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Preface
J

This publication contains a compilation of"static and fatigue strel!gth data for laminated-
wood material made from Douglas fir and epoxy. Results of tests conducted by several
organizations are cori'elated to provide insight into the effects of wlriables such as moisture,
size, lamina-to-lamina joint design, wood veneer grade, and the ratio of cyclic stress to

steady stress dvring fatigue tesling. These test data were originally obtained during
development of wood rotor blades for large-scale wind turbines of the horizontal-axis
(propeller) configuration. Most of the strength property data in this compilation are not

found in the published literature. Test sectio!_s ranged ft'ore round Cylinders 2.25 in. in
diameter to rectangular slabs 6 in. by 24 in. in cross section and approximately 30 f! long.
Al!, specimens were made from Douglas fir Veneers 0.10 in, thick, bonded together with
the vcEs'r 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 tesi volume)
are observed in some of the test data, and a simple mathematical model is presented that

includes the probability ' of failure. General characteristics of the wood/epoxy laminate
,are discussed, including features that make it useful for a wide variety of applications.
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Chapter I

Introduction
The NASA Lewis Research Center began a series of projects specimens, some with volumes in excess of 7000 cubic inches,

m 1977 to develop low-cost rotor blades for megawatt-scale A second source of data was Gougeon Brothert,, Inc,, lhc
wind turbines. This work was sponsored by the U,S, rnanufacturer ofall of the Douglas fir/epoxy material tested.
Department of Enei'gy as part of its renewable energy Sonic of the c_m work in wind turbine blade developmenl ts
technology programs. One concept that was explored for described in, reference2. Reference 3 provides conlparative
constructing wind turbine blades was to fabricate them from data on clear, solid (unlamin;_ted) wood and basic equations
laminated wood, using nmthods developed for building the hulls with which to correct test data for moisture and temperature
of high-performance t:_oats, This work was very successful, effects. Reference 4 contains clear-wood property data similar
leading to the production of blades up to 70 ft in length, Many to that in reference 3, No data are available in references 3

thousands of smallerblades have been thbricated from laminated and 4 on laminated-wood products,
wood for commercial wind power stations, The data reported in tiffs publication are t_r test specimens

The purpose of this publication is to provide an integrated with a minimum of nine laminas. More frequently there are 15
collection of static and fatigue data on one of the most promising or more laminas, with some specimens having as many as 60,
wood laminate materials: Douglas fir bonded with epoxy, Materials with only a few laminas (three to t'ive) exhibiled

Early in the wood blade project, it became evident that there significantly lower fatigue strength and a great de,al of scatter
: was a serious lack of design data on wood laminated from thin (ref. 5).

veneers joined with modern adhesives. This was particularly Background informal;ion on laminated wood as a high-
true for fatigue data, which are critical to the design of dynamic pertk)rmance structural material is given in chapter 1I, together

structures. Several laboratories were given NASAsubcontracts with descriptions of applications and manufacturing methods,
to test specimens of Douglas fir/epoxy material in a wide Chapter III summarizes the most useful test data and presents
variety of shapes and sizes and under a variety of loading mathematical models for predicting, t.l)e effects of size and
conditions. Results were documented in internal reports, but moisture content on mechanical properties. Chapter III will
most of these data have been unpublished until now. probably satisfy most data needs.

The properties of Douglas fir/epoxy laminates represent a Chapter IV presents detailed test data in tabular and
balanced combination of static and fatigue strength, stiffness, graphical form, providing a data base suitable lk_r further
density, resistance to moisture and decay, availability, ease analysis and updating. In addition, chapter IV contains
of fabrication, and cost. Therefore, the data reported here discussions of the test data as well as description,,; of test
should be useful to the designers of a wide range oi' wood specimens, testing procedures, and tesl. equipment.
structures, not just wind turbine blades, Uncorrected test re.suits are also listed in the data tables to

The principal sources of the data in this publication were permit users oi'the data to make dii'ferent moisture correction.,;

internal reports ot" the General Electric Company, supporting or data interpretations, 'Because of the size and complexity ot'
the design of an all-wood rotor for the Mod-5A 7.3-MW wind the data set in chaper IV, numerically indexed headings are
turbine (frontispiece and ref. 1), a rotor measuring 4(_) fl from used to organize the information.
tip to tip. Although the Mod-5A project was limited to the Listed below are the organizations responsible for the data
preparation ofa wind turbine design, considerable experience contained m this publication and some of the important
was obtained in the manufacture anti testing of lamir,ated-wood 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 0f recorded history wood has been the primary Up tc) this point the long evolution of wood technology had
structural material used for large structures Subjected to focused upon "die weak link"--the capability of the joint
dynamic loads. In recent times wood has been largely replaced between individual wood pieces. Wooden ships were built o'f

by steel, aluminum, and fiberglass composites. This transition thousands of wood parts that ali needed to be .joined together
has. been due niostly to problems associated with moisture with the manufacturing capability then available. ]"he evolution
control and joining 'efficiency, rather than tc)a lack of attractive of shipbuilding essentially relied upon improvements in joint

material properties of the wood itself. The systematic technology, which "allowed larger and larger ships to be built.
application of modern synthetic resins and joining techniques However, these ships were t'ar heavier than they needed to
hasnow overcome most of the historical problems that limited be because only a small fraction of the true structural potential
the efficient use of wood. In many large-scale dynamic of wood could be used with the existing types eft joints.

applications wood can now provide both ._tructural and A shore-bound relative of wooden shipbuilding success was
economic advantages over competing materials. This chapter the Dutch windmill (fig. 1), a superb technical achievement.
summarizes the historical uses and pn_blems of wood, the Recent wind turbine experience has given us a proper

modern approach to solving these problems, and the potential appreciaticm of what was accomplished with wooden wind
economics of the resulting wood/epoxy techmdogy, lt als_ machines over 40() ,ears ago.
gives a brief perspective on the nature c)f wood as an With the arrival of manned flight lightweight structural
engineering material, and the significance of the data base capability became paramount for the success of aviaticm. At
contained in chapters III and IV in this compendiurn c_l test this point the true limitations of past wood techncdogies were
results for v,,ood/epoxy laminates, addressed. For the first 30 years of the development of the

airplane, wood was the primary structural rnaterial. Pressures
t_ develop satE. reliable, lightweight structures fueled research

Historical Development of Wood and development effort.,, that, for the first time, began t,,

Technology scientifically characterize wood properties. Aircraft engineers
" quickly realized that even the best mechanically fastened w_{_d

The most extensive efT{_rtsat optimizing the use _t wood joints c.'_uldtransfer only a little over 30 percent cffdownstrcam
in large dynamic structures have been in building ships. Two Wood material capability. Thus, the full material capability
thousand years of evolutionary shipbuilding technology of wood had rarely been utilized in an5' of the dynamic wood
reached its zenith in the 16th century with ships capable cd structures of the past.

supporting the great voyages of cxp_orati(m. The fundamentals Because of the ]imitaticm.,,of early adhesives, b_mded wc_od
of shipbuilding technology cdthis era were so,und enough that joint technology did not bcccmlc fully viable until the rnid-
only small improvements were made over the next 3(,_)to ,a.(g) 1930"s, when more advanced adhesives became available. This
}'ears. Essentially the same materials and ccmstruction:mcthod', late development, combined with a lack cff.unitbrn_, ccmsistcnt
were still used in the great clipper ships c_l the 191.hcentury, v,;c)odphysical pn_perties that could be relied up_m in a quality

control effort, lilnited the use of w_c_d in the then rapidly

' developing aircraft industry.
Metals quickly gained favor as a .safer material l'c_rm<)s,

"G,u_t:_.nBr,,thcr,..lhc. Bay Cit>. Mzchlga_, . larger and faster aircraft. Metals n()t only possessed more,,

!
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Figure l.--Eighteenth centurywindmillstill in use in the Netherlands.
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consistent properties but could be fabricated with a high degree
of reliability by a semi:_killed work force. In comparison, (a) Overall configuration.

woodworking required a high degree of skill that took a long Figure 2. Laminated-woodMosquito bomber built in early 1940's by

apprenticeship to acquire. De HavillandAircraftCo.
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 ali level flight speed of over 400 nph and was capable of carrying
metal materials, the substitution of wood in aircraft and other a 3000-1b bomb load. Operating at fighter speed without

highly sophisticated structures became crucial to the war effort, armament, it had a 1500-mile range.
For the first time a serious effort was begun to perform the In the United States an effort to build the world's largest

necessary testing so that an engineering data base could be aircraft, the Hughes flying boat, nicknamed the Spruce Goose,
established for wood materials, was a controversial wartime project that relied on the most

The De Havilland Aircraft Company of Great Britain advanced aircraft engineering and wood technology then
developed a unique stressed-skin monocoque shell design that available. The completed aircraft, shown in figure 3(a) at
was the culmination of 23 years of experience in wooden takeoff for its only flight, is still the largest totally bonded,
aircraft. The chief structural feature of this design was a weod all-wood structure ever built. The authors had the opportunity

composite sandwich of birch veneers over a unidirectional to inspect the internal structure of this airplane in 1979. At
balsa core. The design for De Havilland's Mos'quito bomber a constructed weight of 400 000 lb, it is an engineering marvel
using this advanced structural concept was conceived in 1939 for its unparalleled combination of fine structural detail,
(ref. 1), This extremely successful airplane was in full-scale bonded construction, and immense size. Figure 3(b) shows

production in 1941 and saw much service in World War II. an example of the internal construction of the Spruce Goos'e.
Figure 2(a) shows the overall configuration of the plane, figure Major pioneering efforts in wood technology ended at the
2(b) illustrates some of the details oi the wood sandwich close of World War II. One reason was that aluminum alloy
construction, and figure 2(c) is a photograph of a Mos'quito technology evolved quickly in response to the needs of modern
bomber that is still flying. ]'his two-man-crew wooden aircraft. This was compounded by wood's past image,
bomber, one of the most advanced aircraft of its day, had a traditkms, limitations, and tiHkl0re. However, the main reason

= ,,4,
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Preface
J

This publication contains a compilation of"static and fatigue strel!gth data for laminated-
wood material made from Douglas fir and epoxy. Results of tests conducted by several
organizations are cori'elated to provide insight into the effects of wlriables such as moisture,
size, lamina-to-lamina joint design, wood veneer grade, and the ratio of cyclic stress to

steady stress dvring fatigue tesling. These test data were originally obtained during
development of wood rotor blades for large-scale wind turbines of the horizontal-axis
(propeller) configuration. Most of the strength property data in this compilation are not

found in the published literature. Test sectio!_s ranged ft'ore round Cylinders 2.25 in. in
diameter to rectangular slabs 6 in. by 24 in. in cross section and approximately 30 f! long.
Al!, specimens were made from Douglas fir Veneers 0.10 in, thick, bonded together with
the vcEs'r 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 tesi volume)
are observed in some of the test data, and a simple mathematical model is presented that

includes the probability ' of failure. General characteristics of the wood/epoxy laminate
,are discussed, including features that make it useful for a wide variety of applications.
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Chapter I

Introduction
The NASA Lewis Research Center began a series of projects specimens, some with volumes in excess of 7000 cubic inches,

m 1977 to develop low-cost rotor blades for megawatt-scale A second source of data was Gougeon Brothert,, Inc,, lhc
wind turbines. This work was sponsored by the U,S, rnanufacturer ofall of the Douglas fir/epoxy material tested.
Department of Enei'gy as part of its renewable energy Sonic of the c_m work in wind turbine blade developmenl ts
technology programs. One concept that was explored for described in, reference2. Reference 3 provides conlparative
constructing wind turbine blades was to fabricate them from data on clear, solid (unlamin;_ted) wood and basic equations
laminated wood, using nmthods developed for building the hulls with which to correct test data for moisture and temperature
of high-performance t:_oats, This work was very successful, effects. Reference 4 contains clear-wood property data similar
leading to the production of blades up to 70 ft in length, Many to that in reference 3, No data are available in references 3

thousands of smallerblades have been thbricated from laminated and 4 on laminated-wood products,
wood for commercial wind power stations, The data reported in tiffs publication are t_r test specimens

The purpose of this publication is to provide an integrated with a minimum of nine laminas. More frequently there are 15
collection of static and fatigue data on one of the most promising or more laminas, with some specimens having as many as 60,
wood laminate materials: Douglas fir bonded with epoxy, Materials with only a few laminas (three to t'ive) exhibiled

Early in the wood blade project, it became evident that there significantly lower fatigue strength and a great de,al of scatter
: was a serious lack of design data on wood laminated from thin (ref. 5).

veneers joined with modern adhesives. This was particularly Background informal;ion on laminated wood as a high-
true for fatigue data, which are critical to the design of dynamic pertk)rmance structural material is given in chapter 1I, together

structures. Several laboratories were given NASAsubcontracts with descriptions of applications and manufacturing methods,
to test specimens of Douglas fir/epoxy material in a wide Chapter III summarizes the most useful test data and presents
variety of shapes and sizes and under a variety of loading mathematical models for predicting, t.l)e effects of size and
conditions. Results were documented in internal reports, but moisture content on mechanical properties. Chapter III will
most of these data have been unpublished until now. probably satisfy most data needs.

