S = AV——U.JL’.() + (w (2])

For scarf-jointed static compression specimens the equations
for § and o obtained for butt-jointed static compression
specimens could be corrected by the value £ 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 £ was taken as equal to the ratio
of mean scarf-jointed specimen strength o the weighted value
of mean butt-jointed specimen strength at a volume of
318 in. ", corresponding o an aspect ratio of 3.56 for both
types of specimens,
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Flgure 6 compares strength models for static tension and
for static compression with both scarf and butt joints In the
luminations, The asymptotic  strengths,  represented by
§ — 2.8370, are also shown, From the models shown, the
asymptotic strengths for compression ure higher than those
for tension. In addition, the models for compression show less
sensitivity to volume than the models for tenslon,

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 datu point all of the asymptotie
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
§ - 2.8370.
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Fatigue Strength Data

Fatigue tests of laminated Douglas fir‘epoxy specimens
showed far less scatter in the data than static tests. Typical
futigue test data are shown in figure 8 for tension-tension,
compression-compression, and reverse axial tensjon-
compression, Strengths in tension-tenslon fatigue (R = 0.1)
and compression-compression  fatigue (R = J0) are of
comparable absolute value. (Note that R iy 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 (K = 10) fatigue strength s illustraled in
figure Y. Data points are not shown in the figure to improve
clarity. The actual data points are presented inchapter 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
[0:1 slope. Mismatches by overlapping the scarfs oy
underlapping (which provides gaps in the joints of up to 50
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percent of the searl lengthy had an ulmost negligible effoet on
conpresslon-compression fatigue Hie,
Compression-compression fatigue test data from fgure 9(a)
and from specimens having u different aspeet ratlo and with
seurf or butt jolnts in the laminations were used to develop
o compresslon-compression (R = 10)  futigue model o
provide inslght on the effects of these variables, Flgure 10
ilustrates the model for a life of 10 million cycles. Two
specimen conflgurntions were Investigated, One was o
eylindrical doghone specimen 2.25 in, In diumeter and 8 in,
in ¢ffeetive test section length (uspeet ratlo AR equals 3.56),
and the other was o square-cross-section speclmen 2 in. by
2 in. by 12 in. long (AR = 6). Unfortunately the same joint
configurations were not tested in both types of speclmens. A

model was developed in o somewhat similar manner as the

model for effect of volume on static strength, In the pr.ient
case the model was assimed to have the form
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Figure 10 --Strength model that accounts for lunination scarl angle and
speciinen aspeet ratio for compression-compression fatigue at 10 million
eyeles in laminated Douglas firfepoxy specimens, Data corrected (o 6 pereent
laminate moisture content (K = 1.92). Veneer grade, A+,
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Sy = B+ Co ryp HLR (22)
where \
S, mukimum compressive stress at 10 cyeles
B, ¢ D, K emplrienl constants
¥ angle of seurf slope, deg
AR specten uspecet ratio

The four emplrical constants were determined by curve fitting
the 10-mitHon-cycle fife data polnts shown in figure 10 for
two specimen configurations and a varlety ol joints In the
luminations.  Square-cross-section  specimens (AR = 6)
consisted of those without Joints (y = 0°) und those with scarf

Jolnts having slopes of 4:1, 10:1, and 16:1. Cylindrical

specimens (AR = 3,56) consisted of those with scurl joints
huving 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  culeulated, The figure illustrates  that  the
complication of scarfing the edges of the laminates to make
u small-angle scurl substantinlly improved futigue strength,

Stress Ratio and Specimen Size (Volume) Effects on Fatigue

Figure 11 shows compression-compression fatigue curves
(without data points) for stress ratios £ 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 lifey a ratio of 2.5 1 in louds (R = 2.5) 1s less
severe than a ratio of 1001 (B = 10) for hoth butt and scarf

joints in the laminations. The effeet shown for the type of

lumination 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 eflects for tension-tension fatigue
(R = 0.1) plus the elfect 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 smatler specimens,
but availuble 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 & Goodman diagram, as shown in
figure 14, This ligure presents a composite illustration of static
and  fatigue strengths for faminated  Douglas  fir/epogy
specimens, The data shown itlustrate the effects of both scarf
joints (12:) slope) und butt joints in the laminations and
indicate the effeet of specimen size. The data points lying on
the abscissu are static data, Those lying on the ordinate are
tension-compression fatigue data, Points 1o the left of the
ordinale axis and above the abscissa are compression-
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compressiop-compression, and reverse asiid wension-compression fatigue
plus stitic tension and compression for various specimen sizes and joint
conligurations. Fatigue strengths based on 10 milthon eyeles o tailure.

compression fatigue data, and those to the right are tension-
tension fatigue data. For illustrative purposes the straight
dashed lings connect data points for specific values of R,
The curves connecting the circutar 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 luminations, The line connecting the square data

points (tension only) is for larger specimens (5000- to
7500-in. Y test section volume) with scarf joints in the
laminations, The arcas 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 1S 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 aspeet ratio effect as well as a hole effect, but in
general the effect of the hole was no more serious that would
he expected in a homogencous material, The strength reduction
from the cutout was approximately 38 percent,
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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 uchieved. The butt joint, on the other hand, may fit closcly
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 showr 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 S0 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 oblained by reducing the finger engagement
distance. Reinforcement with glass fibers (Burlington Style
7500 glass fibcr fabric) between the veneers in the finger joint
area increased fatigue strength about 8.5 percent over that of
unrcinforced finger joints,

© Metal studs of the type illustrated in figure 17 can be used
1o 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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TYPE OF TEST REGRESSION EQUATION STRESS
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Figure 20.—Fatigue tests of metal studs (design §) embedded in laminated DULILLH fir/epoxy specimens with carhon-fiber- filled cpoxy resin. Runm-

temperature tests. Reference figures 7.2-1(hy and 7.2-2¢a) and (by of chapter IV,

“in figure 20. Loads greater than 30 000 Ib per stud scem
tLdS]blC up to 100 million cvcles.

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 scurf angle and
specimen aspect ratio for compression-compression fatigue.
Highlights of other strength investigations of laminated
Douglas fir/epoxy were also presented. Chapter [V, which
follows. presents tabular data that may he 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 arc 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. ‘
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Chapter IVV

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 owr. 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. -

subject (o 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 p‘lywood 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 Taminated 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 vencer from logs that
have been sawn into sections. This process is more expensive,
but it produces veneers in lengths up to 17 fi, and slicing across
the growth rings results in a flatter veneer, which improves
the conformity of the venecrs 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 arce 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 shupes 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 vencer are related. Visual
grading is based upon observed defects: mechanical grading
is based upon sonic velocity in the veneor 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 inva 4-fUby 8-t sheet

B Solid surface with repair plugs and tight knots to | in,
in dianmeter

¢ Tight knots to 1.5 in. in diameter and knot holes to
I in. in diameter; plugged [/&-in-wide splits and some
broken grain permitted

D Knots and knot holes o 2.5 in. in diameter; limited
splits allowed

Douglas fir veneer | Visual | Ultrasonic Average
grade based upon grade | pulse time, | modulus of clasticity
maodulus of psee psi

clasticity

At AurB <406 |2 450 000 greater
A Aor B 406 1o 438 12 100 000 1o 2 450 000
‘L C | CorD < 43K 2100 000 or greater

Naote that on the basts of ultrasonic pulse time, vencer grade
Cis as good as vencer grade A and can be as good as vencer
grade A+, Veneer grade C consists of veneers having visual
grades C or D; vencer grades A+ and A consist of veneers
having visual grades A or B. Veneer with pulse times greater
than 438 psec 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 clasticity 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 cdge 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 vencer
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 | sec per sheet. The operation is automatic. Veneer
is graded, grade marks sprayed on the veneer, and a tally kept
of the number of picces of veneer falling in cach 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 tirne 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 proprictary 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
proprictary ¢poxy systems:

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

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

(3) west systim 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 fine, abbreviated as 60 [b/MnGL,
but hlock shear tests were conducted over a range of spread
rates from 45 to 65 Ib/mMpa1. to determine optimum spread rate.

1.3.2 Reinforcement.—Three types of reinforcement
between veneers wete 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 orcowes 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

vencer were selected to provide uniformity. These graded
sheets were kept in a controlled environment in order to control
noisture 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
pPp y g

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 vencers.

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 cach veneer.

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

application. The veneers could be stapled to climinate 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 o enclose the uncured
laminated component in a vacuum bag. Air was removed {rom
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 propertics differ in the
longitudinal, radial, and transverse directions. These directions
are illustrated in figure 10 of chapter I1.

Modulus of elasticity, psi:

Longitudinal (parallel to grain), £, oo 1,95 x 106
Radial (perpendicular to growth rings ‘
and 1o grain), Ep oo TP 0.133 = f0e
Tangential (parallel to growth rings
and perpendicular to gruin),' oo 0,098 » 100
Modulus of rigidity in TR plane, Gyg, pstocn 0.014 x 106

Thermal conductivity, Btu/hr ft °F:
Longitudinal, &,
Radial, kg ...
Tangential, ky

Coetficient of thermal expansion, °F -1
Longitudinal, « e .
Radial, o o
Tangential, cy oo 3490 < 100

Poisson’s ratio:®
........................................................................ ().292
e e e e TP ).449
0,390
................... 0.020 ]
oL 0,287
........................................................................ 0,022

Density, p, I/ e 34.9

FThe tirst letter ef the subscrpt refers w the direction ol apphied stress aind the second leuer reters
to the direction of Lateral detormation Note it referenice 3 s the values of g iand guger iniadvertently
reversed; they are correct here
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2.0 Testing Procedures

2.1 ASTM Standards

‘Wherever it was feasible, ast™ standards (refs. 6 and 7)
were used for testing, The standards used are listed in the

following table. Specimens are shown in figures 2.2-1 to
2.2-15. ‘
Test ASTM Title Loading | Specimen
stundurd rate shown in
' figure
2.2
Static tension D 198 | Standard Methods of | 5 min to 1 tod
parallel to Static Tests of tuilure
arain Timbers in '
Struetural Sizes
Static tension D 1037 | Standard Methods of { 0.15 in./ 5,6
perpendicular Evaluating the min
o grain Properties of
Wood-Base Fiber
and Panticle
Panel Materials
Static compres- D 198 ) Standurd Methods of { 0.01 in./ 7.9,
sion parallel Static Tests of min 10
o grain Timbers in
Structural Sizes
Static compres- D 143 | Standard Methods of { ----- 8
sion perpen- Testing Small Clear
dicular to grain Specimens of
Timber
Static shear D 905 | Standard Method for | 0.015 in./ {1
Test for Strength min
Properties of
Adhesive Bonds
in Shear by
Compression
Loading
Tension fatigue () ] TR PP 4, 13,
' 14
Compression () 15
fatigug
Damping () - - - - 1
coetficient
Reverse fatigue () e - 13
Wood moisture 122016 | Standard Test - -=
content Methods for
Moisture Content
of Wood

#There are no AsT™ standards for Tatigue testing ot determining the dasiping coelficient of wood &pcéuncm
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2.2 Specimen C(.)ntigllrz\ti(yﬁs

Specimens used in the Investigations are described in this
section, Specimen drawings are not to scule,

*2.2.1 Static tension specimens.—The following table lists
the figures describing each of the types of specimens tested:

Figure

transverse scarf joints
Parallel to grain;
transverse butt joints
Parallel to grain;

size effect !

Perpendicular to grain;
radial direction

Perpendicular to graing
~tangential direction -

Specimen Comment
Purallel to grain 2.2-1 e e
Paralle! to grain; 2,2-2 [ Three laminations with joinls in

1
2
s

Troto to
to 19 B2
S

[
ro
“n

directions

cach specimen

Three laminations with joints in
cach specimen

Sume proportion of lamination
butt joints per unit volume
in each specimen

Radiul direction perpendicular
to growth rings

Tangential direction perpen-
dicular to grain and radial

2.2.2 Static compression specimens.—The following table
lists the specimens tested:

Specimen Figure Comment
Parallel to grain 2.2-7 | Scarf joint effects
2.2-10
Perpendicular to grain; | 2.2-8 | Specimen dimensions the same
radial direction for each grain divection
Perpendicular to grain; | 2.2-8 | Specimen dimensions the same
tangential direction for each grain direction
Parallel to grain; 2.2-9 | Augmented specimens (10 oz/yd?
circular hole of glass cloth between cach
lamination)

2,2.3 Static shear and bendin g strength specimens.—The
following table lists the specimens tested:

Specimen

Figure

Block shear
Bending

2 ro
LI )
N —




2.2.4 Tension fatigue specimens,—The followlng table lists
the specimens tested:

- "
Specimen Figure Comment
Parallel to grain 2.2-13 s
Parallel to grain; 2.2-14 - -
size clfect
Parallel 1o grain; 2.2- 13 | Three transverse bult joints in
Iransverse bult jolnts cenler veneers-—-3-in, spacing

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

Specimen Figure Commonl

N

Parallel 10 grain; 2.2-1
transverse searl joints

Specimen configuration the same;
three joints in cach specimen

Parallel to grain: ‘ 22418 | Specimen conliguraiion the same;
transverse butt joints three joints in cach 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 10 235.6 in,
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AREA ~ ! 1.5
i w— LOADING —» |
N I
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Figure 2.2-1~Test specimen tor tenston paraliel to grain. (Dimensions are
in inches,)
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Figure 2.2-2.—Details of veneer scart 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 fension. (Dimensions are in
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Figure 2.2-5.=Test specimen for tension perpendicular 1o grain (radial
direction). (Dimensions are in inches.)
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Figure 2,29, --Specimen lor testing eftects of unreinforeed und glass- fiber
tabric-reinforeed central hole. (Dimensions are in inches.)
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sime overall dimensions but contiin no scarl joints,)

() Overlap joint: SO percent overlap, 120,50 in 25 pereent overlup,

D028 i (Overlap jomts tend o distort somewhat within the liminate, )

Frgare 222100 Static compression and conmpression cotpression futigue
specimen for investigations of scarl” joint configuration strength.
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(c)
(¢) Cap Jolnt: 50 porcent gap, D = 0.50 I 28 pereent gap, 12 = 0.25 n,

Figure 2,2-10,~Concluded,

GRAIN AND

It ( )
o G e
SHEAR DIRECTION AREA WIRECTION
AREA : A
A . (SHADE D),
(SHADED) L 2,25 IN,?
5,00 N, -
’ (1Y (hoHY
(1.5 INHY 1,5 1IN -
2.0 D=1 o
L
() M
(n) Parallel.
(b Perpendicular.
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Figure 2.2-12.—Specimens for bending with vertical and horizontal faminations. (Dimensions are {ninches.)
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Doghone test spectmen for Tutigue testing. (Dimensions are in inches.)

2.3 Specimens With Structural Joints

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

2.3.1 Finger joints,—Figurc 2.3-2 illustrates the general
geometry ol 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 Tigures
(2.3-4 10 2.3-9) describing cach of the types of finger joint
specimens tested:

Speciten

e Comments

Six-in. finger length, 2,34
various slopes

Three-in. Tinger length | 2.3 5| Static tension tests

Aging effecets 230

Auginentation 237 Glass liber or Kevlar between
veneersy stithie lenston fests

Dogbune 238 Tension and compression

239 Ligue tests

2.3.2 Longitudinal bonded joints, - Some structural joints
may not have to carry the tension load that would make finger
Joints neeessary . Simpler longitudinal joints for a wind turbine
blace are illustrated in figures 2,310 and 2.3 11 and in fige-
ure 16 in chapter 11 Bending test specimens for longitudinal
butt and wedge joints are shown in figure 2,312,



2.3.3 Stud joints,—Wooden structures can be attached to ‘
metal components by uslng metal studs bonded Into the ' WIDTE OF AUGHENTED LARINALE
laminated wood, A specimen for investigating such jolnts in : SHLCIMENG AND AGED SRECIRENS,

v 2410 WIDIH OF ALL 010 RS, 2,24 -
shown In figure 2.3-13, ' \
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Figure 2.3--3.—Fubricatlon of finger Jolnt tensile test specimens, (Dimensions
ure in fnches.)

Figure 2,3~ 1-~Fleld splice linger joint concept for wind turbine blade.
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SECTION A-A

Flgure 2,3-7.—Detuil of machingd fngors In augmented specimens (or ensile
tests, Piteh, 2344 in, (Dimenslons are In inches.)
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// HARDENER THEN COATED WITH EPOXY
/ X0 ADHES [VE
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-2.25 DIAM

/ h6, M !
/ e
SOBUTTONHEAD LOAD TAKEOFF
S1UD BONDED N TAPCRED HOLE
(u) Suw-cut billet,
(b Bundsaw-cut fingers.
(¢) Bonded fingers and ends cut oft for compression test blocks.
() Muchined and finished dogbone with studs installed,
Tgure 2,38, -Fubrication of finger joints in dogbone specimiens for fatigue
tests, (Dimensions are in inches.)
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Figure 2.3-9, ~Detall of muchined fingers in dogbone specimens for fatigue tests, (Limensions ure in inches.)
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SECTION B-B

(#) S cut Y6-in.-long strips Into 32-In-long picees; bond two pieces ut centerline with epoxy usbestos adhesive,
(by Saw cut 0.12-in.-thick slots; saw cut to 30 in. long: epoxy cait cut edges. (See sectlon B-B,)

Figure 2.3-10.—~Fubricating longitudinal butt joint test specimens. (Dimeasions are 1 Inches.)
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(1) Side view, (b) Wedge detall, (¢) Centered wedge. (d) Shifted wedge.

Figure 2,311 --Longitudina wedge joint test specimens. (Dimensions sre ininehes.o
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(u) "Typical steel stud,
(b) Stud bonded into wood block.

Figure 2.3-12.—Stud lest specimen configuration, (Dimenslons ure in inches. )
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2.4 Test Equipment

Tests on laminated-wood specimens were conducted at
a number of different organizations. In most cases
standard testing machines werc used, but in some instances

. special machines were designed or existing machines

were modified for the tests. The apparatus and a specimen used
for measuring damping characteristics during transverse
vibration are shown in figure 2.4-1. The equipment used is
listed in the following table:

Equipment description

Test organization

Types of tests

m1s model 810.14-2 two-column material test
machine. Test opening, 30 in. wide by

81 in. high: capacity, 110 000 Ib.

MTs 643.67 buttonhead grips

M1 200 000-1b hydraulic universal test ‘
machine with 77 000-1b actuator for high-
cycle fatigue

MTs 110 000-1b load frame with 50 000-1b
hidraulic actuators and 50 000-Ib fatigue-
rated loal cell. m1s 643.67 butionhead ‘
grips

mTs mode! 308.01 four-column material test

~machine. Capacity, 20 000 1b

Baldwin S-million-lb screw-driven
universal test machine

Metriguard 186 000-1b-tension, 200 000-1b-
compression horizontal hydraulic test
machine. Specimen lengths up to 312 in.

Specially designed 300 000-1b tensile test
~ machine

Tinius Olsen test machine, Capacity,
60 000 1b.

Nicolet Instruments model 206, Explorer III,
digital storage oscilloscope

Metriguard model 3300 transverse vibration
E-computer

Hewlett-Packard model 7034A X-Y recorder

Muodulus grader (see subsection 1.2.2)

Gougeon 'Br‘pthcrs\ Inc.,
Bay City, Michigan

University of Dayton Research
“Institute, Dayton. Ohio

University of Dayton Research
Institute, Dayton, Ohio

Hlinois Institute of
Technology Research
_Institute, Chicago, Illinois

Lehigh University. Bethlehem
Pennsylvania

Washington State University,
Puliman, Washington

Oregon State University,
Corvallis, Oregon

Oregon State University,
Corvallis, Oregon

Metriguard, Inc., Pullman,
Washington

Trus Joist Corporation,
‘Eugene, Oregon

Static tension
and compres-
sion; fatigue

Static tension
and compres-
sion; high-
cycle fro e

Fatigue

Static tension and
tatigue

Static tension

Static tension

_and compres-
sion fatigue
Static tension

Static tension

Damping

Laminate modulus
of elasticity

INTTIAL DEFLECTION AND RELEASE

poist

@

SUPPORT . [

§ >~ LOAD
CELL

v \

“KNIFE
EDGt e
SuPPORT -

Figure 2.4-1.—Apparatus and specimen for measuring damping characteristics.




3.0 Static Strength of Laminated
' Composite Specimens
Considerable data are available on the static tension, compres-

sion, und shear strength off Douglas fir/epoxy  laminates,
Among the variables investigated were (1) direction of foree

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 1D, (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
caleulation without rounding. Rounding to the nearest 100 psi
is probably warriinted in most cases, based on a load cell
accuracy of 0.5 pereent of full-scale reading.

3.1 Static Tension Strength

3.1.1 Parallel to grain.—-In order to achicve 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 tower the Strength. 11 the
structure is larger than the length of log peeled to muke the
veneers. there will be joints in the individual vencers that can
reduce strength. Temperature, moisture content, and veneer
grade also affect strength. The effects of these variables are
shown in the following subscctions, '

o~ COMPRLSSTON, K = 1,92
s (STATIC AND EATTGUE)

D

SR

I s~ SHUAR, K - 1.0/
: ) ‘/‘ (GIALTC)

&

wi 1.0

N MODUILUS Of
o CLASTICLTY,
Ko 1.09

4 ? ] f 8

3.1 0 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 1 of this report.
This cquation can be manipulated to predict strength or
modulus of clasticity for any wood moisture content less than
the fiber saturation value of-about 24 percent trom 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 Douglis fir laminates
are predicted to vary with moisture content, according (o

cquation (8) in chapter T and its accompanying table of
'K values,

Table 3. 1-1 presents experimental data for two specimen
confrgurations of Douglas ﬁr/(:pnxy laminates tested at laminate
moisture contents (rom 4.6 10 9.2 pereent. 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

3111 o 3011V 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. 1t iy
obvious that the data shown do not verify the effect of moisture
on tension strength predicted by the method of referenice 3.
Since the experimental static tension data available - for
Douglas fir/epoxy laminates did not satistactorily determine
an experimental correlation of moisture effects, we used the
method of reference 3 to correct the data obtained at laminate
moisture contents different from 6 percent. In general the
corrections were srall, but the static tension data were tabulated
for two cases: (1) without a moisture correction and (2) corrected
1o 6 percent laminate moisture content by using the methods
described in the subsection " Correction of Moisture Content™
in chapter 11 and a value of K= 1.21 from reference 3.
Limited additional information on how moisture content

¢
b (679,84
1}

e TENSTON, K - 1,21
(STATIC AND FATTGUE)

TENSTON COMPRE SSTON
FATIGUE . K - 1.4/

I

1/ i f

I AMINATE MOTSTURE CORTENT, MX‘ PERCERT

Frgure 301 1 - Predicted vananon with mostaee content of mechamceal propernes of Douglas tr wood fanates paradlel o gram (see e (8), chapter 1D
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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 stiess, 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
doghone shape with ‘
three transverse butt 5.8 11287 . 11 243
joints in center ‘ ‘ :
veneers with 3-in. © 6.0 12 363 12 362
spacing between
joints (fig, 2.2-14) ‘ " 8.9 1267 11918
v 9.2 12 195 12 974
Mean 11591 11 847
Standard deviation 587 192
2.25-in.~diameter A 7.4 10 028 10 303
doghone shape with '
three transverse butt A 8.7 13 187 13 Ro4
joints in center
veneers with 3-in.
spacing between
joints (fig, 2.2-14)

Mcan 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 11971 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
: 9.0 1512 12 200
Mean 11330 11417

Standard deviation 947 HI08
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SPECIMEN TLST VOLUME,  NUMBER OF  JOINIS (N LAMINATIONS  VENEER ANLS
CROSS SLCTION, TR LAMINAT [ONS GRADL
N,
01 2,25 piAM DOGRONE 3 22 PRI ACAND A $4-1
O 0.9 1Y 4.5 202 3 3 SCARE At 511
O s B Y 402 T 0 10 135 SCARE OR BUTI At $1-11 AND -1V
0 ‘ 132 ‘ 010 15 SCARE OR BUTI At SoA-LLe-1TH AND -1V
_ A 138 NONE A $.1-Vil
14x10° a v 138 NONE At 3.1-VI
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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. 1-11 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 pancls 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 (0 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) sume-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 lension 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 pancls 4 and 5 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. (=11, =1, and IV are compiled
in figure 3.1-3. Mcan values of replicate tests and standard
deviations o for specimens with butt and scarf joints in the’

5l



['Two searl jolnt spacings in adjacent taminations of Douglay fir/epoxy specimens, All spechinens 1.8 i, thick with 1S laminatlons, Veneer prade, A,

TALLE 31V ~BEFECT OF SCARE JOINT SPACING ON MEAN FAILURE STRESSES,
MEAN MODULI OF BLASTICITY, AND STANDARD DEVIATIONS—PANLELS 4 AND 5

Data corrected to 6 pereent luminate maoisture content, and based on table 3,11V,

Panel

UNumbers in brackets are the standard deviations of the menn stresses and moduli hsted above.

Specimen
size S
S 5 4 und S
Spacing between scarfs, in,
6 3 3
Number of Mean Mean Nuniber of Mean Mean Number of Mean Mean
specliiens fuilure maodulus of | specimens (uilure modulus of ] specimens fuilure modulus of
in group stresst clusticity® in group stresse clasticitys in group stressi clusticityn
(K= 120, [(K=105), (K= 120, | (K= 10§), (K= 120, | (K= 105,
psi psi psi psi Psi psi
Al 2 in. by - -= - 2 13 089 2,600 x |00
7.5 It -- 1396) 10,083 x [0
All % in. by - - S 2 10 944 2.641
7.5 1t - R - e {1400} [.196])
All 2 in. by 2 9 603 2,309 x 1006 2 10 310 2,349 x (00 3 10 879 2.428
15 {t {1014 (0,070 % 100] |1478) 10.060 x 100] [1450] | 122
All & in. by 2 10 196 2.541 2 Y 240 2,810 3 10 030 2.500
15 ft [415] [.005] 1.294) [.000] [1143) [.005]
All 2 in. by | 9 470 2.465 2 9 462 2.58K 4 9 56 2,578
3011 (p— [ [129] [.120] 1653 1.094]
All 8 in. by 9 427 2,388 9 202 2,301 4 9 799 2.580
30 1 e I [l | ) | (351 [123)
All 2 in. 3 Y 558 2.361 4 9 8RO 2.468 9 10 795 2.531
wide 1830 [.0v4] (1132] [.153] [1658] [.126]
All & in. 3 0939 2.490 3 Y 227 2.470 9 10130 2.568
wide 1496) [.072) ' [241] 1.056] [ 1063 [ 134]
All 7.5 1t - - 4 12 017 2.620
long e - [ 1489 |.152]
All 15 1t 4 9 899 2.425 4 Y 7175 2.429 [§ 10 458 2.467
long [830] 1126} 11193 (001 (1373 |.0VS|
All 30 ft 2 [9 449 2.437 3 9 375 2,522 8 9 6u2| 2.577
Jong [22 (.03 [161] [.135) [535] 1109}
All specimens 6 v 749 [2.425] 7 9 604 2.469 I8 10 463 2,550
1710} [.105] (929] [121] (1431] [131]
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Figure 3. 1-3,—Compilation of mean values of stulic tension failure stresses
(parallel to grainy in faminated Douglas fir/epoxy specimens for a range
of test section volumes. Data corrected to 6 pereent 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 gencrally decreased,
indicating that with the larger volume there was a greater
probubility 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 Jarger volumes,

Tuble 3. 1-V1 centalns the mean values of all datu from tables
3o -11, =1, and =1V for searf and butt joints with 3-in, spucing
of the joints In adjacent luminations, These datu are compured:
In s manner stmilar to that for table 3. 1=V for (1) specimens
of the sume configuration, (2) specimens having the same
length but different widths, (3) specimens having the same
width but different lengths, and (4) specimens from different
puncls, With only two exceptions in the entire table, the scurf-
jolnted specimens were shown to be stronger than the butt-
Jolnted specimens, and in these two cases the difference In
strength was small, These same two exceptions are ulso shown

An figure 3.1-3 for test section volumes of 942 und 1608 in, ",

3,113 Effect of specimen size on tension strength: "The data
in tables 3. 1-11 to 3.1-1V cover a range of tension specimen
volumes from 132 (o 3768 'in.*, Limited tests were also
conducted on a speeimen shown in figure 2.2-4 that required
louds in excess of 1 million 1b to fail, The specimen hud a
test section volume of 32 832 in,* und had scarf joints in the
laminations, The following data points were obtained for three
specimens:

Failure Fallure stress,
SEress, corrected to
psi 6 pereent
laminate moisture
content,
psi
8542 8575
K778 KR
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. 1-11to 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
aleulated for (1) the means of all the data at each volume,
and (2) the minimums of the scatterbands (excluding data al
a volume of 132 in. ). Both types of regression lines showed
a reasonable and conservative extrapolation of data obtained
in the volume range 132 o 3768 in.' 1o large-volume
(32 832 in.") specimens, A disadvantage of using straight-
line regression curves for extrapolation to very large volumes
is the unrealistic conclusion thut the strength would approach
zero, Other approaches that were investigated included the
following:

hR
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TABLE 3 1-VE--BFFRCTS QF BUTT AND SCAREF JOINTS ON MEAN FATLURE STRESSES, MEAN MODULEOF BELASTICITY,

AND STANDARD DEVIATIONS- VARIOUS PANELS

{Laminated Douglus (eZeposy specimens 15 in. thick with 18 Taminatons containing seaet or butt laminate jolnts spuced 3 i apurt e adfucent laninations.
Veneer grnde, A4 Dalu corrdeted o 6 pereent laminate molsture content and bised on tables 30U 1L und 1Y)

Spectmen anel
."l/\' - - - P S - — e e e e o -
: 3 A 12, and 3
Type of Joint
Buu Sewrt Buu
Number of Mean Muun Number of Mean Mean Number of Meun Muan
specimens fuilure modulus of | spechmens fuilure madulus of | specimens fuilure modulus of
i group slress clusticitys I group stress clasticity® in group slresse clusticity
(N =120, (K= 108, (K= 12D, | (K = 1.08), (K= 120, | (K= 1.08),
psi psi psi pai psi psi
All 2 in by 8 11 H60 2,713 < |00 ] 11 9l4 2,654 ~ 100 |4 (RRER! 2.2 = 108
7510 [1003] (0LOR3 % L] (952 (.08 > (O8] (943 10,072 % 100
Al & in, by 4 4 734 2,584 L) 10933 2.544 10 O KOK 2,041
7.5 1 (S1] [ 116] (460 111 [RuY)| [ 114
All 2 in. by
IS 1t
All 8 in. by '
151
All 2 in. by
10 n
All B in. by
0 .
Al 2 . K 11060 2,713 # 1 uld 2654 a2 10718 2,687
witle [1003] |.083] 1052 [.0K7) 11056 . 128
All 8 in. 4 0 734 2.58Y 4 10033 2.544 10 9 KO8 2643
wide (514 [.116] [460] (1] (899 (114
All 7.5 12 10618 2.672 2 11 SK7 201K 24 10612 2,084
long ([1072] (412 [942] [ 10 (1114 [.098]
All 15 1
long
All 301t
long
AN specimens 12 10 61K 2,672 2 Il S87 2018 24 10612 2,684
no72y |12 {942 [.109] (111Y] [.00K)

Mean altes ot ageup ol pecimens may appeat Besore than one Jocation i the tble: Numbers s heackets are e standard desiations of the mean steesses and module Bsted abyne




Specimen
sl

All 2 in. by
7.5 1

Alb 8 in.
7.5 1t

by
All 2 i by
1S It

All K in,
150

Al 2. by
don

ALK i,
0

All 2 in.
wide

Al 8 in
wide

Al 7.5 R
long

Al 1S 1
long

All 30
long

Al specimens

AT ehn vatues B0 praup of specinens s appeat e mone thaaone oo i e bk Sarabero brachetsare e stadand des ations ut B Bein tres s
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TABLE 31 V6 Concluded,

Nurber ol
speehmens
in group

10

[

10

16

16

i

Scurt
Maun
faifure
NI
(N = 1.2,
psi
12150
jusY)
10 930
|04

12150
(98|

1) Y36
(KO

Il 6us
[y

1 6us
[

Mean
modulus of
clusticity®
(K = 1.05),

s

Nutnber of

specimens
in group

Piniel

Fund 2

T'ype of jaint

Hut

Muun

fuiture

siresse
(K= 1.2h,

psi

2643« 100
(0,098 « 107]

2570
[152]

20403
(080}

2570
|.152)

20608
1. 121)

RO E
[ 121])

i

28

[RdS]

) USK
[1073)

10 08Y
(1063

[0 145
[476]

0 K2
(307

9 4y7
[K2K]

10518
[1035]

) KKO
[905]

10 606
11163}

10117
(8241

9 670
[(-18)

1169
11023

11288

4 und §

Searf
Mean Nuiher ot Meun Mean

modulus of | spechinens luilure modulus of

elastivitys i group slresse clasticitye
(K = 1081, (K= 120, | (K= 108,

s psi psi

2712« 00 2 13 0RY 2,600 < 06
(0,084 .« 100] [0.396) | (LOK3 # 100)
2674 2 10 Oebdd 2041
.07 (1406] [.196]
2,575 Kl 10 8§79 2428

[ 114 [ 1450] 122

253K 3 10 030 2,500
(112 (1143 [.005]
2,543 4 Y 580 2.575
(171 [.653] {.094)
2.536 4 9 799 2.580
(110 [.351] [.123]
2,028 4 10 708 2531
[.130) (165K] 1120
2598 v 10130 2.5K0

[ 127] (1063 [ 134
2,696 - 12107 2.020
[.OK0] [1480] [.152]
2.857 O 10 455 2407
[114] {1373 (.05
2539 K DRIOM 2.577

[ 144 [.535] [.109]
2011 8 10 463 2550
[.133) (1431 (131

1

and moduls ted abose
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Flgure 3, 1-d.——Effect of speciment slze on stutic tension fullure stress (parallel to grado for luminated Douglas fir/eposy spechmens, Duta corrected to 6 pereent

luminate moisture content (K = 1.21). Veneer grade, A+,

(1) Ordering the replicate data at cach volume and summing
the volumes in the following manner: The highest strength
point was plotted at the volume corresponding to the test
section volume, the second highest point at two times that
volume, the third highest at three times that volume, and so
on until the weakest point was plotted at N times the test section
volume, where N is the number of tests at that particular
volume, Regression lines for the N-times-volume polnts were
culeulated, The scatter was large and cxtrapolation was
doubtful.

(2) A double logarithm of strength was plotted versus the
log of volume with no improvement in extrapolation relative
to that shown in figure 3.1-4, '

(3) A semi-log plot was less satisfactory thun the log-log
plot of figure 3.1-4,

The most reasonable model for determining the strength that
san be expected for volumes larger than test specimen volumes
was developed in chapter {11 and shown in figures 3 and 4
of chapter 111 for scarf and butt joints, respectively, in the
laminations. The pertinent parts of figure 3 from chapter 111
are reproduced herein as figure 3.1-5. As discussed In chap-
ter 11, the significance of the horizontal line represented by
§ — 2.837¢ is that it is the asymptotic value of strength
(8150 psi in fig. 3.1-5) at large volumes. According o
statistics tables for a normal distribution of duta, 99,5 percent
of all data points will fall at strength values higher thun this
asy mptotic value, It would scem therefore that § — 2.8370
represents a conservative approach to predicting the strength
of large structures,
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Tables 3.1-11 to 3.1-1V also show modulus of clasticity
values that were measuted while investigating the effect of
specimen volume on strength, Figure 3,1-6 is a plot of
maximum static tension stress versus modulus of elasticity that
wis made to determine if there is a relution between strength
and modulus. In grading the veneers the higher grades were
glven to the vencers with the generally higher moduli. One
might therefore expect higher strength to correlate with higher
modulus, Figure 3,1-6 contains too much scatter to develop
a correlation, but observation of the data points shows that
for a specimen volumes of 132, 402, and 942 in.? there is «
rough trend of lower failure stress with higher modulus, which
is opposite to what might be expected, This trend was
confirmed by least-squares fit of straight lines (not shown in
the figure) that showed a negative slope for points for cach
volume, For the largest specimens shown on the plot,
3768 in.*, no vartation of failure stress with modulus was
observable.

Note, however, that as the result of ultrasonic testing of the
veneers prior to fabrication, the cholee of vencers was highly
selective. The modulus-of-clasticity range and the relation
between measured modutus of elasticity and strength may not
be representative where there is less seleetivity in choosing
the vencers, This factor, as well as the large scatter in the data,
makes it questionable to draw conclusions on the relation
between tenston strength und modulus of elasticty from the
data presented,

31,14 Effect of veneer grade on tension strength: A series
of static tension tests were conducted on laminated Douglus
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fir/epoxy specimens of the configuration shown in figure
2.2-1, 1.5 in, thick containing 1S laminations, 2 in. wide, and
92 In. long, Six groups of specimens were tested with 25
specimens In cach group, The specimens were of three veneer
grades: A+, A, und C, Venceer grades are defined in the tables
in subsection 1.2.2, For each veneer grade tests were conduc-
ted on specimens without joints in the laminations and on
specimens with butt joints in cach lamination spaced 3 In, upart
in adjucent laminations, These jolnts were transverse to the
direction of force on the specimens, The results of these tests
are presented in table 3. 1- VI, Table 3,1-VIII presents similar
results for vencer grade A with no joints but with a higher
specimen moisture content and also tested at a higher
temperature and humidity. For all tables failure stresses are
presented as tested and as corrected to a standard laminate
moisture content of 6 percent for K= .21, Mcan failure
stresses, minimum failure stresses, and standard deviations
o for all of these tests are summarized in table 3.1-1X.

The lollowing conclusions can be drawn from table 3,1-1X:

(1) The standard deviations o for all specimens except those
having a high laminate moisture content were higher for the
better veneer grades but not necessarily higher for higher mean
corrected stresses. An explanation of this behavior would be
only speculation,
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Flgure 3.1-6.—Effect of madulus of elasticlly on statie tension strength of
laminated Douglas fir/epoxy specimens with butt and searf joints in
luminations. Data corrected to 6 percent laminate moisture content,

(2) Generally for a given vencer grade the minimum
corrected failure stress in cach group of speclmens was some-
what higher than the mean minus 20, The only exception wus
for veneer grade C specimens with no joints In the laminations.
For a normal distribution there is a 95 percent probability that
observations of any group will lle within 2 of the sumple mean
and a 99,8 percent probability that all observations will lie
within 3¢ of the mean,

(3) Generally the mean, minimum, or mean minus 20
or 3o corrected failure stresses were lower for specimens
containing butt joints in the luminations than for specimens
without joints. Such behavior would be expected, For these
tests there was an exeeption, however; the specimens of veneer
grade A+ showed higher failure stresses for bult-jointed
laminations thun for specimens without joints, The investigator
in these tests suggests that this anomaly may have arisen from
stress risers resulting from small changes in prain angle in
some of the laminations of the A -+ specimens without joints,
Tension strength parallel to the grain is 30 to 40 times that
perpendicular to the grain so that small varlations can result
in significant strength differences,

(4) Although there was a trend of reduced strength for lower
veneer grades when comparing either specimens without joints
or specimens with butt joints in the lnminations, there were
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TABLE 3. 1-VIL—BRPAECTS OF VENEER GRADE AND JOINT TYPE ON
STATIC TENSION $TRENGTH PARALLEL TO QRAIN

[Laminated Douglas Ne/opoxy speetmens 1S [n thlek with 1§ toninatlons, 2 1o, wide, and 92 in, long. Tost
temporalure, 71 1. Dutn correoted to 6 peroont laminate molsture content (K = 1,21),)

(1) Voneor graco, A3 no Joints fn luminations

(¢) Voneer grade, Ay no Jolots fn laminations

Stross | Laminato | fallure | Radlure | Corrected Strogs | Laminate | Fallure | Fallure | Correcled
aren, | molsture | load, | stress, fullure aren, | omoisture | load, | stress, [wiltre
in? | content, Ib psl slress, 2 | contunt, b sl stress,

porcont psi porcont sl

3.02 4.7 20900 | 8248 8§ 040 KA K 4.7 9700 | 12 684 | 12 6K
1,03 4.9 287207 9479 v 279 318 4.6 OGO | 11969 11 649
302 4.5 29960 | 9 921 0617 LI 4.2 8220 12289 Il 8ok
102 | 48 [28700] 9s0a| 928 3,04 4.3 96RO | 11787 | 11 a8y
3,02 5.1 27040 8 954 8 799 302 4.8 15240 11 66Y 11 401
2,98 4.5 40300 | (3523 13136 3.08 4.9 33600 11016 ] 10 784
3.08 8.4 2717101 8994 8 839 3.03 5.0 30 740 { 10 145 9 980
3.0 5.2 27770 9 142 9 004 3,08 4.6 I L8O 10223 9 949
.07 5.1 27770 9023 8 R67 4 4.4 28300 9309 9 028
.02 5.0 33500 11093 10 880 3,01 4.8 4 380 [ 11 422 (IR
.07 5.2 45860 | 8423 8293 2 4.9 WS | 9147 8§ 954
.02 5.1 19860 [ 13 199 12 971 312 4.4 33 160 | 10 628 10 304
3,01 5.2 32220 10 704 10 539 314 4.9 28 480 | 9 070 8 879
3.02 4.9 0600 13112 12 836 3.07 5.5 0 180 9831 9 736
2.96 53 41 040 | 13 865 13 678 3.04 4,7 33 140 { 10901 10 630
1.01 4.5 41960 | 13940 | 13 541 3.03 A5 1200 11591 11303
.03 5.8 37400 | 12 343 12 224 3.02 l A3 100 | 10 960 10 687
3.03 5.3 12 140 | 10937 10 790 2,99 1 320 10475 10 214
3.00 5.0 259201 8 640 B 474 2,99 4.9 37100 | 12 408 12 146
2,91 4.8 31 050 | 10 674 10 429 2.96 52 35460 | 11980 Il 796
3ol 5.3 31 180 | 10359 10219 3.02 4.8 32 000 | 10 596 10 352
3.04 4.8 40201 11 191 10 934 310 4.9 4620 11 168 10 932
3.05 5.1 38 280 | 12 55t 12 334 3.06 S 32001 10 196 10 020
3.02 5.1 25080 | 8308 8 161 3,03 5.2 16 760 ) 12 132 11 948
3.08 4.6 31 680 | 10 387 10 109 1.01 6.0 A7 100 12 326 12 326
Meun 10 660 | 10 452 Mean [ 11035 10 787
Standard deviation, o 1862 1784 Standurd devintion, o 1058 1021

(b) Vencor grade, A-+; butt jolmts spuced 3 in.

~apart b adjecent laminatlons

(d) Veneer grade, Aj butt Jolits spaced 3 In. apart
In acfacont laminations

3.00 4,5 18 520 | 12 840 12 472 .08 51 27760 [ 9102 § 945
3.02 4.7 A7 520 1 12 424 12 118 M 53 303401 9980 9 846
3.04 8.2 40 080 | 13 144 12 981 3,04 5.4 31140 | 10 242 10 108
3.06 5.3 36060 | 11 784 | 11625 .03 5.4 27820 9 182 9 076
3,08 4.8 40 0201 13 121 12 819 1,02 5.1 30080 | 9960 9 788
3.0 5.0 41 560} 13716 13 453 2.99 5.6 20 880 9993 9916
2,07 4.9 19960 [ 130161 12742 30 5.5 32920 | 10901 | 10 796
3.01 5.2 36 520 | 12 133 1} 946 .00 S8 30 100 | 10033 9 994
3.03 5.1 43000 [ 14 194 13 949 3.06 5.6 333001 {0 #H2 10 798
am 5.0 42 860 | 14 145 13 874 .00 5.6 30900 {1 10 QU8 10 020
1.02 4.9 41 420 | 12 718 13 420 3.09 5.6 347201 11236 1149
2,04 5.4 27360 | 9000 8 896 .07 5.4 264201 8 606 8 507
3.08 5.2 25760 | B 446 8316 3,03 55 282201 9314 0224
3.01 4.8 29 500 | 9 8O 9 576 3.08 5.6 31 SRO | 10253 10174
3.0 4.5 256401 B SI8 4274 3,07 4.5 23880 [ 7779 7 556
2.94 53 271201 9224 9100 103 4.4 26920 | H 884 8613
295 5.0 27560 | 9 M2 9163 3.02 4,6 25220 HAS1 8 127
2.97 4.9 204201 0006 9 6v7 3.01 4.8 2100 76714 7 498
2.8 4.6 20060 | 9782 9 491 2,97 5.1 25 500 | & 606 8 457
2,92 4.8 28 SRO| 9 788 0 563 KA K] 4.6 28060 | 8 90K 8 670
2,98 4.9 28500 90661 9 457 312 4.8 24 600 | 7 HES 7 659
2,96 5.2 30 440 1 10 284 10 126 310 4.7 25 1400 B 110 7 908
2.94 4.9 31120 | 10 585 10 362 312 4.8 28 260 | V0S8 # 850
2.98 5.0 13380 | 11200 10 986 1.07 5.8 27700 ] 9023 K 936
1.00 5.1 20380 9793 9 624 1,06 5. 200801 9503 9 139
Moun (ALK 1 V01 Moun 9343 D194

Stundard deviation, « 19073 1820 Stundurd devistion, o oK 1020




TABLE 3.1-VIl.—Concluded.

|Laminated Douglas fir/epoxy specimens 1.5 in. thick with 15 luniinu(ions‘ 2 in. wide, and 92 in. long. Test
temperature, 71 °F. Data corrected to 6 percent faminate moisture content (K = 1.21).}

(e) Veneer grade, C; no joints in laminations

() Veneer grade, C: butt joints spaced 3 in. upart

in.adjucent laminations

Stress | Laminate { Failure | Failure | Corrected Stress | Laminate | Failure | Failure | Corrected
area, | moisture | load, | stress, failure area, | moisture | loud, stress, failure
in.Y | content, Ib psi stress, in.2 | .content, b psi stress,

percent : psi percent ) psi

3.04 6.0 28920 9513 9513 3.07 3.5 24 720 8052 7671
304 5.9 28920 9513 9 495 3.08 29 30 460 9890 (1 91313
3.03 5.9 27 540 9089 9071 3.05 40 T 27300 8 951 861l
3.08 6.0 204601 9 565 9 565 3.07 32 23520 7661 7256
3.05 6.1 31580 | 10 354 10 374 3.07 3.0 22 880 74831 703
3.09 6.2 32160 10510 10 5SSt 302 | 46 22720 7SR} 732
3.06 38 24 560 | 8026 7 691 .00 2.7 26 860 |1 8953 8 398
207 | 32 31920 10397 | 9848 311 29 | 22980 7389 ‘69sk
3.09 S22 29680 | 9 605 9010 301 2.7 27 060 8 701 8 162
3.09 2.4 30400 | 9838 9 193 3.08 2.7 22 340 7253 6 804
3.07 . 2.8 33 640 | 10958 10 299 3.06 2.6 22 080 7216 6 756
3.06 29 20420 9614 9 053 2.96 4.8 28 760 9716 9 493
3.01 36 29 140 [ 9681 9241 2.99 4.0 125200 B 428 8108
2.94 38 31700 10782 10332 2.97 34 28120 9 468 9003
2.95 35 32940 | 11 166 | 10638 2.9 2.7 27620 9237 8 665
2.94 2.7 31100 10578 9923 2.99 2.6 273201 9137 8 554
2.9 2.5 31080 10 644 9 946 2.97 . 3.0 22 060 7428 7 008
3.00 2.2 34 400 ] 11 467 10 653 2.90 4.7 26 080 8 993 8 76Y
2.08 2.4 352604 11 832 11 035 2.95 36 266001 9017 8 607
2.95 38 33400 11322 10 849 2.96 3.5 24 000 8 108 7728
2.93 3.4 27360 9338 8 879 2.97 }.2 26 120 8795 . 8330
296 [ 3.0 32100 10845 10232 2.98° 2.6 25480 | 8671 | & 118
2.94 31 27440 | 91333 8 823 2.9% 2.6 23 740 7 940 7 434
2.98 34 27320 9168 8718 3.02 2.9 21640 | 7166 6 748
2.97 3.7 271201 9131 8733 2.98 2.8 26920 | 903 8 491

Mean | 10 091 9667 Mean 8407 7973
Standard deviation, o 915 811} Standard deviation, o 847 816

again exceptions. The effect of small variations in grain dnglc
as described previously may be the explanation.

(5) The failure stress differences between veneer grades A +
and A did not appear to be significant, particularly’ when
comparing minimum corrected fallure stresses or mean
corrected failure stresses minus 20 or 3o. As a result the more
stringent specifications for A+ veneers may not be warranted.

(6) r-Tests were conducted on all of the groups of specimens
listed in table 3. 1-1X to determine if they came from the same
population as the veneer grade A + specimens without joints.
These tests revealed that at the 95 percent confidence level
all of the groups of specimens except the butt-jointed specimens
of veneer grades A and C were from the same populations
as the A+ specimens without joints. Therefore veneer grade
level probably did not significantly affect strength, and bunt
joints in veneer grade A+ specimens are not a significant
factor.

3.1.1.5 E[feu of temperature on tension \m'm,'rh Information
presented in reference 3
wood to be inversely proportional to temperature in an

shows the mechanic 4l properties of

approximately linear relation below 400 °F. As wood moisture

“content increases, the effect is more pronounced. For example,

reference 3 shows that reducing test temperature from room
temperature to —20 °F increases strength about 12 percent
at zero wood moisture content and about double that amount
at 12 percent wood moisture content.

The data available from reference 1 relating to {unpcmturc
are extremely sparse, incomplete, and inconclusive. Tests were
conducted at —20 °F on three tension specimiens of the
ronfiguration shown in figure 2.2-1 for laminated Douglas
fir/epoxy with the following results:

Specimen ) Faiture | Modulus of
stress, | elasticity,
pst psi
| 10600 | 2270 (10
2 R BOO [ 2 566 000
3 8440 2461 000
Meun G280 | 2432 000




TABLE 3. [-VIHL—STATIC TENSION STRENGTH

MOISTURE CONTENT

PARALLEL TO GRAIN AT HIGH

[ Laminated Douglas fir/epoxy spaeimens 1.5 in. thick
with 1S laminations, 2 in. wide, gnd 92 in. long. No
joints in laminations; veneer grade. A; test empera-
re, 90 °F at 90 percent relative humidity. Data
corrected to 6 percent laminate moisture content

(K= 1.2

Stress { Laminate | Failure | Failure | Corrected
area, | moisture load, Stress, failure
in.2 1 content, | Ib psi stress,

pereent psi

314 9.3 [ 37540 11955 12745
L1 9.0 41940 | 13 486 14 203
318 9.0 40 620 | 12 89S 13 667
1.08 9.4 40 40 | 13128 | 14022
3.07 9.1 38240 | 12 456 13227
3.02 9.3 37 860 | 12 536 13 364
3.07 10.5 33080 1 10775 11 757
3.07 10.6 25700 8 371 9182
3.08 9.6 22620 7 344 7 875
3.06 0.1 25 560 8 353 9 044
300 9.9 27 000 9 (XK 9 707
3.03 17100 36 140 1 11927 | 12 488
305 9.9 | 37040 | 12 1441 13098
304 9.9 29380 | 9 664 10423
307 10.3 28 340 9 23} 10 033
308 10.6 2962000 9711 10 617
308 10.4 26 400 8 656 9 427
303 10.5 23020 7 597 8 289
3.08 10,9 ] 33100 ] 10747 1 818
3.06 10.1 37020 12 09R 13 099
.08 10.1 31520 10234 11 080
3.09 10.1 28 340 9172 Y 931
3.08 10.3 31980 | 10 383 11 285
3.08 10.3 IS980 | 11 644 12 656
312 108 | 39300 | 1259 | 13824
Mean| 10 644 11 493
L Standard deviation, o 1851 ‘ 1898

Information is lacking on laminate moisture content and
whether laminate joints were present,

Comparing these low-temperature test results to room-
temperature tests presented in table 3, 1-VI for 2-in. by 7.5-ft
specimens with scarf o~ butt joints in the luminations shows
the low-temperature test data to have significantly lower
tension strength and, modulus of clasticity. The mean low-
temperature values tall at approximately the lower boundary
of the 1-0 and 2-0 bands of the room-temperature data for
modulus of clasticity and tension strength, respectively. The
trend is opposite to that shown in reference 3. Because of the
limited number of specimens tested, these results arc
questionable. Until more reliable data are obtained, it seems
prudent to use the trends of reference 3 to determine the
éstimated effect of temperature oh mechanical properties of
laminated-wood products. Subsection 3.2.1. 1 shows a temper-
ature effect more consistefit with reference 3 for Douglas
fir/epoxy in compression. ' ‘

Some inference on the combined effect of moisture content
and test temperature can be obtained from fhe data in tables
3.1-VII(c) and 3.1-VII. These two tables are for Douglas
fir/epoxy specimens with no joints in the laminations. One set
of data was run at an average laminate moisture content of
a little less than § percent and a test temperature of 71 °F,
and the other set at a moisture content of approximately 10
percent and a test temperature of Y0 °F. The lower-
temperature, lower-moisture-content tests showed a mean
uncorrected failure stress approximately 3.5 percent higher
than that. for the higher-temperature, higher-moisture-content
tests. Reference 3 indicates that, on the basis of temperature
effect alone, there should be approximately a S percent strength
difference. Reference 3 also indicates that the correction for
moisture content would be much higher than the temperature
correction. If the mean failure stresses corrected to 6 percent
laminate moisture content (K = 1.21) from tables 3. I-VII(c)
and 3. - VIl are compared, it is obvious that the data presented
are opposite to the trend expected from reference 3. The

TABLE 3.1-IX.-SUMMARY OF STATIC TENSION STRENGTHS
FROM TABLES 3.1-VHL AND 3.1-VIII

U, . .
Veneer Joints Mcan Standard { Minimum { Mean corrected | Mean corrected
grade in corrected | deviation, | corrected fuilure ‘ failure

laminations failure 0, lailure Stress minus stress minus

Slress, psi SUTess, 20, Yo,

psi psi psi psi

At None 10 452 1784 8040 088 ¢ 510K
At Bun 10 961 1826 8316 7309 S4K3

A None 10 787 1021 8879 . 8745 7724

A Buitt 9 19y 1020 7498 7158 : 6138

A None a1 493 41898 47K7S 176497 15799
¢l None ane? | K1 7691 R4S 7234

[ C J‘ Buw l 7973 l 816 [ 6748 6341 5 5525

ANpecinens tested at approamat iy 10 percent faminate monture content



corrected meun failure stress in table 3. 1-VIH should be abowt
S percent lower than the corrected mean failure stress in table
3 -VIH() if the data were consistent with the reference 3
corrections for both temperature and moisture content, Instead
table 3.1-VII shows a corrected mean failure stress 6.5
percent higher than that of table 3. 1-VII(¢)—a trend in the
wrong dircction, Another factor to consider, however, is the
greater uncertainty of the data for the higher moisture content,
as indicated by the larger standard deviation o of the data, The
mean corrected failure stress minus o for the two tables results
in stresses that approach the correct stress ratio based upon
reference 3 considering both temperature and moisture content
corrections. There is not an obvious justification for comparing
the mean minus Lo stresses exeept to point out that the greater
uncertainties in the mean value of failure stress for the higher
moisture content do make it difficult to draw definitive

conclusions on the effect of moisture content on failure stress

for Douglas fir/epoxy laminates. It can be concluded therefore
that there is neither sufficient guantity nor quality of data to
provide definitive conclusions on how temperature or moisture
content affects the strength of Douglas fir/epoxy laminaces.,

3.1.2 Perpendicular to grain.—Static tension tests were
conducted perpendicular to the grain in both the radial and
tangential directions on veneer grade A and in the radial
direction on veneer grade C. Limited tests were also conducted
in the tangential direction with glass fiber fubric augmentation
between laminations. :

Radial direction tests were, performed on the specimen
confrguration shown in figure 2.2-5. Tangential direction tests
without fiberglass reinforeement were performed on the
specimen configuration shown in figure 2.2-6. Tangential
direction tests with fiberglass reinforcement were done on a
specimen similar to that shown in figure 2.2-6 except that the
specimen was SO0 in, long and 1.48 in. thick and composed
of 13 laminations with 10-02/yd” glass fiber fabric
(Burlington Style 7500 or Burlington Style 7781) placed in
the glue line between faminations. The fibers in the glass fabric
were oriented at 45° to the wood grain direction,

3021 Specimens without glass fiber fabric augmentation:
Test diata are shown in tables 3.1-X to 3. 1-XI11. Static tension
data with loading perpendicular to the grain showed low strength
and crratic results. With loading in the radial direction the
weakest veneer determined the strength of the specimen. With
loading in the tangential direction lathe cracks in the vencers
resulting trom the peeling operation may have reduced strength.

Compuaring tables 3. 1-Xt) and (b) shows w significant
reduction in tension strength perpendicular to the grain in the
radial direction as test temperature increased. The moisture
content of the test specimens and the test environment relative
humidity were also higher for the higher test temperature.
Although all data were corrected to 6 pereent luminate moisture
content, the validity of this correction is highly uncertain, as
previousty - discussed.
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a higher grade veneer (grade A instead of grade C) more than

doubled the tension strength perpendicular to the grain in the
radial direction. The greater number of imperfections inherent
in the fower. grade significantly affected the strength in the
direction perpendicular to the grain,

Large reductions in strength perpendicular to the grain (in
both the tangential and radial directions) relative to the strength
parallel to the grain can be seen by comparing the mean values
in tubles 3.1-X, 3. 1-XI, and 3.1-XII with the values shown
in table 3. 1-1X. For grade C veneer the tension strength
perpendicular to the grain (radial dircetion) was only 1/45 of

- the strength parallel to.the grain, For grade A veneer the

tension strength perpendicular to.the grain (radial direction)
was 1/22 of the strength parallel to the grain, and the tension
strength perpendicular to the grain (wngential direction) was
1740 of the strength. parallel fo the grain. These comparisons
emphasize the care required in orienting load with grain
direction and the need to eliminate cross-grain arcas when
sclecting veneers for applications requiring high strength.

3.1.2.2 Specimens witl glass fiber fabric augmentation:
Tests were conducted in tension perpendicular to the grain
in the tangeniial direction with both Burlington Style 7500
and Burlington Style 7781 glass fiber fabric augmentation on
grade A Douglas fir veneers with epoxy glue. The following
results were obtained! '

Glass | Failure } Faiiure
type | load, | stiess,
Ib

psi
TI8E | R S00 | 2872
77811 9700 ] 2939
CLTI8E | H0000 | 3378

Mean | 3063

TS00 1 9000 ] 3040

Failures in these specimens were significantly different from
those in specimens without augmentation. Rather than fuiling
ina localized area, the failure was spread overa large portion
of cach specimen,

The glass fiber fabric augmentation markedly increased the
strength of the Douglas fir/epoxy laminates by a factor of
approximateiy 11, as seen by comparing the values above with
the iean value in table 3. 1-11. Although the tests listed were
limited, the type of glass fiber fabric used in the reinforcement
had no significant effect,

3.1.3 Closing remarks on static tension strength.—--Data
from reference 1, and from unpublished preliminary reports
thut form the basis of reference 1, have been presented in this
section.. Some of the more significant conclusions that can be
drawn from these data are as follows:

I~ Although  a significatt number of laminated Douglas
firfepoxy tension specimens were tested ina varietly of sizes,

much scatter to conclude definitively whether the moisture-

ol



TABLE 3.1-X.—STATIC TENSION STRENGTH PERPENDICULAR (RADIAL) TO
GRAIN—VENEER GRADE C

{Laminated Douglas fir/epoxy specimens 1,5 in, thick with 15 laminations, 2 in. wide, and 2 in. long. No joints
in vencers. Data corrected to 6 percent laminate moisture content (K = 1.,13).]

(a) Test temperature, 71 °F

(b) Test temperature, 90 °F; relative humidity,
90 percent

Stress | Laminate | Failure | Failure | Corrected Stress | Laminate | Failure | Failure Corrected
urca, | moisture | load, | stress, failure aren, | molsture | load, stress, fuilure
in.® | content, Ib psi stress, in.2 | content, Ib psi Stress.,
pereent psi percent psi
3.93 4.7 329 84 L83 4.03 1.5 218 54 S8
3.98 4.5 952 239 235 4,08 |. 109 694 170 181
3.93 4.4 1199 305 299 4.04 6.1 992 246 0246
3,97 4.4 1 652 164 161 4.09 10,7 662 162 172
3.91 5.1 918 235 232 4,01 6.7 472 18 UTCh
4.01 4.9 774 193 190 4,12 10,7 | 1006 24y 259
3.98 4.4 495 124 122 4,07 9.7 456 112 117
397 4.3 874 220 215 4.08 10,9 336 3 88
4,02 4.6 1002 249 245 4.07 10 366 90 } 96
397 1 4.7 12 282 277 4,01 7.8 784 196 1200
3.97 4.3 1303 328 321 4.07 6.8 892 219 2]
3.98 5.3 725 182 180 4,10 (1.2 | 590 144 154
4,06 4.8 971 23y - 235 4,15 10,7 588 142 151
4.02 4.6 740 184 181 4,06 0.1 | 478 118 124
3.99 4.7 614 154 152 4.09 6.3 73 91 w9 |
3.98 " 4.0 658 165 161 . 4.03 10,9 686 170 181
4.02 4.6 1108 276 271 4.08 10.4 640 157 166
3.97 4.5 1425 359 152 4.06 11.0 758 187 199
4.00 4.5 648 162 159 4.05 11.0 662 . 163 173
3.97 4.3 686 173 169 4.03 1.1 ©290 72 77
3.95 4,0 233 59 58 4,01 1.1 574 143 C152
3.94 4.2 11028 261 255 4,01 11.0 604 151 16l
4.03 4.6 1344 333 327 4,07 6.1 1196 294 1294
4.00 2 1037 259 253 4.06 6.2 780 192 192
3.92 4.2 770 190 192 4.01 10.5 738 184 195
Mean| 217 213 Mean 156 163
Standard deviation, o 75 72 Stundard deviation, o S8 . 87

AEalure stress of metal block/specimen glue line, The lunioate strength is therefere greater. These stresses were included in meun und standird deviation.

content corrections presented for unlaminated-wood specimens
in reference 3 are applicable to laminated-wood structures.
For lack of a better approach, tension data in this report were
corrected to a nominal value of 6 percent laminate moisture
content by using the equations of reference 3 and K = 1.21.

2. Taking mean values of replicate tension tests ol speci-
mens with volumes varying between 132 to 32 832 in.3 and
correcting the data for moisture content as previously described
appeared to show a correlation of decreasing strength with
increasing volume. Severar models for predicting strength for
volumes larger than the test specimen volumes were investi-
gated. The most reasonable model, developed in chapter Iil,
involved curve fitting mean values of experimental static
strength for a range of specimen volumes to obtain a curve
with an equation in the form

S=A4v-t4C (16)

where
S mean failure stress
v volume

A,B,C cmpirical constants
In a similar manner the standard deviations o for a range of
specimen volumes were curve fit to obtain a curve with the
equation in the form:
o=DV# (17)

which has another empirical constant, D,

For the specimens investigated, letting the large-volume
failure stress be equal to the constant C resulted in a predicted
large-volume failurc stress equal t6 § — No, where S is the

“curve-fit experimental failure stress and N = 2,837, which for

a norma distribution would result in 99.5 percent of all data
points having values larger than C.



TABLE 3.[-X1.-STATIC TENSION STRENGTH
PERPENDICULAR (RADIAL) TO
GRAIN—VENEER GRADE A

[Laminated Douglas fir/epoxy specimens 1.5 in. thick
with 18 laminations, 2 in. wide, and 2 in. long. No
joints in veneers. Test temperature, 77 °F. Data
corrected o 6 percent laminate molstere content -

(K= 1.13).}
Stress | Laminate | Failure | Fuilure | Corrected
ared, | moisture load, stress, fuilure |
in.2 | content, Ib psi stress,
percent : psi
4,04 5.2 1345 333 . 330
404 | 4.4 2203 545 534
4.00 4.7 1317 329 324
4.04 4.5 2417 | S9R 547
4,02 4.8 1322 329 324
4.08 4.6 2265 559 . 549
4.08 4.2 2396 | 592 579
4.04 4.4 2035 504 494
4,02 4.6 1798 447 439
4,02 5.1 1465 364 360
4,04 4.6 1866 462 454
4,01 5.1 1873 467 462
4,02 4.2 2228 554 542
4.04 4.5 1615 400 393
4.05 4.3 2173 537 526
4.01 4.8 1727 | 431 425
4.04 43 1 2719 | 673 659
4,08 4.1 2402 593 579
4.03 4.5 2289 568 uSS8
4.00 4.9 2217 554 546
Mean | 492 483
Standard deviation, o 102 96

Upgiture stress of metal block/specimen glue line. The Tanunate strength
in therefure preater. These stresses were included in mean wnd standard
deviation,

3. Large laminated structures will require joints in the
Jaminations both parallel and perpendicular to the applied load.
Those lamination joints criented perpendicular to the load will
most affect the structural strength. Two configurations of these
joints perpendicular to the load were investigated. Tests were
madé with adjacent laminations (in a longitudinal direction)
(1) butted up to each other to form a squarcd-off butt joint
(often with a gap between adjacent laminations) or (2) scarfed
in length typically 12 times the lamination thickness to aid in
transferring load beiween the two laminations. The scarf joints
were staggered in adjacent laminations (in a thickness

direction) by a distance of 3 or 6 in. One spacing had no.

significant advantage over the other, but the tension strength

with load parallel to the grain was consistently, but marginally, -

higher for the scarf-jointed specimens than for the butt-jointed
specimens on the basis of mean values of replicate tests. Data
scatter, however, was much greater than the differences in
meun strength for the two types of joints, It appears doubtful
if the cost and complexity of providing scarf joints in the

TABLE 3. 1-XIL—STATIC TENSION STRENGTH
PERPENDICULAR (TANGENTIAL) TO
IRAIN—VENEER GRADE A

[Laminated Douglas fit/epoxy specimens 1.5 in, thick
with 15 laminations. 2 in, wide, and 24 in. long. No
joints in veneers, Test emperature, 77 °E. Data
corrected to 6 percent laminate moisture content

(K= 1.43)]
Stress | Laminate | Fallure | Failure | Corrected
arca, | moisture | load, | stress, luilure
in,d | content, Ib | psi stress,
pereent psi
310 5.7 920 297 206
310 5.6 740 239 238
311 6.0 920 296 296
3.04 5.2 940 303 300
3.05 5.2 780 256 253
3.06 4.9 800 261 - 257
3.03 5.3 700 | 231 229
3.07 5.2 940) 306 - 303
3.08 5.1 680 221 219
3.05 5.0 960 315 3
3.06 4.8 1040 340 338
3.03 4.9 760 251 248
3.04 5.0 1280 421 416
5.2 1160 | 382 378
l 5.2 S60 | 184 182
S 840 276 273
303 10 409 740 244 241
3.04 4.7 580 191 188
3,05 5.0 720 236 233
3.05 4.7 620 203 200
Mcan | 273 270
Standard deviation, o 6Y- 59

laminations is warranted for laminated D()hglas fir/epoxy
structures governed entirely by a static tension load.

4. A measure of the quality, and therefore strength, of a
veneer can be inferred from its sonic trangit time. Sonic transit
time in 2 material is related to its modulus of elasticity. An
ultrasonic grader was used for all veneers to grade grain
quality. Grades of A+, A, and C were assigned on the basis
of sonic transit times and visual grading of vencers. Defects
in the veneers increased the transit time, as measured by the
ultrasonic grader, and. decreased the average modulus of
clasticity. For tension testing with the load parallel to the grain
specimens made of grade A+ or grade A vencers had only
a negligible strength difference, but specimens made of
grade C vencers were measurcably weaker. With the load
perpendicular to the grain the vencer grade effect was quite
significant. Specimens made from grade A vencers had twice
the strength of specimens made from grade C venceers.

S. In general, reduced specimen temperature, below about
400 °F, increased wood strength as determined from data in
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the literature, Only limited datia were available from tests at
different temperatures for laminated Douglas  [ir/epoxy
specimens. The data on the temporature effect for laminated
spcclmvns in static tension were inconclusive.

. Grain orientation relative to load is important in wnod
T csl.\ on laminated Douglas (ir/epoxy specimens showed the
failure stress with load perpendiculur to the grain to be from
1722 1o 1740 of the failure stress with load parallel to the grain.

3.2 Static Compression Strength

3.2.1 Parallel to grain.—Compression strength tests were
conducted on laminated Douglas fir/epoxy specimens shown
in figure 2.2-7, and on cylinders 2.25 or 3 in. in diameter

by 8 in. long. Tests were conducted on veneer grades A+,

A, and C. Most tests were for a laminate moisture content
of approgimately 4 percent, but some (ests involved specimens
with laminate moisture contents ranging from 4 to 10 percent,
In addition, in one series of tests all of the specimens contained

about 10 percent mojsture content, Tests were also conducted

over a range of temperatures from 3010 120 °F. The effects

of scar! joints with a taper ratio of 12:1 and butt joints in the

laminates were also favestigated. The joints were spaced 3 in.
apart in adjacent laminations, Load rate was 0 01 in./min and
failure stress was based upon maximum crushing load.