The properties of Douglas fir/epoxy laminates represent a Chapter IV presents detailed test data in tabular and
balanced combination of static and fatigue strength, stiffness, graphical form, providing a data base suitable lk_r further
density, resistance to moisture and decay, availability, ease analysis and updating. In addition, chapter IV contains
of fabrication, and cost. Therefore, the data reported here discussions of the test data as well as description,,; of test
should be useful to the designers of a wide range oi' wood specimens, testing procedures, and tesl. equipment.
structures, not just wind turbine blades, Uncorrected test re.suits are also listed in the data tables to

The principal sources of the data in this publication were permit users oi'the data to make dii'ferent moisture correction.,;

internal reports ot" the General Electric Company, supporting or data interpretations, 'Because of the size and complexity ot'
the design of an all-wood rotor for the Mod-5A 7.3-MW wind the data set in chaper IV, numerically indexed headings are
turbine (frontispiece and ref. 1), a rotor measuring 4(_) fl from used to organize the information.
tip to tip. Although the Mod-5A project was limited to the Listed below are the organizations responsible for the data
preparation ofa wind turbine design, considerable experience contained m this publication and some of the important
was obtained in the manufacture anti testing of lamir,ated-wood 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 0f recorded history wood has been the primary Up tc) this point the long evolution of wood technology had
structural material used for large structures Subjected to focused upon "die weak link"--the capability of the joint
dynamic loads. In recent times wood has been largely replaced between individual wood pieces. Wooden ships were built o'f

by steel, aluminum, and fiberglass composites. This transition thousands of wood parts that ali needed to be .joined together
has. been due niostly to problems associated with moisture with the manufacturing capability then available. ]"he evolution
control and joining 'efficiency, rather than tc)a lack of attractive of shipbuilding essentially relied upon improvements in joint

material properties of the wood itself. The systematic technology, which "allowed larger and larger ships to be built.
application of modern synthetic resins and joining techniques However, these ships were t'ar heavier than they needed to
hasnow overcome most of the historical problems that limited be because only a small fraction of the true structural potential
the efficient use of wood. In many large-scale dynamic of wood could be used with the existing types eft joints.

applications wood can now provide both ._tructural and A shore-bound relative of wooden shipbuilding success was
economic advantages over competing materials. This chapter the Dutch windmill (fig. 1), a superb technical achievement.
summarizes the historical uses and pn_blems of wood, the Recent wind turbine experience has given us a proper

modern approach to solving these problems, and the potential appreciaticm of what was accomplished with wooden wind
economics of the resulting wood/epoxy techmdogy, lt als_ machines over 40() ,ears ago.
gives a brief perspective on the nature c)f wood as an With the arrival of manned flight lightweight structural
engineering material, and the significance of the data base capability became paramount for the success of aviaticm. At
contained in chapters III and IV in this compendiurn c_l test this point the true limitations of past wood techncdogies were
results for v,,ood/epoxy laminates, addressed. For the first 30 years of the development of the

airplane, wood was the primary structural rnaterial. Pressures
t_ develop satE. reliable, lightweight structures fueled research

Historical Development of Wood and development effort.,, that, for the first time, began t,,

Technology scientifically characterize wood properties. Aircraft engineers
" quickly realized that even the best mechanically fastened w_{_d

The most extensive efT{_rtsat optimizing the use _t wood joints c.'_uldtransfer only a little over 30 percent cffdownstrcam
in large dynamic structures have been in building ships. Two Wood material capability. Thus, the full material capability
thousand years of evolutionary shipbuilding technology of wood had rarely been utilized in an5' of the dynamic wood
reached its zenith in the 16th century with ships capable cd structures of the past.

supporting the great voyages of cxp_orati(m. The fundamentals Because of the ]imitaticm.,,of early adhesives, b_mded wc_od
of shipbuilding technology cdthis era were so,und enough that joint technology did not bcccmlc fully viable until the rnid-
only small improvements were made over the next 3(,_)to ,a.(g) 1930"s, when more advanced adhesives became available. This
}'ears. Essentially the same materials and ccmstruction:mcthod', late development, combined with a lack cff.unitbrn_, ccmsistcnt
were still used in the great clipper ships c_l the 191.hcentury, v,;c)odphysical pn_perties that could be relied up_m in a quality

control effort, lilnited the use of w_c_d in the then rapidly

' developing aircraft industry.
Metals quickly gained favor as a .safer material l'c_rm<)s,

"G,u_t:_.nBr,,thcr,..lhc. Bay Cit>. Mzchlga_, . larger and faster aircraft. Metals n()t only possessed more,,

!
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Figure l.--Eighteenth centurywindmillstill in use in the Netherlands.
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consistent properties but could be fabricated with a high degree
of reliability by a semi:_killed work force. In comparison, (a) Overall configuration.

woodworking required a high degree of skill that took a long Figure 2. Laminated-woodMosquito bomber built in early 1940's by

apprenticeship to acquire. De HavillandAircraftCo.
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 ali level flight speed of over 400 nph and was capable of carrying
metal materials, the substitution of wood in aircraft and other a 3000-1b bomb load. Operating at fighter speed without

highly sophisticated structures became crucial to the war effort, armament, it had a 1500-mile range.
For the first time a serious effort was begun to perform the In the United States an effort to build the world's largest

necessary testing so that an engineering data base could be aircraft, the Hughes flying boat, nicknamed the Spruce Goose,
established for wood materials, was a controversial wartime project that relied on the most

The De Havilland Aircraft Company of Great Britain advanced aircraft engineering and wood technology then
developed a unique stressed-skin monocoque shell design that available. The completed aircraft, shown in figure 3(a) at
was the culmination of 23 years of experience in wooden takeoff for its only flight, is still the largest totally bonded,
aircraft. The chief structural feature of this design was a weod all-wood structure ever built. The authors had the opportunity

composite sandwich of birch veneers over a unidirectional to inspect the internal structure of this airplane in 1979. At
balsa core. The design for De Havilland's Mos'quito bomber a constructed weight of 400 000 lb, it is an engineering marvel
using this advanced structural concept was conceived in 1939 for its unparalleled combination of fine structural detail,
(ref. 1), This extremely successful airplane was in full-scale bonded construction, and immense size. Figure 3(b) shows

production in 1941 and saw much service in World War II. an example of the internal construction of the Spruce Goos'e.
Figure 2(a) shows the overall configuration of the plane, figure Major pioneering efforts in wood technology ended at the
2(b) illustrates some of the details oi the wood sandwich close of World War II. One reason was that aluminum alloy
construction, and figure 2(c) is a photograph of a Mos'quito technology evolved quickly in response to the needs of modern
bomber that is still flying. ]'his two-man-crew wooden aircraft. This was compounded by wood's past image,
bomber, one of the most advanced aircraft of its day, had a traditkms, limitations, and tiHkl0re. However, the main reason

= ,,4,
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Figure 2,--Concluded,

wood lost favor was related to mainlenance. [,,ack of a viable the major structural limitation of wood construction, moislure-

moisture protection system for a completed structure: was at related problems persisted, By 1945, moistureproblen_s were

the heart of the problem, Ali wooden struclures ne,.'d some perceived by lhc aircraft engineering community as a

reasonable moisture stability to prevent internal sh'es,;ing and fundamental unresolved dilemma thal severely limited wood

fungus attack, The old wood technology of ships had evolved as a viable engineering material lhr high-performance dynamic

t(_the point where it could successfully deal with large changes structures. Another ma, ior drawback was the lack of adequate

in wood moisture content, but the rot problem was never quality controls that could be implemented in large-scale

solved. Although the development of all-bonded ii)inis solved manutilcluring etti)rls with mass production.





Moisture and Dry Rot

Moisture is the major ingredient of ali woods, usually being

more than 80 percent on a weight basis in tile living tree.. Even
wood that is properly dried or cured will have a significant
percentage of its weight in moisture, This will typically range

from 6 to 15percent 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 wu'lous relative humidities at a temperature of
70 °F, The subject is somewhat more complicated than the
graph port!'ays because tile moisture content in air at 50 percent
relative humidity is much different ai40 °F than at 70 °F,,
(Warm air holds more moisture than cold air,) However, every
geographical area hasan average year-found moisture and

temperature that will determine the local average w,:,o'd
moisture Content, In the Great Lakes area wood seenrs to

equalize at about a 10 to 12percent 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 ii is harvested, Figure 5,--(?ross section era typical log from which veneers are cut, showing

The real problem with wood begins after ii is cut, when its principal directions (longitudinal directionis Icnglhwise),

moisture level is rather quickly influenced by short-term

changes in local weather conditions. Unprotected wood may Dimensional instability has always been a factor limiting
undergo many moisture changes in a short time, and the the use of wood in many engineering applications where
repeated expansion and contraction of the wood under these reasonable tolerances on size must be maintained, "l'o

conditions is thought to be the leading cause of premature wc_)d complicate matters, tile dimensional instability of wood has
aging. Wood over 3000 year_;old has been taken out of the never been constant, lt varies widely between species of wood

, tombs of Egypt, Because of the constant temperature and and depends strongly on how the wood is cut t'rom the tree.
humidity in which it was stored, the wood was tbund to have Referring to figure 5, radial-grain wood (cut perpendicuhff

lost none of the physical properties typical of its species, to annual rings) in most sPecies is more stable than is
This sponge-like capacity to take on and give off moisture tangential-grain wood (cut parallel to annual rings). The

at the whim of tile surrounding environment is'the root cause dimensional change of wood clue to moisture changes always
= of nearly all o.r the problems with wood. Specifically, varying occurs on outer surfaces first, caused by differing moisture

moisture levels in wood are responsible tk)r dimensional levels within the same piece of wood. This can lead to internal
instability, internal stressing that can lead to checking and stressing that often causes surface checking and cracking.
cracking, potential loss of strength and stiffness; and decay Ct'ali the problems of wood, dry rot decay is the most known
due to dry rot. 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 Ix:tintof 30 percent (rot is unknown in wood

_. _0 _ with a moisture contenl of less than 20 percent).
: = (2) An adequate supply of oxygen must be available to the
i _ 7'.,
_- £ rot spore fungi (i,e., the wood n-mst nel get too wet).
_, g _,0 (3) The temperature must he warrn (76 to 80 °F is ideal,

E 1' - /0 °1 although fungi have been known t() be active at temperatures
" _- as low as 50 °Iv).

-_ _ 10--_ (4) The spores must Mve tile proper kind ()f lbod (sonic

-- _ " f"/S } woods, such as western red cedar, are resistant t() rot because4 1 I ] ot' the tannic acid in their cellular makeup),
! o :co ,_o (,o 8o ]oo Although many types ()f r()t fungi worldwidc can destroy

ld I.AIIV[ IIIIt'lll)lIY IN AIMO_;PIII:RI,I'[RCtNI wood, in North Anlerica tw() species of lhc brt)wn rot family

Figure 4.--dkluilibrium moisture COllleIll irl w()t)d als a functitm of alnbient are dominatlt, l'hcse fungi are exlr'enlely [lardy and seem lo

humidity, survive tile w()rsl temperature extren-lcs in a d()rmanl state,

7



waiting only for the right conditions to become active, Efforts
to control brown rot in solid (unlamtnated) wood trove had " ,

only limited success and generally center around.poisoning " '
the food supply with wtrious commercial wood preserwitives, ' " . #
The approach to solving this problem in laminated wood is "
quite different, as will be explained later.

Wood Technology Today, , ,t '

The demise of wood as a serious engineering material was'
both unt'orturiate and premature. With the help of modern i! . .
technology most of the problems with wood can be solved in , , ,, i ; ,, .
a practical manner. Fc'_rnearly two decades the authors have

successfully used wood as a composite With pla,aic resins to ,;, i ,
build high-performance ice boats (fig, 6), multihull raking "' [,' ,
sailboats (fig. 7), and blades for modern wind turbines, An . , .
experimental 200-kW wind turbine on Oahu in the Hawaiian " .,
Islat_ds (fig. 8) hlts a 125-ft-diameter turbine rotor constructed ,,

. .

• Figure 8.--.-.D(.)E/NASA20()-kW Mod.-0A experimctltltl wNid lulhinc near

I' K_ihuku Village, Oahu, 1-hiwltii. Laulinated I)oughns fir/epi_xy Hades tbrnl
the 125-ft-diamc.'ter rotor.

of Douglas fir/epoxy lanaiilaie, The boats and turbine blades
I::igtlrt• 6.- A tlti.l iceholil Iriivelin 7 ill li speed_lt'6()inph, HilII lind otllriggers

tire' constructed ot"hunilltiied tqr/cpoxy, were built by Gougeon Brothers, lnc, ((lBl), ']'hose dynamic
structures must be built with higl_ strength to weight ratios
to be successful. These examples have been successful, in part,
because wood itself' is an excellent engineering muterilil and
in sonic applications Ims capabilities that are unavailable with
any other materi_ll. The ability to solve both woods' moisture
and joining problems, however, is the key to its use its a
practical and competitive erigineering inaterial.