3.2.1.1 Effect of temperature on compression strength: Data
on the compression strength parallel to the grain of veneer
grade A laminated Douglas fir/cpoxy specimens are shown
in tables 3.2-1(a), 3.2-1(¢), and 3.2-11 for test temperatures
of 30, 69, und 120 °F. Tests were conducted on specimens
with norjoints in the laminations and on specimens having butt
joints spaced 3 in, apart in adjacent laminations. Figure 3,21
is & summary plot of these data. Also shown in the figure are
trend lines passing through the points at 69 °F, Thesce trend
lines are based on curve bands from figure 410 of reference 3
for clear wood specimens in compression parallel to the grain,
The same trend is also applicable to clear wood specimens
in tension parallel to the grain. Figure 3.2-1 shows a larger
effect of temperature than indicated in reference 3. In cuch
case (with or without butt joints in the laminations) the increase
in the mean corrected failure stress predicted by reference 3
was only 60 percent of that found in the experimental data
reported herein, The effeet of temperature can be quite
significant. For the two types of specimens shown in the figure
the strength increased on the order of 350 psi per |
reduction in test temperature, which corresponds to approxi-
mately 4 percent strength inerease per 10 deg F reduction in
test temperature.,

Keep in mind while evaluating the effect of temperature on
compression strength that moisture content also affects strength
and that variations in the moisture content of the test specimens
can influence the temperature cffect trends. The laminate
moisture content of most of the specimens tested was in the
range 3 (o 4.5 pereent. These data points were corrected to
a 6 pereent laminate moisture content in evaluating the
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temperature effects, The validity of this correction is open to
doubt as previously discussed, but since the test specimens
were grouped within a fuirly narrow moisture content range,
it iy not thought that moisture content significantly affected
the trends of strength reduction with temperature increase,

The effect of butt joints in the compression specimen
taminations reduced the compression strength by 4 to 10
percent depending on the temperature level, but the strength
trend with temperature was dpprtmnmldy the same for both
types of specimens.

3.2. 1.2 Effect of moisture content on compression strength:
Tables 3.2-1(a) and (b) present data from two groups of tests
of 20 grade A vencer specimens, one at an average laminate
moisture content of approximately 4 percent and one at 10
percent. Note that the mean uncorrected failure stress
decreased substantially (about 29 percent) as the moisture
content increased from 4 to 10 percent with a concurrent
increase in test temperature from 69 to 90 °F, This was, of
course, an expected trend. Data from reference 3 show an

expected 5.5 percent strength loss when the test temperature -

is increased from 69 to 90 °F, and the experimental data in
figure 3.2-1 indicate about a 7.5 percent strength loss,
Increased moisture content should further reduce strength,
Data from reference 3 for defect-free unlaminated Douglas
fir in compression parallel (o the, grain indicate a value of
K = 1.92 in equation (7) of chapter I for correcting test data
to a laminate moisture content of 6 percent. Tables 3.2-1(a)
and (b) show that K = 1,92 overcorrected the data, It was
found empirically that K = 1.51 provided approximately the
proper correction factor for the 40 test points in the two tables
for static compression parallel to the grain, With this correction
the mean corrected stress for a'test temperature of 90 °F was
slightly more than 7.5 percent lower than that for a test
temperaturc of 69 °F. This is about right after accounting for
the temperature effect as demonstrated in figure 3.2-1,
Recall that similar effects of moisture content were not found
for static tension strength parallel 1o the grain, Tables
3.1-VII(c) and 3. 1-VIII show essentially no effect of moisture
content on the tension strength of laminated Douglas fir/epoxy
s‘pccimcnq The lower-temperature, lower-moisture-content
specimens had a mean uncorrected strength about 3.5 percent
higher than did the higher-temperature, higher-moisture-
content specimens, This 3.5 percent strength difference is even
slightly less than the value normally attributed to temperature
effect, leaving no dccountable difference for moisture content,
The conclusion one can draw from these results is that the
data in this report show that Douglas fir/epoxy laminates in
compression parallel to the grain show moisture effects on
strength somewhat  consistent with those for defect-free
unlaminated Douglas fir but that the value of K required to
correct for moisture is smaller than that indicated in refer-
ence 3. This effect of strength reduction for increased moisture
content was not demonstrated for Douglas fir/epoxy laminates
in tension parallel to the grain,
Itappeurs to be unwarrinted to conclude on the busis of 40



TABLE 3.2-1—-STATIC COMPRESSION STRENCTH PARALLEL TO GRAIN—RECTANGULAR SPECIMENS

[Laminated Douglas fir/epoxy specimens 1,5 in. thick with 1S laminations, 2 1n, wide, and 6.5 in. long, Duta corrected
to 6 pereent laminate moisture content.)

() 'Veneer grade, A: laminations contained butt joints spuced
3 in. apart in adjacent laminatlons; test temperature, 69 °F

(¢} Veneer grade, Ay no joints in vencer; test
temperature, 69 °F

t

(b) Veneer grade, A: laminations contained butt joints spaced
3in. apart in adjacent laminations: test temperature, 90 °F,
reative humidity, 90 percent

Stress | Laminate | Failure | Failore { Corrected fuilure stress, " Stress | Laminate | Fallure | Fuilure | Corrected
ared, |onoisture | load, | stress, psi area, | moisture | load, | stress, | fudlure
in® | content, Ib psi in.2 | content, b psi strpss

pereent K=192{ K= .51 pereent (K = 1.92),

psi

3.02 38 30 3507 10 050 R6RO 9 165 3.05 4.4 32270 1 10 580 95185
3.08 4.2 284201 922 8189 8 557 3.07 4.5 3170 10329 9351
3.06 3.7 30070 9 827 8437 B 924 3.08 4.4 29 280 9 600 8634
. 3.06 4.1 28 740 9 392 8280 8 673 5.5 29 510 9 675 9360
308 4.1 28720 9 325 8221 B 612 J 5S4 29 010 9511 9140
3.02 4.5 28130 9 315 8433 8 748 4.6 28 640 9 390 8557
3.03 4.5 27 050 8927 ROK2 8 383 303 4.6 29 460 9 723 8RO
3.03 4.2 28100 9274 8231 8 600 3.00 4.9 20 770 8023 8295
3.01 4.3 27 130 9013 BOS2 8 393 3.03 4.4 2% 630 9 449 8408
3.08 4.3 278701 9 049 8084 8 427 3.07 4.3 31800 | 10 35K 9254
3.4 4.2 28 860 9493 8425 8 803 3.06 4.3 3020 10137 9056
RN 4.0 30 670 0 862 8637 9 069 3.04 4.4 ILT30 | 10438 URLY
3.4 3.7 343704 11306 9707 10 267 3.03 4.4 33290 | 10 987 9881
3,08 3.0 324401 10 636 8717 9 380 3.04 4.2 31800 | 10 461 9284
3.03 32 36201 10436 B667 9 281 3.4 4.1 32380 | 10 651 9390
3.04 2.8 31307 10 240 8282 8 95§ 2.97 4,2 31170 | 10 495 9314
310 4.0 27 450 8 855 7755 K 143 2.98 4.3 33040 11 087 9905
312 4.2 24 440 7 833 6952 7 264 3.03 4.0 32 830 | 10 835 9489
3.09 4.1 28 730 9 298 R197 8 587 3.06 35 M 7101 11343 9610
3.06 4.3 25 920 8471 7568 7 889 3.06 3.5 32830 10729 9090
Mean 94G | 8280 8706 Meun | 10 235 9194
Standard deviation, o 787 521 5958 Standard deviation, o 656 427

(d) Veneer grade, A+ ne
terperature, 71°F

» joints in

veneer, test

3.09
31
RN
310
3.08
3.09
311
312
3.0
3.07
2,08
3.08
3.09
3.07
" 306
3.07
3.06
3.07
3.07
3,06

10.0 19 800 | 6 408 8355 7577
10,0 204500 6576 8574 7776
10.] 20 8007 6 688 8778 7942
10.3 200000 6774 9010 8111
9.7 210 000] 6818 8714 7961
9.9 222000 7 184 Y305 8459
10,2 | 21500 6913 9134 8243
9.4 21 800 6987 8754 8057
101 20750 6737 8842 8000
9.8 214001 6971 896Y 8174
9.% 20 3001 6591 8480 7729
9.8 21 0801 6834 8793 8014
9.9 20 800 6 731 K718 7926
10.2 21 050 6857 9060) 8176
10.5 20700 6765 9118 8169
10.3 19 500 63582 K448 7606
10.4 204001 6667 8926 RO17
10.1 212000 6906 9064 8200
9.8 21250 6922 8906 8117
10.4 207501 6 781 9079 8154

Mean 6773 BKS1 8020

Standard deviation, o 196 247

214

3.07 3.2 35860 | 11 681 9 701
3.07 3.8 34 720 | 11309 9774
3.10 3.3 34 690 [ 11 190 Y 356
3.06 15 33320 10 889 9 225
3.07 3.4 33800 | 11010 9 266
3.07 2.9 34 720 11309 9 207
3.05 3.0 35960 | 11 790 9 663
3.09 3.6 34 650 | 11214 9 564
310 3.2 36 080 | 11 601 9 635
3.03 4.0 34 700 | 11452 10 030
3.04 4.0 31 890 | 10 490 9 187
3.03 4.0 33420 | 11030 Y 66()
3.07 3.4 35730 ] 11 638 9 795
3.06 14 35430 11 578 9 744
3.07 34 353401 11 51) 9 68K
3.05 3.2 a5 520 11 646 9 672
3.07 3.4 34130 11117 9 356
3.07 1.4 34040 | 11 08K 9 132
3,07 1.4 32540 | 10 599 8 920
300 3.2 A5 710 | 11 557 9 598
Mean | 11 285 9519
Standard deviation, o 362 265
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TARLE 3.2-11 - EFFECTS OF TEST TEMPERATURE AND BUTT JOINTS ON STATIC
COMPRESSION STRENGTH PARALLEL TO GRAIN

[Larminated Douglas fir/epoxy specimens 1.5 (. thick with 15 laminations, 2 {n, wide, and 6.5 in. tong. Veneer
grade, AL Data corrected o 6 pereent faminate moisture content (K= 1,92).

(0 No joints in veneers test temperature, 30 °F

Stress | Laminute | Fadture | Failuee | Corrected
wreid, | omoisture’ | loud, | stress, fuilure
ins conlent, Ib psi stress,

percent psi

3.08 3.8 3060 1083 9 368
3.04 4.1 36 1501 11 89| 10 483
1.4 4.2 36 030 | 1] 8S2 10 518
3.0 4.3 IS ROO |11 KIS 10 555
3.04 18 AL T700 0 12 730 11002
3,04 3.9 37 850 ] 12 45] 1y B32
2.97 16 2007 13202 112589
3,00 1.7 38 350 | 12 KSO 11032
.02 1.2 99001 13212 {0973
1.0 39139460 13 o] 400
Meun 12 395 10 743
Standard deviation, o 77‘” Sddd

(¢} Mo jolnts In veneer; test temperature, 120 °F

Steess 1 Laminate | Fallure | Fallure | Correeled
ure, [ omoisture | load, | stress, failure
in.* content, Ib psi stress,

pereent psi

3.02 RN ] 22 360 7404 639y
3.0} 37 25910 RSS| 7341
1.03 1.0 26 150 ROUO 416
3.04 32 242100 T964 6014
3.06 RRY) 26 500 8660 7534
3,04 18 27210 K9S| 7736
3.00 4.1 26 140 K71} 7682
3.02 R 27710 9176 T9K3
3.03 29 {27210 R9S0 7311
3.04 KN 27 500 9046 7463
Meun Kold 7348
Standard deviation, o 541 408

(b) Laminations contained butt joints spaced 3 in.
apart in adjucent laminations; test temperature,

() Laminations contained bunt joints spaced 3 in.
apurt in adjucent laninations; test lemperature,

0 °F 120 °F
3.06 3K L9601 10 444 9 (026 .03 3.7 20 540 6779 SK20
3.4 4.1 366101 12043 1) 617 304 14 24100 792K 6672
3,04 1.9 3 R40 | 10474 Y12 3.00 R 25 KO LERY 7238
3,08 19 36 160 ] 11 8S6 10 318 3.06 3.7 24 500 8007 6874
3.0 AR 35540 11 768 10 170 3.08 3.4 24 940 8177 HER2
A 3.7 34 790 | 11 444 9 828 3.04 3.2 28 050 9227 7663
300 3 IR S70 1 12 K14 1074 3.03 3.4 28 190 9304 7830
3.0) 3.5 37490 | 12 458 10 552 3.00 3.2 26 390 8707 7306
3.4 2.9 35920 11816 9 (20 3.06 2.9 26 680 8719 7099
3.04 2K 36990 | 12 168 9 841 3.058 10 27 210 802 | 7312
Mean 1728 10 015 Mean K420 7070
Standard deviation, o 769 625 Standard deviation, o 751 538
—Hxl(_)f'
£ 0 NO JOINTS IN VENEER
» ®) BUTT JOINTS IN VENEER,
A 3-1H. SPACING
;, 10 p— v o= —  TREND PREDICTED (N REF. 3 FOR
. ~a CLEAR (UNLAMINATED) DOUGLAS FIR
% T~ -~
= ~
= ~
.y i N | | ‘J
720 ho 60 20 100 120 1o

TEST TEMPERATURE, O

Figure 3.2 | ~Iffect of test temperature on compression failure stress parallel to grain of fTaminated Douglas lirfepoxy test specimens. Each data paint
is rean ol 10 specimens corrected W 6 pereent famimate inoisture coptent (K= 1,42),

6/

o 'w | ww L) N AR ”r

I

i

fl

oy



TABLE 3.2-1L—EFEECTS OF VENEER GRADE AND JOINT TYPE ON STATIC
COMPRESSION STRENCTH PARALLEL TO ORAIN-CYLINDRICAL SPECIMENS

[Laminated Douglus fir/epoxy spechmens, Test tempeeature, 70 “F. Data corrected to 6 percent
lutningte malsture content (K = 1.92).}

() Veneer grade A+ and A specimens:
2258 indinmeter by &-in.-long cylinder
with three trunsverse 120 1-slape searl
Joints in center veneers spaced 3 in. apart

(¢) Veneer grade A+ and A specimens:
3ein,-diwneter by K-in.-long cylinder with
three transverse butt joinls in center
veneers spaced 3 dn, apart in adjacent

(b) Veneer grade A+ and A specinens:
2.25-in.-diameter by -in.-long cylinder
with three trunsverse butt joints in center
veneers spaced 3 in. apart in adjacent

i udjacent laminations luminations
Laminute Faflure | Corrected Latninate Fatlure | Corrected
moisture Stress, fuilure maisture stress, fudbure
content, pal stress, content, psi stress,
percent psi percent ps
f O S
0.5 10 651 11010 5.3 10 186 9724
4.5 11 783 10 667 5.1 10 224 9632
6.4 10 324 10 602 5.7 4608 Y419
4.5 11670 10 565 5.8 9 960 082y
6.3 10 6RY 10 Y04 - g - S
5.0 {1783 1) 027 Mean 9995 9651
8.0 7779 9 429 Stundard deviation, o 245 151
4.0 11020 9651
Mean| 10712 10 482
Standard deviation, o 1228 5N

(d) Veneer grade C specimens: 2.25-in.-
‘diameter by 8-in.-long cylinder with
three transverse butt joints in center
veneers spaced 3 in. apart in adjacent

laminations fuminations
7.0 10 438 11154 7.6 7791 8 663
4.6 11519 10 494 10.0 7975 10 398
9.0 7719 9 418 8.3 8239 9 597
3.7 10 920 9 375 8.1 8210 Y437
53 10 1681 9707 9.4 8500 10 650
5.1 1022 Y 632 9.3 8624 10 734
5.7 9 608 9419 7.1 9352 10 060
5.8 9 960 9 829 7.2 9426 10 207
5.9 u]() 332 10 264 6.Y 8513 9 (037
6.0 a0 574 9 574 6.7 9257 9 697
X3 8317 9 68K 6.5 H0§7 © 9362
K.6 8170 9 708 6.2 9089 9210
10,1 K42 11053 6.2 9239 9 362
K.5 B 371 Y K81
9.2 7 895 9 762 Mean| 8713 9724
K.S 8 (170 9 525 Standard deviation, o 534 614
8.5 8 070 9 525 B
8.8 8 09S 9 747
6.3 §525) K696
8.7 9 102 10 847
LR 9 296 10 828
8.0 9273 10 588
8.9 9 198 1l 149
8.1 8 747 10 054
10.2 “® 413 e
Mcan 91371 10 043
] Standard deviation, o 1020 665

Aopbont-shaped speciimen 1L
Waoph haped nthg 2

LY
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TABLE 3.2-IV.--SUMMARY OF STATIC COMPRESSION STRENCTHS
FROM TABRLES 3.2-1 AND 3.2

Veneer Jolnols Spectmen | Speclen | Mean Stundurd Tuble
grade o cross section, | length, | corrected | deviation,
luminations in. in. fuiture g,
stresy, ps
sl
| At Baw | 1Sby2 6.5 & 974 SO0 | 3210
A+ Mone 0519 268 A2y
A ’ Butt R 280 521 2l
A Nane 9 194 427 RN
¢ Butt 4573 484 | 3.2l
C None ¥ BRY 423 321D
A . None L 9 638 518 32-M(hye
A+ und A Seurf 2,25 diam 8.0 10 482 571 321w
A+ und A Hutt ;228 diam 10 043 665 R
A+ and A Buut 3.0 diam Y 681 151 32
¢ But 2.23 diam ‘ 9724 | o4 |320md

dDelanmnation filn

control specimen tests were run that did not have the uni-
directional fibers between the Douglas fir faminations, Tests
were conducted at nominal test temperatures of 75, 120, and
--40 °F. The low-temperature test specimens warmed as much
as 24 deg F during testing,

The compression strengthening effect of the graphite fibery
was impressive at all three test temperatures, The standard
deviations of the test points for these compression tests were
relatively high in relation to other testing, but the data scatter
did not hide the strengthening effect. At room temperature and
at approximately —40 °F orcowis augmentation increased
the mean failure stress by about 35 percent. Note, however,
that the strength increase from adding orcowes at —40 °F
was a conservative value, since three of the five specimen.,
did not fail because the loud required for failure was greater
than the capacity of the test machine.

,Only two data points were taken with FIBERITE augmen-

tation. The data showed a mean strengthening effect of
56 pereent at room temperature. -At a test temperature of

nominally 120 °F strength was increased almost 25 percent
by adding orcowts fibers.

3.2.1.6 Strengthening effect of glass fiber fubric between
laminations: As part of an investigation on the use of finger

joints Lo join large sections of & Jaminated-wood structure,

static compression tests were conducted on specimens 2 by
2 by & in. fabricated with and without Burlington Style 7500
glass fiber fabric between laminations, The results of these
tests are listed in table 3.2-VI. Adding glass fiber fabric
between laminations increased the compression strength by
24 pereent, less than the 35 and 56 percent increases shown
for the orcowel and rFeriTE graphite fibers previously
discussed,
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3.2, 1.7 Effect of circular cutouts on compression strength:
Static compression tests were conducted on unaugmented
specimens of the configuration shown in figure 2.2-9, For
comparison, tests were conducted on control specimens
without the hole but with approximately the same cross-
sectional area. These specimens were the same thickness as
the specimen in figure 2.2-9 but were 2.8 in. wide by 6 in,
long. Some tests were on specimens containing a ply of 10-0z
glass fiber fabric between Douglas fir laminations for strength
augmentation, The fibers of the glass fubric were oriented 45°
to the wood grain, Other tests were conducted with a glass
fiber/epoxy ring 0.12 in. thick around the inside diameter of
the circular cutout for reinforcement, The results of these tests
are presented in table 3.2-VIIIL

Tubles 3.2-VII(a) and (b) arce for specimens without glass
fiber fabric augmentation between the wood laminations, In
table 3.2-VIH(a) the mean corrected failure stress for
specimens without cutouts was higher than the results of most
static compression tests previously reported herein, Summary
table 3.2-1V shows only one other compression strength as
high, Comparing the mean corrected stress for a specimen
containing a 2-in.-diameter cutout (table 3.2-VII(h)) but
without any reinforcement of the hole shows a strength
reduction of 6.5 pereent due to the stress concentration of the
hole. Placing a glass fiber/epoxy reinforcing ring around the
inside of the hole removed this steess concentration effect and
previded slightly over a 2 percent increase in strength relative
o a specimen without the cutout,

Tubles 3.2-VIH(c¢) and (d) show a similar comparison where
strength was augmented by placing 10-0z glass fiber fubric
between the Douglas fir laminations, Comparing the strengths
fisted in tables 3.2-VIIe) and () with those in tables



TABLE 3.2 VoBEERECT OF LAMINATE SCARF JOINT CONFIGURATION ON STATIC (‘()M“I'RI’,HSl()N STRENCTH PARALLEL TGO GRAIN

(Laminated Douglas firfeposy spechinens 2 1o ik with 20 lualoations, 2 e wide, and 12 00 o, Yeneer grades, A4 gnd Aq Test emperature 08 o

70 B Date corrected 6 pereent liutnute molstare content (K = 192

(W) Control speclimens without joints
Laminate | Fullure | Corrected
nolsture SHress, Jullure

content, pst SIrEss,

pereent psi
0.4 0120 9365
6.2 RUL40 9059
6.2 RU10 09029
50 8910 R¥71
5.9 7720 7669
6.0 RR10 RBI0
0.0 0140 u140
6.0 6K YOR(O
0.1 92060 g322

9270 9332
9450 9513
9290 Yas2
4430 u493
4350 9412
Y300 9362
9000 Y060

Mean| 9100 U154
Standard
deviution, o 422 448

(¢) Spectmens with three 10: -slope
searl joints in veater theee
lambnations spaced 3 e apart;
no overlap or gaps in Jolnts

“Lamdnate | Fallure

Corrected

(b Specimens with three 4:1-stope
searl jotats in center three
lnminations spaced 3 in. apart;
no overlup or gups in jolnts

6.1 KEKO 893Y
9000 9060

1 9030 9040
9200 9261

Mean[ 9027 . YO8
Standurd
deviation, o 114 1S

oisture Stress, futlure
content, psi stress,
pereent psi
6.0 | v Y320
6.0 40 G040
6.1 9140 9201
6.0 0450 D450
Meant| 9237 9253
Standurd
deviation, o 158 151

() Specimens with three 16: -slope
searl jolnts o center three
luminations spaced 3 in, apart;
no overlap or gaps in joints

(1) Specimens with theew [0 -slope
sewel johis i conter three
lnmbnations spaced 3 1o, wpurt
S0 pereent overlup i Jolnts

6.1 9240 9302
0.1 9020 YORO
6.1 9200 9261
6.0 9470 9470
Meun) 92142 9278

Standurd
139

deviation, o 160

(¢) Specimens with three 10:1-slupe
seart joints in center three
larninutions spuced 3 in. apart;
25 percent overlap in joints

6.2 8540 ROS54
6.3 9150 9334
6.2 9270 0304
6.2 9240 93064
Mean| 9050 9186

Standard
308

deviation, o 20K

Landnate | Pallure | Cortocted
tholsture stress, fallure
content, psi stress,
pereent psi
0.0 8990 899()
6.0 KUK KUR0
5.9 9200 9139
0.0 uis0 9150
9430 V430
9200 9200
9220 9220
9170 9170
Mean| 9168 9160
Standurd
devintion, ¢ 133 132

- () Spectimens with three 101 H-glape

searl jolnts in center three lai-
natlons spiced 3 dn, apurt;
25 pereent gap in joints

5.9 9300 9219
91RO 9119
l 9310 9249
9260 9199
5.7 9240 0S8
S.d RY70 8620
5.7 9340 0156
0.0 90R0 9080
Mean| 9210 9090
Standard
deviation, o [10 189

(hy Specimens with three 1011 -slope
searl joints in center three lai-
nations spaced 3 dn, apart;

50 pereent gap in joints

5.9 210 0149

#970 K911

l RUB0 HY21

050 K990

Menn| 9053 8993
Standard

deviation, o 96 95




TABLIE 3.2 VI HEFRCTS OF QRAPHITE FIBER FABRIC
AUGMENTATION AND TEST TEMPERATURE ON STATIC
COMPRESSION STRENGTH PARALLEL T0O GRAIN

[Laminated Douglas GrZeposy spechinens 2 e thiek with 19 Douglas i

Tutsinutions wnd 18 graphite Qber plies, 2 e wide, and 8 o long. Veneer

pride, CoDate not correeted Tor molsture content, Estimited laminate
moisture content, 4 5 w6 pereent,

() Test temperature, 78 °F

Contral specimens Specimens with graphite
witheut augmentation Nher augmentutions
Fallure stress, psi
10 310 L\ K70
10 500 14 200
S4d40 . 4 470
10160 IRIATY]
10210 13040
oo 11 830
O 040 12 420
8740 (N
8 U6l 12670
9 180 12 390
9 RS0 e e e
Mo MR
u 150 ‘ SIIAL
Y (0K e ‘
10°730 a6 320
10720 13 990
|() ﬁ “) e et g 4 et b
"‘17()2:_ "I}S 1SS
7S 1168

() Test temperature, 120 °F

K 650 10 520
K 000 10 990
8 750 10 760
ERElY 11 800
8 6V0 12 510
8 620 9 270
7540 8 280
7 810 0270
7 800 4 330
7 400 et e
7 640 b0 303
DR2KS “haos

804

(¢ Tent temperature, 40 w0 16 °F

|2 090 v16 940

12 580 “16 950
13210 <17 030
770 15 600
11050 15 030
11420 e e e
1120 WO TORATY
O, R
M2 020 R
RN
Aaphnte Bber was ORCOWER unless othess e slentibled
"\fean
Sannckard desation ¢
dmirin

Chpeiinen did ot Lol evceedvd Tane ot st nachine

I e e T Tecause Tanlure stress o thice speciiiets were ol feached

TAHLE 3.2 VI BEFEECT OF GOLASS FIBER FARRIC
AUGMENTATION ON STATIC COMPRESSION
STRENCOTH PARALLEL TO GRAIN

[ Lamimted Douglus Ar/eposy specimens 2 by 2 by K o,
Lanninated wood same as used b linger joint wests. Veneer
giade, A b st temperstures = 08 “F Data corrected to
O pereent tamingte molsture content. |

tny No awmgimentation: between woud plics

Lagtninate Fuilure ‘ Corrected Tullure strews,
moisture slress, pi

conlent, PSE e e

pereent K= L2 | A= 150
5.0 B KUK LAY LR
5.2 8Ol LERK K628
§.8 O 432 0124 9 240)
S8 9671 PAUE 9 502
5.0 NRLER 0RO 10-050
S.0 10 061 U4 o 0 685
Meun URVA Ul 0284
Standard deviation, o 573 S48 549

() Burtington gliss fiher fabric 7500 augimentation between
waod plivs,

6.0 1l 540 It S40 (R

S8 It 775 11620 11678

5.6 |1 562 112540 173

5.0 147 Ihs 11230

0.0) 11 8K} 11 K83 11 HK3

5.0 Il 825 I 4o 1478

Muean| 11 617 11478 11530

Stundurd deviation, o 160 247 210

3.2-VIHH(w) and (b) shows that gluss fiber fabric augmentation
belween the laminations did not increase fuilure stress for the
control specimens and only  marginully increased it for
specimens with cireular cutouts, The lurger cross-seetional urea
resulting from the glass fiber fubric augmentation reduced
fuilure stress for the control specimens (but somewhal
increased the total load-carrying ability), Comparing tables
3.2-VIHIe) and (d) shows somewhat higher fuilure stress for
hole reinforcement when the glass fiber fubric augmentation
was used between laminations than when it was not used,
Introducing the hole did not reduce failure stress. The glass
fiber/eposy ring increased the strength ol specimens without
glass fiber fabric augmentation between laminations by 9
percent and that o specimens with the  glass fiber
reinforeement between laminations by 7.5 pereent,

It can be concluded that reinforeing laminated Douglas
firfepoxy laminates: with a glass fiber/epoxy ring inside a
relatively small diameter cutout can effectively remaove the
stress coneentration effect,

3.2.2 Perpendicular to grain,-Compression tests were
conducted perpendicutar to the grain in the tungential direction



TABLAL 3,2V BRPECT OF CIRCULAR CUTOUTS WETH AND
WITHOUT AUGMENTATION ON STATIC COMPRESSION
STRENOTH PARALLEL TO QRAIN

{Lantinated Bouglas He/opoxy spocimons, Venoer prados, A and A
st tommporature, 70 1L Daln orrected W 6 porcont lmminute tholsture
content (K = 1.9

() Comtro specimons 1.8 in thick- with 18 tmntaatlons, 2.8 6, wide, and
o i, oy di direetion of cappressive tomd); o Nbir glass sutmentution
hetween Douglas-Ar lnminations

Latninale Futlure | Corpeeted | Struss Hale
tolsture 4hruss, fuilure ratio reinforeement
content, Pl alress,
pereeit psi
8.2 1) 872 [TURY LU B
10918 10 354 R -
l 1213 10 oM | e
10 96 [0 381 e o
Meun| 10420 - - .
Sundard devintion, o 126 | <o

 ernm sy - et an] oot

(h) Specirens contuinly cireular cutout 2 in. in divmoter in spechinen centor:
specimens 1.8 . thiek, 6 . wide, und 12 0. tomg (in direetion of
comprossive lond); no fibor glass augmentition betvoen Douglay tir
lwminutions

Ay Jdd | OIS | None

a0 de | PELO0RD | Flber glass/epoxy

clrewlur sloeve
042 In. thick

410 ;‘.75.
126

I

5.
s,

3

(¢1 Contral specimens 1.6 . thick with 15 Douglus i luminations and
14 fiber gluss augmentation plies, 28 ine wide, and 6 . long n direction
ol compressive loud)

b 1136 [0 140
10 Gy 10024
[REIY 10 342
10703 0 754 e e

Meun] 11040
Standurd devintion, o 204

10 067 . e
213

(dy Specimens containing cireutur cutout 2 0 in diameter inspecimen center;
specimens 106 i thick, 6 fo. wide, and 12 fnchos long (ndirecton of
compressive Toady; fiber glass sugmentation ply between Doviglus tir
luinations

46 Py s | o sy | oo | None

4.0 A a0 | ooy ] PLORY | Fiber glussiepocy
cirealur slevve
013 e thick

AG1ens bused om et vrossectonal e sncluding Hiet avepany sleeve, where wsedd
BRatio ol Blues stesss o mean corrected Tailure iy 68 contiol spectmsss without cutt

on the Douglas fir/epoxy specinmens shown in figure 2,2-8,
These specimens were 1.5 in, thick with 18 Taminations and
2 in, wide in the loud direction. The spechmens were 6 i,
fong. but the load was applied on a platen coverlng only 2 in,
of the 6-in. tength. The foaded aten was thus approsimately

A Ballure was constdered o oceur when the speclmen
was compressed O In, I the woadod aren (8 poreent of the
specimen thickness In the load diroetlon),

Bocuuse the load was not applled to the entlre fuee of the
o-In. spectmeny but only to the 2-hn platen, the moasured
fullure stresses may be artiflelally high The peripheral arcas
of wood fiber not under compression may lend support (o the
waood fibers within the boundaries of the platen, Limited testing
was therefore conduceted on spechmens similar o those of flgure
2.2-8 exeopt thut the speclmen length was only 2 n, rather
thun O o, and the platen slze was [nereased Lo 6 1n, o ensure
equad loading over the fuee of the 2-1o.-long speclmens. Tests
I both the tangental and radlal direetions were conduetod on
these specimens,

The compression strength data In the tangential direction
are shown in table 3.2-1X (or a range of laminate molsture
contents from near § pereent to over 10 pereent, Both types
of specimons (6 In, Tong und 2 I, long) were tested,

3,22, 1 Effect of molsture cantent on compression strength
In o manner sinndlar o that employed in subseetlon 3,2,1,2

“un emplrieal determination was mude ol the value of K In

equation (7) of chapter 11 that would correct fallure stress for
molsture content. As tables 3.2-1X(0) and (b) show, 1 K was
et at 1,50, the corrocted Tallure stress for a test lemperature
of 90 °F und an average laminate molsture content of gbowt
10 pereent was about 96 pereent of tho correctod fullure stross
al 71 °F. This 4 pereent difference 18 the amount of
temperature correcton abtalned from reference 3, This value
of K Tor compression perpendiculur to the graln was close to
the value of 1,51 that was found to provide a molsture-content
corroction lor compression parallel to the graln as observed
In tubles 3.2-1(0) und (), For bath cuses (compression parallel
and perpendicular o the gradn) K = 1,92 overcorrected for
molsture content,

3.2.2,.2 Compression strength level i angential and radial
dirvections:  Comparing  corrected  compression  strengths
(K = 1.92) for vencer grade C with no Jolnts shows that the
strength paradlel o the graln (table 3.2-I(1) {s over three tmes
that perpencicular to the grain in the tangental divection for
o-In-long specimens (table 3.2-1X(w)). Remember, however
that the fallure modes were different for the two cases, The
strength paraliel to the graln was based upon the crushing load
to fatlure, whereas the strength perpendicular to the grain was
based on a0 S percent deformution of the specinien,

By compuring the data [n table 3,2-1X(c), where the entire
speetmen fuee was covered by the testing machine platen, with
the data i table 3.2-1X (), where only one-third ol the
specimen fuce was covered by the platen, it s obvious that
there was a reinforeing effect from the portion of the speciimen
notunder pressure from the platen, The 2-in.-long specimens
had only 71 10 77 pereent of the measured corrected strength
of the 6-in.-long specimens depending on the value of K used
for correcting for moisture content, On the order of 3 pereent
of this difference can probably be attributed to the higher test
teruperature of the 2-in,-long specimens, “The proportional imit
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TABLE L2 AN STATIC COMPRESSION STRENGTH PERPENDICULAR (TANCENTIALY 1O (RAIN

(Lambnuted Dougas Br/epoxy spechmens 1.8 To thiek with 18 luminations, 2 i, whde, and o A longs Toad direetion puralied o lnminations
andd peepetidicutar @ gradn with 2-0newide platen, NoJotits e veneer. Data eorrected o6 pereent lmbate moistire contont, |

(0 Venoer grude, 3 test tenperatare, 71 °F (hy Venger grade, 4 tost (emperatire, 90 "F rolative humidity,
OO peceent
Stress | Laumdngte | Failuee D fablure | Correoted futlure stress, Stress | Lanmbnte | Fadlure | faburee | Coreectod (adlure steess,
arew, | omolstuee | loud, | ostiess, il wren, | onodstare | lowd, | ostross, psi
] eomtent, b L I R e | comtent, (il sl e
pereent = 102 | A 140 pureent A 180

RICTH 5.1 Bd4ui|  JBOK AT JIR0 R 10,7 O 040 2027 108 2460
MUK 4.8 8 OU0 | V60 RERL) IR 2.UK 10,2 6001 2317 3061 2758
2.08 4.7 (0 1RO 281 RIS AN 20 10.4 6810 2278 3050 273}
297 hRY UNT (VR M7 078 MY 0.4 0 520( 2192 2938 2628
207 dd UNE VIt 2780 JRU4 10 10.6 6 9l0] 2308 327 2786
2,08 4.3 W00 Mda 2813 ADAT 2,499 10.5 TR0 237K 3208 2801
JUR 4.4 8 220] 275K 2480 1582 - RRM 0.8 6760 2241 J081 27314
2.0 4.1 RN Y 2086 2817 Aod 10.0 adi0] 2118 274 2560
RAEH] 4.8 RO | 2867 JO4K 27249 304 10.8 70007 2322 3192 2830
207 4.7 O 070 3084 2802 PhUA] .02 10,7 7020 2328 REWA] 2822
2,08 NG R OB  301Y 2746 2844 208 (0.4 TO40 | 23859 RERL] 2K2K
R hI R2ROL Q7KK 2044 2008 1oo 10.7 7200 2432 nan 2952
207 4.4 O 0401 A0da I8 28YY 100 10,7 7330 2442 3335 2964
2,04 4.0 Y480 214 2050 RITRT) 207 10,1 6 560 22006 2498 2612
.04 4.5 K 140] 275y 2408 2804 200 10.2 0920 2338 I08S 2766
2.08 4.2 K &0 20K3 2047 2710 197 10.4 6 830 2397 3078 2754
297 4.5 R &10 204660 2088 278K KH¢S! 10,1 6 560 2190 2874 2593
208 4.7 Y001 0K RN 2020 304 106 | 6930 2304 326 2788
200 4.7 a0 A7 282 W16 1.0} 10,6 69601 2309 3133 2791
299 4.7 R O 077 273 MR 3.02 10,8 62701 2073 2794 - 2446
Mean | 308% | 27048 JHSS Mean | 2273 3063 2736
Stundurd deviation, o 163 159 {58 Stundard devintion, o 110 156 135

(e Veneer grade, Oy test wmpersure, 83 °F

Laminate Failure | Coreeeted fablure stress, | Proportional | Inclustic MuduluJ
niolsture stress, s limit, threshold, uff
cantent, el e e e psi psi elusticity,
pereent Ao o2 | A= 180
1.7 1993 nm MR 1000
1.7 020 2201 2167 100
7.4 1903 21K7 2 1067
7.4 (DRI} 2R 2048 1067 - e
8.8 (847 2180 2048 1100 OR2 143 000
B0 1ROL MRt 2082 1100 726 142 000
8.4 Y 2228 2100 1133 078 140 000
B {ROO 200 [Ohy] 1067 72K 139 000
8.1 1710 1960 IROS 1000 e -
#.1 1750 2038 19244 1033
7.4 1813 2087 1961 1067
8.2 1770 20448 (R 1033
Meun (I RRN 2008 1064
Stundard devimtion, o | 99 w7 Y 40 -




was found to be approximately 57 percent of the uncorrected
stress required to obtain a S pereent deformation of the
specimen height,

Tests were also conducted to determine if damage can oceur
to laminated-wood specimens, even in a short time, by multiple
applications of Toad at a level well below the proportional limit,
These data are shown as the ““inelastic threshold™ in table
3.2-IX(0). These values were obtained by observing a decrease
of 0.00025 in. in stroke over a period of § min while
maintaining a constant cyclic compression load at sinusoidal
peaks at a rate of 3 Hz. Table 3.2-1X(¢) shows the inelastic
threshold to be on the order of 60 to 68 percent of the
proportion.! (mit. , ‘

The wodulus of elasticity vatues shown in table 3.2-1X(c¢)
are approximately 7 percent of the moduli of the vencers
parallel to the grain (about 2 million for grade C Douglas fir).
Reference 3 (table 4-1) indicates that this value for clear
Douglas fir, not laminated, would be § percent. The higher
moduli of the laminated Douglas fir/epoxy specimens may
result from the added rigidity of the epoxy glue. ‘

Table 3.2-X provides data on the same type of specimen
as table 3.2-1X(¢) except that the compression loading
perpendicular to the grain was in the radial direction, In other
words the compression load was applied perpendicular to the
laminations. The table shows that the compression stress
required to obtain a § percent compression deformation was
only about one-halt of that required in the tangential direction.
The proportional limit of 62 pereent of the uncorrected failure
stress was somewhat higher than the proportional limit in the
tangential direction. The inclastic threshold varied from 59
1o 78 pereent of the proportional limit compared with 60 to
68 percent for the tangential direction specimens. The moduli

of elasticity in the radial direction varied from 5.35 10 6.15
pereent of the grade C vencer moduli pm'u‘llcl to the grain.
Tuble d-1 of reference: 3 shows a value of 6.8 poreent. The
investigators in these tests surmised that possible lathe cheeks -
from the vencer peeling process may have contributed to the
tower moduli, ‘

3.2.3 Closing remarks on static compression strength. —
Some conclusions that can be drawn {rom the data on static
compression strength are as follows: ‘

[.. For laminated Douglas fir/fepoxy specimens in
compression parallel to the grain the effect of test temperature
on strength was higher than predicted for clear Douglas fir
without laminations in reference 3. For temperatures between
30 and 120 °F there was approximately a 4 pereent increase
in strength for cach 10 degrees reduction in temperature.