At a time when t'iberghiss was dominating the bcmtbuilding
iridustry, a unique wood technology was developed at c:ll_lthai
relied on a new plastic ingredient: epoxy resin. For the first
time the ilJdustry possessed a key ingredient thai could be used
to tx_th bond and seal wood structures, permitting tligh strength
to weight r_,tios that efficiently utilized wood's excellent
physical prol,crties. This upgrading of an old material with
a new technology has cwllvcd corisideriibly during tlae lnist

two dectldes and is the basis for ti revolution taking piace in
Figure 7,--Adre#tali., ii 40-ft racing Irillilu'an with hinlinliied wca_tl/c,l×_xyhulls, wood technology,
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Wood as an Engineering Material _.;iE.z.rlili,.'mltuctva,,ta_,,.; in .,.;<.,Ivi,,gprt,N_n,._,;involving .,.;tilli1_,,;_
ell;sri<: c.'(mMres,,,;ivehu<.,kliNg,_tnd dulluutitm,

lr; ¢(msidcrin# using w(,t>das an ,;.'ii#incur;n# muter;iii, ii i:; 'Hl;.,.;strength ctmlpuri,',;(mc't,nsidcred ihc pr;Mtr;iu,,.;ct' wtr,cd
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spucicswith+.twide,r+.tn#c(_I'IJroF_ertic,',;,clcpt:rldiri[.ttH:_onI',tltI-IsurnutI1in_like."+,()()-psimaxintunltcnsit_nstrcll_thttL'rtls+,.;its

IIu:,sI"J¢cicsundIIled(:itsity.,.;¢luctc(I,'I'heranget_I'i)rtMcrticx #t'ain,TIlutix+.t4()-Iu-Ivariationintcnsitm.',;trcru_..,,thwill;lead
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littlevariationc_I'trlaiuriuIUcnsityispossible,"l'heclcnxityel' vvut_¢.Icn,',;trtlCltlresmay lutvctt_tr'ikoexplicitmeusure.str_dultl
, _,',,,t',tl_.l,ott the other ImncI, uun t+c .',;¢lectccltw,..'r merc thal._ti with ct'us_;-gruin ur_cl.shcarin[zl'_rucs, unlike the. dc,,+igncrwltt_

Full +.',rclcrel' rrmgnitu,:.lu, t't'um (', Ib/l't :_ (or cvcn lc.,,;,,.;)Fur m.;csconvent;;real mutcdals with ixt_trui_icpr_Mcrtics, lt ul,'.;tl
selected grudcs u,l balsa tt_ over 60 II:',/l't_ l't.,rcurtain specicK rrlcuns thttt in t.'_,scswliorc I+.(rtiehmcls t'lm'+,'in tnuru Ihal_.tme
,,',t:ll+.miwt,.>d,lbcsi#ncrs using t_ihcr rrmieriaI,'.;c:+.mpcrlml3S13¢s1 dircuti<_m, ,,reed gr;tin will t'mvu tri t_cat'r+.tngcd tt.i align with
apprcci+.uc,,vimltltixmuuns I_yimut,,inin#Ilmru Iitumrtil'lO allt'_l"thexeItm<.Is,Iqw casesv-,,hercthehtrgcItmdscrectmIlrtcd

indensityv+.triuti<.mwzrcsumchow readilyavuih.thlcFursteel, I(_+.tsingleph.ttlu,tail;irl;tiedvut'icuror!+lyv,,(_t_t.Icanmuttthe
alumir_urn, or conMtlsitu F_mteriul.,;. re,luircmcrtts, Whore hinds exist in +.'iiithree axes, II'tcdesigner

Thc, 'I'msiurncuhaniual prtMurties _._1'_vt_(_t.Ist.;eh ;ts strength lmt.,,;tt.is¢.,merc stMhi,,.;tic;ttcdalMr<:m¢J'iestailored m the Ici;ctx
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true. rcg+.'it'dlex,,.;oI' specie,'.;, sinc;c rftc Imsiu organic rlmtcriul ix wt_udcn ,,.;tructurc',,+"c.,oin," mid ¢_le+din_with tltcn'i is the price

the ,+.;_.trrtciri cii sp<.+cie,,.;.Thus, ch;'iIiging <.lcnsity i,,;rather likt.' the +.Icsi_nurpays in t_rder Irigain tilt +iclvanti'i_estri' this ca,,.;ily
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irlto dil'lurcr_t cr(_ss-,,.;cctitmitlat'ct'is, with lit;lc net vHriittioll oi'
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ctmxtr+.ut'icd_ccm'iotric vt+h.imcs.The Iull t';tn#c t_l'intcrmct.liatc stm'iu other iYu'itc.ri;'ils,hut irt rr>und rtuml+cr,,.;,ten-lcc+.'incxpcct
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thc,.;c cxtrcn'ic,',;, Ft_r example, Ftu"+'i&,iron buckling hind tinct IcmclinB)lt+r _,'+,,t+t_.lwith trmxintunt strc:x,,.;cst¢i 3() percent til'
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t.tnsuppurt,,:d l+mnclIcn[..ttltund tt l_tcttlr til' 3 in urlsul+_l,tmcd peruerltt'iMu,'-;urc a<.:ucptul'dc.Fi#urc Yillu.,;tr+.ttc,,.;llt_w the lt'itiy,uu
tc+lurer; Icn#th tire re;t¢lily uv+.til;+tblctil the dcsi+._.nc!t_Iwt+oclcrl rcxiSttltlL't.,(_Ile;nina;cd ,,,v(it_cl((.h+u#con engineered lt'inlititttc,
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type '110) compares titvorably with that of other structur_tl
nlaterials, PITr flt-NI)I ElIll AI(

(ral)Ial.)
Because a large slrt!cttl!'e will be conipo,,!ed of a great deal PI:Rtq2NIIICUt.AR

more material than a small one, ii will include a much larger (IANGI!NIIAI) _, ' [-GRAIN I'ARAIII:l.number Of built-in defects, Statistics dictate thai the worst I

defect (which sets the strength level ti_r a whole piece or _ '...::s:z_ /_"_
s{ructure) will be more severe in a large structure than in a
small one and that a lower level of practical working strength - --ltlll 1 ,J01NI

will therefore r¢_sult for the lm'ge structure, Although ductile /.,' ,.
yield can somewhat mask this effect tk)r one-time or low-cycle /." "

' //61.tit:: \'- SCARFJetNI
loading in some materials, long-terrn fatigue inevitably seeks t INFS
out these strength-limiting defects, The size effect must there-

' I:igurcIlL--Grtthl(u'ientationInit typicalhtnflntttcandillustrationo1'types
fore be accounted for to properly design large t'attgue-driven or laminatejoints.
structures,

The wealth of experimental data in chapters III and IV
provides a modern basis tbr tissessing the fatigue pertbrmance
of Iir/epoxy laminates that goes well beyond what was wood/resin conw)site structure must also be sealed at the sarne

previously available, Work continues on a volume of time a Proper bond is being made,
wood/epoxy test data that addresses two other central issues The basic success of the wood/resin composite depends on
for large, fatigue-driven structures; namely, what is the effect the ability of theresin system to both effect an adequate bond
oi'size upon the strength and fatigue perfommnce ofa rnaterial, and resist the pass_Jge ot' moisture, An ept_xy-based resin
and what role do defects play in setting these overall strength sYstem.has ew)lved over the past 20 years that has been proven
levels'? effective through actual usage in a wide range ot' environments

The Sequoias of the western United States are colossal trees with both marine and wind turbine blade applications, At
that must withstand nature's fatigue loads for centuries and present no known resin system can tbrm a perfect moisture

must do so in the presence of defects from boring insects, barrier, However, the present level of capability is sufficient
physical damage, and disease, Because the survival of any tree to slow the passage of moisture to such an extent that actual

dictates that the weakening effects of size, defects, and fatigue rnoisture change within the wood is kept to a minimum, In
are successfully dealt with, the utility of wood for large tatigue- the presence of the. short-terrn fluctuations in atrno@heric
driven structures should terne as no surprise, 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

Wood/Resin Composite humidity, The more violent short-term and seasonal moisture
iluctuations are easily resisted,

The basic principle of larninating wood has been used With proper sealing, dry rot has been eliminated by keeping

effe.ctively lhr many years, The major difference between a the moisture content below that required for dry rot activitY
standard wood laminate (such as plywood) and the new wood- and als() by sealing the wood from any oxygen source, This

resin composite developed by c;m is that as much as 20 to 25 removes two of the necessary ingredients let the rot spore to
percent of this new material is resin, The main reason for thi,", function,

change in approach is to providethe wood fiber with maxinmm A third benefit of using a high resin ratio in a wood
protection against moisture. A second reason is to provide composite :s utilization of the excellent physical properties
sufficient resin to fill the inevitable voids and gaps that can available with modern resin systems, Some of these unique
occur with low-pressure bonding and thus reduce the number ' properqes can be used to enhance the capabilities ot" many
of defects that might act as nuclei for failures, wood species, especially in the secondary properties of cross-

A schematic view of a typical laminate (fig. !0) shows grain compression, tension, and shear.
its directional geometry, Two types of laminate joints are Early in the cml wood composite development, the Douglas
illustrated here, namely, scarf and butt .joints. Both have been fir species was chosen as the best available to fulfill ali long-
used successfully at c.;nl, term needs, The reason for this decision was prirnarily

As already discussed, mosl of the problems with wood are economic, but it was also recognized that the Douglas fir
moisture related, The basic approach al cml is to seal ali wood species possesses excellent specific physical properties, better
surfaces with aproperly t'orrnulated resin system, A typical than those of rnany (_ther readily awdlable wood species. Of
laminate using 1/10-in.-thick veneers will have nine glue lines particular interest was Douglas fir's ideal density for use in
per irlch of thickness, and each glue line n-mst be penetrated many types of high-pertormance structures, Its density is high

by water wtpor t(_ either increase or decrease the moisture enough to give needed strength, yet low enough to provide
content ot' the entire laminate, Ali subsequent .joints in the efficient buckling stability,
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Douglas tir, widely ira¢led as a cc)mmodlty in u veneer tbrm, has lhtls been important lo the economical t'abrtcathm ()1'large,
supports a large plywood industry, An active reforestation lightweight wooden structures,
effort with this species has meant thal a significant portion of The filet thai wood is a del'ect-htclen maim'hd has led to the

the market is in sectmd-growth trees th.at range from 20 t_, development o1' two separate procedures tiir tninimizit_g the
30 irt. in diameter, These trees, cut into 8-ft lengths called effect ofdef'eets on the laminate, The first is a.rartdorctlzatlon
peeler logs, are elTicierltly turned into ver,eers with a minilnum ol'deibcts by systematically arranging veneers to scatter defects
of waste, At historic growth rates the present reforestation as ever@ as possible through the lamltrtte, Statistically, tills
efforts should ensure.an ample supply of.this species through procedttre reduces the severity oi' defect-initiated failure, but
the next century. . it cit)cSnot eliminate the problem, The second, and far more

etTective procedure, is to ultrastmically inspect ali veneers,

This lO0-percent-inspection process can bwl?erfornled by a
, machine in wlmt is a high-speed, it>line process tit minimal

Economical Fabrication of Wood/Epoxy cost. About 30 percent of the veneers typically cit, not l,aSS

Composite Structures inspection, and these are sold back to the plyw{;od nlarket,
I)epending on volunae, the total grading costs can be as low

The price of ideal 1/10-in,-tlaick premium-grade (AB) as $1(} per thousand square feet of veneer, This new and

Douglas fir veneers taas averaged approximately $55 pe)' etTectlve method of qublity control provtdes a more homo-
thousand square t'cet from 1975 to 1985, More recent prices geneous wood laminate material that consistently meets high
in 1989 have been as high as $86 per thousand square feet, physlca.I property standards,
an increase that is still well below the inflation rate since 1975, Tlm base material costs for producing wo()d composite
Our experience has been that this basic veneer price increases materials are a function of the relative amounts of the two
by 6() percent after drying, grading, spoilage, and shipping principal ingredients: wood veneer and bonding/sealing resin,
costs are taken into account, But even al 14 cents pet' square Although the relationship will vary, 80 percenl wood veneer
foot, the 1989 per-pound cost of Douglas fir veneer only and 20 percent resin (by weight) is typical of a standard
amounts tc) about 40 cents, which is about half the price of laminate, The bnse raw material c()st can be figured on this
unwoven synthetic fiberglass materials, The wood industry has veneer/resin ratio as follows (assunaing 100 Ib of lan_inate)'
made significant strides to improve overall efficiency in past
years, mad it appears that a low-cost supply of the Douglas

fir species will be avaihible t'or nlany years to conic,

Laminating presstires of 100 psi or above are typically 1/10-in,-thick Douglas fir vvneer at $0,40/1b × 80 Ib = $32,(_.)
a necessary to make effective bonds with traditional 'wood ' Gougeon WI,:S'I'SYS'rV,Mresin at $2,57/Ib × 20lh = $51,40

adhesives, Achieving these high pressures can be expensive, - .........
and this limits the size of the laminated parts that can be made, $83,40
With special epoxy-based adhesives excellent bonds can no:tw $83,40/1(1() = $0,834/Ib

be made at low pressures under room-temperature conditions.
l_,owering the pressure needed for laminating has the positive
effect of lowering the cost of wood bonding, Pressu)'es tc)

12 psi are easily and cheaply produced witia a vllctlLtlll-bag Wastage and handling costs must bw added to tllis l_asc cost,
system thal has been used at Gt_lto nlanulitcture laminatcxl parts Act_ording to ca)))experience, this increases the total raw
for wood/epoxy wind turbine blades as long as 68 t't, material Ct)st to almost $1.00 per pound.

The ability to .join veneer subassemblies into a useful The total cost of a wood/epoxy laminate is obviously
structure with low bonding pressures al room lefnperattir_:.; sensitive to resin costs, and there is t'ar greater need to reduce
relies upon a high-strength, gap-tilling adhesive, Test data this cost eleme.nt than to reduce wood costs, lt is in,.portanl
suggest that gaps of 0,250 irl, in longitudinal joints can be to understand thut any attempt to reduce the percentage of resin
successfully bridged with a thickened wv:sl S','S'rt_.Mepoxy in the laminate will adversely affect both moisture resistance
adhesive, without measurable reduction in long-term fatigue and proper bonding, Wood/epoxy ratios will wtry depending
resistance, on a number of factors, but the resin content cantlot usually

1 t .Costly quality problems due t() low or uneven bonding drop much below 20 percent of laminate weighl without
pressures that produce gaps are signitqcantly reduced. A high- perforlnance losses.
strength adhesive with bridging capacity can provide a wide From c_m's experience a high-volu)lm, mature lllllntll'k|C-

safety margin by successfully spanning significant voids in a turing phmt is generally capable ()f producing ordinary
lanainate, The physical properties o1' specially I'ormuhlted structures at roughly double the base material cost, This
epoxy-based resins can be considerably higher than the static suggests that a production cost of $2,(1{Iper Ib (in 1989 dollars)
cross-grain strength or shear properties of most woods, The could be attained under the right circunlstances fbr a fully
ability to make highly reliable joints wtth c)nlycontact pressure mature, tligh-volume Ira)duct c()nstructcd ()t'w()od aral epoxy,



J

Development of Wood/Epoxy w_ts undamttged, ccmf'irnning the potentiul nppltentiun t,f'

Wind Turbine Blades , wot_d/epoxy hunllmtes tls n structurnl nlateritd for wind tttrbine
bh.tdes, The steel studs, however, failed in fatigue _mtside the

The stlceessful development of w'oml/epoxy cOrnposile blnde as n re,sell of I'lexibilily in the SUl'q>ortphtle to which
blades tbr modern wind ttlrbifles (fig, 8) serves t,_ illustrate tliey were _tttached,'l"liis led tu _trecognithm _d'thchnportttnce
the large potential fur many other high-fwrfurrnutlce structures of stiffness in tilt hub nttaehmerit tlmtges, nm.l im>tlil'lcutions
designed and tktbricated using the strum tmsic tect'mology, were made to prevent this type of failure in the future,

Wind turbh-le l_htdes nmy well be one til' the ruo.,+tdifl'ictilt Std+sequently, severtLlctmtrttcts were uwnrded for the <:lesigt1
perfc;rnmrle.e npplicatitms for uny lntttel;ial, 131ridesbuilt of und munufnctu;e t>l'bhtdes for l'¢mr 2()O-kW Mod-0A wind
steel, ttlumirmn_, und fiberghms lmve +illsuffered from fntiguc ttlrbines with rem+rs 125 l't in ditmletur, The first lmir ¢_l'bhtdes
failures, Oue l'e++tstulis tl'utt peak bhtde lc,ads and their cy,.'lic wits l+uiltcmtillaccelernted schedule that ttllowed only 5 months
cot+nl+t:mentslm',,c turned out to he rnore severe than anynne for design, fueling, nnd litbrieatiort, The bhtdes were delivered
arlticifmted, l+tmgqerm perfnrmnrtce (more thttn 20 yeurs oI' un time nnd cmbudget ttnd performed satlsfuctorlly for 7844
Ill'c) has not yet been dermmstrttted by any rnttterittl for tltis hours before a corroshm-fatigue 1'tlill.lreoccurred in one steel
difficult applictttitm, hut a wood/epoxy cornposite ims stud ns n result, of rllistttignrner|t +.]uring assembly+ As a

denw,nstrttted excellent l_olentittl for uchievit;g this llfc SptLtt, preeautionttry measure the bh_des were removed from service,
l-'ersonnel t't'(+lll the NASA Lewis Resettt'ch Center ill l:,'ulh.+w-onbhtdes sew sntisl+actory service orr ali four of the

Cleveland, Ohio, who were involved in developing htrge, Mud-OA experinienlal turbines, confirmirtg lhc success oi'the

lwu'iztmt/tl-ttxis wind tttrbincs for the I)epttrtmertt of Energy, wried/epoxy conlposite bis:le apf>r(mch,
contttcted C+l-_tin 1t_77while Searching for ways tt_ reduce tile The sttceess of these early blades was made pt>ssiblc hy tt
high cost ot' blades, EtTorts to develop aluminurn, fiberghtss, combinutiotl o1'good luck and coitserw.ttisrn in the design and
and steel blndes were alrently under way, and c;m was asked engineelqrtg effort, Many years of working with wood
to f>erft+rma w,+od-bhtde feasibility study, Early results of the ¢'tmq>ositematerials in tile mt.trine industry helped I;igrtit]cantly
sttldy were encuuntgjng, nnd a 2()-.ft-.Iong,full-size test section by pruviding +tprtlctiettl working knowledge of the nlaterial,
ttmt represented tile inbintrd one-third of a 6(1-1'1bhtde wus Almt, j_+rproblenl was the luck of specific mttterial date Upon
etmstructed, which to base tt set o1'design stress nlh_wables for tt 30-year

NASA'S experience bmi shown thal tile irlbottrd ends ni' life (4 x 10s majc_r load cycles), A secondary nn¢t still
turbine bludes were the rr_ostsusceptible to fmigue fuilure, The prevalent problem in the wind power industry wtts a lack of
hub end of the 20-ft smnple ctmt+tirtedn ring o1'24 studs bonded knowledge uf the reel hmcls that wind turbine blades hud :o
into the 3-in,-lhiek bhtde walls with epoxy, c:;l+ldesigned this withstand, intrticularly in extrerne operating conditions,
somewhat unustml but simple method f,nr attaching the v,,oc_d The issue of material perforrmmce cupability wus more
hhtdes tn the rotor high, A typical stud, 18 in, long, is sttm,vr_ seriously addressed in lttte 1980 when cim began a subctmtrac'+t
in figure II, Other stud ccmfigurnt'hms are discussed in with the Generttl Electric Company to develop tt 400-ft-
references 2 and 3, NASAtests confirmed that individunl studs diameter wind turbir_e rotor t'_+rtheir 7,3-MW Mod-5A wind

hnd sulTicient static and t'tttigue strength in the btmds, but tttrbitle, a prt_jeet mnnttged by NASA and sponsored by DoE,
testing t,l' the ct,xnplete bhtde-tt_..hubjoird was necessary bel'tu'e The need for cormiderttbly butter mttterittl understttnding than
this ruwul meth+_dcould be accepted fur use Olltt wind turbine, thut resulting l't+omthe earlier Mnd.-0A effort became tt major

The vt,lnpleted 20-ft bhtde sectitm was delivered to NASA obstacle, This need resulted in funding t_t' the most eompre-
in July 1978 l'_r evaluati_m, After rigt_r_tts testing with both herlsive fatigue testing progrttrn ever undertaken on a wood
stntic and ftttigue hmds, the wend/epoxy I+_rti_mof the satnplc material,
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Unlbrtunately, the entire Mod-5A progran_ was then In November 1983, ¢_m was contacted by Westinghouse

operating !m an accelerated sclledule, and the blade design Electric Corporation to design and develop blades tbr a 142-It-
effort was always waiting for material test results, Because diameter rotor for tts 600-kW utility-oriented wind energy
of the time pressure the cyclic ti_tigue testing was concentrated system, Production tooling was completed by April 1985, and
on those basic laminate properties most relewmt to stress 36 blades were butlt and deltveredby November 1986, These
conditions driving the blade design, Minimum numbers oi'test blades, one oi' which ts shown in t'igure 12, have pertbrmed

samples sometimes provided data that were not conclusive, sattstiictorlly on a Westinghouse-constructed wind power
requiring careful interpretation to develop meaningful design station located on the Hawaiian Island of Oahu, These 600-kW
parameters, This was a particularly dit'tqcult problem tn the turbines are the largest commercial units yet to be built in a
area of secondary properties, series production and are thought to be an ideal size for

The tesi program was completed in Jtme 1984 after the commercialization with utilities tn the near future,

Mod-5A project was terminated at the e,nd oi"the design phase, A vital factor in determining the ideal wind turbine machine
Although a wood/epoxy rotor 400 ft in diameter was not built, size for economical operation is rotor cost, Both wood/epoxy
a qualified design was completed, together with a manufac- and fiberglass blades were considered tbr the Westinghouse
turing phm, wind turbines, The uBI wood/epoxy blades cost less and were

Since the demise of the Mod-5A project, both oo_-funded considerably lighter than the fibergle'_s option, A lighter blade
and Gin-funded testing programs have added significantly to allowed significant weight-associated savings in other compo-

the data base, However, many design-allowable issues are still nents of the machine, which meant that an extra premium price
m

not completely resolved, such as size effects and cross-grain could be justified because of the low rotating mass,
tension Strength, Until these issues are better defined,
conserwttive use of certain design allowables rnust prevail,

Manufacturing High-Performance

Production of Commercial Laminated Wooden Structures
Wind Turbine Blades The basic approach to manufacturing wood/epoxy laminate

structures has not changed since the first Mod_-0A bladeswere
c;m made a decision Io enter the commercial wind turbine built in 1980, The steps in the manufacturing process are

blade business in 1981, Over the next 2 years, tbur different illustrated in figure 13 and described in more detail in
blades ranging from 10t't to 38 ft in length were designed and references 2, 4, and 5,
put into production, Altogether, over 43(X)of these blades were Figure 13(a) shows the female mold for one-half of the blade
built and sold by late 1985 for use in generating power, To airfoil, A layer of fiberglass cloth and a layer of aluminum
date, none of these blades has failed in normal service, with screening installed tbr lightning protection tbrm the external
some of them achieving well over 20 000 service hours, surface of the blade, Figure 13(b) shows precut and fitted
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. epoxy, and inserted as a set into the blade root as shown tn
figure 13(h), Tile finished blade is shown in Ilgure 13(1)being
loaded for shipment in a protective carrier,

Beginning blade manufacturing efforts were limited lo

prototype development and smi|ll-w_lume production, Typical
costs ranged from $20 to ,r,.O per pound (1981 dollars)
for these early blades, reflecting high labor costs, Serious

pmductkm efforts begun in late 1982 startcxt a nalural ew_lution
in improving efficiencies tn the basic manufacturing procedure,
By late 1985, prices tbr blades had dropped to the $7 to $10

pcr pound range depending on blade size, complexity, and
w._lume. These prices are still dominated by ''-'_,,,,hourly labor

costs, but modest capital expenditure[ ,_',.,:,: ._ade lt_rge
reductions in htbor hours, /

With labor costs being a high percentag,2 :' _e total cost,
there is considerable room to reduce future cost_; through

mechanization of the work effort, Many labor-saving
improvements have been identified and are awaiting proper
business levels to ,justify the capital expenditures needed for
implementation, lt ts believed that a sales price of under $5
per lxmnd can be achieved for a completed wind turbine blade,

: This prediction assumes leveled production in ii mature plant,
with moderate cagital expenditures tbr machinery and
equipment, lt should be recognized that wind turbine blade
manufacturing needs strict quality control procedures, and this
is a significant cost element that is not likely to decrease much

' with increased volume.

Concluding Remarks

The success of boat and wind turbine blade applications
would indicate that this new laminated wood/epoxy technology
is both a viable and an advanageous approach for many types
of high-performance structures, Its inherent low density

(hl Inserting adhesive-coatedstuds intobladeroot end. provides adequate buckling strength through the use of thicker
(1) Completed blade being prepared tbr shipment, wall sections al the same weight, Both its natural fibrous

Figure 13,--Concluded, composition and its ability to be readily bonded into a virtually
monolithic structure contribute to long fatigue lit'e, Its excellent

physical properties for its weight, together with high specific
epoxy-coated fir veneers stacked in the mold, During this stiffness make extremely lightweight structures that are still
operation veneers are stapled in a number of locations to ensure strong and stiff enough to meet tough dynamic operaling
proper stacking, Figure 13(c) show,; the installation of a conditions, In addition, the basic material is reasonably priced,
vacuum bag over the half-shell for the purpose of applying domestically available, ecologically sound, and most hnpor-

light, unitbrm pressure to the veneers during the epoxy cure, tantly, easily fabricated,
Figure 13(d) shows the cutting operation that trims the leading Numerous other potential comnaercial applications tbr this
and trailing edges of the half-shell so that it will mate properly technology have been identified, Many of these potentials

-. with theother half-shell, Figure 13(e)shows placement of the will be fully developed in the years lo come, There has
shear web, and figures 13(t") and (g) illustrate mating and already been a direct spinoff in the marine industry with an

bonding of the two half-shells, Steel Studs of the type shown inalmv/ement in the design and manufacturing approach to boat
in figure 11 are held in a fixture, coated with a thickened c[mslruction,

15



References

I. Ricker, C.S.: De Havilland "Mosquito", Aviation, Part l--May 1944, _4. Lark, R. F. ; Gougeo n, M.; Thomas, G. ; and Zuteck, M. : Fabrication of

pp. 127-140; Part li--June 1944, pp. 123-137. Low-Cost Mod.-0A Wood Composite Wind Turbine Blades.

21 Strobel, T.; Dechow, C.; and Zuteck, M.: Design of an Advanced Wood DOE/NASA/20320--45, NASA TM-83323, 1983.

Composite Rotor and Development of Wood Composite 'Blade 5. Lieblein, S.; Gougeon, M.; Thomas, G.; and Zuteck, M.: Design and
Technology,' DOE/NASA/0260-1, NASA CR,-174713, Dec. 1984. Evaluation of Low-Cost Laminated Wood Composite Blades I'¢_r

3. Faddoul,.J.R.: hnproved Stud Configurations lhr Attaching l..aminated Intermediate-Size Wind Turbines: Blade Design,' Fabrication Concept,
Wtx_d Wind Turbine Blades. DOE,NASA/20320/66, NASA TM-87109, and Cost Analysis. DOE/NASA/0101 - 1, NASA CR- 165463, 1982.
'1985.



>

Chapter III

Data Summary and Analysis
David A. @era* and Jack B. Esgar**

This chapter of the report summarizes the static and fatigue obtained on laminated Douglas fir/epoxy were at moisture
tests conducted on laminated Douglas fir/epoxy. In addition, contents below 8 percent. Lacking a better analytical approach
information is provided on the fatigue strength of various than reference I, however, we used the reference I method

, joining methods,, including glued joints between wood .herein. Ref_.._ence1 Presents the following equation to calculate
members and the use of metal studs tbr attaching laminated- a clear wood property P for any moisture content (in percent)
wood structures to metal components of the overall structure M.
Analyses are developed for correcting strength values for wood
moisture content and, based on the data available, Ibr more

generalized strength models Approaches used for statistical (pl2,_-I(,W--.2)/(Mp-12)1
analysis are described in both this chapter and. chapter IV. P = Pi2 \p,,/ (I)

Chapter IV; which follows, contains tables of all the dataJ

presented in chapter III, some further analysis, and additional
data on shear strength, modulus of elasticity, strength in other where
directions relative to graindirection and damping
characteristics. Pi2 property at 12 percent wood moisture content

P,, property (in green condition) for all wood moisture
contents greater than Mt,

Correction for Moisture Content, ii, wood moisture content at which changes in property
due to drying are first observed (Mt,- 24 percent

The moisture content of wood affects its strength. Higher for Douglas fir)
moisture content results in reduced strength. Wood generally
stabilizes at a moisture content that is dependent upon its

Since P_2 and P_,do not vary
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 P_2 '
e×.perimental testing, lt is therefore necessary to ha,,e a means .... K (2)
of correcting strength data for moisture. P*'

Reference 1 presents an analytical method for correcting the

static strength of clear wood specimens for moisture content, where K is a constant for a given wood property. Values of
but information is not presented for laminated specimens. K are discussed later.