2. Contrary to the static tension strength tests, where a
definable effect of moisture content on specimen strength could
not be found, it was possible to determine this effect for
Douglas fir/epoxy specimens in compression both paratlel and
perpendicular to the grain. Data trom reference 3 for clear
(unlaminated) Douglas fir overcorreeted the moisture content
effects, The factor K in equation (7) of chapter I, equal to
[.51 for compression parallel to the grain and 1.50 for
compression perpendicular to the grain in the tangential
direction, appeared to provide failure stress corrections for
faminate moisture contents of 4 and 10 pereent for the limited
data available.

3. Veneer grade generally correlated with compression
strength parallel o the grain. The correlation was good without
butt joints in the faminations and marginal with butt joints.

4, Butt joints in Taminations perpendicular to the grain were
found to weaken specimens tested in compression parailel to

TARBLE 3.2.X, ~8TATIC COMPRESSION STRENGTH PERPENDICULAR (RADIAL) TO GRAIN

{Laminated Douglas firfepoxy specimens 1.5 in. thick with 15 kuninations, 2 in. wide, and 2 in, long,

No joints in veneer: veneer grinde, Cotest temperature, 79 °F. Data corrected to 6 pereent laminate

nmoisture content. |

Laminate Faiture | Corrected failure stress, | Proportional | laelastic | Modulus
moisture stress, psi Hmit, threshold, of
content, L e psi psi clasticity,
percent A= 1921 K= |50 psi
84 867 1017 957 538 425 122 000 |,
8.5 845 997 Y37 KRB 330 123 000
o8 848 978 a8 S50 RN 107 000
8.5 RO8 1025 962 578 375 115 000
| 8.4 868 1018 95K 575
! 8.3 850 9490 935 575
8.5 KO0 1018 953 875
| {3 848 U84 QA SO0
3 8.2 860 903 042 528
| X | s I oo 94 475
| 83 ‘ 5 soo Lo | e 500
Mean KSR 1on2 CEN 539
Standard deviation, o M 15 12 34
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the grain by 3.5 to 11 percent. However, scart joints had no
measurable cffect on compression strength even when there
was @ gap or overlap in the adjoining scarf-jointed vineers.
S. The compression strength parallel (o the arain for
laminated Douglas fir/epoxy specimens was highet than
reference 3 indicates for clear (unlaminated) Douglas fir. It
is believed that the epoxy glue had a strengthening effect on
the laminated specimens. '
6. The use of unidirectional graphite fibers between
laminations in Douglas fir/epoxy specimens was found to

increase  compression  strength  parallel to the grain-

approximately 35 to 56 percent, depending on the type of fiber
material relative to specimens without the graphite fibers. The
use of glass fiber fabric increased strength 24 pereent,

7. A conventional ASTM test specimen for compression
perpendicular to the grain in the tangential direction, in which
the platen of the test machine covered only about one-third
of the specimen face, resulted in stresses for S pereent
specimen deformation being higher than those for shorter
specimens in which the platen covered the entire specimen
face. These shorter specimens had test stiesses on the order
of 71 to 77 percent of those for the longer specimens.

8. Specimens in compression parallel to the grain were
found to be three times as strong as those in compression
perpendicular to the grain in the tangential direction,
Remember, however, that the criterion for failure was different
for the two types of compression, For failure in compression
parallel to the grain the maximum crushing load at failure was
measured; the failure stress for compression perpendicular to
the grain was taken as the stress when the specimen had
compressed S pereent '

9. The ratio of proportional limit to fyilure stress for:

compression perpendicular to the grain was found to be 57
percent in the tangential direction and 62 percent in the radial
direction. '

10, Damage can occur o wood specimens at compression
stresses considerably less than the elastic limit in 4 low number
of cyceles. The stress at this initial damage level was defined
at the inclastic threshold, whose values were obtained by
observing a decrease of 0.00025 in. in stroke for a 2-in.-thick
specimen over a period of § min while maintaining ¢ constant

recurring compression load at sinusoidal peaks at a rate of

3 Hz. The inelastic threshold for compression perpendicular
to the grain was found to be on the order of 60 to 68 percent
ot the proportional limit in the tangential direction and 89 to
78 pereent of the proportional limit in the radial direction,

I'1. The compression strength perpendicular to the grain for
Douglas firfepoxy was found to be only one-half as strong in
the radial direction as in the tangential direction, The modulus
of clasticity was higher than expected, based on reference 3

information, in the tangential direction and lower than expected:

in the radial direction. It is believed that the epoxy provided
strength and rigidity in the tangentiai direction, in the radial
direction possible lathe checks during the veneer pecling
operation may have lowered the modulus,
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3.3 Block Shear Strength

3.3.1 Effect of moisture content on shear strength parallel
to grain and laminations.— According to data from refer-
ence 3, K= 1,26 should be used in equation (7) of chapter HI
to correet failure strength values to 6 percent laminate moisture
content in Douglas {ir shear specimens. Tables 3.3-1(a) and
(b) show block shear failure data (paratlel 1o the grain and
the laminations) for vencer grade C Douglas fir/epoxy
specimens of the wype shown in figure 2.2-11 for two levels
of laminate moisture content (approx. 3.5 and 11.5 percent).
These tests were also conducted at two test temperatures-—an
estimated 70 °F (test temperature was not listed in the data
report, but most testing was done in the range 68 to 71 °F)
and 90 °F. respectively Reference 3 indicates that this
20 deg Fincrease in temperature would decrcase strength about
S pereent. Comparing the mean corrected failure stresses for
K = 1.26 in tables 3.3-1(a) and (b) shows the correction to
overcompensate for moisture content. In a manner similar o
that deseribed in seetion 3.2.1.2 for Douglas fir/epoxy
spucimens in static compression, an empirical value of K was
determined that provided a mean corrected shear failure stress
at test conditions of 70 °F and 3.5 percent laminate moisture
content that was 5 percent higher (temperature effect) than the
mean corrected shear failure stress at test conditions 090 °F
and 11.5 percent laminate moisture content. The value of K
required to obtain this correction was 1,07 for the 25 test points
at cach moisture content. As. stated previously, it was not
feasible to draw a definite conclusion on the proper value of
K from these few data points. All tables for shear strengths
of Douglas fir/epoxy specimens therefore include two columns
of corrected failure stresses based on K values of 1.26 and
1.07, as well as a column for the uncorrected shear failure

Stresses.

3.3.2 Effect of glue spread rate.—Tests were conducted
o determine the block shear strength parallel to the laminations
for wesT systeM 105 epoxy resin and 206 hardener applied
by Gougeon Brothers, Inc., Bay City, Michigan. Application
rates were 45, 50, 55, 60, and 65 pounds per thousand square
feet of double glue line, abbreviated Ih/MDGI, 10 specimens
of the type shown in figure 2.2-11. (Note that a double glie
line merges into a single glue line in the finished laminate.)
These specimens were machined from a laminate made of 1S
veneers. For this configuration the initial shearing load was
applied to the center of the specimen’s center lamination, Data
for the five glue spread rates are listed in tables 3,31 and
(¢) to (k). The mean corrected failure stresses and the mean
percent of wood fuilure along the failure surface are plotted
in figure 3.3-1.

Figure 3,31 shows a definite peaking of the shear failure
strength at glue spread rates near 60 Ih/mbar particularly for
veneer grade A-F and to a less pronounced degree for veneer
grade C. The scauerbands in the figure show a simiiar peaking.
In general the shear failure stress was higher for the grade
A+ veneers than for the grade C veneers, but for « nonobvious



' IABLEl.‘..‘-lc—- EFFECTS OF VENEER GRADE AND GLUE SPREAD RATE ()N‘BIA_()(.‘K SHEAR STRENGTH PARALLEL TO GRAIN AND LAMINATIONS

[Laminated ‘Douglus firfepoxy specimens. No joints in veneer. Datn cocrected 0 6 percent taminate moisture content. See fig, 2.2-10 for geometry. |

() Veneer grade, € glue spread fate, 60 Ib/MDGL; estimated test (¢) Veneer grade, A+ glue spread rate, 65 Ib/MBGL; estimated test
temperature, 70 °F temperature, 70 °F
Stress | Laminate | Failure Fuilure | Corrected tailure stress,|  Wood | Stress | Lamiunate | Faiture | Failure | Corrected failure stress.| - Wood .
ared, | moisture loud, stress, | psi failure, coared, | moisture toud, stress, psi failure.
in.? | conent, Ib psi percent in," | content, Ite SpsE e . percent
pereent K=12| K=107 pereent K= 127 K =107
2 08 4.2 4706 {579 1514 15640 I 100 299 33 S759 | 1926 1808 1891 100
2.96 4.0 3842 129% 1238 1280 00 3.01 36 5750 1910 1805 1879 100
2,98 KR 4892 1 1658 1574 1633 100 J.0s kN 5270 1728 1614 1694 8S
2.96 3.5 4062 1676 1580 1647 100 3.03 3 48KY 1614 1508 C 1582 9s
2.95. 4.1 5434 1842 1762 1818 KO J.o2 3.2 5880 | 1947 1823 1910 100
2.98 3.5 4452 1494 1409 1469 1(X) 104 28 4808 1582 1467 154K oo
2.97 34 3284 1106 1040 - 10RO ©s0 299 28 5611 1877 1741 1836 9s
2.93 3 4703 1605 1499 1573 9s .06 2.6 5698 1892, 1747 1848 L0
2.94 3.2 4948 1683 1576 1651 10 103 3 1574 1180 1102 1157 100
2.0 3y 4868 1673 1592 1649 100 .00 34 S587 1826 1718 1794 90
2.93 16 4594 1568 1482 1542 ‘ B LL A o 30 S30K 1758 1638 1722 95
| 298 |3 -l‘ . 4399 1491 1403 {468 100 ' 300 2.6 5718 1850 1708 1807 90
I 296 2.6 REATY 1323 1221 1202 40 o 2R 5675 1873 1737 1832 90
298 | 30 5632 1890 1761 1851 10 3.0l 3o 5645 1842 1763 1853 90
2.98 3.6 4975 1686 1594 1658 95 302 20 5665 1876 1708 1825 95
302 32 5540 1834 1717 1799 100 a9 34 5226 1748 Hoded 177 vs
298 |0 27 4277 1435 1328 1403 1) 308 28 5306 1740 1614 1702 ()
2.99 3.6 4587 1534 1450 (509 75 .05 2.6 4160} 1364 1259 1332 100
2.91 37 4883 1678 15‘}() fos2 100 RNPAL 2.8 5244 1719 1594 1682 95
2.99 3.8 5408 [8(9 {718 1782 95 3.03 2.9 4587 1514 1408 1482 100
2.96 39 5254 1775 1640 1750 1040 S 3.0 35 4728 1571 1481 1544 95
2.96 18 3811 1288 1223 1269 0 3.02 R 4437 1469 13749 1442 1040
2.9 4.0 5038 1725 1646 1701 85 RN RN L4951 1629 152 1597 1040
2.94 39 4R78 1659 1579 1h3S 98 3.4 3.5 4062 1336 1260 1313 104)
| 2.97 4.1 4049 1565 1447 §S4A Y5 RA] RIN] 4?54 1646 { 1552 1618 98
Mean | 1565 1507 1509 vl ‘ Mean | - 1699 1584 1664 96
Standard deviation, o I8y 11 - 186 16| . Standard deviaton, o | 202 187 197 4
(b Veneer yrade, C; glue spread rate, 60 1bisoaL: estimuated test emperature, ty Veneer grade, &+ glue spread rate, 60 1b/soGr; estimated test
90 °F, relative humidity, 90 percent temperature, 70 °F
Paom | ono [asio | 1263 | 145t ‘ 1315 90 a0 1 4850 | 1S40 | 1486 552 40
I 3.03 1.6 4180 1380 1574 1434 . 100 RAVS 3 6016 1y79 1849 1940 95
i 308 s 4770 1564 1780 . l 1624 80 3.06 3.2 4917 1607 1505 1576 80
| 307 1.8 00 1433 1642 ©149] (] 207 32 5756 19ig 1815 1901 80 .
[ 3m 11.4 3930 1297 1472 ’ 1346 gs 3.07 34 S8 1891 1779 1857 85
; 308 14 4580 {487 16KY 1543 LK) 10 26 (s 1985 1433 1939 [N
| 3.08 It.6 K {443 1646 ’ 1500 . A} 300 25 5170 1690 1557 1650 75
f C308 1.2 4780 1367 | {771 i 1624 100 Cohm 2.2 5053 1673 1530 " 1630 X5
KRy 14 ASK0 e L e 154 00 || 28 A 364 1874|1460 1540 . 78
[ 3.08 1.4 A0 ¢ sl s 1629 us I 30 32 5972 1926 | 1803 8RY. 63
“ im 1o AR90 | 1614 1841 1677 X5 | : 304 2 504001 1954 1812 1911 K3
I Ihe 1 4o 1376 1570 | 1430 uo R 2h 3728 1 1903 1757 1854 90
;308 L 48K0 1600 IR0} I6ST (17 VI R R O 5550 ) 1R3K 1677 1789 K5
1 307 1.2 4540 YY) in7l l 1533 i8S | { 297 ‘ 2.5 S704 1921 1760 1875 90
j 307 1.3 490§ 1368 1546 1416 ®O 346 2.5 5290 1729 1593 16K8 9s
odus 1o 4230 1137 13K2 0 sl | am N B L N F 1723 1823 90
R 12.1 o LUV B R/ B T VL R LR R S T R I I L A N R Y 1751 75
A0S T 41 R I L T A B LI ’ 2o b2 D usa0 b s L o 14506 88
T a0 om0 Pl o2s o ossea |k IRLC ! 1767 s
ION L4 AROT Reb Das b L N A [ AR (' O R UM B T UTE ua
S e A0 1350 O B T 1 S RV o oAy ‘ S50 E AU S T R B B0
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(e) Veneer grade, A+ glue spread rate, S5 Ib/MpG L estumited test

temperature, 70 °F

TABLE 3.3 —Continued.,

temperature, 70 °F

() Veneer grade, A4 glue spread rate, 45 Ib/MDGED estimated (est

() Veneer grade, A v glue spread rate, SO Ibisiar: estimiated test

temperature, 70 F

4922

4110
3967
042

4763
4420 ¢
4452
SHIO
4244

2900
52K

460
4586

307 AN}

3,06, 34 4862

3.07 2.9 4271

REY ) 2.8

3.08 3.5

303 RN

304 2.8 039

LN A

RNV 2

Xl A
aut 3l

3.04 2

306 RIS 4286

3.06 i

07 T

i R 4638

407 R

308 2.8

306 2.9 4819

3.06 13 RUNY

308 3.0 d¥R3

V05 33
Do A4 ds
Loim 1h 43
[yod i 1694

|
Mean |

. B |

Standard deviation, o |

Stress | Laminate | Fuilure Corrected fuilure stress,|  Wood Stress | Laminate | Failure | Failure | Corrected failure stress,|  Wood

aren, | moisture | load, psi failure, aren, | omoisture | load, | ostress, fuilure,

in.* content, pereent in.? | content, Ib psi pereent

percent K= 1260 A= 107 percent

m 38 ] 484 1579 i)S 309 ‘3.9 2731 884 84 871 20
3.(55 3.6 S1KY 1673 90 1.02 38 KR 789 749 177 20
3.04 A2 S400 1742 78" 2.99 13 2852 954 hi*A] 936 20
3.01 ‘3.4‘ | 4564 1440 90 3.04 AN 2094 O8O 65| "8 28
104 3.3 S619 1814 9s 3.04 34 3650 1201 t130 1180 100
102 3.2 5208 1711 305 314 216 694 653 682 10
306 2.4 5263 1678 303 R 2608 860 ROV 845 20
106 2.7 8965 1905 106 12 4404 1459 1366 1431 90
299 23 S5 1804 L . 3.06 4.0 4078 1333 1212 1315 70
3.02 27 S036 [TERYS) ) 3.02 34 33133 {104 1039 1084 10
3.06 29 4024 1287 9S 308 3.5 2962 971 916 954 10
3.07 2.3 4466 1418 100 304 3.0 134 1031 961 1010 50
308 27 4782 1533 rod 3.2 2235 738 691 724 25
3.07 2.5 5270 1676 RNV 4.2 3086 1025 983 112 10
.08 3 4393 1413 v 2.8 3 asl6 1180 1118 1161 20
01 27 5505 1788 s .08 3.0 RRR™ 1092 1033 1075 10
304 2.7 1527 1134 100 1.06 272 3034 1188 1YY 16! 10
298 2 KON 1270 a8 ‘ 302 34 3080 1020 96() 1002 85
2498 2.3 St6S 1788 9s 3.06 313 1529 1153 1082 1132 10
.00 33 5207 1704 100 3.06 RN 3557 1162 1085 1139 100
306 33 4824 1547 95 1.07 A5 2702 8R() 830 KOS 10
Y08 3 " SIR0 1729 ‘ 302 kN 3576 1184 1106, A6l 10
300 3.0 5751 1878 1.08 3.5 3734 1212 1143 1191 100
299 13 5458 1791 R NbYi 37 3507 1142 1082 1124 10
100 RN 4046 1616 o 4 .07 17 4454 1451 1375 1428 10
Mein 1624 Y35 Mean 10S6 Y93 1038 34
Standard deviation, o 104 S Standard deviation, o 208 196 204 34

temperature, 70 °F

R RV
1561
1362
1323
1279
1600
1619
1532
1412
1452
1631
1362
1368
919
1690
1489
1746
1454
1548
15KS
|S(’rﬁ
1392
15061
1472
1517

‘ tol

[ETN 1481

Cthn Veneer grade, Coglue spreaed

rate, 05 Ib/vpGr,

estimated lest

100 10K 0| e {1346 1287 1329 90
70 3.02 3.7 4627 1532 1451 1508 95
us 305 34 4740 1554 1462 1526 100
70 307 32 4626 1507 1411 1478 90)
9s 3.08 18 4967 1629 1547 {6Un 100

3.08 16 4912 1610 1522 1584 98

3.03 3 3190 1053 984 1032 40

3.06 3.8 4627 1512 1436 1489 98
) 3.07 3.2 4503 1496 1401 {467 ()
s 3.07 3.7 5002 1629 1543 1603 90
Y5 3.00 3.8 3447 1126 1069 110y 9s
08 306 3.0 4324 1412 1310 1383 90
100 304 28 4751 1563 1450 1579 s
60 3.06 33 4550 1487 1396 1460 9s-
9 304 14 SO40 1664 1562 1631 100
us 107 3l 33y 1081 1010 1060 40
100 100 15 5072 1641 1547 1613 s
s RETA 10 4807 1612 1502 1579 100
as 304 34 5043 1659 1561 1630 v0
100 306 1.3 4919 1608 1509 1578 80
100 3104 R 4738 | 1889 1467 1531 98
50 108 16 4506 1477 {306 1453 20
58 V04 I 4889 1008 1527 1584 v
80 (NN 33 4115 [ A5 1274 1320 Y
) 105 34 4019 1613 1817 1584 83
K4 Mean |40 1406 467 KO
IR ) Standird deviation, o - 173 163 170 19




TABLE 331 Concluded,

(ir Veneer grade, Cuglue spread rate, S5 Ihsoan: estinted (ewt . (%) Veneer grade, Oy glue spread rate, 45 h/stbar estinuted test
wmperatre, 70 °F Stemperature, 70 °F
O UGS - . e e et ey e e e
Stress | Laminate | Fadlure | Failure | Corrected fuilure stress,|  Wood Stress | Laminate | Failure I'ulhlrv (nrmlul lullmu ﬁ(lC\\I Waood !
arew, | omolsture | foad, |ostress, p\l fuifure, arey, | omoisture | load, | ostress, . pst latlure,
in.t content, th Pei remm——— = pereent in.? content, Ig psi S A IR UTOUL
percent N w120 1.07 percent ‘
2.97 4.1 2589 R72 bRS \hl N 300 4.5 tod48 S0l 542 555 I5
208 3.9 2046 KRR 845 © NS 100 300 4.6 4000 1204 - . 1252 1282 a0
2.94 4.0 4882 fo6l 1585 ) 1638 100 307 4.9 26101 850 . 828 L) S0
2.497 4.0 4212 1418 1383 1399 BCH REI] 4.3 RILGY 1006 u67 o4 us
297 4.1 RERN 1630 1559 1609 100 308 4.3 3027 983 Y48 972 0
.00 RIR) 51890 1730 1627 16YY 100 3.00 4.1 4195 370 F 1 1353 s
297 s 46033 1561 1472 1534 100 308 7 KERH e | sy 1098 40
249 RIvAE RUCT| [KRN 1265 134 80 106 R 2407 BO6 T65 o4 70
287 RN 3tnl0) 1221 115t 1200 100 304 KN KRR 1095 103s 1077 us
2.98 13 4010 1650 1549 1620 us RA{ 19 2493 815 776 803 25
208 7 4822 {68 1533 1593 s R 4.0 184 1083 100 1039 o)
208 s 4167 {480 {396 . 455 0 3.06 1.6 2792 |0 a2 802 847 0
297 kA REES) oo {084 1137 A4t 308 3.5 4388 1424 P343 1400 " LY
20K 3.2 4537 1522 1425 1493 vs RRV 4.3 RIS 1009 VoY Qa7 DAl
208 33 M2 LR 1077 1127 28 RRYY) 4.0 2262 1056 1008 1042 9§
301 37 4937 1640 1554 tol4 100 3.08 RIE 3277 1220 (RIS 1208 1)
209 K 4072 1362 1272 1333 80 0 ERY 4333 1308 1334 1379 80
2.90 A AR 1254 Hn 1229 A0 3.09 4.0 4280 1385 1321 (RIS 05
3.0) 33 5028 166Y 1566 1638 us 300 ) 33 4202 1403 1317 1377 73
203 3.7 3434 172 110 (RS 70 .06 Rt 4238 1384 1314 1363 15
205 ARy 4152 1407 1330 1387 90 3.07 4.0 4630 150K 1439 1487 60
206 RN 4163 1406 1326 [REM 88 07 1.8 3706 1207 46 ALY 25
297 RN{ REIR] 1284 1214 1263 40 07 R 3732 1216 RN 198 40
207 19 4300 [EREI [RE 1430 g - 306 | N 4310 {408 133 1387 Hi)
298 ‘ 4.1 4761 ol 15444 Cosm us RE N 4 460Y 1501 1435 1482 100
AUV WSS SUUS SOV SIS NSO U SRS PO, SRR (S GRS (UNEUUNSY SOOI SUEUO SRR FUUDUUURIS SEUNRORPS
Maan 1324 1341 84 Muun IR 1105 143 IR
\umhud \!L\mlmn, u 221 229 23 ] Standurd dumlmn o Z 247 i ’H | 26
(h Veneer grade, Cooglue spread rate, SO thysoar. estimated test
temiperatute, 70 °f
2,00 4.4 -H)(a] 14(1] I N" I ‘H() 160
200 4.3 4R350 1642 (ST7K . 1623 05
2.97 4.1 4850 1635 1564 1614 100
UM 4.3 40406 LoOd 1 1628 1674 83
206 43 4727 13497 1534 1378 100
206 1 S a0 | 16T 1617 1658 100 ‘
a0 4o gt | [ 1 lus f s
200 L 30 | asaloaser | s W00 ,
AT I B! O T L 1se TV T
Yow | wke oo L oo T
AR 1y R5TT I 6y XU B TTAN s | a0
100 4.0 4422 47 1406 [BRE) ; 95
247 37 4717 138K I504 1 16l 100
207 37 4614 1563 1481 153K 1 100
MOU N 4731 1580 1520 1568 l 100
2yt 41 2200 74 700 781 | 40
b0 du 4570 11520 1453 1504 } e
a7 40 4330 1455 (R 38 '
100 4.1 4012 1337 1270 1200
U I I R TR B I N R N
TR T AN o 1308 s
Tas ooy ! EERNE LN A I 1
MR 14 | WIL L0 RS R
2,96 v bane | o wes L ey 0 s
206 42 1 A240 0
Mean l LS | LS e ' 87
\l.nululd d Vion, o n SN ML B
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(a) Veneer grade, A+,
) (h)y Veneer grade, C.

Figure 3.3~ 1 —Lffeet of glue spread rate on shear s(rcnglh and pereent of
failure in wood surface for luminated Douglas fir/epoxy specimens. Shear
paralie! to grain and laminations. Strength corrected to 6 pereent laminate
moisture content (X = 1,07,

reason the mean shear failure stress at a glue é;)ruud rate of
45 Ib/mbai. was higher for grade C than for grade A+,
Figure 3.3-1 also shows the percent of wood- failure in the
failure surfaces of the sheared specimens. There are some
unexplained anomalies in the amount of wood failure. Each
group of 25 specimens had at least some, and often many,
specimens in which the failure in the wood was 100 percent
except for the grade A+ veneer at the strongest glue spread
rate of 60 Ib/Mnal. In addition, the scatterband was quite large,
whercas the scatterbands for 55 and 65 1b/Mbar. were small.
Further, the shear failure stress and p(‘:.rc.;enl ol wood failure
values in the tables show a weak corr 'Xmi(m between percent

of fracture in the wood and strength.

As a result of these studies on optimum glue spread rate,
all other Douglas fir/epoxy data in this report are for a glue
spread rate of 60 [b/MDGL. ‘

3.3.3 Effect of veneer grade parallel to grain and
laminations. —Fivure 3.3-1, as well as tables 3.3-I(a) und (¢)
to (k), shows the mean corrected shear strength values for
veneer grades, A+ and C. These results are consistent with
previously discussed results for static tension and static
compression with grade A+ vencer and show a strength
advantage of approximately [4 percent over grade U vencer
at a glue spread rate of 60 ib/mMpGi. The strength advantage

80

of grade A+ is consistent for all spread rates cxeept
45 Ib/Mpar. The effect at 45 Ib/mpai. is unexplained.
3.3.4 Block shear strength perpendicular to laminations
and parallel to grain.—The test specimen for block shear
strength perpendicular to the laminations and parallel o the
grain is shown in figure 2.2-11, Test results for 25 of these
specimens are shown in table 3.3-11 for vencer grade C and
a glue spread rate of 60 [b/MnaL., The effect of lamination
orientation on the shear strength can be obtained by comparing

the data in tables 3.3-11 und 3.3-1(a). The corrected shear

failure strength was 27 to 28 percent higher (depending upon
which value of K was considered) for shear perpendicular to
the laminations than for shear parallel to the laminations.
Observe also that the failure was 100 percent in the wood for

_shear aligned with the glue line perpendicular to the lamin-

ations. This means that there was no interlaminar failure, For
shear parallel to the Jaminations, where the initial shearing
load was maximuni at the middle of the center wood
lamination, the average failure in the wood was 91 percent.

TABLE 3.3-11.--BLOCK. SHEAR STRENGTH PERPENDICULAR TO
. LAMINATIONS AND PARALLEL TO GRAIN

(Laminated Douglas fir/epoxy specimens. No joints in veneer, Veneer grade, C;
glue spread rate, 60 Ib/MpaL,; test temperature, 76 °F. Data corrected to
6 percent laminate moisture content, See fig, 2.2-10 for geometry.)

Stress | Laminate | Fallure | Failure | Corrected failure stress,| Wood
ared, | maoisture | load, | stress, psi failure
in.? conlent, b psi pereent,
percent K=1201 K=107
2.27 4.9 4870 2145 | - 2090 2129 100
2.30 4.9 4668 2030 1978 2015
2.27 4.6 4760 | 2097 2029 2077
2.25 4.2 4865 2162 2072 2135
2.28 4.7 4869 2136 2072 2117
2.30 3.6 4998 2173 2054 2137
2.24 3.7 4373 1952 1849 1921
2.29 4.6 4818 2104 2036 2084
2.26 4.3 4907 217 2086 2146
2.27 3.2 5390 2374 2223 2329
2.27 4.2 4758 2096 2009 2070
2.25 4.3 4564 2028 1949 2004
2.20 4.1 4501 1992 1905 1966
2,30 3.5 4658 2025 1909 1990
2.7 3.4 3973 1750 1646 1719
2,25 1.5 4559 2076 1910 1991
2.26 3.1 4418 1955 1826 1916
2.25 4.7 4743 2108 2045 2089
2.27 4.6 4323 1904 1842 1886
2.25 4.1 4091 1818 1739 1794
2,24 4.8 3171 1416 1377 1404
2.24 4.6 4589 2049 1983 2029
2.23 5.0 874 1737 1697 1725
2.29 4.6 4444 1941 1878 1922
2.24 4.1 5079 2267 2168 2238 v
Mcan 2018 1938 1993 100
180 170 186 0

oo ! " oo



3.3.5 Closing remarks on block shear strength,--Somic
conclusions that can be drawn from the data on block shear
strength are as follows: :

I From limited testing on the effect of moisture content
on block shear strength parallel to the laminations for-Douglas
firlepoxy, it appears that A = 1,07 in equation (7} of
chapter 1 provides u better correlation of the data than the
value of 1.26 that can be obtained from data in reference 3
for clear (unluminated) Douglas fir. ‘

2. Tests conducted with eposy glue at spread rates from 45
to 65 pounds per thousund square feel of double glue line
(abbreviated Ib/mMpa1) for block shear of laminated Douglas
fir specimens with the shear load parallel to the laminations
showed a peaking in strength at 60 1b/mpal. for both vencer
grades A+ and C. On the basis of these data all other test
results in this report are for spread rates of 60 Ib/MbG1L,

3. Block shear strength parallel to the grain and the
laminations was about 14 percent higher for veneer grade A+
than for veneer grade C. This effect was consistent at all glue
spread rates except 45 1b/MoG i and is consistent with results
for static tension and static compression.

4. Block shear strength was found to be 27 to 28 pereent
higher when the shear load was miximum on a glue plane
perpendicular to the laminations than when the load was
parallel to the laminations.