Experimental evidence presented in reference 2, particularly In laminate testing, the moisture content of the test specimens
for tension parallel to the grain, indicates that the approach was determined by weighing the test specimen, or a portion
of reference 1 is not necessarily valid Ibr wood moisture thereof, after mechanical property testing and both before and
contents below about 8 to 10 percent. Unfortunately most data after oven drying. Specimens were oven dried at approximately

220 °F for at least 12 hr until their weight stabilized. Then

wR- w_
"NASA Lewis Research Cenler MI. "- × 100 (3)
"*Sverdrup Technology, Inc., Lewis Research Cenler Group. 14/I)
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where Correlation Coefficient

M L moisture content of laminated specimen Values of the constant K were determined empirically for

Wt_ weight of moisture-content specime n as tested and .fatigue tests by finding the value of' K that resulted in the
before drying highest correlation coefficient. The correlation coefficient r

Wo weight of moisture-content specimen after oven is a measure of the scatter of data about a linear regression
drying line for log-log plots of cyclic fatigue data. The tbllowing

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

tl 112

Mw = 1.22 Mt, (4) i= 1
22

where Mw is the moisture content of the wood, Combining n
equations (1) and (4) and letting Pt_be the mechanical r = m (10)' ' tl

property as tested gives E y2
i=1

?2
p_, = pBK (1.22Ml,-12)/12, (5) tl_

Combining equations (1) and (5) yields where

m slope of least-squares regression line

Ps = Pt_KCM)-M_,)/9.84 (6) X log S (S = maximum cyclic 'stress)
Y log N (N = cycles to failure)
_' mean value of XI

mean value of Yj
where Px is the corrected mechanical property of the laminate

at a specified laminate moisture content Mx. The value of r will lie between I and - lwith the least scatter
In the data reported herein there was some variation in the when r-- 1 or r--- - 1.

moisture content of the specimens as tested. The midrange of

most test conditions was at a laminate moisture content of 6 Evaluation of K
percent. The physical property data of the specimens were
therefore arbitrarily corrected to 6 percent laminate moisture Evaluating K empirically was considerably more successful
content as a standardized condition. At this condition equation for fatigue than for static data. As stated above, the constant
(6) becomes K was determined fbr fatigue data that resulted in a maximum

value of the correlation Coefficient r for the regression line

calculated for ali data points. Figure 1 shows how correctingP6 = PB K(Mt-61/9'S4 (7)
compression fatigue data for moisture content moves the data

points in a vertical direction and how it can improve r. A range
Equation (7) was the basis of moisture-content correction :_fK was chosen by a trial-and-error process to find the value

for ali data in this report. Values of K used in the .equation resulting in a maximum r. In the case shown, the regression
for laminated Douglas fir/epoxy were obtained empirically line is not appreciably affected by the moisture correction, even

where possible. Where data were insufficient for an empirical though r is improved. Thereason the regression line was onlydetermination, values were taken from reference 1 for clear

Douglas fir. slightly affected was that the moisture contents of the
specimens as tested were about equally split above and below

To correct the data to any other level of laminate moisture tile arbitrary reference value of 6 percent. If the bulk of the
content Ma,, combine equations (6) and (7) to yield specimens had a moisture content either higher or lower than

6 percent, the regression line would have shifted.
Px : P6 K(6-Mxl/9'84 (8) Attempts were made to find static strength data at different

moisture contents and then to establish an empirical value of
To correct the data to a specified level oi" wood moisture K that would correlate the data. In most cases the data scatter

content Mxw, combine equations (4) and (8) to give was far greater than the variation m strength due to moisture
content, and empirical evaluation of K was not possible,

Px = P6KI732-Mxw)/12 (9) Evaluation of K is discussed further in chapter IV.



of laminated specimens yielded a K value that was the average
o COMPRESSIONFATIGUEDATA for static tension and static compression for clear specimenslm STATIC TESI DATA(EIGHT SPECIMENSCORREC'IED1"0

6 PERCENTMOISTURECONTENTFOR K = 1,92) aS obtained['ron_rel'erenceI,

OPENSYMBOLSDENOTENO MOISTURECONTENTCORRECTION
(S = 13 670 N-O'Oqo8qar = -0,8254)

SOLIDSYMBOLSDENOTEDATACORRECTEDTO 6 PERCENT AdditionalStatisticalAnalysisMethodsfor
MOISIURECONTENT,K = I_2<s = ssoN-O,O399 ,---o,897s Mechanical Property Data,

" Standard Deviation
LAMINATE

MOISTURE Standard deviation u is a measure ot' the wu'iability of dataCONTENT,

10x10.3 PERCENT that have been averaged to obtain a mean value, The equation

E" _"__,.._ _.G.s'° a,_Oq'5 . . tbr standard deviation is available from many sources, such.-E=,,; 8 _"IF_...._ as reference 3,'

103 10q 105 106 107 108 o -- - -
CYCLESTO FAILURE,N 11 _

Figure I.--Moisture correction of data for compression fittigue (R = 10) (1 1)

parallel to grain in laminated Douglas fir/epoxy specimens, Veneer grade, l.l_p_ _ ("_p)

A+, Data from figure 4,2-1 0f chapter IV, o = - fl 2
-.

The following table lists K values taken from reference 1
for clear Douglas fir and the values used for laminated Douglas where
fir/epoxy. The values for laminated Douglas fir/epoxy shown

P individual value of property measured
enclosed in brackets [ ] were taken from reference 1 because P mean value of n measurements of P
empirical determination was not considered possible or was

probably inaccurate, These two equations are equal and the choice of equation may
depend on the chosen calculation procedure.1

Property Clear D(mglas | Laminated l)(mglas

fir (ref. 1) [ fir/epoxy The t Test

K valuesused tbr m(,isIure- The t test is discussed in relerence 3. In this investigation
contentc.rrection the t test was used lhr two purposes: (1) to estimate the

Statictensionparallel to grain 1.21 11.2tl precision of the mean value ot' individual measurements P tbr
"- Statictensionperpendicular to a specified confidence level, normally 95 percent (at this

grain 1.13 El.131' confidence level there would be one chance in 20 that the true

Static compression parallelto mean lies outside of the specified range), and (2)to test
grain 1.92 [I .921 whether the means of two different groups could have come

Static compression perpendicular

to grain ....... 1.50 ' from the sanre population or from populations with the same
Staticshear parallel lo grain 1,26 1,07 means for a specified confidertce level, such as 95 percent,
Modulusof ehtsticity parallel to The precision lirnits, usually called precision, can be

_ grain . 1.25 1,05 , specified by the Symbol (', Again lhr a confidence level of 95
• Tensi(m-lension fatigue parallel percent

t() grain ...... 1.21

= Compressi(m-compression fatigue

parallel to grai n -....... 1,92 (_).!)5= .4- t0.os,fo ' (12)

Tension-compressi(m fatigue

L_parallel to_n____ ...... ___._[_._ 1,57 ___ where Io.o5 J is read from a t table available in statistics bet,ks
such as reference 3 or in books of nmthematics tables, 0,05

Note that the empirical values elK that could be determined is the probability of observing a larger absolute value of t,

from static tests of laminated specimens were lower than the and f is the degrees of freedom and is equal to n - 1, where
K values from reference I for clear specimens but that the n is the number ot"specimens tested, Note that a confidence
empirical values lhr tatigue of laminated specimens were equal level of 0,95 requires using 0,05 in the t tables. Different
to static tension and compression values from reference 1 tbr values ot" confidence level can, of course, be substituted for

clear specimens, Further, the tension-compression fatigue tests a specific application.



Then ibr a confidence level oF95 percent dm.minilnuul value values of strm_gth, corrected to 6 percent laminate moisture
of 'a property that could bc."expected would be content, and standard deviations are plotted in figure 2 lhr

specimens with no joints, butt joints, and scarf joints in the
P.H, = P - ]lb.,_._] (13) larninatiorm, The lltllllber of sr_ee,imerm tested for cacti data

point is indicated, The abscissa is a logarithmic scale to cover
In testing vehether the means of two different groups could the wide range of specinmn volumes,

be t'ronl the same popuh|liOll the following equation is used' Structures or specimens lidr_ricatedfrom laminaled w()od that
are longer than approximately 8 l't and ',vider than

approximately 4 tt require ,joints or discontinuities in the
IPI - P"I lanlinations. A t'ev,,of the smaller specimens represented In

t ...... 7............ (;7 (14) figure 2 had no .j(finl.s in the laFninations. The remaining

o(i_. + _._) '" specimens uonr,,ined either butt joints, where the two,,,djacentveneers were trimrned and butted against each other, or sc,'uq"

.joints, where the veneers were scarfed at a slope of 12' 1 and
The subscripts I and 2 re.fer to tile two diiTerent groups, and tile SCal'l_,.;overlapped so that more tension load c,,)Llldbe carried

through the glue line of the joint,
' .i 'n, Figure 2 Shows prirnarily the scope of the tests IHld also

E Pi + E t'_- n,P{- n2P_ shows a.general trend of decreasing mean strength with
i= I i= I increasing specimen volume tbr the static tension case. This

o = (151
' 111+ n-, - 2

lqXlO3 NUMBEROF

SPECIMENS 0 NOJOINTS
where o is a pooled estimate ot' the standard deviation tbr the TESTED [] SCARF JOINTS

two groups, G2 ,_ BUTTJOINTS

The value ol'I calculated from equation (14) is compare d 13 -- 02 OPENSYMBOLSDENOTE

with a value oft read t'rorn the /.table for lhc degrees of TENSION
SOLID SYMBOLSDENOTE

freedom equal to n I + n, - 2 and a preselected probability _ []m C0_PRESSION
a, It' the calculated t is larger than the tabulated t (l'rom the " 12 --.

t table) then we conclude that the populati(m mean estimated ,.,4 A .S
' _ E36

by PI is significantly different t'rom the pormlation estimated _ AI'_ [] !0
by Pe, with the chance a' of being wrong. Conversely, v, 11--
rnatching the calculated I as closely as possible with a t t',xm_ : ..I 8

the tableIi:,,'the corresponding degrees o1"l'reedon, can be used _ j,2s ''A'1;:;15'4I_"S
to determine the value of c_ that is the probability IImt the _ 10 -- tl
two llle;.i.nsare 1tel t'ro111 lhc same populatiorl. II 20 A'_ []5 ,",L_

la'or example, to interpret the significance of a calculated

value oft "_.53 Ibr 20 degrees ot' freedom (_ data points 9 ,-- A20= _ ,...,... 3D
in the combined samples), we can look at li/ table and (a)

determine the valuesofa, tl'mtch._sely corresp(md tt_this value 8 _._L_J 1J IJlJl .1,_ I JIlli]___l__J_L.Lltlt] I f I
ot'I, The I table shows thai for 20 degreesof f'reedcmiI values
f()r a, ()1 ().()5 and 0.02 are 2.()86 and 2.528, respectively. , 2x10"--3

'l'herelbrc there is about a 2 percent probability (1 chance in -g

50) t_l'being wt'ring by saying thai tile two popuhlti(m means _ } []
being ctmlt)arcd bY equation (15) are sigrlil'icantly dit'lcrent. 1-- _

In other words the higher the value of t, the snlaller the _ a (la) _ _ [] _,,_ [] LS

pr(H)abilitv thal v(m ,,,,,iiibe wr(mB in assuming thai the mear_s _: O A D• " _ _ _ I A_I_I ___L_.z.I._I_lll J__L]_d__ll] I t_
arc t'rom dilTercnt D_pulalions. 0 ,lO aO 'I00 _I00 I000 qO00 I0 000 _I0000

]EST SECIIONVOLUI'IE,V,, In. '-'

Static Strength Data _,,,M_,_,,,,.,_.,_.,,,,,_,,,- lbl ,qlillMar(l dcvillli_>ll_,,

Ntalic tCllSilH1 and C()lllpressi_)ll data with load applied l;iuw.c 2.. ('_Uul_ihdiim _I ri_uumvalues _d'stalic Icnsion dlld C_mMrcssi.n
liuhirc slrc,,sc_, (lmrallcl h_ !.!,rain) III lami_uHcd l)ouv, las lirlcpu\y

pal'al]c] it_lhc grain arc available io ir_vcsligalc lhc cl'lccls ()I spcci_,.usli,r i-auBe_I Sl)ccinmn v_Munc,,,l)ata u'_rrcclcdh, 6 pcrccul
spccinlci1 size, t)l"voltlnle, ()li failllrc' Stl'Cllglh. llll'()l'lllilli()ll ()li hm_inalcIi_HsltlIcc(nllclll (,/V I... I I_,_Icnsiun and K : I _"• :: _ , ).. I'(u

lhc clTccls _1'i_inls in lhc lai_ilmlhm.s is a}s_ available. ML'an conWcssi_ml.W,m:c_rrmlc, A.t.
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_
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trend uan be expected owing to tile fmfl_Ithility of ti larger where
number of doi'cots, or stress ratsers, in large specirnens, The S mean failure stress
figure ttlstl StiOwi;decreasing wllues of standard deviati(in with , V volunle

iricreasillg specimen volurne. A tt,C errlpirical constants
The static tension tests ',,.,,cre conducted oi| 88 Douglas

l]r/epoxy specie-lefts1,5 ii-I, ttlick (15 ll-trllinaiions)witli widths Bec;.ll.iseof w.iriations iii tesi tail(ire sirenglhs fur replicate tests,
varying t'r1`)nl2 iri, to 14in, and lengths of 7,5 to 30 ft, The tills vl-u'iahilily shmild also be considered iii .tile model.
lost section volumes varied between 132 and 3768 in, ), Ali Standard deviation is l.i reasonable basis for this variabilily
specimerls were cut I'rolil large panels, Vei]eer grade l-ind considerl-iiion,Therefore in a mlinrier silnihlr to (tell fnr stress,
t'abricatiori procedures were.closely controlled in t.in atteinpt the standarddevil-ilion o can be nlodcled by tin cquathln in the
to elinliriate extraneous fac'iors in specimen strength, In I'ornl

addition to lhese specJnleils, three lesls were condtlcled i.)i1
specirnens with a tesi volunle of 32 832 1il, 3 (specimen size, o ----I)V '/¢ (17)
6 in, thick by 24 in, wide by 28 ft lor|g), Most specinlens

contained butt or scarl'j0irits iii the larninatiorls perpendicular which has another ernpirical constant, D,
to tile load direction, ' 'l'tm curves (ii' tigure 3, along with their eqtiatioils, were

Sttindard deviations for the tension st)ecimerls with test developed I'ronl the static tenshm strength data iii figure 2 t'_lr
volumes of 3768 in, 3 <:ii"less ranged frorn l-irnirlirnurn of 307 scarf-jointed specimens frorn 132 to 32 822 in. :_in volume,

psi to a rnaxirnunl of 1297 psi with rnearl strengths for groups Those equations were developed by iteratiorl to obtain the

of specirnerls,' at each specirnen volullle rl-ingillg fronl 9497 to constants A, B, C, and D in which the suln of the deviations
13 289 psi, The three largest specirnens with tesi volunles of of tile nlean strength from the model approaches zero, with
32 ""_ _<,a,. in. had a standard cleviation of 160 psi and l.imear| the l'urther stipuhitior| thai tile niodcl agree with the nlelin
tensile strength of 8187 psi, strength, at the largest volurne,

"l"hecompression strength data lhr 77 specimens ;.irelirniled Figure 3 also shows four lines o1' strength minus N times
to a n/uch snmiler range of specimen volumes, Further, the the standarcl deviation, The value ofN = 2.837 was oblalncd
coml:lression specimens were tiibricated at a different ti,meand ['role the ratio D/A (18 300/645()) in lhc tw() preceding
froni different panels than the tension specimens, The equations, FerN = 2 837, S - No is equal to the constant C
cornpressiori specinieris ranged t'rom 1,5 to 3 in, thick and had for ali volumes. The cor|stant C iNlhc asymptotic strength ai
three dit'fererll aspecl ratios {ratio of length to thickness),
2,667, 3,560, and 4,333.

13x 103
+__

_EAH',

i_._ \.,"m,,-s : 18300v-°,3_-°, 81_0
Models for Static Tension and m x,.s-o_ []

Compression - ',, '
- "?'-

A strength model ici condensethe data of figure 2 intl_ wl-lat _ s - 2o "" --I-1

could be a basis for designing structures of ii size differenl _ 9 -- --...._ --_._..__
from the specirnerm tested we,.lld be quite useful. ()ilo such g """--.- "-'...--- S , 2,8310

model with variations for tension and compression is presented _,._ 8 ...................
herein. (a) s - _0

7 i i lll,l_l I I i_lJlJl I Jlrlll_l I _lflihi

,, , 2x10 $Strength Model t'or Static Tension

g - [--- rg = 6t150V-0'320
lt seems obvious thai a strength rnodel tbr static tension must _ _ g 1 -- rl _/ ,.n

show adecreased tension strength with increasing volunle, hut _ _' _ I--(b)
the model cannot be ii straight.-line variation on linear, _g I _ l_lilJl i t_[_rYi-'-l'C_0LI ill; __

h>garktltrlic, (_rsen-|il0garithmic pl(its because such plots would 101 102 103 10lt 105

result in essentially zero strength at very large volumes. Ii is , iESI SECTIONVOLUML,V, t,,"

more rcas_mable thai an asymptotic value ()t' strength he la,J Slrellgih mudel,
reached at highVoILIIllCS, Ii would appear therefore thai _.1 <b) Standarddeviationmodel.

reasonable model lllighl t;.ike the ft)rill t:igurc. 3.--Slrt:llgih and standard devhiii(lli Illodcl.'., Illr sialic' iclisiclli iii

hiniinaled l)llugh s fir/cp_xv speciineiis with sciirt joinl.s iii huninalilms.

Diila c(_rrucled I(_ 6 percelll liliiiiriale llloiSltire t.'(_lllelll (K :.-: 1.21 I. bellCCf

,5'= A V/I + C (16) grado., ,,%4-,
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large vulumes, A st;.itistiealt tnblu shows thnt Ibr a normal scart'-jrHnletl specimens und tile vltlue o1'E is determined by
dislributiori of data 99,5 perccnl cd'ali ttata poinis will have ilcndion lo result iii lile sLIII1111111iOllof lile duvJuthmsbelweun
u vulue greater than S - 2,837o, The model shown,in figure 3 the llleilll stt'essesand the model npl'mmchirlg zer_, F,'igure4
is therel'cwevery COliVellJelll ror extral',.Hutit/g strength data shows hutt..joirlted spec..imurlsin static tensiun to he 96,5
to predict nlininlurrl failure tension stresswith u corlt'idence percent as strung its scart'-jolrlted speeirrlens,
level of apprc_xhnately0,995 for specimensur structures tliucll
larger than those for which test dull are available, Strenl.#,lh Model for ,.i,Jhilli,.:C,llnll}Ve,,,IsJon

Note, Ilrwcever, that the eql.iatiorls i:wesorltedin figure 3
should not beconsidered itsa design basis fur ali scarf-jcHnted Figure 5 shows niudel uqultthms tbr Hie statiu conlpression
Douglas fir/epoxy struc'tures, etl the basis ot" varJotlS . strength cl;.ttasllowrl in tigure 2 lhr both scarl'-arid butt-jointed

specimens,There was anaddedcornplMition in obtaining these
irivestigatioriscompiled in this volurrle therecan bestgnilicant models, The conlpressJontests were conducted cmspecJnleris
variations hl strerigth dala l'rorn specinlCnSfabricatedat various having three differerlt aspect ratios (ratio of length to
tittleS, lt is believed, however, tilat themodel shown iii figure 3 thickness), Increasing aspect ratio will result iii increased
can he a basis for other batches of specimens, Equath+ms for buuklirtg in ccmlpresshm; therefure a correction tlttlsl he made
butt-joh'lted specinlens iri static tensiurl ,'rodfor both scarl'- and
b utt-jtfirlted specinlens in static ctmipresskm ti_llow, for aspect ratio, h'l tile case shown in t'igure 5 ali specirriens

Figure 4 sllows the nlodel equations for static terision with were corrected to arl aspect ratio ot" 3,56, the aspect ratio ot'
butt joints in the htnlinatirms, ahmg with standard deviations+ specimens having a volume o1'31,8 iii. 3, Cl'he developrrlent

• oi'this correction is discussed htter in relation to compression
rlleari strerlgttis, arid S - 2, 8370, The resulting equations are fatigue, The aspect rtttlO effect for conlpressiori f;.itigue was

assumed to be applicable to static eotnpressiori,) The threeS = E'(AV +j_ -F C) (18)
groups 0t' nlean strengths for butt-jointed static compression

arid specimens were then weight averaged, based on the number
of specinlens tested til each volume, The resulting weight-

o = E(DV ..t_) (19) averaged strength is shown its the solid triangle Irt figure 5
for butt-jointed specimens, The standard deviations tbr the
three groups of butt-jointed cornpressicm specinlens werewhere the constants A, B, C, ;.uldD are tile same as t'or the
weight averaged to obtain a mean value of standard deviation,

The model equations were then developed by the Mlowing
12xi03 pl:,.>cedtlre:

,_ (1) The value ofDIA = 2,837 in the nl_>clelfur static tensionmEaN: was assumed for static compression sitlce ,5'-2,8370
11 -- "N s --0,%5(18 :_00v-°,32 + 815o_ encorrlpasscs 99,5 percent ot' hernial distributitm data, Then

///"

d \A_._ tile constant A could be calculated ['rtHll

A V+"o.:_.+u
=-, rs- C20)

9 2,837

8 1_-. /- S - 2,8370•' (2) The c<mstant C could then be calculated from tile lileall

) value of strength S represented by the solid triangle in figure 5
? _ _1 t I I lllll I I I J II I,I and the value of the constant A t'rom the equati(m
2x103

[-" S = A V --°'3_u-kC (21)
F-._ V-O,32)

/,.--o
;2 0,965(Gq50

,_: 1]-Z& _ For ,,.;c,_trl'-jointed static (.'(.)lll[)l'eSSJOIi spCCllllenS tile equations
Un"7' ':; / _ A •

i _ tbr S and o obtained for butt-ioirtted static compression

102 103 10lI 105 rnanner ;.ts for static tension specinlens, For these static
lEST SfClION VOt.Llmt.,V, iu, 3 c{mq)ression specimens, where tile strength was available at

(ai Strength meek'l, only ()lle volurne, the vulue of E was takeri timequal iu ii le i'ati()

(bi Standard tlcviutit,n tnl,dcl, t;if niean.scarf-jtfillted specinlen strength it+ the weighted value

l;Jgure 4..-[gtrenglh arid slandard dcvialjlnl rnodel.,, fin sialic' tunshnl Jn cii' Illellll btltt-joii_ted specinlcn strcllgth til a v(iltlnle til'
hllninated Doughl,sl]r/clx_X.Vspecimens with huitjoii_t.<,iii hunituitiuns, l)ala 31,8 in, :_, c()rresponding til ii11 aspect rntJ(i iii 3,56 ['til" b(llh

corrcclc,d I1_6 [K'rcenl lalllJll;.llCnltiJSlilWcllnlt+'nl(K ::.:1.2J). VcllCClt,rlldc, A 4. types (>1'specilllens,
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(a) Slrenglh model,
(h) St_mdttrddeviati(m tnodel,

l:;igurc .':i,.--StrelLglh alld st_mdard deviation m_,¢IclsIbr static c,oml_ressicm in hunin_tcd I)t.mgh_,sl'irlepuxy spec'il]lell.S. Ellttl Col'reeled lO 6 pcrCelll h|l]drllttu
moisture content (K = 1,21). Veneer grade, A+,
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Figure6 COlllp_tl'eSstrengthmodelsForstatictenskmand

forstatic conlpresslOll with both scarf ltlld butt jolllts Itl tile D SCARI:JOIN'rs.-,3,BUTTJOlNYs
laminationsThe _tsymptoticstrengths,representedby 0f,_nsYMIioLsDENOH:IEN,qlOPI
S - 2,837a, are also shown, From the models shown, the S0LtD SYMBOLSDENOTECOMPRE%ION

asymptotic strength,; for conaFJressk:m ttrc higher thun those _ 1,_ - rn
for tension, 111addition, the models For cornpresston show less _ _ "g zx
sensitivity to volUllle ttum the models for tension, _ _ ,_ _ 1,: - ta

,.,,_ [3
Figure 7 compares the stress models' asymptotic strength _ _, '_ ";, 4 A

with the minh'nurn strength measured in x'eplicate tests., A total E '- '='-_ 1,1 -- A
(,f168testswere, conduetedinbothten,,_ior, andcorrlpression, __ " ra_ D _ A I::3

Except for one compression (lattt point ali of the asymptotic b_ g 1o ' -.....

strengths were at legist5 percent rn,)rc_conservative than the _ _ _ •td..

minhnurn strengths measured tn tests, "l"hcsc results are ,9 ,1 i I l_ll!lL_ I i lllJlll _J_l l llllll,__L_.Ll
consistent with the confidence level of 0,995 previously 101 102 _03 10t_ ,,×Io"

mentionedforalltestd_,t_havingstrengthsat or _ibovc TEStSECTIONVOLUME,V,t,,,_
3' .- 2,837(J, Iqgure 7.-Ratio of Ill[llJllltll]l cxpet'Jlllcnlltl shiric tel_sioll _.llltlcolnl}re.'iSiOll

strengths from rcpllctt{c tcs{s to calcuhtlcd t_syluptotic ._trcllgths (S --- 2.837 ,I

frolll strength models for htmhmlcd l)ought,; fir/epoxy specimens wilh

scarf and hull .johlts iii htlllhlalhHls, l-)aL_tcorrcclcd to 6 percent htlnin_ttc
moistttrec.a_tcnt(K = 1,21),Venucrgnldc,A4..,

I<xI0_

Sill! NGIII
M()I)II 5

\ . .^, Fatigue Strength Data
_ \\ - MIANMINUS?,8:_;,'0

'_ Fatigue tests of himinated Douglas ftr'epoxy specimens7, _--. showed far less scatter in the data than static tests. Typical

= _..... .....s m _oov0,.;;, ,_',0 fatigue test data are shown in figure 8 for tensitm-tension,
_o_ ()(,'_(_8._oov°'_ ,a1';o) conqlression-conlpression, and reverse axial tension..

colnpressi(.)n, Strengths in tensJ()n-tenslon fatigue (R : O, l)

""'_"_I_[l!A"l;('U_"_[ii; and compression-compression fatigue (R=IO)are oi'

" - comparable absolute vlllue (Note that R is the stress ratio,

_ the ratio of arithmetic minimum load to maximum load during

8 -- _;cAR_ the fatigue test,) The t'ully reversed axial tcnsiotl.con-|pression
....... ,t_ (R = - 1) fatigue strength is on the order cH'60 percent of

/ i , I LLdj]___.L_.L.Lt.I.ILLL_L__L_[J!,Iii 1 , I_l,td.... the tensicm-tensi,:m fatigue or compress_on-compressior_ tiitigue

_×m" strength,

-",,,
_ \" (' _ 112vO' _?

r ,, , Joint and Aspect Ratio Effects on Con]_presslon-
• - ..," ,-s 0,_,_,_(.._,_;,v°,_:' - _,,_,,) Compression lratiguc

F2 [ "_-Z "-"'-'-_-. The etTcct of laminate j(lint configuration on cornpressi(m-