3.4 Bending Strength

3.4.1 Effect of moisture content on bending strength.— A
series of tests were conducted  on specimens of - the
configuration shown in figure 2,2-12, The tests to evaluate
the effect of moisture content on strength utilized bending with
vertical laminations for vencer grade A, The data obtained tor
moisture content evaluation were for two groups of sumples
averaging about 4.5 and 10 percent laminate moisture content,
respectively. The duta are tabulated in tables 3.4-1(u) and (b).
Using a K of 1.25 (based on data from ref, 3) in ecquation (7)
of chapter 11T to correct test data to a 6 percent laninate
moisture content resulted in an overcorrection, Using the same
approach as discussed previously for static compression and
block shear to correet for both temperature and moisture
content resulted in an empirical determination of £ = 1.05 to
correct bending stress data for moisture content,

It is not clear how modulus of clasticity (derived {rom
flexural stiffness) is affected by temperature. I, however,
increasing temperature approximately 20 deg F were to reduce
the modulus on the order of 5 percent, as itis expected to do
on strength, the higher-moisture-content, higher-temperature
data will not correct to a 6 pereent laminate moisture content
value that isconsistent with the corrected lower-temperature,
lower-moisture-content data for any value of K. If temperature
does not affect modulus of elasticity, a value of K = 1,05, the

same as for bending strength, does a reasonable job of
correcting the data, A value of K = 1,06 is better. Although
not shown in tables 3.4-1(a) and (b, the corrected values of
modulus are 1,96 million for both sets of data for K = 1.06,

Remember that the empirical value of & to correct the block
shear duta was 1,07, Values of K of 1.50 and .51 were found
to best correct the data for static compression. Availuble data
for static tension were not sufficient to determine an empirical
vilue of K for tention, The empiricul values that have been
determined for lammated-wood products have all been lower
values thun one would obtain from refererice 3 for clear
(unlaminated) wood. It would therefore appear that the epoxy
glue lessened the effects of strength reduction with increased
moisture content. This is a reasonable conclusion, since the
epoxy absorbs little water and therefore its strength s
essentially unaffected by moisture,

3.4.2 Effect of vencer grade on bending strength, —1 ables
3.4-1(u), (¢), and (d) tabulate results of bending strength and
modulus with vertical laminations at-a test temperature of
nearly 70 °F for vencer grades A+, A, and C. The data were
not entirely consistent. The specimens made from veneer grade
A+ did have the highest bending strength and the highest

.modulus, but the lowest strength and modulus were obtained

in the specimens made from veneer grade A, The veneer grade
A specimens were about 1 percent weaker than veneer gradc
C specimens and about 14 percent weaker than veneer grade
A+ gpecimens. The modulus of the veneer grade A specimens
was about 7 percent less than for veneer grade C and about
9 pereent less than for veneer grade A+, These inconsistencies
in modulus and strength may be explained by the greater data
scatter for the vencer grade A material as indicated by values
of o being about 10 percent higher for strength and about 40
percent higher for modulus for the vencer grade A specimens
than for the veneer grade C specimens. The sumples were cut
from large sheets of the laminate, and inconsistencies in the
sheet may result fromy areas of cross grain in the veneers: some
of the veneer grade A specimens may have contained such
areas. Remember also that grade C can be superior to grade A
in ultrasonic testing as discussed in subsection 1.2.2.
3.4.3 Effect of lamination orientation relative to bending

~load.—Table 3.4-1¢c) tabulates bending strength and modulus

data for bending with horizontal laminations (fig. 2.2-12) for
veneer grade A samples. Comparing tables 3.4 -I(a) and (¢)
shows the horizontal laminations to be about 4 percent stronger
and 0.5 percent higher in modulus than the vertical
laminations. This effect is believed to result from the outer
0.1 in. of the horizontal laminated beam being of wood, which
is stronger and stiffer than the epoxy. In bending, the outer

fibers most affect strength and stiffness. For the vertical

laminated beam, on the orher hand, the outer fibers are a
combination of wood and the weaker epoxy,

K1



TABLE 3.4-1,—BFFECTS OF VENEER GRADE AND LAMINATION ORIENTATION
ON BENDING STRENGTH AND MODULUS

| Laminated Douglas lit/epoxy specimens with butt jolnts spaced 3 in. apart in adjacent taminations, Data corrected (o

6 pereent lamingte molsture content. |

(1) Veneer grude, A; vertieal laninations; test temporature, 71 °F

(b) Vencer grade, A; vertical laminations: test temperature, 90 °F;

1.540 2.020 10.1 954 10 931
1,542 2.013 10.0 986 11362
1.540 2.010 9.8 1005 11 630
1.538 2.007 9.5 991 11517
1.535 | 2.024 9.9 924 | 10 580
1.534 | 2.026 9,6 965 | 1035
1.525 | 2.024 9.8 972 | 11202
1,520 | 2,018 9.8 981 11411
1.515 2.007 10.3 963 11362
1.529 | 2.0i4 9.4 1038 | 12 050
1.531 2.021 9.8 1062 12 228
1.528 2.014 9.9 1003 Il 652
1.519 | 2.024 10.0 1041 12 045
1.531 2.029 10.3 1068 12 200
1.528 | 2.031 10.2 1049 | 11983
1.520 | 2.024 10,2 1044 | 12072
1.520 | 2.016 1.0 999 | 11 643
1,520 | 2.030 10,0 1 101 | et
1.527 2.024 10,1 884 10 175
1.533 | 2.031 9.3 991 11284
Mean | 11499

Standard deviation, o 528

Stress arci Laminate | Fallure | Failure Corrected failure Modulus, | Corrected modylus,
moisture | load, | stress, Sress, E, b,
Width, | Depth, | content, Ib -~ psl psi psi psi
in, in. percent T -

K =125 [K =108 K=125| K= 1.0

1.512 | 2.019 4.9 1079 | 12 605 12 294 12536 | L91x100 | [LBOX 108 | 1,90% |00
1.512 | 2.0l6 4.9 1143 | 13392 13 062 13319 | 1.92 1.87 . 191
1,521 | 2.017 4.7 1067 | 12 418 12 054 12335 | 1.93 |.87 1.92
.52 2.012 5.0 1050 | 12 254 11979 12193 | 1.92 | .88 1.91
1,515 | 2.008 55 954 | 11245 1118 1217 11.n 1.71 1.73
1.519 | 2.027 5.3 963 | 11109 10 934 1071 | 1.88 | .85 1.87
1.515 | 2.024 5.2 1069 | 12 402 12 179 12353 | 190 1.87 1.89
1,498 ' 2.020 5.5 973 | 11461 | 11332 11433 | 1.44 1.82 I.84
1.503 | 2.025 4.4 1029 | 12 021 11593 11926 | 1.91 - 1.84 1.89
1,523 | 2.023 4.7 1098 | 12 684 [2 315 12 602 | 1.90 .84 1,89
1.515 | 2.028 4.5 110271 12 734 12 308 12 640 | 2.01 1.94 2.00
1.509 | 2.027 4.7 1105 | 12 832 12 459 12 750 |2.05 1.99 2.04
1.510 | 2.003 4.5 1190 14 143 13 670 14038 |2.07 2.00 2.08
1.512 3 2.020 4.1 1050 | 12 254 11737 12 139 |2.12 2.03 2.10
1.490 | 2.025 4.6 1009 | 11 890 11 518 1188 |1.93 1.87 1.92
1.496 | 2.022 4.5 1265 | 14 891 14 393 14 781 | 2.27 2.19 2.25
1.496 | 2.019 4.4 1193 | 14 085 13 583 13974 [2.35 2.27 2.33
1.506 | 2.000 4.4 908 10 853 10 466 10767 | 1.98 1.91 1.96
1.524 | 2.010 3.6 YR 1 1472 10 864 11336 | 1.93 1,83 1.91
1.517 | 2.010 3l 989 | 11 619 10 879 11453 | 1.89 1.77 1.86

Mean| 12 418 12 037 12334 | 197100 | [ 91106 | 1.96x 100

Standard deviation, o 1041 1009 1032 | 0.14x 100 [ 0,13x 106 [ 0.14x |00

relatjve humidity, 90 percent

11997 L1156 | 1.79% 100 | 1.96x 100 | 1,83 106

12 441 11590 | 1.90 2.08 1.94

12 677 11851 | 1.91 2.08 1.95

12 469 1719 §1.92 2.08 1.95

It 559 10 787 | 1.&S 2.02 1.89

11974 11234 | 1.89 2.05 1.92

12211 11415 | 1.93 2,10 1.97

12 438 11628 | 1.84 2.01 |.88

12 526 1607 [ 1.77 - 1.95 1.81

13016 12255 [ 1.91 2.06 1.94

13 329 12461 | 1.93 2.10 1.97

12 730 11 880 | 1.91 2.09 1.95

13 189 12286 | 1.94 2.12 1.98

13 450 12463 | 1.94 2.14 1.98

13181 | 12235 | 1.96 2.16 2.00

13279 12326 |2.04 224 2.08

13 042 L1935 2.0l 2.25 2.06

12 725 I gS4 | 1.87 2.08 1.91

1167 10 384 | {.84 2.02 1.88

12 161 11470 | 1.88 2,03 1.91

12 578 L1727 ] 190> 100 | 2,08 100§ 1,94 x 06
596 541 1 0.06x 100 [ 008X 106 0.06x 106




TABLE 3.4-1, - Contnued.

(er Veneer grade, A+ veetical laminations; test temperature, 72 °F

Stress arei Laminale | Faiture | Failure Corrected fuilure Modulus, Corrected modulus,
e S A I L (11T lond, SLress, SLress, L, o
Widih, | Depth, | content, ib psi psi pisi psi
. . pereent e e e - S
' KN =1.2§ 1,05
1,530 | 2,014 1.6 1304 | 15 129 [ 14 327 14950 | 220100 200100 | 218~ 100
1.53d | 2.019 RN¢ 1222 1 14070 13324 13904 219 2,07 210
1,533 |, 2,017 3 1279} 14766 | 13920 14 577 2,20 2.07 2,17
1,520 | 2.020 RIS 1268 | 14 599 1 13 732 14 408 2,36 202 2,33
1.523 2.027 17 1303 14 992 14230 14 822 3.2 216 2,28
1.519 2,033 4.0 1198 1373y 130 13 603 2,23 213 2.2
1515 | 2,018 4.1 1313 | 153 b 677 15179 2,10 2.01 2.08
1.820 ] 2.0258 RPN 1285 14 K- 14 026 14 661 S0 2.04 2.1
1.521 2.023 3.0 1329 15372 14 557 15 190 2.23 2.1 2.20
1.519 | 2.027 3.7 12587 [4 50§ 13 764 14 337 2,18 2,07 206
1515 2,028 3.7 1361 15 727 14 927 15 549 2,25 214 222
1510 | 2,032 3.9 1324 ] 15290 | 14 879 15132 208 2.08 2.16
1405 | 2.025 4.7 1222 14 352 13 935 14 260 2.23 217 2.2
1.520 | 2.015 3.0 1289 15 038 14 241 14 860 2,10 2.08 R
1.522 2.000 3.5 1273 15 (155 14 22§ 14 BOY 2.3 2.4 2.4
1.520 | 2.000 3.6 VI ] 13 1571 12 460 13 001 2.21 2.0y 2.4
1.518 | 2.019 36 1337 | 1S557 | 14733 15 373 208 2.06 2015
1.5817 2014 30 1204 14 088 13 341 13921 2,14 2.03 20
1813 | 2,010 7 1170 13 78| 13 080 13628 2.42 2.30 239
1.510 | 2.019 4.2 1312 15 347 14 733 15211 204 1.96 .02
Mean | 14 736 13 997 14 571 2220001240106 1 219« [0
Standard deviation, o 671 046 064 | (L09100 [ 008100 | (.09 = 100
(dy Veneer grade, C; vertical laminations; test lcmbwulurc, oy °F
1.500 | 2,020 S.¥ 1040 12234 12179 12 222 FO3A105 1 L2100 | 13210
1.506 | 2.030 4.9 1076 12 453 12175 12418 12,04 1 99 2.03
1.507 2027 3.4 972 1303 10900 2 {217 2.0 215
1 499 2.020 4.9 1092 12 854 12 537 12784 [ 2,08 2.03 2.07
1.406 2.026 5S4 YKy 11 596 I 439 {1 562 1.99 .96 1.8
1.490 | 2.019 5.0 979 11603 It 579 11599 ] 2.05 208 208
1.504 1 2,003 4.8 1222 14 5%1 14 18Y 14 494 | 2.3y 2,33 2,38
1.50% 2.006 4.4 1139 13514 13032 13407 [2.24 216 202
|.512 2,008 4.2 1142 13 4K7 12 947 13367 | 2.10 2.0 2.08
1.516 | 2.013 4.2 943 11052 10 610 HY 9S4 | 2.20 2.1 208
15102013 4.3 1068 1 127403 12020 12388 1202 1.9:4 2.00
1518 | 2,011 4.2 1121 13 147 12621 13030 [ 2,17 2,08 215
|1.522 2031 4.9 1028 I 789 11 498 1725 [ 2.08 2.03 2.07
1.532 2.032 4.5 (RN 12 646 12223 12552 | 2.03 1.96 2.01
{528 2034 4.0 PAN 1) 843 10362 10736 ] 2.006 1.97 204
}1.523 2.030) 4.1 FHIO ) 12 734 12197 120615 214 2.058 202
1.529 | 2.030 4.4 1203 13 747 132587 13638 12,10 2.03 208
]1.527 2.027 4.7 1139 13074 12 691 12087 1244 2.08 213
1.528 2.021 4.8 {149 13 250 12 900 13177 {249 R R 218
1.525 2025 5.3 1 H44 13972 12 965 131260 12,09 2.06 2.08
‘ Mean | 12 580 12 216 125000 200100 2054000 200~ 100
Standard deviation, o 054 9212 945 1O 402 100 {000« 100 {0 10« 100




TABLE - —Concluded,

(0) Veneer grnde, A; hovizontal Taminations; test temperature, 70¢ 1

aren Falture

Corrected Tudture

Corrected

Lawlnate | Fallure Moadulus, madulus,
e — molsture | loud, slress, slress, I I
Width, | Depth, | content, Ib psi psi psi psl
in, in. pereent e
K= .25 {K = 1.08 K= 1.25 | A= 1.08
2013 | 1,517 4.7 199 | 13976 13 570 1A 8RO | 2,04 100 | 1O8x 106 | 2,03 x 100
2.017 1.523 4.9 1186 13 68Y 13 352 13615 | 1.8R |.83 .87
2,017 1,535 4.6 1065 12 133 11754 12049 | 1.84 178 .83
2.015 1,522 4,6 10f0 Il GBS 11320 I 604 |[1.83 1.77 |42
2.030 1.519 S 1037 11 958 11713 11902 | 1.82 178 .81
2.029 | 1.521 4.8 1059 | 12 183 11 856 12 111 ] 1,94 1.89 1.93
2,023 1.508 S 1050 | 12 374 12 124 12319 | 1.94 1.90 1.93
2.023 1.485 5.3 1070 12 952 12 748 12907 |2.02 1.499 2.01
2008 1.510 4.4 1143 13 501 13 020 13394 | 2,08 2.0} 2.06
- 1.999 1,521 4.4 1202 14 038 13 535 13024 |2.04 1,97 2.02
2.030 1,511 4.6 1151 13410 12 991 1337 | 2.08 1,99 2.04
2,015 1.512 4.6 1171 13727 13 298 13632 | 1.99 1.93 1.8
2,008 1.520 3.9 10t} 11 768 11221 Il 646 | 1,97 1,88 .95
2.018 1.510 4.2 1002 1759 11 289 1l 654 | 2.00 1.92 .98
2,015 1.482 4,5 1013 12 360 11 947 12268 [ 2.11 2.04 2.09
2,015 | 1490 4.4 1136 | 13713 13 224 13605 |2.23 2.15 2.2
2.020 1,490 4.0 1106 13 318 12 727 13 187 [ 2.01 1,92 .99
2,006 |.522 1.5 1353 15 723 14 856 15 529 | 1.96 1.85 1.94
2,004 1.532 3.0 1226 14 076 13 150 13868 12,15 2.0] 212
2,010 1.518 14 1063 12 442 11729 12 283 12,02 1.90 1.99
_— | I |
Mean | 13 039 12 571 12035 [ 2.00x 100 | FO2x 106 | 1,98 106
Standard deviation, o 1025 941 1004 10.10x 106 [ 0.09x 100 | 0,10 100
et v, . SN IO

4.0 Fatigue Strength of Laminated
Composite Specimens
Data are available for tensﬁ_m-tcnsion fatigue, compression-

compression fatigue, and reverse axial tension-compression
fatigue. Among the variables investigated were constants to

use in the moisture correction equations and the effects of

veneer grade, the type of joints used in the laminates, the stress
range used in fatigue testing, the test section volume, augmen-
tation by use of graphite fibers between wood plies, and stress
concentrations from cutouts in. the specimens. All data presented
are for Douglas fir/epoxy specimens made of 0. 1-in.-thick
veneers with the load applied parallel to the grain. The glue
spread rate was 60 pounds per thousand square feet of double
glue line.

Most of the tables und figures presenting fatigue data for
laminated composite specimens in this report also show a failure
stress that was obtained from static tension or compression tests.
These tests were conducted with 5-min ramps. The ramp time
was converted to estimated equivalent cycles to failure on the
busis of the number of cycles that would accumalate in S min
of fatigue testing, Thus 5 min is equivalent to 1200 cycles at
a cycle rate of 4 cycles/sec, 2400 cycles at 8 cycles/sec, elc.
It was found to be beneficial, in most cases, to use the static

&4

test data converted to equivalent eycles for calculating the
regression curves. These statle points improved the consistency
of regression line slopes for various test conditions,

The static data used were from two sources. In some cases
contrel specimens were static tested by using specimens from
the same billets and the same configuration as the fatiguc
specimens. In other cases similar specimen data were used
from other investigations. The source of the static data is listed
on each of the tables. In all cases the static strength was the
mean of replicate tests, butin calculating the regression lines

‘the static strength was considered as a single test point in order

to not unduly weight the low-cycle end of the regression line.
In some cases as many as 20 replicate tests were used in caleu-
lating the mean value of the static test point,

During some of the fatigue testing the tests were terminated
prior to specimen failure, in these cases the regression line
was first caleulated while neglecting these unfailed specimens.
If, however, the data point for the unfailed specimen was found
to lic on or above the regression line, the regressim line was
recalculated to include the unfailed specimen, and t e equation
for this recaleulated line is the one given on the  lots, From
the location relative to the regression line of the unfailed
specimen points (indicated by arrows extending from the
plotted point), it can be seen whether the point was included



in culeulating the regression e, The number of 'eyeles to
fullure"™ for the unfallod speclmen was taken as the number
of eyeles accumulated when the test way terminited. No
attempt was rwde o hypothesize the remaining life in the
speeimen,

4.1 Tension-Tension Fatigue Strength

4.1.1 Effect of moisture content on tension-tension fatigue
strength.—The upproach for applying a moisture correction
to strength is presented in reference 3 for statie tension, com-
pression, shear, and modulus of elasticity, No information is
presented on correcting for fatigue. n the fatgue data presented
in this report it seemed logical to use the moisture corrections
developed for static strength to determine il they would be

approptiate for fatigue strength, Duta are presented in table 4. 1-1

and figure 4.1-1 for tension-tension fatigue over u modest
range of laminate moisture contents from 4,6 to 7 percent for
dogbone specimens as shown in figure 2.2-13. The center
three laminations of these specimens contained scarf joints with
aslope of 1211, The joints were displaced by 3 in., In adjacent
laminations. The futigue tests were conducted for a stress ralio
R (ratio of minimum stress to maximum siress) of 0.1,

In figure 4. 1-1(a) the uncorrected data arc shown on a log-
log plot, Each data point is labeled with the faminate moisture
content as tested, The correlation coefficlent r (see chapter )
of the least-squares regression line, neglecting the point labeled
with the arrow, where the test was (erminated by premature
failure resulting from accidental damage to the specimen, is
shown to be —0,9891.

Figure 4.1-1(b) shows the data corrected for moisture
content by using cquation (7) of chapter Ul and K = 1.21 for
static tension. In this case the correlation cocfficient has

TABLE 4.1-L-TENSION-TENSION FATIGUE STRENGT
PARALLEL TO GRAIN FOR DOGBONLE SPECIMENS

| Laminated Douglas fir/epoxy doghone specimens with 2.25-in.-
diameter by 8-in.-long test section and 57-in, overall length.
Three 12:1-slope searf joints in vencers in center of specimens
staggered 3 in, apart in adjacent laminations, Stress ratio, R,
0.1; test temperature, 70 °F; eyele rae, 4 Hz. Data corrected
to 6 percent laminate moisture content. See fig, 2.2-13 for
“geomelry. |

[‘Luminnw Mintimum

Maximum | Cycles Corrected
moisture stress, stross, (I3 {fuilure
content, s psi fuihure slress )
pereent (K = 1.21),

psi
6.5 900 9000 178 500 0 08K
0.3 ®50 8500 597 900 # S50
4.6 850 8500 4308 320 8272
4.7 K00 KOO0 1 930 730 7 ROI
7.0 700 7000 7 550 000 7137
| 4.6-9.0 200 11418

Hprenmture falure due o weedentad damage 10 specunen
'Stie test ol s control spectinens - estimated equivident eyeles

£6 0 16 830 HO.05I08

J/ LAMINATE
MOLSTURE
CONTENT,
PERCENT R0

_IALLS DENOTE

BB giAIe 1EsT DATA
I (a)
- | L
5; .
E;E; 12x10°
o 16 s §-0.05271

£ 10 8 16 g 005
>
i

8

6 | |

108 10" 10° 100 10/ 108
CYCLES TO FAILURE, N
() Data not corrected for molsture content. Correlation coetlicient, »,
-(,9891,

(b Daty corrected to 6 pereent lumlnate moisture content (K = 1.21),
Correlution cocfficlont, r, —0.9930,

parallel to grain for laminated Douglus fir/epogy specimens. Dogbone
spechmens with 2.25 In. diagmeter test seetion (see fig, 2,2-13) and 12:1
seart Joints staggered 3 I, apart fn center three laminations. Yeneer grude,
A+ test lemperature, 70 °F,

improved to —0.9930. Calculations were made for other
values of K, but none improved the correlation coefficient.
The range of laminate moisture contents was so small for these
tests that the value of K did not have a marked cffect on
moisture content correction, but it appears that the value of
K from reference 3 for clear Douglas fir in static tension was
probably appropriate for Douglas fir/epoxy laminates in
lension-tension fatigue,

4.1.2 Effect of veneer grade on tension-tension fatigue
strength.—Tension-tension fatigue tests were conducted on
dogbone specimens made of both vencer grades A+ and A,
and the results are presented in table 4, 1-11 and figure 4.1-2.
The specimens in these tests had butt joints in the center three
laminations, with the joints displaced by 3 in. in adjacent
laminations, Figure 4,1-2(a) shows the butt joint data for
R = 0.1 and the regression line for scarf joints from figure
4.1-1(b). All data points arc for grade A+ vencery in the
specimens. Figure 4. 1-2(b) shows similar butt joint data for
grade A veneers in the specimens and compares them with
the data for grade A+ from figure 4.1-2(a), The data in fig-
ure 4.1-2(b) show a somewhat higher fatigue strength for
grude A specimens than for grade A-+ specimens, contrary
to what one would expect, Even though the regression lines
show a separation of upproximately 600 psi in futigue strength,
il one were to superimposc the data points from figures 4. 1-2(w)
and (by, all of the duta for grade A would fall within the
scatterband for grade A-+. 1t is likely then that veneer grade
may not significantly affect tension-tension fatigue strength,
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TABLE 4. 1-[[—~EFFECTS OF BUTT JOINTS, VENEER QRADE, AND
STRESS RATIO ON TENSION-TENSION FATIGUE STRENGTH
PARALLEL: TO GRAIN FOR DOGBONE SPECIMENS

[ Laminated Douglus firfepoxy dogbone spechuens with 2.25-in,-dlameter test
section. Bult Jolnts staggered 3 in. apart in center three laminations,
Test temperature, 70 "F, Dita corrected {0 & percent laminate moisture
content (K = 1.21). See fig. 2.2-13 for geometry. |

(1) Veneer grade, A+ stress rallo, R, 0.1

Cycle | Laminate Maximum Cycles Corrected
rute, | moisture stress, SLress, o fullure
Hz | content, psi | ps fuilure stress
percent (K =12,
psi
4 5.8 850 8500 21 450 8 467
5.0 K50 85O (RERITY 8434
5.7, 8OO 8000 429 570 7 954
5.6 750 7500 922 390 7 442
4.5 6.0 750 7500 138 960 7 500
4.5 0.1 750 7500 | 148 940 7518
4 u6,7 580 S800 845 800 5 879
6.5 710 7089 206 500 7 167
5.6 473 4732 6 718 300 4 095
5.2 620 6200 2 450 000 0 108
4.4 600 6000 1 470 500 5817
5.8 779 7789 59 400 7714
4.4 S19 5192 b 10 000 000 5033
¢ 200 11487
(by Veneer grade, A; stress ratio, R, 0.1
4 6.5 L edl 6419 493 000 6 482
4 9.2 778 7780 210 600 8278
4 7.6 712 7120 1 285 300 7 344
1.5 8.6 BS0) 8500 97 300 8 939
R 9.4 850 8500 67 500 9079
¢l 200 12 099
(¢) Veneer grade, Aq stress ratio, 8, 0.4
4 6.4 26064 7160 316 900 7216
4 6.4 2869 7166 14 200 7222
<1200 12 09y

AEstimaled fromm ¢rrar in Iolsture CoRtent measurernent

"Sp(‘cllucn did not tull

EState test - estunated equisalent cycles table 31D
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(@ Grade A4 veneer, with comparlson of seurf und buie joints,
(b Hutt jolnts, with comparisan of grade A+ and A veneers,

Figure d.1-2.~Effeet of veneer grade on tenslon-tension fatigue (I" 0.1 puraliel o grain for gracles A+ and A lominated Douglus ie/eposy speciimens,

Dogbone spualmcn\ with 2.25-in. dinmeter test seetion {see g, 2,210 and butt jointy stggered 3 ine apart fn center three laminations. Dat corree ted

Lo 6 pereent faminate moisture content (K = 121,

4.1.3 Effect of laminate joint configuration on tension-
tension fatigue strength.—Figure 4.1-2(a) shows tension-
tension fatigue strength regression lines for both butt joints
and 12:1-slope scarf joints for dogbone specimens, The Mgure
shows that the scarf-jointed specimens are from l() to 36 purc,nl
stronger than the butt-jointed specimens at 10% 1o 107 cyceles
to failure. The butt joints create more of a discontinuity, und
thus 4 site for initiation of a fatigue failure, thun the scarf joints
do. Well-fitted scart’ joints are more likely to provide loud
transfer through the glue line,

d.1.4 Effect of tension-tension fatigue stress ratio on
Sailure strength.—Only very limited data wore available, und
they are shown in figure 4, -2(b). Most data were obtained
at a stress ratio R of 0,1, Two points for R = 0.4 ure shown
in figure 4.1-2(b) for specimens made ol grade A veneer, The
two points show markedly different reductions in tension-
tension fatigue strength than the daty obtained at R = 0.1, It

is therefore difficult to draw conclusions on the magnitude of

these fatigue strength differences.

Tost temperature, 70 °F,

4.1.5 Effect of specimen size on tension-tension fatigue
strengtlh.—Tuble 4, 1-111 and I'lgu-'(,4 [-3 show tension-tension
fatigue data for lurge specimens 2 in, thick (composed of 20
grade A+ laminations) by 8 in. wide and 360 in, long. lhc
volume in the test seetion part of the specimens was 4992 | in.*
The specimens had 12:1 slope scarf Joints at 8-ft intervals in
cach lamination, The joints in adjucent laminations were ifset
by 3 in, For wmpnri\m\ purposes the regres ion line for gr \dc
A+ dogbone specitens (lest seetion volure of 31.8 i, Y
with sear joints in the center three lamination:. ' also shown,
The small \.])Ll.‘lmul\ were from 54 to 64 pereent sironger than
the lurge specimens at 10% 10 107 eyeles o failure. The large
specimens had many more sites for possible Initiation of fatigue
fuilure thun the smuller specimens, from the wtumlpnintu of
both the number of searf joints and pnwhlc defeets in the
laminations,

4.1,6 Closing remarks on tension-tension fatigue strength.-
The tension-tension fatigue strength data availuble were relu-
tively limited, but from these data it appears that the effects
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TABLE 40T -TENSION-TENSION EATIQU
STRENGTH PARALLEL TO GRAIN FOR
LARGE-YOLUME SPECIMENS

| Lambnnted Douglus He/epoxy specimens 2 1, thick
(20 Tmbnations) by & 1n, wide by 360 1n, long (992-1n,* test
valwme), 12:1-Slope searl jolnts stoggered 3 apurt b all
adjucent Tuinations (Spaced 811 i cacly lamination), Stress
ruio, K, 000 test emperature, 70°°F, Datw corrected (o
O pereent luminale molsture content (K = 1,21).

Lawinate | Minlnm | Mashimun | Cyeles | Carrected
molsture | Stress, stress, o luflure
confent, psi psl luiture stress,
pereent psd
5.0 H50 6500 20 421 6375
5.0 700 TG00 49 086 08606
5.2 650 6500 5 626 6400
5.2 SKO S800 164 458 5711
5.0 520 S200 {360 128 5100
1300 9497

Mtatie test estimated equivadent cycles (uble 311 for vohune o Y768 in 4

of the moisture content of the laminated fatigue specimens can
be correeted In the sume manner as for static tension specimens.
On the busls of this Himited number of 1ests, veneer grade did
not uppear to significantly affect tension-tension fatigue for
specimens made of grade A+ and grude A vencers. As one
would expect, searf joints in the laminations resulted in better
tensjon-lension futigue strength than butt joints in the lamina-

tlons, and large speelmens falled at lower stress, fewor eycles,
or both than small specinens, Flgare 13 of chupter 11 illustrates
all these effects,

4.2 Compression-Compression Fatigue Strength

4.2.1 Effect of moisture content on compression-
compression fatigue strength,.—Compresslon-compression
fatigue data (R = 10) were avallable for tests conducted with
fuminate moisture contents ranglng from 4.5 to 8.1, The tests
were conducted on eylindrical speclmens 2.25 in, in diameter
and 8 In, long, The test specimens are shown In flgure 2.2-15,
The center three laminations of the spechmens contained (2:1-
slope scurf joints, The joints were staggered 3 fn. apart in
adjacent laminations. The specimens were made from grade
A+ Douglas fir veneers, Data are shown in table 4.2-1 und
figure 4.2-1, The uncorrected duta are shown in figure
4.2-1(w), and the data corrected to 6 percent laninate moisture
content by using K = 1.92 in cquation (7) of chapter 11 are
shown {n figure 4.2-1(b). This value of K ls the same as that
used for statfe compression In reference 3. This molsture
content correction improved the correlation coefficient # from
—(),8254 for no moisture correction to —0.8975 for correctlon
to 6 percent laminate moisture content (K = 1,92), 1t therefore
appears that the method used for correcting static compression
data for moisture content works well for cormpression-
compression fatigue. In fact the correction is superior to that
found for static compression of laminated specimens (see
subsection 3,2.1.2),

1x10°*
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10 |— —~ - -
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el .
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Figure 4. 1-3. —Effect of wension-tension fatlgue (8 = 0.1 parallel 1o grain for large-volume laminated Douglas fir/epoxy specimens. Specimens 2 in. thick
(20 laminations) by & in. wide by 360 in. long (4992-in. % test volumes with 1201 slope searf joints staggered 3 in, apart in all adjacent laminations, Jolnts
spaced & 11 apurt in cach lamination. Data corrected 10 6 pereent laminate moisture content (K = 1.21), Veneer grade, A+, test tcmpurillurc, 70 °F, Static
test duta at 9497 psi and 300 equivitlent eyeles not shown,
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TABLE 4.2-1.--COMPRESSION-COMPRESSION FATIGUE
STRENGTH PARALLEL TO GRAIN FOR
C‘YIY,INI)I‘(!‘(“AL SPECIMENS

[Laminated Douglas fir/epoxy evlindrical specimens 2,25 in. in diameter by
8 in. long. Three 12:1-slope scart joints in veneers in center-of specimens
staggered 3 in. apart in adjacent faminations. Veneer prade, A+ stress
ratio, K. 10; test temperature, 70 °F. Data corrected to 6 percent laminate
moisture content (K= 1.92).] -

Cycie | Laminate | Minimum | Maximum Cycles Corrected
rate, | moisture Stress, stress, to fuilure
Hz content, psi psi failure stress,

' percen B psi

8 5.0 - 950 ==9500 S0 640 - 8890
8 8.1 - 750 =7500 71 860 8621
10 6.8 -~ 780 ~ 7800 325010 - 8225
8 4.6 ~870 ~§700 316 740 - 7929
10 6.7 -750 ~7500 | 1333400 | -7856
8§ 4.5 -850 ~8500 | 655 890 -~ 7695
410 6.2 - 700 = T000 18 571 520 ~7094
8 7.3 ~650 -6500 17 509 310 - 7085
10 5.7 ~750 ~7500 0260 100 7352
10 5.3 - 800 =800 h48 030 ~7637
10 54 -850 - 8500 b12 970 ~8169
-—= | 4.0-89 R — <3 000 9906

#Test conducted at two laboratones Tests started at 10 Hz and completed at 9 He
i‘S(X'cimcns contned tnpertect scarl joants. One joint overlapped 0.5 in. middle joint overlapped

0.25 i, and uther joint underlapped 0.25 1. '
CStatic test of eight control speamens-—estimated. equivalent eyeles.

4.2.2 Effect of veneer grade on compression-compression
fatigue  strength. —Compression-compression  (atipuc  tests
were conducted on specimens made from both grade A+ and
grade A veneers with butt joints in the center three laminations
staggered 3 in. apart in adjacent laminations. The specimens
were 2.25 in. in diameter and 8 in. long. The data are shown
in table 4.2-11 and figure 4.2-2 for R ot 2.5 and 10. Although
the data for grade A vencers were guite imited, it would
appear that veneer grade does not significantly affect
compression-compression fatigue strength for cither value of
R, since the data for both veneer grades fell within the same
scatterband. These results are similar to those obtained for
tension-tension fatigue. ' ‘

4.2.3 Effect of laminate joint configuration on
compression-compression fatigue strength.—A number of
joint configurations were tested in compression-compression
fatigue. These configurations included both butt and scarf joints
with scarf slopes varying from 4:1 1o 16:1. In addition, scarf
joints were tested that were imperfect, having cither overlaps
or gaps in the layup of the scarfed laminates. All tests were
for grade A+ Douglas fir/epoxy with the grain parallel to the
load direction. Tests were conducted on both cylindrical and
square-cross-section specimens. All of the laminate joints
tested were in the center three laminations with the joints
staggered 3 in. apart in adjacent laminations. The tests were
conducted at a stress ratio R of 10,
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(a) Data not corrected for moisture content.
(b) Data corrected o 6 percent luminate moisture content (K= 1.92).

Figure 4.2- 1. --Moisture correction for compression-compression fatigue (R = 10) parallel to goain for laminated Douglas firfepoxy specimens. Cylindrical
specimens 225 in. in diameter by & o Jong with 1201 slope scarf joints staggered 3 in. apart in center three laminations. Veneer grade, A+ test

temperature, 70 °F.
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" TABLE 4.2-11.~EFFECTS OF VENEER GRADE AND STRESS RATIO

ON COMPRESSTON-COMPRESSION FATIGUE STRENGTH
PARALLEL-TO (}RAIN

| Laminated Douglas fir/epoxy cylindrical specimens 2.25 in. in diameter
and 8 in. long. Butt joints staggered 3 in. apart in center three iaminations.
Test temperature, 70 °F. Data corrected to 6 percent laminate moisture
content (K = 1.92),]

(a) Vencer grade, A+

Stress | Laminate | Minimum | Maximum Cycles Corrected
ratio, | moisture stress, stress, to failure
R content, psi psi failure stress,
percent ©opsi
10 5.6 =900 | ~ -9000 14910 —8 764
5.5 -850 —8500 13 850 - 8223
5.5 -850 - 8500 200930 -8§223
5.3 - 800 - 8000 153030 -7 637
5.3 -750 ~7500 82 720 =7 160
5.2 —-750 - 7500 S18 430 -7113
u5.4 =750 =7500 549 720 =7 208
4.5 ~750 -7500 2 351 000 -6 790
5.6' - 650 —6500 303 000 -6 330
6.1 -529 - 5285 10593 000 | -5 320
6.0 ~593 ~5930 4 674 600 -§930
‘5.5 -547 ~5474 3031200 —5 296
v 5.6 —~540 —5400 | M2 675200 —51258
2.5 6.2 ~2569 —6423 8 751 600 ~6 509
2.5 6.3 -2760 - 6900 4019 400 -7039
€1 200 | —10043
(b) Veneer grade, A
10 6.6 ~584 ~5840 304 000 -6 077
10 6.8 - 565 ~5650 1 360 000 —-5958
10 6.3 - 667 — 6666 1 370 000 -6 800
2.5 6.3 ~2967 -7417 61200 -7 566
2.5 6.1 ~2967 ~7417 1120 000 -7 466
2.5 5.4 -2920 - 7300 4229 051 -7 015
¢1 200 -9 724

Astimated
"Spccmlcn did not fail.

©CStatic tests - estimated equivalent eycles (table 3.2 -§V).
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Figure 4.2-2.—Effect of veneer grade and fatigue stress ratio R on compression-compression fatigue parallel to grain for laminated Douglas fir/epoxy specimens.
Cylindrical specimens 2.25 in. in diameter by 8 in. long with butt joints staggered 3 in. apart in center three laminations. Data corrected to 6 percent laminate
moisture content (K = 1,92). Veneer grades, A and A+, test temperature, 70 °F,

Table 4.2-111 and figure 4.2~3(b) show butt joint data for
cylindrical specimens 8 in. long with diameters of 2,25 and
3 in. The small difference in specimen diameter did not signifi-
cantly affect compression-compression fatigue strength. Equa-
tions of the regression lines for each type of specimen are
shown in figure 4.2-3(b). Also shown in the figure is the
regression line for 12:1-slope scarf-jointed specimens from
figure 4.2-1(b). The 2.25-in.-diameter scarf-jointed specimens
were 11 to 19 percent stronger in compression-compression
fatigue than the 2.25-in.-diameter butt-jointed specimens at
10° to 107 cycles to failure,

Table 4.2-1V and figure 4.2-4 compare the compression-
compression fatigue strengths of specimens having scarf joints
with scarf slopes of 4:1, 10:1, and 16:1 and specimens having
no joints in the laminations, The tests were conducted on
specimens that were 2 by 2 by 12 in. The scarf joints were
in the center three laminations and were staggered 3 in. apart
in adjacent laminations.

For all three scarf joint configurations some tests were
terminated prior to specimen failure, and in all three cases
the regression lines would have had a smaller negative slope
if the tests had been continued to failure. As a result, when

regression lines were calculated, these unfailed specimen data
points were taken into consideration. Although not completely
valid, these regression lines were considered to be more
representative than if the unfailed points had been neglected. In
the comparisons that follow, the regression lines that included
the unfailed specimen data were used. Figures 4.2-4(a) to (d)
show the data points used for calculating cach regression line.
The summary effect of the regression lines from these four
figures is shown in figure 4.2-4(g). The data are consistent,
showing steadily decreasing fatigue strength as the slope
becomes steeper (as indicated by the smaller ratio; i.e., 4:1
being smaller than 16:1). Specimens with scarf joints having
shallower slopes permitted increased load transfer through the
sloping glue line at the joint and were thus stronger in fatigue.
As the slope became steeper, the joint began to more nearly
take on the character of a butt joint.

Tables 4.2-1and 4.2~1V and figures 4.2~ 1{b) and 4.2-4(e),
(), and (h) show the results of imperfect scarf joints on
specimen strength. Figure 4.2-1(b) shows that relatively large
mismatches in the scarf joint weakeiied the specimens on the
order of 12 percent, Thesc imperfect scarf joints had the joint
in the middle lamination overlapped by 0.25 in., the joint in
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TABLE 4.2-11L.—EFFECTS OF STRESS RATIO AND [OINT TYPE
ON COMPRESSIOM-COMPRESSION FATIGUE STRENGTH
PARALLEL TO GRAIN

{Laminated Douglas fir/epoxy cylindrical specimens. All joints staggered
3 in. apart in center three laminations. Test temperature, 70 °F. Data
corrected to 6 perceat laminate moisture content (K = 1,92).]

{a) 12:7-Slope scarf joints in laminations; stress ratio, R, 2.5; specimens
. 2.25 in. in diameter by 8 in. long

Cycle | Laminate | Minimum | Maximum Cycles | Corrected
rate, | moisture stress, - stress, 10 " failure
Hz | content, | psi psi failure stress,

percent psi
10 6.6 | ~3600 =-9000 89 500 -9 1365
10 6.5 - 3600 —-9000 { 1036100 -9 304
8 4.3 --4000 | =10 000 328 920 —-8§934
10 6.5 ~3400 -8 500 | 10 795 730 -8 787
a3 000 | —10 482

(b) Butt joints in Jaminations; stress ratio, R, 10; specimens 2.25 in. in
diameter by 8 in. long

10 6.7 -780 ~7800 | 4499 | -817]
8 4.6 - 820 —& 200 61200 | —7473

10 6.3 -700 —7000 1 1024650 -7 141
8 4.6 ~750 -7 500 792 690 | 6 835

10 6.5 ~800 -8 000 13410 | =-8270
10 5.8 ~800 -8 000 34 040 | —7 895
43000 | 10043

(¢) Butt joints in laminations, stress ratio, R, 10; specimens 3 in, in
diameter by 8 in. long ‘

8 5.6 =900 -9000. | . 14910 ~8 764
10 5.5 ~ 850 —8 500 13 850 ~§ 223
5.5 850 —8 500 20 930 -8223

5.3 - 800 -8 060 153 030 -7 637

5.3 -750 -7 500 82 720 -7 160

5.2 -750 -7 500 518 430 ~7 113

hs 4 -750 -7 500 . 549 720 -7207

4.5 -750 —7500 | 2351000 —6 790

a3 000 -4 651

UStic tests - esnmated equivalent cyeles frable 3.2 1V)
hl:\mlmlud bevause of error i mossture content measyrement
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Figure 4.2-3.—Eftect of stress ratio R and joint type on compression=compression fatigue paralicl to grain for laminated Douglas fir/epoxy specimens. Cylindrical
specimens 2,25 or 3 in. in diameter by 8 in. long with joints staggered 3 in. apart in center three laminations. Data corrected to 6 percent faminate moisture content
(K = 1.92). Veneer grade, A+ test temperature, 76 °F. (r denotes correlation coefficient.)

the lamination on one side of the middie lamination overlapped
by 0.5 in., and the joint in the lamination on the other side
of the middle lamination underlapped by 0.25 in.

Figures 4.2-4(e), (), and (k) show much smaller effects
of overlap and gaps in the scarf joints. The gaps and overlap,
are of the same magnitude as those for the specimens whose
fatigue strength was showa in figure 4.2-1(b), except that cach
specimen whose fatigue strength is shown in figure 4.2-4 had
only one type of imperfection rather than the three different
types of imperfections built into cach specimen in figure 4.2-1(b).
Figure 4.2-4(h) shows that the specimens with overlaps, the
specimens with gaps in the joints, and the specimens with no
imperfections all had fatigue strength regression lines that
differed by no more than 3 percent. Although there is some
conflict between the data in figures 4.2-1(b) and 4.2-4(h),
it appears that some misalignment in scarf joints may not
seriously affect compression-compression fatigue strength.

4.2.4 Effect of compression-compression fatigue stress
ratio on failure strength.—Tables 4.2-11 and 4.2-1I1 and
figures 4.2-2(b) and 4.2-3(a) show compression-compression
fatigue strength for R = 2.5 and R =10 for butt joints and
scarf joints in the center three laminations of cylindrical
specimens 2.25 in. in diameter and 8 in. long. For both types
of joints in the laminations the lower R value resulted in a
shallower negative slope for the regression line and higher
compression-compression fatigue strength,

4.2.5 Effect of graphite fibers between laminations on
compression-compression fatigue strength.—Tests were con-
ducted to determine the strengthening effect of unidirectional
graphite fibers laid up between the 0. 1-in.-thick Douglas fir
plies of the laminated specimen. The veneer grade for all tests
was grade A, and the compression-compression fatigue tests
were conducted at R = 10. The graphite fiber cloth used was
orRCOWEB graphite 4.75 oz/yd* and 0.010 in. thick. The speci-
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TABLE 4.2-IN . —BFFECT OF SCARF JOINT (‘t)NHGURA'I‘l()N ON
COMPRESSION-COMPRESSION FATIGUE STRENGTH
PARALLEL TO GRAIN

- [Laminated Douglas fir/epoxy squarg-cross-section specimens 2 in. by 2 in. by
12 in. long. Scarf joints staggered 3 in. apart in center three laminations, Stress
ratio, R; 105 veneer grade, A4 test temperature, 70 °F; cycle rate, 4 Ha,
Data corrected to°6 percent fuminate moisture content (K = 1.92).]

Scarf | Laminate | Minimum | Maximum Cycles Corrected
configuration | moisture stress, slress, S to fuilure
" conlent,, psi psi failure stress,
percent |- ‘ : psi
No joints ", | -830 ~8300 765 | —8355
6.4 -830. | -8300 10120 8523
6.2 -790 -7900 14 180 -8006
6.1 -710 -7100 65 530 | -7147
6.1 ~740 —~7400 69 700 | —~7449
6.1 -~ 740 -7400 547 030 | —7449
6.0 - 600 —6000 | b2 835 500] ~6000
1200 —-9154
4:1 Slope 6.3 -~ 830, -8300 | 1530} -8467
6.2 ~740 ~7400 10930 ~7499
46.1 ~610 =6100 <47 550 —6141
5.9 - 590 -5900 128270 |  —S861 |
0.1 - 560 ~5600 | M 569 500 | ~5637
16, | ~540 -~5400 | b2 907 540 | 5436
‘ ©oe1200|  -9088
10:1 Slope 6.1 =790 ~7900 11 870 ~7953
. 6.1 =790 ~7900 13810} ~=79583
6.0 =710 ~7100 35850 -7100
46,0 -670 -6700 64 840 | -6700
5.8 -630 ~6300 525900 —6217
6.0 =650 -6500 | "1 019500] -6500
<1 200 —-9253
16:1 Slope 6.3 ~790 ~7900 10030 | -B059
5.8 =790 -7900 . 16980 -7796
6.1 -720 =T7200 732607 -7248
46,1 =720 =7200 - 114930 7248
6.1 -650 ~6500 938460 | —6543
6,1 -650 -6500 | P2337 140 —6543
‘ €200 | ~9278
10:1 Slope 6.0 ~690 - 6900 55 400 ~6900
and 25-percent 6.2 -630 ~6300 261 190 | -—6384
overlap 41200 | -9186
10:1 Slope ©6.d -760 -7600 18630 | + ~7651
and 50-percent 6.0 =770 =7700 . 19 510 =7700
overlap 5.9 =710 -7100 61370 ~7053
160 | —690 ~6900 65860 | ~6900
26.0 ~710 -7100 499 420 |  ~7100
6.0 —-640 - 6400 529 890 | ~6400
dr2o0 | -9160
10:1 Slope 5.9 -690 -~ 6900 59 530 - 06854
and 25-pereent 5.9 ~620 —£200 [ "1 260000 ~6159
gap 41200 ~9090
10:1 Slope 6.0 =770 ~7700 54301 =7700
and SO-percent 5.8 —740 ~7400 21 5201 -7303
gap 15.9 ~690 - 6900 45 630| -06854
5.9 ~640 -~ 6400 115790 | ~-6358
5.9 ~ 680 ~6800 156 640 | —6755
5.6 -630 -6300 976 100 | ~6135
| 41 200 -8993
Afigrimated faminate moisture content. “Statie tests—ustimaled equivalent cycles (lablg 3.2-V).
hSpucimcn did not fail, dStatic tests--no overlap or gap--cstimated eqmvalent

cycley (table 3.2-V),
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Figure 4.2-4.—Effect of scarf slope and imperfections in lamination joints for compression-compression fatigue (R = 10) paraliel to grain in laminated
Douglas fir/epoxy specimens. Squarc-cross-section specimens 2 in. by 2 in. by 12 in. long with scarf joints staggered 3 in, apart in center three faminations.
Data corrected to 6 percent laminate moisture content (K = 1.92). Veneer grade, A+ test temperature, 70 °F,
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(g) Summary of scart slope effects.

(hy Summary of effects of imperfections in 10:1-slope scarf joints.

Figure 4.2-4.—Concluded.



men size was 186 by .86 by 7.44 in. There were no joints
in the laminates. Tests were conducted at temperatures from —40
o 120 °F. Data are shown in table 4.2-V and figure 4,2-5,

Figure 4,250 shows the compression-compression fatigue

data for Douglas fir/fepoxy Faminates at a test temperature of

75 TF without aiy graphite fiber augmentavion, The regression
line has a smaller slope than similar data from figure 4.2-d(x),
indicating less sensitivity to the number of cyeles over the
range tested. The test speciniens for figure 4.2-4¢u) were 2 by
2 by 12 in. and hence had an aspect ratio of '6 as compured
with the aspect ratio of 4 for the 1.86- by 1.86- by 7.44-in.
specimens in figure 4.2-5¢), The fatigue strength values
shown in both figures at 10 million cycles are consistent with

those shown in figure 10 of chapter II, which presents a model.

of the effect of specimen aspect ratio on compression-
compression fatigue strength,

The effect of test temperature on specimens without graphite
fiber augmentation can be scen in figure 4.2-5(b). Although
regression lines are shown for each test témperature, the data
appear to be- inconsistent, and it is suggested that the regression
lines not be used for design purposes, particularly those {rom
the low-temperatuie tests that have an unbelievable positive
slope. The tests at 120 °F appear to show a high negative
regression line slope that results in.a large temperature effect
on high-cycle fatigue strength,

Figure 4.2-5(¢) illustrates the strengthening effect of the
graphite fibers between the wood plies, The slope of the
regression line at a test temperature of 75 °F was flat, The
augmented specimens were on the order or 35 (0 48 percent

stronger than the unaugmented specimens over the range of

cycles to failure investigated. Test data at 120 °F and for the
low temperatures of =20 1o ~40 °F were sparse and erratic

but indicated the trend of higher fatigue strength with lower

temperature. .

Tests were also conducted on the effects of partial augmenta-
tion with graphite fibers. In this case the graphite fibers were
placed between the center 12 wood plies onty. In addition the
length of fiber augmentation varied. Between the center
laminations the fibers extended for a distunce of 6 in, from
one end of the specimen. In adjacent laminations the fiber
augmentation lengths were 5, 4, 3, 2, and | in., beginning
at the end of the specimen. This arrangement resulted in a
greater length of augmentation in the middle of the specimen
and less toward one end. On the other end there was no augnien-
tation. The results of these tests are shown in figure 4.2--5(1),
The effeet from this partial augmentation was small—-on the
order of § pereent over the entire runge of eycles to faiture
investigated. These data show that i it is necessary (o provide
fiber augmentation in some portions of a structure and not in
others, step tapering of the augmentation can be used to termi-
nate the augmentation without significantly affecting the strength
of the downstream unaugmented structure,

4.2.6 Effects of specimen configuration and laminate joints
on compression-conpression fatigue strength . Figuic 4.2--6
is a compilation of regression lines from figures 4.2-1,4.2-3,

4.2-d, and 4.2-5, Probably the most obvious feature ol the
plot is the regression line for [.86- by .86~ by 7.44-in,
specimens, which shows a flatter slope and higher strength
at high cycles to failure than the regression lines for all other
conligurations, The explanation for this flatter slope is not
completely clear, but it is probably a combination of aspect
ratio and absence of laminate joints in the specimens. Faligue
strength dines shown in the figure for the two types of
specimens without joints tended to have flatter slopes than
those for the specimens with joints in the laminations, At
10 million cycles the fatigue strengths in figure 4,2-6 for all
types of specimens are consistent with the model of the effects
of laminate joint and specimen aspect ratio illustrated in fig-
ure 10 of chapter [, Higher specimen aspect ratios, steeper
slopes, or both in the laminate joints resulted in lower
compression-compression futigue strength.

4.2.7 Effect of stress concentrations from circular cutouts
on compression-compression fatigue strength,—Rectangular
test specimens were used for these tests, The specimens were
1.5 in. thick (15 luminations of grade A+ Douglas fir/epoxy),
6 in. wide, and 12 in. long as shown in figure 2.2-9,
Compression-compression fatigue tests were conducted with
a stress ratio R of 10, A 2-in,-diameter circular cutout was
placed in the specimens, Tests were made without any
augmentation of the taminate or reinforcement in the hole,
Other tests were made in which 10-02/yd* Burlington Style
7550 glass fiber fabric was placed between the wood plies with
the glass fibers oricated at 45° to the wood grain direction. In
addition, the hole in some specimens was reinforeed by placing
aring of glass fubric/epoxy inside the hole. The (4.12-in.-thick
ring reduced the hole diameter to 1,75 in. Hereinafter the glass
fabric between plies will be called augmentation, and the glass
fabric/epoxy ring in the hole will be called reinforcement,

The results of tests are presented in table 4.2-V1and ligure
4.2-7. Figure 4.2-7(a) shows the compression-compression
fatigue strength of the specimens with the cutout but without
augmentation or reinforcement. Also shown is the regression
line from figure 4.2-4(a) for 2- by 2- by 12-in, specimens of
grade A+ veneers without @ cutout, The stress concentration
of the cutout reduced e compression-compression fatigue
strength approximately 38 percent. The fatigue strength reduc-
tion from cutouts was much higher than the static compression
strength reduction discussed in =nhsection 3.2.1.7,

Note the large reduction in actual ttigue in relation to the
data point based upon static testing. The difference in compres-
sion strength was approximately 3200 psi. Such differences were
not found for specimens that did not contain cutouts.

Figure 4.2-7(b) shows the effect of augmentation, reinforee-
ment, or both, Augmentation alone or reinforcement alone
only minimally improved the strength of the specimens with
the cutouts.  However,  combining  augmentation  with
reinforcement resulted in about a 20-percent improvement
in the compression-compression fatigue strength, but only
about half of the strength lost by installing the cutout
was regained.
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TABLE 4.2V CEFFECT OF GRAPHITE 1FIBER I‘A\Hl(l(" AUGMENTATION ON COMPRESSION COMPRESSION
FATIGUE STRENGTH PARALLEL TO GRAIN

[Laminate! ouglas liereposy specimens. Data pot corrected Tor moisture content. Latinate: moisture content i range 4 to 7 pereent -
(not measureds. |

(i No graphtte fiber fubric augmentation. Specimens 1.86 in. by (by Crraphite fiber fabne augmentiation between wood plics,
1RO B0 by 7.4 in. long., ‘ Specimens T8O in. by 186 in. by 7.d4 in. long.
Test Cycele | Minimum | Maxiinum Cycles Test Cyele Minimum | Maxinum Cycles
temperature, |orate, Stress, Stress, o temperature, | orale, SMTEss, stress, (]
it He psi psi lailure r Hez. psi psi lailure
75 10 860 K00 Y970 . 75 10 - 1224 12 240 13 05K
10 791 79100 11960 ‘ ' 10 SI072 | 10720 | 9 Y6l
‘ 10 - ¥4 K 140 15 A28 10 1210 =12 160 15 940
8 - 83K ~ & 380 281 400 : 8 1186 STTROO |1 316 600
760 -7 660 307 900 1213 = 12130 | 4 209 500
l - 802 = 8020 ] 43 632 400 B TR 10 320 37 800
- 094 — 0 Y4} | 95 18RS 700 = 1033 - 10 3300 1 534 300
- - 0 -9 708 b2 400 . - 1230 <12 300 64 200
: ‘ S = LI5S0 | =11 500 | ad 269 000
120 8 SRS | 7RSO (A S 0 13181 | h2 400
b7 -7 640 10233
J l - 758 -7 §S80 S5 S7K 120 8 9oK -0 980 7 K56
~672 ~6 720 15 490 o ] 763 -7 630 1444
0 - 2KS b2 400 - - . 0 10303 | P2 400
-4 o 20 8 - 106Y =10 690 24100 =40 10 ~20 8 = 1404 14 640 40 000
-40 10 20 8 1 1027 - 10 270 300 40t ~20), R - 1464 - 14 640) 5900
=40 o -20 K ~ 1065 =10 6Sh 90y e 0 =16 310 b2 400
e = 0 - 12020 h2 400 T

(¢) Partial graphite fiber fabric augmentation between 12 plies
over a portion of specimen fength. Graphite fiber fubric lengths
varied from 1to 6 in. from one end of specimen in a stepped
configuration. Specimens 2 in. by 2 in. by 8 in, tong.

Tust Cycle ! Minimun | Magimum Cycles
lemperature, |orale, stress, SHress, (8}

‘i Hz psi psi failure
75 X =797 =7 970 29 800
=797 -7970 21592
=769 =T 090 §3 900
- 1H9 -7 690 74 500
-751 =7 510 91 500
=128 -7 250 82 000

=700 ST 000 1274 100

- 650 =6 500 ] 10105 500

=830 SR 00 | 989 400

=778 =7 7RO 1S 592100

768 =7 680 | 6087 700

¥30 8 300 | |1 119200

v v - K20 =8 200 | 3442 8OO

Specunen did ot bl
PGt tesls estimeted cquisalent oo ahde 324V
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(a) No graphite fiber augmentation. Test temperature, 75 °F.
(b) No gruphite fiber gugmentation. Range of test temperatures.
(¢) Graphite fiber augmentation between wood plies. Test temperature, —40 10 120 °F,
(d) Partial graphite fiber augmentation between 2 plies over a portion of specimen length. Graphite fiber lengths varied from 1 (o 6 in. from one end of
specimen in a stepped configuration, Test temperature, 75 °F,
Figure 4.2-5.~[Lffect of graphite fiber augmentation between laminations on compression-compression fatigue (R = 10) parallel to grain for laminated
Douglas fir/epaxy specimens. Square-cross-section specimens 1.86 in. by 1.86 in. by 7.44 in, long without joints in the laminations. Data not corrected
for moisture content: laminate moisture content, 4 (0 7 pereent. Veneer grade, A,
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Figure 4.2-6.—Comparison of compression-compression fatigue (R = 10) regression curves for variations in specimen and laminate joint configurations,, Regression
curves from figures 4.2-1, 4.2-3, 4.2-4, und 4.2-5. All data corrected to 6 percent luminate moisture content (K = 1,92), Test temperature, 70 °F,
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TABLE 4.2-V[,—EFFECT OF 2-in.-DIAMETER
CIRCULAR CUTOUT ON COMPRESSION-
COMPRESSION FATIGUE STRENGTH
PARALLEL TO GRAIN

[Laminated Douglas fir/epoxy rectungular bar |5 in. by
6 in. by 12 in. long. Veneer grade, A+, test temperature,
70 °F: eyele rate, 8 Hz, Datu corrected to 6 percent
laminate ‘moisture content (K = 1,92).]

(1) No glass fiber fubric augmentation or reinforeement sleeve

Laminate | Minimum | Maximum | Cycles | Corrected
moisture stress, stress, o failure
content, psi psi failure | stress,
percent psi
5.2 -621 -6211 13 530 =5 890
5.2 — 684 - 6835 2390 6482
5.2 - 546 ~5462 644 7001 -5 1O
- e B a2 400 -0 744

(b) Gluss fiber fabric uugmcnlulibun. but no reinforcement sleeve

20 660

4.6 —-632 ~6325 -5 764
4.6 ~578 ~5778 | 293 600 -5 266
- SR (- 2400| -10 157

(c) Glass fiber/epoxy reimforcement sleeve, but n
fubric augmentation '

o gluss tiber

42400

5.0 ~649 | -odss | 25170 <6153
5.2 73| -7 ] 3400] -6939
5.2 ~s00 | -swe7 | 10000 -5 592
- 10 646

(d) Glass fi

ber tabric augmentation and glass fiber/epoxy

reinforcement sleeve
4.6 -713 7130 | 186 950 —o 498
4.6 - 703 ~7029 | 622 640 -6 406
2 200| - 10 903

AStatie testn estunated cqurealent e tabie 30 VD

4.2.8 Closing remarks on compression-compression fatigue
strength.—The following significant results were obtained
from the tests of Douglas fir/epoxy specimens in compression-
compression fatigue: ‘ ‘
~ 1. Correcting compression-compression fatigue strength data
for lanuinate moisture content by the sume method used for static
compression of clear wood specimens provided an excellent
correlation for the range of moisture contents investigated.

2. Tests made on specimens of grade A+ and A veneers
with butt joints in the laminations showed no significant effect
of veneer grade on compression-compression fatigue strength,

3. Specimens containing 12:1-slope scarf joints in the center
three laminations had compression-compression fatigue strengths
11 to 19 percent higher than similar $pecimens containing butt
joints in the laminations.

4. Scarf joints in laminates were investigated over a range
of slopes from 4:1 to 16:1. The shallower slopes were
consistently stronger than the steeper slopes. As the slopes
became steeper, the specimens started approaching the strength
characteristics of specimens containing butt joints.

5. Imperfect scarf joints in which the joints overlapped or
had gaps were weaker than more perfectly aligned scarfed
laminates, with compression-compression fatigue strength
losses ranging from less than 3 percent to as much as 12
percent depending upon the combination of imperfections in
the joints.

6. Compression-compression fatigue tests at a stress ratio
Rof 2.5 resulted in regression lines having a shallower slope
and greater strength at high cycles to failure than did tests at
R =10,

7. Unidirectional graphite fibers placed between the wood
plies had a significant effect on compression-compression
fatigue strength. Strength increascs up to 48 percent over those
of unaugmented specimens were measured.
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(@) No glass fibe~ fabric augmentation nor reinforcement sleeve.
(b) Effect of glass fiber fabric augmentation between laminations, glass fiber/epoxy reinforcement sleeve in cutont, or both.

Figure 4.2-7.—Effect of 2-in.-diameter circular cutout on compression-compression fatigue (R = 10) parallel to grain for laminated Douglas fir/epoxy specimens.
Rectangular-cross-section specimens 1.5 in. by 6 in. by 12 in. long. Data corrected to 6 percent laminate moisture content (K = 1.92). Veneer grade, A +;

test temperature, 70 °F.

8. A 2-in.-diameter circular cutont in a specimen 6 in. wide
reduced the compression-compression fatigue stress approxi-
mately 38 percent. Approximately half of that strength reduction
could be regained by augmenting the laminate with glass fiber
cloth between the wood plies and placing a glass fiber/epoxy
ring 0.12 in. thick inside the cutout.

4.3 Reverse Axial Tension-Compression Fatigue

4.3.1 Effect of moisture content on reverse axial tension-
compression fatigue strength.—Reverse axial tension-
compression iatigue does not have a direct counterpart in static
testing. Therefore it cannot be expected that the same constant
K in equation (7) of chapter III that was used for static testing
will be applicable for this type of fatigue. The value of X to
use was therefore obtained by a trial-and-error process to
determine a K value that would result in a high correlation
coefficient r for the data. Data corrected to 6 percent laminate
moisture content by using several values of K are presented
in table 4.3-1 and figure 4.3-1. Figure 4.3-1(a) shows a plot
of uncorrected data for laminate moisture contents from 4.3 to
9.7 percent. The tests were conducted on dogbone specimens
with a 2.25-in.-diameter test section and an overall length of
57 in. as illustrated in figure 2.2-13. The specimens were
fabricated from grade A+ laminates with 12:1 slope scarf

joints in the center three laminates staggered 3 in. apart in
adjacent laminations. The stress ratio R for the tests was —1
with the magnitudes of the stresses in compression and tension
being equal. All tests were conducted at 70 °F.

The plotted data points, with the indicated moisture contents,
in figure 4.3-1(a) show considerable scatter in the data, with
moisture contents of less than 6 percent generally lying above
the regression line and moisture contents greater than 6 percent
generally lying below the regression line. The correlation
coefficient was only —0.6831. Figure 4.3-1(b) shows
correlation lines of data corrected to 6 percent moisture content
by using values of K that corresponded to those used for static
tension (1.21) and static compression (1.92). The
corresponding correlation coefficients for these two cases were
—0.7960 and —0.8304, respectively, an indication of
improved correlation of the data relative to the case where
the data were not corrected for moisture content. Averaging
the K values for tension and compression yielded a value of
1.57. It is interesting to note (and most likely a coincidence)
that no other value of K (to three significant figures) resulted
in a higher correlation coefficient, —0.8715, for the data
presented in table 4.3-1.

For the data evaluated in this investigation the regression
line was not significantly affected by the value of K used for
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TABLE 4.3-1.—EFFECT OF MOISTURE-CONTENT CORRECTION ON REVERSE AX1AL
TENSION-COMPRESSION FATIGUE STRENGTH PARALLEL TO GRAIN

[Laminated Douglas fir/epoxy doghone specimens with 2,25-in.-diameter test section by S7-in, overall
length. 12:1-Slope scarf joints staggered 3 in. apart in center three laminations. Stress ratio, R, — 1,

test temiperature. 70 °F,|

() Correctly aligned starf joints

Cycle | Laminate | Maximum | Maximum Cycles Corrected failure stress,
rate, | moisture tension | compression to psi ‘
Hr content, stress, o stress., | failure
pereent psi psi K=121| K=192] K= 157
22 4.7 . 6500 = 6500 17 710 6338 5963 6134
3.0 6.6 5500 5500 32 400 5564 5723 5649
- 9.6 4500 —4500 34 360 4828 S714 - 5283
8.8 4500 —-4500 1 323 640 4751 5418 5098
6.7 5000 ~ 5000 643 400 5068 5238 5158
4.8 5500 5500 486,250 5374 5079 5214
4.3 5200 -5200 699 500 5031 4646 4821
4.5 5000 = 5000 355450 4857 4527 4677
6.2 4000 =4000 10 169 100 4016 4053 4036
9.7 3750 - 3750 42 592 130 4029 4793 4422
v 8.8 3500 — 3500 b10 260 000 3695 4214 3695

(by Three scarf joints in cach specimen containing (1) 0.5-in. overtap,«(2) 0.25-in.

overlap, and

(2) 0.25-in. underlap. Stresses corrected for K = 1.57 only

3.0 4.5 4000 —4000
3.0 5.3 5000 ~ 5000
2.5 5.7 6000 = 5000

|

770 030 - -

3741
298901 - s 4846
8900 | ----- e 5920

APremature faiture outside of test section
hSpm-mu-n didd not fail.

correlating the data. The reason for the small differences for
difterent values of K is that the experimental data were obtained
for laminate moisture contents scattered on either side of the
value of 6 percent to which the data were corrected. For
extrapolation of the data to values significantly different from
6 percent the proper value of K is more important. From the
data available the value of K to use for reverse axial tension-
compression fatigue was 1.57. Imperfections in scarf joints.
can cause large reductions in tension-compression fatigue
strength. as indicated by the data in table 4.3-1(b).
4.3.2.Effect of laminate joint configuration on reverse axial
tension-compression fatigue strength.—Tests were conducted
on dogbone specimens of grade A+ Douglas fir/epoxy. The
specimens were 2.25 in. in diameter by 8§ in. long at the test
section with an overall length of 57 in.. and the center three
Taminations contained either 12: 1-slope scarf joints or butt joints,
The joints were staggered 3 in. apart in adjucent laminations.
The tests were conducted ut R = —1. The data corrected to &
percent laminate moisture content for butt-jointed specimens
arc shown in table 4.3-11 and figure 4.3-2(a) along with the
regression line for scarf-jointed specimens from figure 4.3-1(d).
The slope of the regression line was steeper for the butt-jointed

specimens. and they were weaker than the scarf-jointed

specimens at high cycles to failure, The trend shown for reverse -

axial tension-compression futigue, in which the regression lines
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for butt and scarf joints cross, is probably unrealistic. More low-
cycle data would be required to better establish the regression
line slopes, particularly for the specimens with scarf joints.
4.3.3 Effect of specimen size on reverse axial fension-
compression fatigue strength.—Tests were conducted on
specimens that were 3 by 8 by 360 in. (7488-in." test scction
volume) as well as on dogbone specimens with 31.8-in.* test
section volume. All specimens were grade A+ Douglas
fir/epoxy with 12: I-slope scarf joints in the laminations. The
dogbone specimens had joints in only the center threce
laminations; the large specimens had joints in each lamination
at 8-ft intervals. The joints in adjacent laminations were
displaced by 3 in. Figure 4.3-2(b) shows regression lines for
small and large specimens. The fatigue strengtn of the small
specimens was on the order of 1.5 times that of the large
specimens. This trend was similar to that found for tension-
tension fatigue in figurc 4.1-3. The large specimens tested
in tension-tension fatigue were smaller (4992-in.* test section
volume) than the specimens tested in reverse axial tension-
compression fatigue. Data were not available to determine any
differences in fatigue strength for specimens varying between

. 4992- and 7488-in.* test section volume.

4.3.4 Effect of veneer grade on reverse axial tension-
compression fatigue strength.—Table 4 3-11 and figure 4.3-2(¢)
show data for two veneer grades, A+ and A, for dogbone
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) (a) Data not corrected for moisture content,
(b) Comparison of least-squares lines for various moisture-content correetions (K = 1.21 = Value for tension; K = 1.92 = Value for compression; K = .57~ Average
for tension and compression).
Figure 4.3-1.—Moisture correction for reverse axial tension-compression fatigue (R = — 1) parallel o grain in laminated Douglas fir/epoxy specimens. Dogbone
specimens with 2,25 in, diumeter test section (fig. 2.2-13) and 12:1 slope scarf joints staggered 3 in. apart in center three laminations, Veneer grade, A+
test temperature, 70 °F.



TABLE 4. 3-1[.—EFFECTS OF SPECIMEN SIZE AND JOINT TYPE
ON REVERSE AXIAL TENSION-COMPRESSION FATIGULE
STRENGTH PARALLEL TO GRAIN

[haminated Douglas fir/epoxy specimens. Stress ratio, K, - 15 fest
temperature,, 70 °F. Data corrected {0 6 pereent laminate
moisture content (K = 1.55).] o

) Butt joints in veneer grade A+ dogbone specimens with 2.25-in.-
diameter test section (31, 8-in.4 test seetion volume)

Cycle | Laminate | Minimum Magimum’ Cycles | Correeted
rate, moisture stress, Stress, o fuifure
Hz. content, psi psi failure - stress,
pereent ) psi
22 5.2 7500 - 7500 2360 7237
0.4 7000 = 7000 3060 7126
6.2 6000 = 6000 2450 6054
53 5000 - 5000 227 650 4846
5.7 4500 - 4500 138710 4440
L 5.6 4500 -4 500) 551 940 4421
2.5 6.3 4000 = 4000 632 420 4054
3.0 5.5 3400 - 3400 8 262 200 3325
6.3 IS0 ~ 3500 5926 310 3547
5. 3200 ~ 3200 23 672 280 3074
5.7 3500 - 3500 | 4079 940 3454
5.9 4000 4000 89S 000 3982
J 4.9 4000 - 4000 728 800 3809
(b) Scm‘l'juiﬁls in very large grade A -+ specimens with 3- by 8- by, 360-in. .
test section (7488-in.4 test section volume)
(i) 6.3 3750 - 3750 40 654 3800
e, 2 RY e -~ 3122 C1300 000 31s0
l 6.4 3500 - 3500 303 068 3308
6.1 3000 - 3000 1 050 000 3013
e) Butt joints in veneer grade A dogbone specimens with 2.25-in.-diameter
test section (31.8-in.Y test section volume)
3.0 6.9 3320 - 3320 698 500 3456
5.4 3500 = 3500 4 764 600 340K
l 6.0 4700 - 4700 204 600 4700
6.1 3700 3700 2 635 700 3717
2.7 5.5 4500 - 4500 175 030 4401
3.0 5.5 4000 - 4000 4792801 w12
2.5 5.7 5000 S000 44 620 4934
3.0 5.5 3700 3700 2 138 300 3619
3.0 0.0 4700 4700 150700 4700
ANOLspectlicd
BLatimated

CSpecimen did e Ll
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(a) Butt joints in dogbone specimens with2.25-in.-diameter test section (fig. 2.2-13). Test section volume, 31.8 in.%; vencer grade, A+,
(b) Scarf joints in large, rectangular-cross-section specimens 3 in. by 87in. by 360 in. long. Test section volume, 7488 in.%; veneer grade, A+,
‘ (¢) Effect of veneer grade for butt-jointed specimens in-dogbone configuration.
Figure 4.3-2.—Effect of specimen size and joint type in laminations on reverse axial lension-compression fatigue (R = —1) paralle! to grain lor laminated
Douglas fir/epoxy specimens. Data corrected to 6 percent laminate moisture content (K = 1.57). Test temperature, 70 °F,
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" specimens with butt joints in the center three laminations. The

effect of veneer grade was small. These results are consistent
with those found for tension-tension fatigue (fig. 4.1-2(b)) and
for compression-compression fatigue (fig. 4.2-2(a)).