'_- __ ....... _"2-._.-....._...=L.:............ .(_;c^R_ compression (R = 10) fatigue strength is illustrated in
_ I(b) _ ....... figure 9, Data points arc not shown in the figure tel improve

-'_L---'E2V-Lr_--_--q-Y_EI----Z3-T-ff'trL_-Tr--LT_-_t-_-" clarity, The actual data points are presented in chapter IV in
I01 i0? I0 _ I0q 105

, '.;_sl(:110Nv0tuM_.v, ,,. _ the compiJation o1'data for lamirtated wo(.)d, Figure 9Ca) shows
how the sh)pe ()l the scarf irt lavninatc joints affects

(iiiStatic lcn.t,iol] H_odcl.,,,.

lh) Sialicc(linprc,'-,sion i'_iotlcls, coirq)rcssi(in-cornprcssitln fatigue life, The longer the .joint
(flatter slope), the better the fatigue life. Figure 9(bi shows

Figure ('_.--C_mff_ari.,.,(mofstn:'ngth mo(Icl,,, for ,'qatic tension and c(mq_rcssi(m h()w joint imperfections atTcct t'atiguc life for sc_.H'l's with ain laminac.cd I?)ought.,, fir/cpc',.xy spcci rmn.,, ',villi .,,cad and hull ,j_iu_t.'.,in
laminations. Data corrected Io 6 percent lamina'ce m,i.,,ttue content 10:1 slope. Misrmitchcs by overlapping the scarfs or

(K --. 1.21 ). Vr:netr grade, A +. undcrlapping (which provides gaps in the joints (II' tlp to 50

2.:1
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CYCLESro FAILURE,N

Figure 8,---Ex_tmples of fatigue tesi data I'or huutnated Douglas l]r/epuxy dugbone specimens 2,25 in, ill dimueter and 8 in, irl effective test section h',nglti
(31 ,g-in, :_vuh.lme and 3,56 aspect rlttiu) and 12:l-sl(,_pe scarf.ltdnts in laminattt)ns, l)tltll corrected t(_ 6 percent Iltlnhllile moisture ecmtent, Veneer gnltle,

A +; test temperature, 70 *F. Reference figures 4, I-I(h), 4,2--1(b), _lntl 4,3-l(d) ()t' chapter IV,

SCARF,JOINI I¿t!IiRESSIONI!QLIAIION
' SLOP[

-.lOxlO_
NOJOINIS S _ --11 8bO N'0'0_9q9

-8 __...L,..__ Ib:1 S :_ -12 Jlllll N-()'OtlbOl.-- I0:I S = -1.5 51I N'0'051511_ - __'--_ _1:I 5 _ ..I_ 3UI N()'0b_59

I._ --'___ ,_... ,.,,,.,,._,

(_)_,, I I I I "---J
-IOxi0 -i

• - JOINI P,IliRl 5SION EQUAlION
_' IMPERFI:.CIlONS

'" NON[. .q _ --l.i511 N-O'Ob/511
OVI.,RI.APS,S- -I_ 3111N'0'055(J8

-f" __ - (iAPS S - -.12 (Jill N-0'0559f'

..,,[ I.___. I l I ]
IO3 loft 105 10f, lO1 lO8

CYCIESlO FAIIURF, N

{a) Sulrllnary of eft'eels of scar( sl()pe,

(b) Stuntn_lry (d' effects cd imperfccti(ms in 10:l-sh_pe sclirl .juints.

F'igure (._,-.--Effectof scarf slope and iml)erfectic)ns in himinati()n j()ints t'()rc(ul]plessi(m-C()lllpressi(m Iatiguc (R = 1())parallel t(, grain irl lalninlited l)cmglas

fir/ep(}xy specimens, Square..cr()ss-section specimens 2 tri, by 2 irl, by 12 in, lung c(mtained .,,ciirl'jcfints staggered 3 iii, apart in center three himilutti(ms.

Data c(_rrectcd lc.)6 percent laminate nluisturu content (K = I ,9 ')),., Veneer grade, A +; test lemperalure, 70 °F, Reference Iigurcs 4,2-41g) and (ii) td'chapter IV,
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poreeul ul' the setu't'length)lind nn ulnu_slnog,l lglMe effect un ,S'.= B(I -F C/'e-/h )u I,:(,,1t¢1 (22)
cunqwesshm-uornpresskm I'tHiguclife,

C!mnpresshm.,uonll'_rel_slonl'ullgue tesi dtlttl l'rolll figure t:.)(tl) where
und I'run_specimens Imvlng lt dlITerunl uspecl rntlu und wlth
scttrl' ur butt ]olnls in the htn|inntluns were used t_ develop ,5,', nmxlnmm <..'_mlpresslvestress Ill I(.)ey<.'les
u uompresslon-+uompresshm(R = I0) littlgue model to B, C",'D, I++' emplrlenl CLHISIIIIIIS
pruvlde insight on lile ell'eels oI' these vurltd'des, Figure I() ",i, tlllgJe oI' sen|'l' slope, dug
illtlslrntes the nludel Ibr u lil'e oI' IO millhm cyules, 'l'w_, :lfl specinlell nnpu_:tl'ntit_

speuirne,n +.'unl'iD.Inilions were investlgulud, ()he wus u The l'utlr emlHri,.'tdrCOllStlllllSWel'e detUl'mllledby ctH'vclittlng'3 "')

uylhldrlcnl doghone SF+eClmun,.,,..5 in, In dlumeter nnd _ in, the lO-.mlllhm-cycle llfu dnltl pulnts shews In figure I0 Ibr
irl elTeetive tesi section length (tmpeel tulle AR equnls 3,56), •
nnd the other wns u squltru-eross-secthm SlU.,ulnlon2 in, by two speelmen e_mfigurnthms nnd u vnrlety <_l'.lulnts In the

Itmllnutluns, Squnre-urass-seutlon siloe,linens (AB = 6) ,
2 irt, l)y 12 in, long (,,lR = 6), LJnlbrtuntttely the sume,joint c(mslsted oi'those wlth(mt j(fints (3' = 0") nnd thesewlth sum'I'
uonllgurmluns were not tested ln both types of speclmens, A .jolnts Imvlng slopes oI' 4:1, I0:I, nnd 1O:l, Cyllndrlcul
model wus developed in u s(mlewlml simllm' Innnner us the specinlcns (AIP = 3,56) consisted el' th()se wlth suurl' joints
mudul for el'l'eclof volunle (m sttltit' strength, Ill the pl, ,enl huving u slope el' 12:1 und wllh thtmu hutl ,liHnls (_, = 9(+)"),
cnse the model v,,us"tssumed Iu hnve lhc l'urm From thls model the _.'urvesfor uspecl rntios oI' I, 2, nnd t,,l

were tLlso cnlcuhHed, The figure illuslrnles lhnl the
complielttion uf senrl'ing the edges oi' the ]nmlrmtestollltlke

-l+x1,:)3 u srrmll-lmgle settrl' substmltltdly improved l'tlllgl.le strength,

- m0m.t,t:_+ualION: Stt'essR_itlotold Specimen (Volume) on l q'tltlgue

Size Ei]'eets

.sl -_/_','o (1 , o,,87e-°'°_;_o °, loo^r .F,'lgtlre11 shows eumpressiun-conlpression t'ntlgue curves
-I0 (wlth(mt dllttt polilts) Ibr stl:ess rtltlos R of 2,5 llrld I(.)for tl

12:1slope scnrl' nndbutt ]uints in the luminutluns, As e×pectud
the hmding nmplitudu, _ts indlenled hy the stressrntio, dues

,_ ..:.j affect l'utlgue li[L,; lt mile of 2,5' i in hinds (R = 2, 5) ts lesssevere thus u rntio of IO:I (A' = IO) Ibr both btltt tilIcl sellrl'
v_'- .joints in the Inminnliuns, The el'liact shown Ibr the type c_l

luminntion.joint is cunsislentwith theelTectshews in FigureI0,
-8 sPt+:ClMEN F;igure 12showsthe el'feet oI' htmlntltion .joint uonl]gurnlionASPECI

% tArJ0, trod specimensizeIbr tension-eornl)ressionl'utigue(R = -- I),r-..

,_ ar Figure 13 shews sinlilur eft'eels for iensi_|n-terlsicml'utigue
(R = O,I) plus /he effect of veneer qunlity for hutl-.jointed-I
specimens, (]rnde A+ veneers nru superior to grnde A

"" veneers, Veneer grnde is Imsed tlp_m both the vistml quulilyg ;,
t)l' the veneers ttnd un ultrnsonic grnding technique, The butter

I_ .++ veneers provide better l'utigue til'u, t_s might he expected,
l+ttr lu,,+sinforrn+ttitm is nvnilnble for the ell'ect el' specimen

m= 7_,,'___1:3 size on l'atigue thnn there is fur sttltic tension, The restilts of
- specimen size tire quulilntively tlm seine, h_wuver, Lnrger

r"5 speuimens hnve shurter t'+ttiguelives thnn s_nnllur specinlens,
bill nvnilnble dnttt nru insulTicient to develop lt m_>del for

(> I)redicting fntigue life its +l I'utlction ()1'size.

.+, Mnny of the strength el't'e,cts discussed in this suctit)n
Cltll be illustruted hy using lt Cloodnltlrl dingrtun, ns slluwll in

8 figure 14, This liguru preserHs n u_nposite illustrntion _H'stntic
nnd l'nligue strengths l'_n' Inminuted l.)uugltts fir/upuxy

r 10 l .[ j Sl+_ecitnens,The dntn shc>wnillustrate the effects _,I'ht_th scurf"" (+ :+0 60 90

su^rf:̂ lint.i!. ,_,Dr_ .i_irlts (12:J sl_pe)und htltr .ioints in the htminm_uns nnd
indiuntu tlm el'['u_.'l_I' specimen size, The chilep_inls lying _n

l;Iguru I{}..-SlrUl_gth lllodcl thifl ilt'+,.'l_UlllSfor hunilltlli_ul scilrl illlglt' illld
the ubsuissn nru sttttiu r.htta, Tlu_su lying, on the t+rdinnle ere

+,peCilll,elln_,pe+.+'tmti_ fin Ct_llll-)r,essilHl.,C(+lllpre.'.,sitHlftfliguu ,ill l() inillitm

+.:vct.'+,in htminmed l).uglus lh/elx_xy ,,l_Ct+'iH_ens,l_+mtc_rrecled l_+_wrcelzt tellSi_11-.t:t>lllpressi(_ll l'tltigtlU dtlttl, ]:q+it:ttst(+ the lel't oI' the
hmmmtt: lll()iSttll'(: g(Hltel|l (/%" :' l,t)2), Vt.'lleUr glildC, A +), (+t'dilrlitte tlxis ttlid tlb(+vu LIIu ttbsClSSil tlre L'()lllprt, ssi(>ll-.
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l-"l_ure 11,--l_.fl'ec't.', (,l'j(,int type and S[l'(ts_ratk} t)l'l(.'(_mpr{:_l()rl-c'(Jrni'Jre.'.;,,,i(mlaligue r)zlr{dlel t(__r_dn in hnnin_lted I,)()t.,l¢l{l_I]r/el}(_×y ._l)ec'h'nen,',,Cylindrl_.'al
spe(:imcll,,,,2,25 in, irt (.iii.imo{orby _ iii, I(_I1B_:(_ntzdnillB.i{fint', sll_lBBered.3 ill, {Ip_|rl hl (.'(tiller three II.|lllinllli(irlS. [)|lth (.,(}rre(.,tedt(, (} p(.'r(.'elll ItllrlinllL(,t
m()i.,,,turek'(mlClll (_,".=-_I,C)2), "l'e_( tClllpcrlllUre, 70 "|;, Rl..'J'er_Jll(..'c!t'lLltlres 4.2-I/b), 4.2-2(h), and 4,2-3(a)(_1 (.,llz|pterIV,
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I_il,urc 12,--l_.ll{:(.'t (_IH_(._u'ini{:n,,ize and .i(tint t)'l:_(.'(.I r(.,v_:rs_:,,xml t(-'n.'.i(m-c_.nl_res.,,i_)!il'_;ti_ue(k ...... I.()) l)_l'_dlult() _rain !(tr l_mdzi,tcd l)_,u_,lasfirl(:p()x)'
,,,pecin_en_,,l)_tt_ _.'(_rrcclcdl(_ h p(:rccnt h_ntinale m(ti,,Itlrc L'(tnlclll (E = 1,57), Veneer _ra(le, A 4 test lelllperilll.lre, 7() °I;. l_,el'_:_cxi_.'ef"ll.,urc4,3-_ (d
_.%ipter IV,
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l-;igure 13.-.--.l_ITecl.,,(d .i(mlt type, veneer grade, and !,pecimen size un lum,imF.tension latigue (R _::(). l J Imrullel t(_ grain li_r lamitmted l]m_glas firlepcLxy
specimens, l)ala <+'(_'recledIu 6 percer,l lamninalell|(,iMtlr¢ c'oIllel)l (K =: 1.211. Test lelliperattlre, 70 "I _, ReFerence figures 4. I ....l(b), 4. I ...,"and. ,I, I.-3 Cd'
chapter IV.

0 12:1SLOPESCARFJOINTSIN LN,IINArlONS_
IESISLCIIONVOLUME, 31,8 IN,3,

z_ BUIT JOINTS IN LAMINATIONS_II!ST SECTION eonlpl'essi(m Fatigue data, and those to the right are tension-
VOLUME, 31,8 IN, 3

r-I 12:1 SLOPESCARFJOINIS IN LA/_INAIIONS_ tension l'atiguc data, For illustrative purposes the straight
5000 < TESTSECTIONVOLUME_< Z500 IN, 3 dashed lines connect data p('dnts fl_r specil'ie wtlues 01' R,

sx_o3 Thecurvesconnectingtheeireuh|rdatapointsareForsmall
-I,0 specimens(31,8-in,3 tesl section) with scarf .joints in.the

/+]Q_'_x. htmina/ions,Thecurvesconneetingthetriangulardatapoints
__ , are l'or small specimens (31,8-in, 3 test seetion) with butt

:_1'_1 _[_;SoS' /",, ,,k_k ,/ N = 1(')CYCLES joints ill tile laminations, The lille connecting the square data

/ ;' p()ints (tension only) is li)r larger specimens (500()- to

"+ 3- : 7500-in. :_ test section v(_lunle) with scarf joints in tile

" ,,2,5 _!°'_ I z/ luminations, The areas enclosed by lile lowest linus and the
abscissa indicate a probable safe (_perating reghm tbr cyclic

,e= 2 loads up tc) 10 million cycles.