4.3.5 Closing remarks on reverse axial tension-compression

Satigue . —In general the results of tests in reverse axial tension- |

compression fatigue exhibited trends similar to those for
tension-tension fatigue and compression-compression fatigue,
The constant K used in calculating the effect of moisture

contént on reverse axial tension-compression fatigue was found

to be exactly the average of the constants used for tension-
tension and compression-compression fatigue when the experi-
mental data were correlated to obtain a maximum correlation
coefticient r. Scarf joints in the laminations were found to have
higher fatigue strength than butt joints, similar to the results
for tension-tension or compression-compression . fatigue. The
fatigue strength of {arge specimens was found to be reduced

relative to small specimens by about the sarne proportion for .

tension-tension fatigue and reverse axial tension-compression

fatigue. Similar data were not available for compression-

compression fatigue. Tests of grades A+ and A veneers for

all three types of fatigue showed only small differences in-

fatigue strength as a result of veneer grade,

5.0 Damping Chéracteristics of Laminated
- Composite Specimens

A limited number of tests were conducted by F,K. Bechtel
and J.R. Allen of Metriguard, Inc., Pullman, Washington, to
determine the damping ratio of four laminated Douglas
fir/epoxy specimens that were 1.5 in. thick (15 laminations)
by 2 in. wide and ranged in length from 166 to 235,6 in. Tests
were conducted on apparatus illustrated in figure 2.4-1 and
test equipment listed in table 2.4-1. Tests were conducted on
the bare specimens as illustrated in the figure and also with
an 8-1b weight in the center of the span. Damping ratio { was
determined by ‘two methods: The vibration signal was
processed by the E-Computer listed in table 2.4-11to0 determine
material. weight, density, modulus of elasticity, and number
of vibration cycles N required for the vibration amplitude to
decay from a threshold value to /e (e is base of natural
logarithms) of the threshold value. The damping ratio was then
caleulated from the equation

l

(- S et

]1 + iy

The second method was similar except that the vibration signal
stored in the oscilloscope was recorded and measurements
were made to determine a value of R by scaling the recorded
waveform, where R’ is the maximum minus minimum (peak
to peak) amplitude of one vibration cycle divided by the
maximum minus minimum amplitude N cycles later. Although
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N is an arbitrary number of cycles, measurement error is better
averaged by choosing a large value of N, Then

Values of the damping ratio { and the modulus of elasticity
E are listed in table 5,0~ along with the dimensions, weight,

“and density of the test specimens, The data without mass

loading on the specimen are plotted in figure 5.0-1. Note that
there were four test pieces lubeled P, P2, P3, and P4, Tests
were also made on the four faces Fi, F2, E3, and F4 as labeled
in figure 2.4-7,

The results in table 5.0-T and figure 5.0-1 show all of the
damping ratios to be in the range 0.00215 to 0.00300, with

TABLE 5.0-1.—DAMPING RATIO FOR DOUGLAS FIR/FPOXY
SPECIMENS CONTAINING 15 LAMINATIONS

(a) Test pieces

Piece [ Length, | Thickness, [ Width, | Weight,| Density,| -
“in, in, in. Ib- Ib/ftd

Pl 178.5 1.51 2,03 13.2 42.2

P2 166.0 - 1.49 2,01 10.7 37.6

P3 | 2236 1. 5'& 2,02 | 157 39.6

P4 235.6 1.5 2.02 15.3 K

(b) Test results with no concentrated mass on test piece

Picce ‘E-Cumputcr measurements From amplitude envelope
and -
test | Modulus | Number | Damping | Number | Amplitude | Damping
face of of ratio, of ratio, ratio,
clasticity, | cycles, ¢ “ceyeles, R ¢
E N N
PIFL | 2,71 > 106 56 0.00284 93 5,757 0.00300
PLF2 | 2.60 65 00245 122 7.497 .00263
PIF3 [ 2.71 56 00284 e B
PIF4 | 2,600 64 00249 e B S
P2F1 |2 'ﬂ 66 0024 | 103 5.450 00262
P2F2 | 2.31 68 00234 139 8.247 .00242
P2F3 | 2.33 66 00241 —— SRR (.
P2K4 | 2.30 69 00231 —m- O [ —
P3FL | 2.48 64 00249 57 2.435 00248
P3F2 | 2.51 72 00221 77 3.032 00229
P4Fl |1 2,38 60 .'()(J265 52 2.443 00273
P4F2 | 2.20 66 00241 69 2.988 00252
(c) Test results with 8-Ibin load in center of span
PAFL | —oemmme 70 0.00227 40 1.829 0.00240
1 P3R2 | e 74 00215 54 2.174 00229
L L I e 64 00249 - e e
PAF2 | m e 68 00234 47 2.070 00246
PAFD | o - e | 47 2.077 00248
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Figure 5.0-[.—Damping ratio for laminated Douglas fir/epoxy specimens
1.5 in. by 2 in. in cross section (15 laminations) and from [66 to
235.6 in. long.

most lying between 0.00220 and 0.00260. There appears to
be some trend in ¢-with density. When the specimens were
deflected perpendicular to the laminations (radially), the
damping ratio was somewhat higher than when the specimens
were deflected parallel to the laminations (tangentially).
Decreasing rodulus of elagticity appeared to correlate closely
with the decreasing density of the test pieces.

6.0 Strength of Bonded Struétural Joints

Large structures made of laminated wood may be too large
to be fabricated and vacuum bagged in a single assembly, As 4
result it may be necessary to fabricate a number of subassemblies
and then join these subassemblies together. Three types' of
joints for joining these subassemblies are considered in this
section of the report: ‘

(1) Finger joints made up of a line of glued intermeshing
“V' cuts in the joint area of the two subassemblies. The finger
joints carry load parallel to the grain of the laminations.

(2) Longitudinal bonded joints, which may be either butt
joints ot joints with a wedge insert. These joints carry load
perpendicular to the grain of the laminations.

(3) Stud joints, used primarily to connect the wood structure
to a metal structure. Metal studs arc embedded and bonded
to the laminated structure,

6.1 Finger Joints in Static Tension

Finger joints are illustrated in figures 2.3-1 and 2.3-2, A
variety of configurations of these joints were tested in slatic
tension. Proprietary epoxy adhesives thickened with asbestos
fibers were used for bonding the joints by Gougeon Brothers,
Inc.

6.1.1 Effect of finger joint configuration.—Threc variables
in the configuration were investigated (fig. 2.3-2): (1) slope
of the fingers, (2) length of the fingers, and (3) gap in the
bond line of the fingers. Most of the tests were conducted on
rectangular-cross-section specimens 1.5 by 2,25 (or 2.31) by
92 in, as shown in figure 2,3-3, but a few tests were conducted
on dogbone specimens with a 2,25-in.~diameter test section
and an overall length of 57 in. as shown in figure 2.3-8, Further
details of the machined fingers are shown in figures 2,3-4'
to 2.3-6. All specimens were grade A+ Douglas fir/epoxy.

_ Results of control tests in static tension for specimens without
joints are shown in table 6.1-I(a); There is no recady

explanation why the four data points at the bottom of the table

TABLE 6,1-1,—STATIC TENSION STRENGTH
PARALLEL TO GRAIN FOR GRADE A+
DOUGLAS FIR/EPOXY SPECIMENS
WITHOUT FINGER JOINTS AS
. CONTROL SPECIMENS

[1.5- by 2.25- (or 2.31) by 92-in. specimens, No
augnientation; type of faiture, splintering tension;
test temperature, 68 °F. Data corrected to 6 percent
laminate moisture content (K = 1.21).]

(1) Unaged

Stress | Laminate | Failure | Failure | Corrected

ared, | moisture | load, | stress, failure
in2 | content, Ih psi stress,
pereent psi
3.47 6.6 42 500 | 12 248 12 391
3.63 6.5 38 720 | 10 667 10771
3.44 6.3 40760 | 11 849 11918
345 6.4 42 960 | 12 452 12 549
3.44 6.7 39 840 | 11 581 11739
31.48 6.0 36 100 [ 10 374 10 374

3.25 6.0 37 5201 |1 545 11 545
3.27 6.2 38600 | 11 804 11.850

Mean { 11 565 11 642

Standard deviation, o 672 697
3.5 4.3 49 520 | “14 068| 13612
353 4.5 50 880 | *14 414] 14 001
31.53 4.4 45 860 | #12°992| 12 595
3.45 4.4 49 360 | 14 307 *13 870

(b) Aged 8 months before testing

351 50 [sewol 10si3] 1033
3.5 4.7 41 320 11772 11479
3.51 5.4 26 820 7 641 7 553
3.52 4.7 700 11278 10 997
RIRY 5.2 30 660 9 235 9093
3.45 4.7 | 34 021 9 K6l 90616

Mean {10 050 O 845

Standard deviation, o 13606 1208

A rom separite posgons af e nvestigalion. Steewses not actded in
meadi oo
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have un average failure stress approximalely 16 percent higher

than the top six data points. 1t is believed, however, that the
top points (with a mean correcled stress of 11 642 psi) are
from specimens more representative of the laminates used for
finger-jointed specimens and should be used as the basis for
comparing the effect of weakening due to the addition of finger
joints,

Table 6.1-11 compares joint strength for specimens having

fingers 6 in. long and finger slopes varying from 16 to 1:14.

Table 6. 1-111 shows strength for fingers 3 in. long and a finger
slope of 1:8. Table 6.1-1V (1) shows data for dogbone speci-
mens with fingers 10 in. long. a linger slope of {10, and bond
line gaps between the fingers of 0,015 and 0,062 in. Figure
2.3-9 illustrates the gaps. The mean failure stresses from
tables 6.1-1 to 6. 1-1V are plotted in figure 6.1-1.

The figure shows that for specimens with fingers 6 in. long,
tension strength increased significantly as the finger slope was
increased from 1:6 to 110, with only slight improvement as

~the slope was further increased to 1114, The static strength
*fora slope of 1110 was about 94 percent of the strength without

finger joints.

Only limited data were available on the etfect of finger
length, Data for 3-in.-long fingers were only available for a
finger slope of 1:8. There was little difference in strength for
3- and 6-in.-long fingers. Data for 10-in.-long fingers were
only available for a finger slope of 1:10, and the data showed
u sotnewhat inconsistent trend, Two [0-in.-long finger speci-
mens of rectangular cross section (from table 6, 1-VI) showed
a slight strength reduction relative to 6-in.-long finger
specimens at a slope of 1:10, but two other 10-in.-long finger

TABLE 6,111 —EFFECT OF FINGER SLOPE ON STATIC TENSION STRENGTH PARALLEL TO GRAIN-6-in. FINGERS

[Laminated Douglus fis/epoxy specimens 1S in, thick (15 taminationsy, 2.28 (or 2.31) in, wide, and 92 in, long. Bond gap, 0.015 in.;
lest lemperature, ~ 68 °FL Data corrected to 6 pereent laminate moisture content (K= 1.211,]

iy Slopeof fingers, 1:6

Laminate | Failure | Failure | Corrected | Type of
{ moisture load, stress, failure faifuren
in.? | content, Ib psi stress,
pereent psi
348 6.4 25 060 7201 7257 |
3.49 6.6 35980 | 10 309 10 430
3.50 6.0 34 260 9 78Y 9 904
344 6.1 30 920 8 KK 9 005
RIEE] 6.6 3400 9128 9 235
342 6.5 440 9193 U 283
349 6.8 23760 6 808 6914
348 6.1 27 660 8017 8 064
3.45 6.5 30 320 8 788 8 874
349 6.4 29 760 8 527 8593 v
Muun 8675 K756
Standard deviation, o 1030 1042
(by Slope of lingers, 1:8
3.26 6.2 29 360 9 006 9041
3.28 6.3 24020 7 6068 TTIA 2
.24 6.2 37560 | 11 593 Il 638 2
3.20 6.3 43600 10 S17 10 578 2
327 6.0 334201 10 220 10220 |
328 6.5 367001 11202 1402 |
3.20 6.4 40700 ] 12719 12818 2
321 6.3 30 800 0 505 9651 2
3.20 6.2 370401 11 8S6 11902 |
123 6.3 27200 10130 1) 189 2
Mean | 10 460 10518
Standard deviation, o 1409 1423

Cype ol flure felure 10 joim
2 e frenn ot (o some poant outsade of ot

o Bmlare outside of jou

HOR

(¢) Slope of fingers, 1:10

Stress | Laminate | Failure | Faiture | Corrected | Type ol

arca, | moisture | load, stress, failure (ailures
in2 | content, tb psi slress,
pereent psi

3.49 6.3 35400 | 10 143 ] 10202
147 6.4 373200 10785 | 10 839
1.46 6.6 44 280 12 798 | 12 948
3.47 6.5 40800 | 11758 11873
3,47 6.7 30300 9020( 9143
3.44 6.1 39100 | (13661 11 388

3 370 106721 10734
3,40 0.3 34060 | 984d | 9901

5 42 140 12250 12 369

I 34960 10017 10036

Mean | 10 862 10 943

- ——— g — - ——— 13

i
i
i

Stindard deviation, o 1S 1134
() Slope ol Tingers, 1:14

343 6.3 39 240 | 11 440 1507 |
347 6.3 375201 10813 10 870 3
3.50 6.6 30 840 BRI 8914 2
3.54 6.2 41400 [ 11712 11 758 |
3.47 6.3 30 900 10 634 10 696 |
346 o.1 45 0RO L 13 200 13235 |
343 0.3 30360 | 11475 1542 2
Y.do 0.2 36 060 10 133 10172 |
3,50 0.1 40 5801 11 394 It 617 !
3.49 0.4 35 5401 10 183 10262 3

Mean | 1L OO0 11 0Sg

Standard deviation, o 1120 1103



TABLE 6.1-11[.-~STATIC TENSION STRENGTH
PARALLEL TO GRAIN—3-in. FINGERS |
WITH SLOPE OF iR

[Laminated Douglas fir/epoxy specimens 1.5 in. thick (18
luminations), 2.25 (or 2.31) in, wide, und 92 in. long. Bond
gap, 0,015 in.; test temperature, ~68 °F. Data correcled to
6 percent laminate moisture content (K = 1.21),}

Stress | Laminate | Failure | Failure | Carrected | Type of
area, | moisture | load, stress, fuilure failurer
n.2 | content, Ib psi " stress,
‘ percent psl
3,26 ()‘,2 34600 10613 10 654 3
3.25 6.4 36 840 | 11335 11423 |
1.28 6.3 36600 | 11189 11224
3.26 6.2 38 020 11 663 11708 t
3.29 6.2 36 340 | 1 046 11 089
3.27 6.2 30 900 | 9 450 9 487 2
3.21 6.3 29420 |. 9 165 9218 2
3.23 6.0 | 33180 10272 10272 | |
3.19 6.1 (353401 11 078 11100 |
3,25 6.4 33 820 10 406 10 487 |
Mean | 10 619 10 666 -
Standard deviation, o 770 775 e

“‘['}p«:_qf fuilures | = failure in joint
2w fwlure Trom joint o some point outside of joint
3 = flure outside ol joint

3-1N. FING[R-? /—B-m. FINGER
neE / O
\ 4

“10- N, FINGER

10— 0
\

\-DOGBONE, 0.015~IN. GAP,
10-IN. FINGER

MEAN TENSION FAILURE STRESS. psi

9
q ‘ - DOGBONE, 0,062~ (N, GAP,
¢ 101N, FINGER
8 | | L |
1:6 1:8 1:10 SR 114

FINGER SLOPE

Figure 6.1+ 1, —Effect of finger joint configuration on static tensile strength
parallel to grain for laminated Douglas firfepoxy specimens, Unless specified
othe wise, finger length was 6 in., bond line gap was 0.015 ., and
specimens were 1,5 in. (15 laminations) by 2:25 or 2,31 in. by 92 in. Fuilure
stresses corrected o 6 percent laminate moisture content (K = 1.21). Veneer
grade, A+ lest temperature, ~ 68 SF,

TABLE 6.1-1V,—STATIC TENSION AND TENSION-TENSION
FATIOUE STRENGTH PARALLEL TO GRAIN--10-in.’
FINGERS WITH SLOPE OF 1:10

| Laminated Douglas fr/epoxy dogbone spoecimens 2,25 in. In diameter and
57 In. long, Veneer grade, A+ test temmperature, ~ 68 °F. Daty corrected

1o 6 percent laminate moisture content (K = 1.21).]

(1) Static tenslon testy

Stress | Laminate | Fallure | Fallure { Corrected | Bond gup,

uren, | molsture | load, | stress, fallure An,
~in2 | content, Ib psi stress,
pereent psi

4,02 5.07 34160 | 8510 8358 0,062

3,98 4.00 39500 | 9930 9 553 015
4,02 4.6l 362401 9020 8 780 062

3.98 | 447 | 429201 10780 10465 | 0I5

(b) Tension-tension fatigue tests; stress ratio, R, 0.1

Bond gap, | Laminate | Minimum | Maximum Cycles Corrected

in. molsture | stress, stress, o fuilure
content, psi psl failure stress,

percent ‘ psi
0.062 4.02 400 4000 2715700 3849
015 4.28 450 4500 4 134 300 4352
015 4.95 425 4250 4822500 4164
062 5.1 450 4500 202 000 | 4423
015 4.95 450 4500 5143600 | 4409
4,87 425 4250 13 830 800 | 4158
4.70 425 4250 23319500 | 4144
513 | S50 5500 344 800 5408
4.65 550 5500 442 700 5358
4.61 700 | 7000 31 700 6814
4.54 650 6500 32600 6319
6.50 700 7000 83 900 7068
6 00 550 5500 8207 770 5500
S 6.15 600 6000 b227 800 6017
6.08 750 7500 bg 830 7507
6.30 512 5125 493 110 5155

WTests by different investigators,
"Spccimcn\ augmented with Burlington style 7500 gluss fiber fabric between plies

specimens of a dogbone configuration showed corrected
strengths that were significantly lower (by about 9 percent)
than those for the shorter finger lengths in rectangular-cross-
section specimens. Note that the tip width of the 10-in.-long
fingers was approximately 2.5 times that of the shorter fingers,
as shown in figure 2,3-6. This extra width was due to manuiac-
turing requirements for the deeper cut of the 10-in.-long
fingers. This wider tip resulted in a but{ joint or gap, reduced
the load-carrying area, and thus explains the lower strength
of the 10-in.-long f"lngers. However, f tests for the 3-, 6-, and
10-in.-finger-length specimens with 0.015-in, bond gap and
matched finger slopes yielded values of 1 from 0.25 to 1.04.
Therefore there is a high probability that the mean tension
strengths of a large population of 3-, 6-, and 10-in.-long finger
specimens are the same,

109



Comparing 10-in.-long fingers having a finger slope of 1:10
with two different finger bond line gaps in dogbone specimens
showed thaf the 0.062-in.-gap specimens were only 86 percent
as strong us the 0.015-in.-gap specimens, There were valid
reasons for this strength reduction. The gap was increased {rom

0.015 to 0.062 in. by moving the two halves of the fingar joint

specimens apatt approximately % in, The effect was twofold:
it reduced the bonded finger length by 5-percent, and it also
{urther increased the effective tip width and thus further
decreased the load-carrying capability. Another variable was
the adhesive. Different adhesives were used for the two gaps.
The amount of asbestos fiber was ir reased almost 200 percent
for bonding with the wide gaps. ‘

'6.1.2 Effect of aging cut joints przor to bonding.—In
manufacturing subassemblics some time may clapse before it
is possible to bond two or more subassemblies together,
Thercfore tests were conducted in which the finger joints were
machined and then aged for 8 months before bonding to
determine if the joint surfaces might deteriorate and affect bond
strength, Table 6.1-1 compares the strengths of specimens
without joints where tension tests were conducted on some
of the specimens a short iime after fabrication and on other
specimens 8 months after fabrication, Aging significantly
reduced strength. The aged specimens were only 85 percent
as strong s the unaged specimens, and the specimen data were
more erratic. The standard deviation for the aged specimens
was almost twice that for the unaged specimens. None of the
aged specimens had a strength as high as the mean of the
unaged speeimens.

Table 6.1-V shows the strength of finger-jointed specimens
with finger lengths of 6 and 10 in. and finger slopes of 1;10.
The finger joints were machined and then aged 8 months before
they were glued. Comparing the mean strength values from
tables 6. 1-11(c) and 6.1-V(a) for 6-in,-long fingers showed
the aged specimens 1o have 86 percent of the corrected Strength
of the unaged specimens with improved standard deviation o
and the aged finger-jointed specimens to have 96 percent of the
strength of aged spreimens without finger joints (table 6. 1-1(b)).
The strength reduction resulting from aging was somewhat
higher for specimens without finger joints than fot specimens
with finger joints (table 6.1-1). It appears that a delay between
the time when the finger joints are machined and the time when
they arc bonded will probably result in 4 significant reduction
in bonded joint strength. From 1 tests of the data there is less
than | chance in 50 that the aged specimens, with or without
finger joints, will have as high mean strength as the unaged
specimens,

Table 6. 1-V shows 10-in.-long aged finger joints to be only
92 percent as strong as 6-in.-long aged finger joints. This is
consistent with the strength reduction between some of the 6-

“and 10-in. finger lengths in figure 6.1-1,

6.1.3 Effect of fiber augmentation between wood
laminations.—Table 6,1-V1 shows tension strengths of speci-
mens containing 10-in.-long finger joints with a finger slope
of 1:10 in which cither [0-0z/yd” Burlington Style 7500 glass
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TABLE 6.1-V.—STATIC TENSION STRENGTH
PATALLEL TO GRAIN FOR SPECIMENS WITH
FINGER JOINTS AGED 8§ MONTHS
BEFORE BONDING

[Laminated Douglas fir/epoky specimens 1S in. thick (18
faminations), 2.25 (or 2,31 in, wide, and 92 in. long. Finger
slope, 10102 bond gap, 0.015 in.: test tepperature, ~ 68 °F,
Dute corrected to 6 percent laminate molsture content
(K= 1.21).]

(@) Finger length, 6 in,

Stress | Laminate | Failure | Failure | Corrected | Type of
arca, | moisture | load, | stress, failure failuren
in,? content, Ib psi stress,
pereent psi

147 4.3 29200 | 8432 8159
354 4.5 32 800 92606 9001

1 ——— —

3.5) 4.3 31100 [ 8 860 8 573
341 4.6 3RO 9912 Y 647
3.52 4.5 33820 9608 9333
3.55 4.7 38620 | 10879 | 10 608 |
3.48 4.7 36 460 | 10477 10 216 |
3.36 4,3 0320 9024 | 8732 2
3.46 4.3 34 880 | 10 081 9 754 2
3.50 5.1 36660 | 10474 | 10293 |
Mcan 9701 9432 ————
Standard deviation, o 758 770 R
(b) Finger Iénglll‘ 10 in,
348 | 4.6 | 29660 | 8523] 8295 I

3.47 4.3 30440 | 8772 8 484
3,48 4.6 28580 | 8213 7993
1.50 4.9 29 120 8320 8 143
3.53 4.6 27460 | 7779 7 571

v ¢——

351 4.3 32240 9 185 8 887
3.42 4.6 27 540 | 8053 7 837
3.3 4.5 31760 | 9595 9 320
3.32 4.6 35200 110 602 10 318

342 4.4 35060 1 10 251 9 938

Mean 8929 8679 e
Standard deviation, o 907 872

lype of faiture: 1= tailure in joint
2

2 uilure fram joinl wsome point cutsde ol joint
3 = lwdure outside ofF joint

fiber fubric or Burlington Style 5285 Kevlar fiber fabric was
installed between the wood plies (fig. 2.3-7). Also shown in
the table are strengths of finger-jointed control specimens made
from the same billet but from a portion of the billet that did
not include fiber fabric. The billet was laid up so that part
was without fiber fabric in order to get a consistent comparison
of specimens with and without the fiber augmentation, The
mean corrected failure stresses show that the glass fiber aug-
mentation increased strength 19 percent relative to the specimen
without augmentation. With Kevlar tiber augmentation the
strength increase was 33 pereent.



TABLE 6.1-VIL.—EFFECT OF GLASS
FIBER FABRIC AUGMENTATION
ON STATIC TENSION STRENQTH
PARALLEL TO GRAIN--FINGER-

JOINTED SPECIMENS

|Laminated Douglus firfepoxy specimens 1§ in,
thick (15 laminations), 2,25 (or 2.31) in. wide,
und 92 in, long. Faflure in.joint; finger slope,
110y finger length, 10 in.; bond gap, 0,018 in.;
lest temperature, ~068 °F, Duta corrected to
6 pereent laminate molsture content (K = 1.21).]

+ () Augmented with Burlington style 7500
glass fiber fubric

Stress | Laminate | Failure | Fallure | Corrected

arcy, | moisture | foad, stress, tailure
in? | content, ib psi stress,
percent pst

3.90 3.0 48 860 | 12 528 11820
3.92 2.9 55240 14092 13270
3.95 2.6 54 840 | 13 884 12 999
3.86 3.0 52020 13477 12716
3,94 2.9 54 660 | 13 873 13 064
393 R 55220 | 14051 13 309
Mean | 13651 12 863

Standard deviation, o 540 505
351 RivA 39 660 | 2112991 «10 816

(b) Augmented with Burlington style S285
evlar fiber fabric

=

183 35 S8 160 | 15 185 14 467
388 34 56 920 | 14 670 13 949
192 38 | 57600 14694 14 081
302 3.6 S7 0001 14 541 13 880
.68 R 60 580 | 15613 14 875
3,85 kR 54 540 [ 14 166 13 575
Mean | 14 812 14 138

Standard deviation, o 460 423
3.55 4.1 39 180 | *11 037] «10 638

UControl specimens without tiber fabric augmentation; not included
in mean or o, :

6.1.4 Closing remarks on finger joinis in static tension.—
The strength of finger-jointed specimens  significantly
improved as the finger slopes were increased from 1:6 to 1: 10,
but only marginal improvement occurred with a further

increase in slope to 1:14. Finger-jointed specimens with 6 in.-

long fingers and a finger slope of 1:10 werce about 94 percent
as strong as specimens without joints,

Some of the experimental static tension data  show
approximately the same strength for 3-, 6-, and 10-in.-long
fingers, but the data for-the 3- and [0-in.-long fingers were
extremely limited. Conversely, part of the tests showed a
strength reduction on the order of 9 percent for 10-in.-long

~fingers, This effect was most likely due to greater total

fingertip thickness, which resulted in a larger tip butt joint
area-for the 10-in.-long fingers than {for the 6-In.-long fingers.

The bond gap in the finger joints can appreciably affect joint
strength, Gaps of 0.062 in, resulted in tenslon strengths only
86 percent of those for 0.015-in, gaps. At least a portion of
this strength reduction resulted from the manner in which the
bond gap was increased, which reduced the length of the bond
on each of the fingers.

Aging had a deleterious effect on specimens with and without
finger joints., Strength reductions of approximately 78 to
86 percent were found after aging for 8 months,

Static tension strength could be appreciubly increased by
placing a glass fiber fabric or a Kevlar fiber fabric between the
wood plies. The strength was increased by 19 percent by
augmentation with glass fiber and by 33 percent with Kevlar
fiber.

6.2 Finger Joints in Tension-Tension Fatigue

Tests were conducted in tension-tension fatigue at a stress.
ratio R of 0.1 on dogbone specimens, shown in figure 2,3-8
with finger joints 10 in, long and a finger slope of 1:10. The
specimens were made of grade A+ Douglas fir/epoxy. All
tests were conducted at approximately 68 °F, and the data were
corrected (o 6 percent laminate moisture content, Most of the
tests were conducted with a 0.015-in. bond gap in the finger
joints, but a few tests were conducted with a bond gap of
0.062 in. The adhesive used for the gap in the finger joints
was a proprietary epoxy adhesive thickened with asbestos

fibers, The adhesive used for the wider gap had almost 200

percent more asbestos fibers in it than that for the narrower
gap. The adhesive was developed and applicd by Gougeon
Brothers, Inc. Limited testing was also conducted on specimens
in which Burlington Style 7500 glass fiber fabric was applied
between the wood plies to augment the specimen strength
around the joint, ‘ ‘

The results of the tension-tension fatigue tests are presented
in table 6. 1-1V(b) and figure 6.2-1. Also shown in figure 6.2-1
is the regression line for grade A+ Douglas fir/epoxy tension-
tension fatigue specimens without finger joints. The specimens
did, however, have scarf joints in the laminates. Tho regression

line was obtained from figure 4, 1-1(b), The data in figurc 6,2~

show a tension-tension fatigue joint efficiency of approximately
61 percent at 10° ¢ycles for the specimens with a bond gap of
0.015 in. and without glass fiber augmentation. When the bond
gap - was increased to 0,062 in,, the tension-tension fatigue
strength of the finger-jointed specimens was decreased another
18 percent relative to the narrower gap, resulting in a fatigue
joint cfficiency of approximately S0 percent. Some of this
strength loss with the wider gaps was the result of shortened
bonding length because of the manner in which the gap was
increased.

The augmentation obtained by adding glass fiber between the
wood plies improved the tension-tension fatigue  strength
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Figure 6.2-1.—Effect of finger joints on tension-tension fatigue (R = 0.1) parallel to grain for laminated Douglas fir/epoxy specimens. Hinger joints, 10 in, long:
finger slope, 1:10. Dogbone specimens 2.25 in. in diameter at test section and 57 in. long. Data corrected o 6 percent laminate r2igure content (K = 1,21).

Veneer grade, A-+; temperature, ~68 °F,

approximately 9 percent, if one neglects the one specimen whose
fatigue strength fell on the regression line for specimens without
the glass fiber fabric augmentation. Note that the lines in figure
6.2-1 for glass fiber fabric augmentation and for a bond gap
0f 0,062 in, are not true regression lines. Instead they are lines
of best fit while having a slope the same as that for the specimens
with a bond gap of 0.015 in. and no augmentation.
It can be concluded from these results that the need to use
~ finger joints to attach subassemblies in large structures results
in u significant tension-tension fatigue strength penalty that can
be improved only marginally by glass fiber fubric augmentation.
- Itis beneficial to use narrow gaps in finger joints, but this requires
close machining tolerances,

6.3 Longitudinal Joints in Static Bending

Large structures will require the joining of subassemblies
in directions both parallel and transverse to the applied load
direction, Tests were therefore conducted on longitudinal joints
parallel to the primary load. Such joints are illustrated in fig-
ure 16 of chapter I11. Loads on such joints are primarily from
bending in the longitudinal direction, which results in a shear
load in the specimen or structure, Two types of longitudinal
Jjoints were investigated: butt joints and wedge joints as illus-
trated in figure 16 of chapter I with additional details shown
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in figures 2.3-10 and 2.3-11. Wedge joints arc easier to
manufacture than butt joints because the tapered wedge can more
readily accommodate misalignments and ptovide better control
of the bond thickness and because the bond|ng adhiesive is more
easily introduced into the wide, tapered drpcning. The cpoxy
adhesive used in the joints was a Gougeon Brothers, Inc., pro-
prietary adhesive that had asbestos added for thickening. This
thicker adhesive fucilitated maintaining a fill in the relatively
wide bonding gaps that can be expected in joining subassemblies.

The equations for calculating bending and shear stresses for
three-point bending of specimens contain\ng the two types of
joints are given in figure 2.3-13,

6.3.1 Longitudinal butt-jointed specimens.—This type of

specimen is illustrated in figure 2.3-10, JSwlic bending data
are presented in table 6.3-1, Tests wer conducted at test
temperatures from =40 to 100 °F with gpecimens expected
to have essentially defect-free joints and with specimens having

Joints that had simulated defects built into them by means of

nylon inserted in the glue line of the joint in the form of strips,
small squares, or small balls. |

‘The maximum shear stress data in table 6.3-1 were corrected
to 6 percent laminate moisture content, The table shows data
corrected with two different K's in equatign (7) of chapter 1.



TABLE 6.3-1,~STATIC SHEAR STRENGTH WITH THREE-POINT BENDING

FOR LONGITUDINAL BUTT-JOINTED SPECIMENS

[ Larninated Douglas firfepoxy specimens 3 o, deep (with nominal 1-n-wide joint at mid-depth), 4 In, wide
(40 laminations perpendicular 1o Joint), and 30 In. long, Epoxy/asbestos adhesive jolnt. Veneer gradey A.
Datu corrected to 6 percent laminate moisture content.|

Joint dimenstons

() Specimen temperature, 70 °F; no defects in joint

Laminate | Fallure | Maximum | Maximum | Corrected maximum shear stress, | Type off
i B maolsture | load, bending shear psi failure
Width, | Thickness, | content, ib stress, stress,
in. in. pereent psi psi K =126 K= 1.07
e ]
0.95 0.059 6,0 5469 5469 1439 1439 1439 Wood
41,00 042 5174 5174 1203 12923 1293 (b)
98 047 4500 4500 1148 1148 | 148 Wood
K5 05§ 4484 4484 1319 1319 1319 Wood
95 065 6406 6406 1686 1686 686 Wood
o0 L .082 6530 6530 1632 1632 1632 (b)
Mean 1420 1420 1420 R
‘ ) Standard deviation, o I()LJ 190 190 -

(b) Spegimen temperature,

100 °F; no

defects in joint

o -
16,0 ‘ 5469 5469 1327 1327 1327 Wood
5078 5078 1269 1269 1269 Bond
STRI 5781 1521 1521 1521 Wood
5937 5937 1562 1562 1562 Wood
6250 6250 1517 1517 1517 Wood
—_— S—
Meun 1439 1439 1439 -
Standard deviation, o 118 118 118 -
(¢) Specimen temperature, 100 °F after conditioning at 160 °F; no defects in joint
0.97 0.050 6.1 6797 6797 1752 1756 1753 Wood
94 (43 6.1 6718 6718 1787 1791 1788
97 043 6.1 6375 6375 1643 1647 1644 l
98 032 5.8 6797 6797 1734 1726 1732
. : I
. Mecin 1729 1730 1724 o
Standard deviation, o 53 53 53
(d) Specimen temperature, - 40 °F; no defeets in joinl
097 | 0052 5.6 | 6748 | 6748 | 1739 1723 1734 woad
.94 057 6.0 6248 6248 1662 1662 1662
97 040 5.8 6795 6795 1751 1743 1749 l
94 038 5.8 6719 6719 1787 1779 1785 ‘
R - IR, R o]
Mean 1735 1727 1732
Standard deviatlon, o 40 42 45 -
(e) Specimen temperature, 70 “F; 0.75-in.-wide aylon strip 0,062 in. thick across joint
007 | 0.060 58 | 6172 | 6 1590 1583 ISk | wood
“}, 00 .055 6.0 6797 6797 1699 1699 1699 (h)
1.06 058 5.9 6875 6875 1621 1617 1620 Woud
at 060 5.6 7344 7344 2186 2166 2180 waood
1.09 062 5.8 7500 J 7500 1720 1712 1718 Woud
Meiun 1763 1755 1761
Standard deviation, o 217 211 215




TABLE 6.3-1,—Concluded.

(fy Specimen temperature, 70 °F: four 0.44-in. nylon squares 0,062 in. thick along joint length

BEstimated.
han applicuble.

The K value of 1,26 can be obtained from reference 3; the
value of 1.07 was found in subsection 3.3.1 to provide a better
correlation for block shear, The data for these bending tests
were obtained for lamina’: moisture contents not far from
6 percent. As a result the value of K used in correcting the
data had only a minimal effect.’

The corrected (K = 1.26) mean and o values from table
6.3~ can be summarized as follows:

Test Simulated Cnrrccm Standard Table
lemperature, Jjoint mean masi- | deviation,
°F defeets mum stress a,
L . o psi

70 None 1420 190 6.3-1(a)
100 1439 - LUK 6.3-1(b)

a 100 l 1730 53 6.3-1(¢)

=40 1727 42 6.3-1(d)
70 Nylon strip 1755 211 6.3-1(¢c)
70 Nylon squares 1640 117 6.3-1(1)
70 Nylon balls 1808 204 6.3v—-l(g)J

USpecimens preconditioned at 160 ¢,

The mean maximum shear stresses shown in this table are
somewhat inconsistent. The specimens without simulated
defects at 70 and 100 °F had the lowest mean failure stresses,
ceven lower than the specimens with simulated defects. Post-
test examination of the specimens revealed areas of poor
bonding in the joints, which undoubtedly contributed to the

114

e e e e e e e e L e S O U
Soint dimengions | Laminate | Failure | Maximun | Magsimum | Corrected maximum shear stress, | Type of
1 molsture | load, bending shear ' psi luilure
Width, | Thickness, | content, Ib slress, slress, [
in, i pereent ’ psl psi K=126 K= 107
(.06 0.060 6.0 7295 7298 720 1720 1720 Wood
1.09 87 6.2 6139 6139 1408 1415 1410
1.06 062 5.5 7341 1341 1731 1714 1725 /
.95 063 3.8 6560 6560 1726 1718 1724 [
115 062 1 6.l 7497 7497 1630 1634 1631 \
Meun 643 _‘ 1640 1642 e
Standard devi , 23 17 21 R
_ Standard dev utifm a | - |
*(g) Specitien temperature, 70 °F; 370 nylon balls 0.062 in. in dismeter ulong joint length
109 | 0.035 so || e | o | e | m ] wood |
1.09 032 6.0 6717 6717 1540 1540 1540
.97 083 46,0 ‘6404 Hdo4 1650 1650 1650
97 030 5.8 7981 7981 2057 2047 2054
.97 037 5.9 7919 7919 2041 2036 - 2040
- Mean 1812 1808 1811 -
Standard deviation, o 207 204 206

lower failure stresses, but it made comparison of the strength
of specimens with and 'without simulated defects inconclusive,
The relatively high strength of tae specimens tested at 100 °F
after preconditioning at 160 °F was attributed to possible
enhanced curing of the epoxy asbestos adhesive, No deleterious
effects of low-temperature static testing at —40 °F were
observed. Surprisingly, the highest strengths were found with
specimens containing the simulated defects, But the four 0,44-
by 0.44-in. nylon squares in each joint apparently reduced
corrected shear strength approximately 7 to 10 percent below
that for the other two types of simulated defects.

The ¢ tests (subsection 2.6.2) were conducted on the data
from table 6.3-1. The tests revealed that at the 95 percent
confidence level all of the specimen failure stresses, except
for those at 70 and 100 °F without defects, were of the same
population. Therefore drawing conclusions as to the relativ.:
strengths of the remaining specimens at various temperatures
and with and without defects appeared 1o be meaningless.

Block shear test results for specimens with laminations
perpendicular to the joint are shown in table 3.3-11. The mean
corrected shear strength was 1935 psi, 7 pereent higher than
any of the mean strengthy listed in the preceding table for
bending tests but less than the o value of data from table 3.3-11.
The 1 tests of the data showed .ac at the 95 percent confidence
level the data from table 3.3-11 and the data for simulated
defects of nylon strips and nylon balls from table 6.3-1 were
from the same population. The 7 test rejecied the hypothesis
that the other data samples in table 6.3-1 were from the same



population as those in table 3.3-1I (block shear with
laminations perpendicular to the joint). Therefore those
indicated strength differences can be considered as real.
6.3.2 Longitudinal wedge-jointed specimens.—This type
of specimen is illustrated in figure 2.3-11. Only limited
bending tests were conducted. The results are summarized in
table 6.3-11 for three wedge configurations: (1) wedge centered
to provide 0.12-in.-thick bonds on both sides of the wedge,
(2) wedge shifted to provide a 0.25-in.-thick bond on one side
and minimum thickness on the other side, and, (3) wedge
centered to provide 0.12-in.-thick bonds on both sides and four
0.44-in. nylon squares 0,062 in. thick embedded in both bond
tines. The results shown in the table indicate a weakening from
shifting the wedge but no weakening from the simulated
defects. In fact, the specimens with the simulated defects
showed the highest strength. At 95 percent confidence level
the 1 test confirmed that there was indeed a difference in
strength (specimens from different populations) between the
wedge that was shifted and the wedge with simulated defects.
The 7 test indicated, however, that the shifted wedge and the
wedge with the simulated defects could be from the same
population as the centered wedge. As a result there is not high

confidence that table 6.3-IF shows significant strength trends.
1t does appear, however, that the wedge-jointed specimens
(table 63—-'11) were weaker than the butt-jointed speciniens
(table 6.3-1). ‘

6.4 Longitudinal Joints in Shear Fatigue

Fatigue tests were conducted at a stress ratio R of 0.1 on
butt-jointed specimens with and without nylon square simulated
defects and on wedge-jointed specimens with the wedge centered,
shifted, and centered with nylon square simulated defects. The
results are shown in table 6.4-1 and figure 6.4-1,

An attempt was made to determine if K = 1.26 should be
used to correct the data to 6 pereent laminate moisture content.
Since most of the data were obtained at laminate moisture
contents near 6 percent, the corrections were small and the
value of K used did not have a significant effect. Correlation
coefficients (see eq. (10} in chapter 1IT) were caleulated for
a range of K wvalues from 1.07 to 3.0. The correlation
coefficient r varied less than 1 percent over the entire range.
Since the effect was too small for empirically determining the
best value of K, the wood handbook (ref. 3) value of K (1.26)
was uscd for the fatigue data.

TABLE 6.3-11.--STATIC SHEAR STRENGTH WITH THREE-POINT BENDING
FOR LONGITUDINAL WEDGE-JOINTED SPECIMENS

[Laminated Douglas fir/epoxy specimens having **1'" ctoss section 3 in, high (with wedge joint in
middle -in. sectiony, 4 in. wide. and 30 in. long, Epoxy ashestos adhesive joint 1in. wide:
veneer grade, A specimen temperature, 70 °F. Data corrected to 6 pereent laminate

moisture content, |

‘

) Wedge centered with 0.12-in. bond thicknesses on both sides of” wedge

Laminate { Failure | Maximum | Maximum | Corrected maxmmum shear stress, | Type of
moisture | load, bending shear psi failure
content, Ib stress, stress,
pereent psi psi K =1.26 K = 1.07
5.6 6543 6732 1544 1530 1540 Wood
58 6144 6320 1450 1443 1448 "Woaod
Mcan 1497 1486 1494

by Wedge shifted to provide 0.2+
on other side

in. bond thickness on one side and minimum bond.thickness

5905

6.0 6076 1394 1394 1394 “Woad
6.4 5666 S830 1337 1350 1341 Woaod
Mean 1366 J' 1372 13068

() Wedge centered with 0.12-in. hond thicknesses on both sides of wedge but with four 0.44-in.
nylon squares 0.062 in. thick in both bond lines

' 5.7 6623 6818 1563 1552 1560 TWood
6.2 6863 7062 1620 1628 1622 TW oo
| Meun 1592 1590 1591

eaded atside ol o area

13



TABLE 0.4-1.—SHEAR FATIGUE STRENGTH WITH THREE-POINT
BENDING FOR LONGIETUDINAL-JOINTED SPECIMENS

[Laminated Douglas fir/epoxy specimens. Epoxy asbestos adhesive joints 1in, wide. Stress
ratio, R, 0.1; test temperature, 70 °F; cyele rate, § Hz, Data corrected.to 6 percent laminate
moisture coatent (K = 1.26).} '

() Butt-jointed specimens (fig. 2.3-11) without defects

Joint Laminate | Minimum | Maximum Cycles Corrected Type of
thickness, | moisture shear shear o maximum shear | failure
in. content, stress, stress, failure stress,
pereent psi psi psi

0.045 6.3 125 1250 134 613 1259 (a)
.050 6.3 119 1190 302 960 1198 () ‘
056 6.1 109 1092 191 482 1095 Bond
054 6.0 99 990 513 258 990 Bond
() h5.5 92 921 301 843 910 (a)
064 5.5 87 866 8 564 236 856 Bond
.060) 5.7 98 980 160 000 973 Woud |
045 5.7 89 893 173 192 887 Wouod
062 hs.5 88 875 2126 614 865 (4)
062 h5.5 78 776 10 000 000 767
055 5.3 8Y 893 8 514 000 878
.060 5.5 95 947 5 725 800 936
.056 4.7 94, 937 2 827 800 909
065 5.0 97 971 3 655 000 948 v
060 6.1 158 1581 28 000 1585 Wood
030 6.2 153 1530 800 1537
062 6.3 H 1107 693 000 [REN]
060 6.9 114 1136 63 000 1160

e - e B <1500 14200 v

(b) Butt-join
0.062 in.

ted specime

ns (fig. 2.3

I'1) with simulated defeets in joint of four nylon squares
thick by 0.44 in. by 0.44 in.

0.075
070
070
070
63
076

6.9
6.8
7.0
6.8
6.8
7.1

110
99
99
98
vs
87

1103
990
990
947
947
860

65 700
586 312
279 900
1 301 400
405 500
3 104 800

41 500

1127
1009
1014
995
995
889
1642

Wood

(¢) Wedge

-jointed specimens (fig.

0

2.3-12) with wedge centered and no defects

in joints

0.012

6.0
0.1
6.4
6.1
6.8
6.3

100
8Y
77
77
83
88

1003
88S
767
767
826
8RS

32 400
3321 000
150 300
1370 0600
1 434 600
68 400
500

1003
887
714
769
842
891

1494

Waod

|

tWood
Wood

UNut apphicable

Dlistmated.

CStanie test cestmated eguivalent cycies (table 63 )

dStane test estimated cquivilent eyeles Gable 6.3 1dy)

Chailed outside

of jomt ared



TABLE 6.4-1—Concluded.

(d) Wedge-jointed specimens (fig. 2.3-12) with wedge shifted and no defeets in joints

Joint Laminate | Minimum-| Maximum Cycles Corrected Type of
thickness, | moisture shear | shear 0 maximum shear | failure
in. content, stress, stress, failure stress,
percent psi psi ' psi
20,025 6.0 100 1003 65 000 1003 eWood |
6.0 100 1003 7 000 1003 Wood
63 | 88 885 27 814 891 Woud
6.2 88 885 17 100 8KY ¢Bond
6.8 77 767 596 700 - 782 “Wood
e B - —a h 500 1368

(e) Wedge-jointed specitmens with wedge centered
0.062 in. thick by 0.44 in. by 0.44 in. in each side of wedge joint

and simulated defects of four nylon squares

0.012 6.2 88 885
6.2 83 826

I 6.1 88 885
6.1 94 944

1 6.1 | 94 944
6.3 88 58S

77 400 8K9 Wood
1 314 000 830 “Bond
3 884 400 887 Wood
579 600 946
83 700 946
| 666 800 891
11500 1591 .

CFarled outside of goint area.
[Static 1est--estimated equivalent cycles (table 6. 3-11(a)

EMaximum bond thickness on one side of wedge. Bond thickness on other side of wedge was mentinal

Bgtatic test -esumated equivalent cycles (table 6 3-11(byy
IStatic test- estimated equivadent cycles (able 6.3-11(c)

The effect of simulated defects on butt-jointed specimens
is shown in figure 6.4-1(a). The simulated defects were four
nylon squares placed in the joint of the specimen. The nylon
squares were 0.062 in. thick by 0.44 in, by 0.44 in. The
regression lines for specimens with and without simulated
defects built into the butt joints were quite close together. The
separation of the lines was considerably less than the scatter
in the data. The lines crossed at about 100 000 cycles, which
is not realistic. Note that static test data were included in the
regression line calculation in the manner described in sub-
“section 4.0. Regression lines were calculated with and without
these static data points. The static data had a small effect on
the slope and crossing point of the lines and did not alter the
conclusions to be drawn from the data, namely that the three-
point-bending fatigue tests did not show a significant weakening
effect from simulated defects in the butt joints of the specimens.

Shear fatigue data, obtained by three-point bending, for
wedge-jointed specimens are shown in figure 6.4-1(b). For
the wedge-jointed specimens a large discrepancy in strength
occurred between the static test data and the fatigue data that
was not readily explainable. Therefore it did not appear prudent
10 include the static data when calculating the regression lines.
An effect similar to that for butt-jointed specimens was evident;
the regression lines 4ll, unrealistically, crossed each other.
Again the scatter in the data was larger than the differences
in the regression lines for the range of cycles to failure for
which data were obtained. Since there was some question as

to the validity of the regression lines for each of the three types
of wedge-jointed specimens, the following regression equation,
which included all of the wedge-jointed specimen data, was
calculated:

S = 1160N~l),()2|82 (23)
This equation is probably a more realistic representation of
the wedge-jointed fatigue data than the individual lines shown
in figure 6.4-1(b). This single regression line is shown in
figure 6.4-1(c) along with the regression line for the butt-

jointed specimens without defects from figure 6.4-1(a). The

higher slope of the butt-jointed specimen line indicates a
greater sensitivity to cyclic stresses than is indicated for the
wedge-jointed specimiens. The butt joints therefore appeared
to be stronger in low-cycle fatigue than the wedge joints, but
became weaker at liigh cycles. However, this conclusion may
be questionabie because it can be seen from figures 6.4-1(a)
and (b) that the static strengths of both types of specimens were
approximately equal. Therefore additional data are probably
required before definite conclusions can be drawn on the
relative superiority of butt-jointed or wedge-jointed
longitudinal joints. ‘

It can be concluded from the results of static bending and
bending fatigue tests 'on longitudinal joints that simulated
defects had no definitive effects on joint strength for either
butt-jointed or wedge-jointed specimens. The static strengths
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(a) Butl-jointed specimens.
(b) Wedge-jointed specimens.
(¢) Fatigue comparison of mean of all wedge joint data with butt joint data.

Figure 6.4~ 1.~ Three- point-hending fatigue tests (R = 0.1) on longitudinal joints with and without ‘simulated Joint defects for laminated Douglas fir/epoxy
specimens. Simulated defects were four nylon squares 0,062 in. thick by 0.44 in. by 0.44 in. Epoxy asbestos adhesive in joints 1 in. wulc Data corrected
to 6 percent laminate moisture content (K = 1.26). Veneer grade, A; test temperature, 70 °F,

of the butt-jointed and wedge-jointed specimens were of similar still some questions as to whether butt or wedge joints arc
magnitude. When fatigue strength was considered, there were superior.

20



7.0 Strength of Metal Stud Structural
Joints

For some laminated-wood structures such as wind turbines
blades it is necessary to attach wooden components to metal
structures. One method of fabricating such a joint is to embed
metal studs into the wooden structure and bond the studs to
the wood with an epoxy resin thickened with carbon or asbestos
fibers. Threads or convolutions on the metal studs aid in this
bonding. A typical configuration of a metal stud embedded
in.a test specimen is shown in figure 2.3-13, Data are available
for a variety of stud configurations. Reported herein is a
summary of the failure loads at both static and fatigue
conditions for the strongest specimen designs investigated up
to the present. These data were obtained from reference 9.

7.1 Screening Tests

Five “'advanced™ and three reference specimen designs were
considered. These designs are shown in figure 7.1-1. The
significant differences between the designs are listed in table
7.1-1. The four thread configurations on the portion
of the studs that were embedded in the laminated wood are
shown in figure 7.1-2. Note that the threads on the studs are
not screw threads. Instead they are convolutions with zero helix
angle. ‘

Tension-tension fatigue data for R = 0,14 arc listed in table
7011 and figure 7.1-3. The data presented for all of the
fatigue strengths are based on the failure toad rather than the
stress. For studs the maximum fatigue load that the stud can
tuke is more meaningful than a stud stress. These data can be
used to determine the number of studs required Lo support a

riven structural load. Figure 7.1-3 shows a regression line.
g g

based upon all of the data. This line has no significance exeept
to help illustrate the variations in the fatigue strength of cach
type of specimen design, Specimen designs 3, 4, and 5 are
superior to the others. Configuration 3 was made of titanium;
all the rest were of 4140 steel, The lower modulus of clasticity
of titanium tended to make the stud’s strain characteristics
more compatible with those of the wood. Specimen designs
4and S, made of 4140 steel, were tip drilled to a greater depth
to provide a longer thin wall. Again this was an attempt to
increase the stud strain (by increasing stress through the thinner

walls) in order to. improve strain compatibility with the

laminated Douglas fir/epoxy structure. The tapers on the studs
of specimen designs 4 and 5 were nonlinear; therefore the wall

thickness was also varied nonlincarly in an attempt to improve.

strain compatibility. All other studs were tapered lincarly. As
a result of the screening tests shown in figure 7.1-3, more
extensive testing was conducted on gpecimen designs 4 and
5. Funding limitations precluded additional testing on design
3 (made of titanium).

TABLE 7.1-1 — SPECIMEN DESIGNS USED IN SCREENING TESTS

Specimen | Shoulder Tip drill Taper Embedded | Thread | Material
design fength,
Diameter, | Length, in.
in. in.
| Yes 0.438 8.0 | Lincar 18.0 Zuteck 4140
2 Yes 625 8.0 | Lincar . 4140
3 No 8.0 | Lincar l Titanium
a4 ' i 15.0 | Nonlincar 4140
da 15.0° | Nonlincar. | Madified
l Zuteck
as 15,0 | Nonlincar Zuteck
b6 Yes Not drilled Lincar Zuteck
"7 Yes Not dritled Lincar 11.25 Shallow
Acme
P Yes Nuot drilled lincar 15.0) Deep
' "Acme v

AStd desiens 4 and S diftered onbyom the amount of nonlinear taper e the stud wall - Desyn 4 had greatee nonhnear ity

There was abo s dhfference e the test speamens, the ddierence beng i the wooden block i which the studs were

embedded  The block tor design S hiad carbon fiber augmentation between the vencers ostitien the block and Hnprove

strann compatibility
PReference design,

e
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Figure 7.1-1.—Metal stud designs investigated. (Dimensions are in inches.)
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(a) Standard Zuteck thread.

(c)
(b) Modified Mark 1l Zuteck thread.
(¢) Deep Acme thread.
(dy Shallow Acme thread.

1-2.—Threads used on portion of metul studs embedded in laminated wood. All threads are ring shape (helix angle, 0°). (Dimensions are in inches.)
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TABLE 7. (-1, —"TENSION-TENSION FATIQUE
SCREENING TESTS OF METAL STUDS

{tilght bonded {8-in.-long stud cunngumllnns’.
embedded In 3- by 3-in. lumingted Douglus
fir/spoxy speclmens and bonded with asbestos-
thickened epoxy adhesive, Studs, 4140 steel
unless nated differently: stress rutio, £, 0. 14.]

Specimen | Minimum | Maximum | Cycles
design load, loud, to

Ib. Ib fuilure

u 4900 35000 16 704

| 4620 33000 494 0S8

h2 4520 33000 666 000

2 4520 33 000 929 IR2

3 630 45 000 160 180

3 6300 45 000 122 3064

4 5600 40 000 171 190

4 5600 40 000 124 608

4 4480 32 000 2228 652

S 6300 45 000 404 766

5 6300 45 000 438 660

d6 4900 35000 91§12

7 2800 20 000 663 130

7 2800 20 000 S283 392

8 5600 40 000 74 073

8 4900 35 000 217 729

USumte spectmen completed 1037 952 cyeles st 30 (00 b withou
tailure.

Cirip faled

CTrantum stud.

dume spectmen completed 1 6SE O cydes at 28 00 e 32 500 b
withaut faifure

~ REGRESSION LINE CONSIDERING
/ ALL EIGHT CONFIGURATIONS

60x103  /
- ™/ STUD SPECIMEN DESIGN (FIG. 7.1-D)
s~ ‘S ®
[=]
<L
& wi-
5
x "
E R =014 ,
77 ‘
ok L L4 41 L |
103 101 109 106 107 108

CYCLES TO FAILURE., N
Figure 7.1-3.--Tension-tension futigue strength scereening tests (R = (0.14)
of cipht configurations of metal studs embedded in laminated Douglas
fir/epoxy specituens and bonded with ashestos-thickened epoxy adhesive.
Room temperature tests. (Numbers adjacent to symbaols denole stud s’,pccimun
design (fig. 7.1- 1),

7.2 Steel Stud Fatigue Tests

Fatlgue tests were conducted on deslgns 4, 4u, and S,
Tension-tension, compresslon-compression, and simulated
reverse uxlal tenston-compresston tests were conducted, Tests
were conducted at room temperature and at 100 and 120 °F,
Tests were also conducted with both asbestos and carbon-filled
epoxy resins used for bonding the studs to the laminated wood,
All designs were not tested at all conditions, The fatigue duta
are tabulated In tubles 7.2-110 7.2-11 and plotted 1n figures
7.2-110 7.2-3,

7.2.1 Fatigue strength at room temperature.—Figures

" 72-1 and 7.2-2 show the results of tension-tension,

compression-compression, and simulated reverse axial tension-
compression fatigue tests on speclmen deslgns 4, 4a, and 5,
Sce figure 7.1-1 and table 7.1-1 for the specimen design
details, As previously noted, the metal studs in designs 4 and
5 were similar. The differences were In the amount of
nonlinear taper in the stud wall and the stiffness of the wooden
block part of the specimen. Carbon fibers were placed between
the veneers to increase stiffness and improve the strain
compatibility between the wood and the metal studs in
design §. _ ‘

Figure 7.2-1(a) shows the tension-tension fatigue strength
of specimen design 4. In a manner similar to other fatigue tests
previously discussed, if a specimen did not fuil before the test
was terminated, the specimen data were used to calculate the
regression line if the point fell above the regression line but
not if it fell below the regression line, The unfailed specimen
data points are marked with a horizontal arrow. In most cases
testing was terminated because of grip failure, but in one case
the stud threads failed. The reasons for the test termination
are listed in the tables,

Two thread configurations on the portion of the studs
embedded in the wood were tested (see fig. 7.1-2 for details
of the standard Zuteck thread and the modificd Mark 11 Zuteck
thread). The specimens tested to failure showed little or no
difference in fatigue strength, us measured by load on the stud,
of the specimens with the two threads, The modified thread
lends itself to easier and cheaper manufacturing.

For design 4 at | million cycles the carbon-filled adhesive
(or resin) resulted in a fatigue failure foad L approximately
37 pereent higher than for asbestos-filled adhesive. The
difference was somewhat higher at o greater number of cycles,
A similar trend was observed for design 5 except that the
curbon-filled adhesive exhibited only a 19 percent increase in
failure load relative to the asbestos-filled adhesive, With
sarbon-filled adhesive in both designs 4 and 5, design 5 was
about [6 percent stronger than design 4 at 1 million cycles.
The improved strain compatibilitv obtained by adding the
carbon fibers between the wood laminations was therefore
shown to be beneficial.

Figure 7.2-2(a) shows simulated reverse axial tension-
compression fatigue strength for designs 4 and 5. Because of
the clevis design in the test specimen (fig, 2.3-13) conventional



TABLE 7.2-L-FATIOUE TESTS OF SPECIMEN
METAL STUD DESIAON J

[Nonlinew tapered 4 140 steel studs T8 o, long entbedded
i 3- by i lamliated Douglas Re/epoxy speclmens and
honded with asbestos- or earbon-fiber- fitled upogy resin,
(Carbon-filled resin unless noted,)|

(i) Tension-tension fatigue

Cycle | Stress | Minimum | Magimum Cycles
rite, | ratio, loud, loud. m !
He I b Ib Tndlure
A5 0 5600 | doooo | a7 000
0 0: 14 5 600 40 000 135 000
RIN] 0. 14 4 480 32000 | #2229 000
4.0 .10 6 500 65 000 b7 (00
4 800 A8 000 433000
3500 IS 000 | MR 412 000
3 500 S5.000 261 000
6 000 60 000 30 000
4500 45 000 1791 000
+4 8OO 48 000 710000
6 500 65 000 by K00
B 97 300 ' ol
e R 104 000 <]
~ e 100 1060 o
(h Tenslon-tenston Tatigue; modified stud thread (see
fig. 7.1-2) ‘
4.0 0.10 5 300 33000 103 000
5.0 4 800 48 000 "1O3s 000
4.5 6 000 60 000 b2 700
5.0 5300 S o0, P21 200
5.5 4 8O0 A48 000 | b1 536 000
S.2 3000 S0 (00 327 000

(¢1 Bloek loading tension-compression fatigue: tenston
eyieles listed in'*'eyeles to failure'™; tests run in blocks
ol tension-tension eydies und blacks of COmpression-
compression eveles at & = 010 and R = 10

45 000

4.5 ~ 1.0 - 45 000 4811000
41 = 1.0 - 30 000 50000 176 000

4.0 - 1.0

SEOUSRSSUS SIS

=63 000 63 DOO 200
Wy Compresston faigue

40010100

<83 000

4.0 | 70000 RGRATY
4.1 } 50060 =50 000 ) 10 127 000
4.0 v -6 000 -6 000 167 (000
SA Bty itler LTI Compream oyve lu:. T

Pap tavkvd EUTLO00 Campression cveles

CHlnsmate load sl D100 Compression cieles

reverse axial tension-compression tests were not feasible
because clearances resufted in dynamic loading when chinging
from compression to tension. As a result simulated tests were
conducted in which blocks of tension-tension fatigue cycles
were run first and then blocks of compression-compression
fatigue cycles, The same number of tension-tension and
compression-compression fatigue cycles were not necessarily
completed at specimen failure. The plots list the tension cycles.

TABLE 7200 FATIOUE TESTS  OF SPECIMEN

METAL S§TUD DESION S

[Nonlinear @wpered 4140 steel studs 18 in, tong embedded
In 3 by 3ing ludnated Douglas (ie/epoxy bluek with
curbon fiber augmentation between plies, Studs bonded
with ushestos- or cibon-fiher-filled epoxy restn, (Carbon
(Hlled restn unless noted.))

(1) Tenslon-tenston laligue

Cyele | Stresy | Mintnwm | Masiimum
rute., rutlo, toad, load,

Hz R Ib Ib luiture
3641 0.14 0 300 45 000 w405 000
1.6-3.8 A4 6300 45 000 w39 000

4.0 A0 7200 72 000 40 300

4.0 S 000 S0 000 4576 000

4.8 3230 32200 | w244 000
4500 4 800 48 000 U] 369 000

4.5 4 600 46 000 906 000

4.0 5200 §2 000 196 000

4.0 -5 500 S5 000 300000

4.0 0 000 60 000 163 000

1.0 8 000 B0 000 248 400

4.0 4 500 45 000 2513 000

4.2 6 300 63 000 219 000

4.0 6 500 65 000 117 000

4 7 000 70 000 446y 900

4.0 5700 57 000 431 000

4.0 L 5000 50 000 30657 000

(b Bloek louding tension-comptession fatigue; tension eyeles
listed in eyeles o Gatture™' s tests tun i blocks of teasion-
ension cyeles and blocks o compression-compression
eycles at R = 010 and K = 10

R 170 000

~57 000 57 000
4.0 - 1.0 =60 000 60 000 128 000
- 1.0 - 50 000 v 475 000

4.1 SG000

(¢) Compression-campression fatigue

4.0 10.0 =00 000 141 000

-6 000
4.5 10.0 5500 [ - 85000 4 241 000
4.0 10.0 -7 000 {4 000

- 70-000

HAshestos (e CASIO00 Compiession cyeles
UNo tatlure
UStud thremds tatked

S tadad

135 900 Compression eyeles
B1T1 000 Compression eyeles

The data in figure 7.2-2(a) show a crossover in the regression
lines at about 25 000 cycles. The figure shows design 5 to
be superior for eycles higher than 25 000, 1t is unlikely,
however, that figure 7.2-2(a) is o true representation of the
actual fatigue characteristics. Additional data would probubly
show a Matter stope Tor design 4 and the crossover would
be eliminated. Although static test data were available Tor
design 4 (tuble 7.2-1(a)), similar data were not av.ilable for



TABLE 7.2-U1L—TENSION-TENSION FATIGUL OF METAL STUDS
AT BLEVATED TEMPERATURES

| Nontinear 4140 tapered steel studs 18 1o, long embeddud in 3. by 3-1n, laminated
Douglas 1ir/upoxy blocks, Studs bonded with carbon-fibor-tilled opoxy resin, Stress
ratlo, R, 0,10 to 0.14,]

() Speelmon deslgn 4 (b Stud conflguration S,
Tost “Muxinwmn | Cyeles Test Masimum | Cycles
temperuture, load, to I temperature, load, .
°F Ib fuilure °r Ib fullure
120 60 000 264 120 60 000 604
120 500000 125 120 50 000 1 /03
100 50 000 | 332 C 100 S0 000 2 437
100 35 000 K 763 100 35000 | S50 044
100 167 100 | 100 4108 600 |

BUMtimate Jomd test.
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::“_\_“~\-t)‘ Eg STANDARD ZUTCCK THREAD, DESIGN 4

: MODIF 1ED MARK 11 ZUTECK THREAD, DESIGN YA
60 "'\\
\\N

| ~

i |
~0. R = 0.1
| \N\
~ - ~
(a) ' TNSSR= 0o

2 [ 1 | |

100103

O CARBON-F IBER- | = gy 751 §°0.09187
FILLED RESIN

— —{} —  ASBESTOS-FILLED | = 170 058 N~0: 09451

RESIN

a0 ~<

MAXIMUM LOAD. L. B

60 |— -~
w |-
~w. R = 0.1
\\
- <K= 0.1
(b
2 | 1 | [ |
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CYCLES TO FAILURC, N

(n) Deslgn 4 with two thread configurations (see fig, 7.1-2),
(b) Design S (same as design 4 except different tuper and wood was augmented with carbon fibers between veneers (o Inerease stiffness aud thus improve
strain compatibility with stud). ‘ '

Figure 7.2-1.—Tension-tension fatigue strength tests (R = 0.1 and 0,14) of two metal stud desligns embedded in laminated Douglas tir/epoxy specimens
with carbon-fiber- and usbostos-thickened adhesive (resin) for bonding studs to wood. Room-temperature lests.
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() Simuluted reverse axiul tensiot-compression fatigue. (Tension cyeles listed.) Tests run in blocks of tension-tension (K = 0. 1) und blocks of compression-

compression (R = 10) cycles, at stress ratios £ of 0.1 and 10,
(b) Compression-compression fatigue strength (R = 10).

Figure 7.2-2.—Compression-compression fatigue and simufated reverse axlal tension-compression fatigue strength of two metal stud test specimen designs.
] u

Room-temperature tests, Studs bonded with curbon-fiber-filled epoxy resin.

design 5. Such data might have shown whether a crossover

was realistic, Static data were not used in calculating any of

the regression lines for metal stud fatigue test specimens. Use
of such data would have increased regression line slope in
nearly all cases and would have resulted in a much poorer fit
of the fatigue data.

. 7.2.2 Fatigue strength at 100 to 120 ° F.—Figure 7,2-3
shows the effect of modestly increasing the temperature level
on the fatigue failure load for designs 4 and 5. Data for
temperatures of both 100 and 120 °F were combined in
calculating the regression lines. There appears to be little
difference in fatigue strength between the 100 and 120 °F data,
but there is a significant reduction in fatigue failure load
relative to the strength at room temperature, The fatigue failure
loads for temperatures of 100 1o 120 °F were one-half or less
of the room-temperature failure loads at 1 million cycles,
Design 5 was still slightly stronger than design 4 at the higher
test lemperatures,

7.3 Conclusions Drawn From Fatigue Testing of Studs

Metal studs can be used to attach laminated-wood structures
to metal structures. The studs can be embedded and bonded
to the wood in such a manner that fatigue loads of 20 000 1b
or more can be applied to cach stud for 100 million cycles
or less at room temperature, Increasing the temperature to
100 °F reduced these permissible loads by a factor of 2 or
more. The data also show that the stud design should
emphasize strain compatibility between the stud and the
wooden structure. The specimens e¢xhibiting the best fatigue
life were those that improved compatibility through reduced
stud modulus. These specimens had titanium studs, had thin
stud walls achleved by counterdrilling and using a nonlinear
wall thickness, or had stiffer wooden structures augmented
with carbon fiber between the wood veneers,
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(@) Design 4.

(b) Design 5.

Figure 7.2-3.-
Studs bonded with curbon-fiber-filled epoxy resin.

8.0 Concluding Remarks

This chapter has attempted to provide a collection of
unpublished data available on laminated Douglas fir/eposy
material. The test results reported herein are the work of
several organizations, which are listed in chapter 1. The
laminates were 0.1 in. thick and the grain of all laminates was
oriented in the same direction, Several grades of Douglas fir
were investigated. Epoxy glue applied at 60 pounds per

~Tension-tension fatigue strength at clevated temperature of two metal stud test specimen designs for stress ruy

Im K ol 0,10 to 0.14.

\

|
thousand square feet of double glue line ?»vas used for neurly
ull of the data presented.

Most of the data presented have been carrected to 6 percent
laminate moisture content by using an equation and constants
that appear reasonable. Uncorrected data are also listed in
tables throughout the chapter to permit reworking of the data.

The highlights of this chapter plus the development of
mathematical models to represent strength data are presented
in chapter III,
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