' _ El"feetof Stress Raisers (Cutouts) on Compression-,Q.q

_ 1 C(m]pression Fatigue

Figure 15 c(m_pa|'es c(mlp|'essi(m-eompressi(m t'atigue
."__L__ I '1' £ i0 .... .L.............[_ (R = I0) dala fin"6-in,-widc, 1,5-in,-thick, and 12-in,-Iong

-12xlO 3 -8 -4 0 tl g 12xlO3 specimensc(mtaining a 2-ir_,-diameter circular hole will1 data

AVERACIES_RESS. SMAX' SMII'I, F'Sl li_r2-in,-wide, 2-in,-thick, and 12-in,q(,ng specimens withoul
.......... 2...... a t'ude', The l'atigue strengths of II]use specimens undoubtedly

I.'iuur¢ 14..-(.h,_dman diil_r!l'itlll illuslralil_g design range he tensitm-tci|si_m, c()nttlin iln aspect i'ali() t.'ftk, ct as well as a hole el'l'ect, htlt ill

C_,llqm.,ssi{m.c{,inl}rcssi(,n, illld ICVel>,eaxial lensi(m-c{mqm'ssi(,n fali_,tle general the el'feet ()1' tile tl()le was n(_lll()l'eseri()tls thai w()tlld

plus ,,lillic Icllsi{_ll lind CilIIIpI'L'hM('I1l'_,r Villlt}tlSspcciniun sizes illld .i_dnl hc expected in a h()llll,)[.J,elll2(lLlS Iilateriai. The strength rcducli()n
c(_nllk,ttritth,lls, l"atigtle ",lrUllglh', hawd (m l(l l'llillltHl cycles tt_ failure.

Fr(ml the ctll(+tlt was apl_r(>xinlalcly 38 percent,
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Figure15,,--Effecttil'2-1n.-dhm.:Icrch'vuhu'culouloneemlprc:,._ioll-cumprenshmfalIgue(R = I())paraIMIugrainfurlamhufledI.)uughlsfh'IclmxYsptwhueu._,

l)utHC(_l't'uctedto6 imreelHhltlilllaleinulSlurecontcnl(K = 1,92),Vera:orgrade,A-I-',tesiIclllpertlture,70 °F. R,el'erericcfigure4,2-700oI'chtlpterIV,

Joints for Laminated-Wood Structures Metalstuds,,fthetypeillustrat,xltnrigur,]7can u,xi
to attach a laminated-wood structure to a mmal structure, Metal

'rlLH'eetypes of,joints may De required Ibrjoininglamirmted- studs embedded in wtxxten specimens were tested, These studs
wood subsu'uctures, Longitudinal butted ,joints may be used have circurnt'erenthtl grooves and are glued with epoxy Into

where the load across the joint is small, Finger,joints may be oversize, stepped h()les in the laminated wood, Several stud
required for carrying large loads between sub._tructures, and cont'igurations were investigated in an attempt to provide a
metal studs embedded in the wood structure may be used tbr strain distribution along the embedded length that would be

attachment to a metal structure, Two types o1 h)ngitudJiml compatible with strahls in the laminated wood, Fatigue tests
joints are illustrated in figure 16, Finger joints and metal studs in tension-lension, compression-compression, and reverse axial
are illustrated in figure 17, terlsion-c(.,ml_ression were conducted on one of lhc strongest

The longitudinal wedge joint has an assembly adwmtage over configurations, The results arc shown by the regression curves
the longitudinal butt joint (fig, 16), A closer fit can be provided

by driving the wedge in until the proper glue joint separationis achieved, The butt joint, on the other hand, may fit closely , f']

in some places but have a poor fit in others, Figure 18 shows

thai the butt joint has pote.ntial for greater strength in low- StlEAR.,,,

t'atigue, The data shown are lhr controlled fits in the joint, /
Under practical applications the wedge joint may provide a DETAILA-,
better l'il and be superior fo.r the complete range of fatigue
cycles,

Figure 19 compares the tension-tension fatigue strength of w00D
specimens having three different finger joint configurations ep,^lu
with the fatigue strength of specimens without finger joints, _../____...._./'/"

' A.ioint bond gap o1"0,015 in, is considered practical, The
figure shows a fatigue strength reduction on the order of 35 DEIAILB-""

_ t()4(;)percent, relative to no t'inger joints, for a joint bond gap APPROX
/-. EPOXYASBFSTOS

ot' 0.015 in, and an approximately 50 percent strength / ADHESIVE_ _ lO°'lG°/ _ ...

reduction ii' the gap was 0,062 in, Part ot' this strength loss / -_

l\)r the larger gap resulted from less b(md area because the Ig__""_ _
larger gap was obtained by reducing the finger engagement

distance. Reinforcement with glass fiber:; (Burlington Style DETAILA: DETAILI1_
7500 glasst'ibcr fabric) betweenthe veneers in the finger.joint LONGIIUDINAL LONGITUDINAL
area increased fatigue strength about 8,5 percent over that of _UITJOINT WEDGEJOINt
unreinli)rcedfinger,j()ints, Figure16,-.-Altermflivehmgiludinal,jt)inI conceptsI'm' wind turbineblade.
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EQUATION

BUTTJOINT S = 2426N"0'06578

-- R 0.1

_oo" 1 I 1 , 1 I
1o3 io4 io5 ,Io6 107 ios

CYCLESTO FAILURE,N

Figure 18.--Three-Ix_int-bending fatigue tests (R = O. I)on longitudinal wedge
la)

'FWOOD r--F 1LLED-EPOXY and butt joints, Epoxy-asbestos adhesive in joints 1 in. wide. I)ata corrected
/ BOND to 6 percent laminate moisture content (K = 1,26). Test temperature,I / '

/ 70 °F. Reference figure 6.4-1(c) of chapter IV.
' /

_EJ.__J OOI]O000_ODDOI]I:DI:_n_n_'./'///>

(b)

(a) Finger joints li_r attaching wood subassemblies.

(b) Metal studs ti)r attaching laminated-wood structures.to metal structures

Figure 17..-Joint configurations for laminated-wood structures.
FIN(SER JOINI {;I ASSFIBt/R RE(iRESSIONEQUAlION
JOINIS BOND(SAP,AU(SMI:NIAIION

9 1N. ')

NO --..... N0 S.-- lb 81t2 N-O'0'j2/ll
YES 0,01!., YIS S - lq qObN-0'0/118

iOx105 YES .015 NO S - 13 2/b N'0'01118
-_. _-_ YES ,062 NO S -: 10 80(.)N-0'01118

_ r ,._

I 1 t 1 1,-)

05 I04 I05 I0b I01 108
CYCEESlO FAILURE,N

FigureIC).--Ill't.........t4cr.)_zntson tension-lensi(mfatigue(R _--0.,I)parullelt_}grainfi_rlaminatedl)ougl'asfir/ep*_xydogbonespecimens.Fingerjoinls
... . . . D..... _'_ ..... CGFTCL'I.C,T._ U.; _ i3_:IL'C;I', !;'I11i,1'_,CC !IR:i_;',L:."CtO in. itme;, finger .,,il_pc, i . iu. iS)t_gb_m¢.,,pc,.itvc,tn, 2.2.5 i,t. ,,, altar,iri,:= ,tr......tL..',t.',,._.t,,,t,;.......,,,,u .,, iii ...... ._........

c(mtent (K = 1.21 ). Veneer grado. A + test temperature, -68 °F. RelL'rcnce figure 6.2-.I of chapter IV.
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'_YPEOF II!SI Rt!GRESSIONEOUA'IION S[RESS
RATIO,

100x103 R

_ _ COMPRESSION {.= -150,887 No'oB573 10

80 -- "_ ' IENSION L 19_1751 NO',Q918/ 0,10, 0,11t
_.z" _ , ' IENSION-COMPRESSIONI. 97 6/7 'N-O'OhGtt/ -1

_a - - _._ __ ' (SIMULAIED) '

,_..., L '

_ _ l :-<---

,,

;o..... I __ I l I l
103 l0lt 105 106 107 108

CYCLES.I0FAII.URE,N

Figure 20..-Fatigue test,, oi metal qud._ (de:,,ign 5) emhedded in 'laminated I)uugh{,, l]r/cpoxy _,pecJnlens',_,ilh c_.lrh(m-rlber-tllled L'p_)xy I'e',ln k_,,)m-
-.)

temperalure tests. Refl.-rence l]gure_,7._-l(h) and 7.2--2(a) and (hl _d d_apter IV.

.in figure 20. Loads greater than 30 000 lh per stud seem on simple m()dels are required, The data that have been

feasible up to 100 million cycles. . collected and analyzed are provided for the purpose of
assessing the feasibility of using laminated v,,(_od For

Concluding Remarks engineering structures. Specifying or recommending design-
alh)wable stresses is beyond the scope ot this test data

This chapter has provided strength models lhr accounting compilation.
for specimen size in static tension and compression and lhr

evaluating the effects of lamination joint scarr angle and

specimen aspect ratio for cornpression-compression fatigue. References
Highlights of other strength investigations or laminated

D(-mglas fir/epoxy ',,,'erealso presented. Chapter IV, which I, \v,:u_dHandh(_()l<:\V(,odas an F.ngineermg Material. tq_re.,tService
follows, presents tabular data that lll!ty !)e evaluated in a Agricuhure Handbook No. 72, (,:.S. I-(_resl Pruducts l.ah(,rzd(,r.v,

different manner from the curves presented in this report ii Madi_.,,n,VA. 1974.
an investigator so desires. The data have been gathered fronl 2. Gerh;,rds. C'.C.' I£I1cc't _1 Moisture C'(mlcnl and Tcrnpcralurc (,n lhc'

.\ieLhanical Pr(,perlies of \V_,_d: An Analysis ct Immediate l-llect,_.

a number of sources, and the rnatrix of test specimens and \v(,,d and Fiber, v(,I. 14. ra,, I. J_m.lYX2,pp. 4--36.
conditions was generally' inconlplete. As a result sonic 3. \,'_,lk, \V.: Applied Stafi,,tits f()r.Ellgineers. Mc(iraqi'-Hill B(u_LC(mlpany,
c()mparisons are difficult to rnake directly', ;tnd estimates based lm.,.,i_sg.

E
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Chapter IV

Compilation of Data for
Laminated Wood
Jack B, Esgar*

This chapter presents tables of ali the data, in both raw form subject to strength losses from defects such as cracks and knots
and corrected for moisture content, gleaned from references than solid wood. Further, defects are less likely to propagate
1 and 2 and from unreferenced engineering reports written in a composite structure such as laminated veneers.
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 1.2 Wood Investigated

standard deviation, correlation coefficient, and t test are 1.2.1 Veneer.--In conventional plywood the veneers can
presented in chapter III. be made of hardwood or softwood. The terms "hardwood"

Testing procedures_ specimen configurations, and+ test and "softwood" have no reference to the hardness of the

equipment are described in this chapter. Since uncorrected test wood. Softwood can be harder than hardwood, and vice versa.

data, as well as data corrected for moisture content, are listed Hardwoods refer to the botanical groups of trees that have
in the tables, users of the data may provide their owe moisture- broad leaves, in contrast to the conifers, which have needlelike
content corrections or data interpretations that may differ from or scalelike leaves and are classitied as softwoods (ref. 3).

those presented herein. The data in this report are tbr 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

1.0 Description of Douglas Fir/Epoxy most widely used wood in the plywood industry.
Laminate Material Veneers for fabricating laminated composite structures can

be tbrmed by two main methods: (1) rotary peeling of right:
1.1 General Circular cylindrical logs, and (2) slicing of logs of rectangular

rThe discussion in this report is limited to applications of cross section, The first method is the one most commonly used
formed, laminated-wood composites made of peeled Douglas in the plywood industry, lt provides the greatest yield and the

fir veneers. The composite resembles conventional plywood, lowest cost. In this method, a log is positioned in a lathe type
of machine and spun against a knife that slowly moves inbut with some major differences. The differences relate to
toward the center, peeling off a given thickness of veneer withveneer (or ply) thickness, grain orientation between veneers,

the glues used, the care used in selecting and grading the each revolution of the log. Limitations to this method of
' veneers, the care used in fitting veneers together, the layup producing veneer are veneer length, which is limited to a little

over 8 ft, and that the veneer produced is somewhat wavy fromof the veneers in molds prior to curing, and the pressure
application during curing, cutting tangentially along the growth rings. These limitations

Laminated composite veneer material is different in can be overcome by straight slicing the veneer t'rom logs that
character, composition, and variability from solid wood, and have been sawn into sections. This process is more expensive,
they are therefore not directly comparable. Properly assembled but it produces veneers in lengths up to 17 ft, and slicing across
veneer composites are more uniform in composition and less the growth rings results in a flatter veneer, which improves

the conformity of the veneers when they are placed in a mold
for lamination Sliced veneers have the disadvantage of

"SverdrupTechnology,lhc., LewisResearchCenterGroup. generally being in narrower widths than the peeled veneers.
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Data presented in this document are limited lc, peeled veloc,ity is proporthmal to the liloclulus oi'elasticity divided
Douglas fir veneers with a thickness ofO, 1 in, This thickness by the density with a correction Ik_rPoisscm's ratio, On the
was about the rnaximun3 considered feasible for rnolding into basis of this relationship an ultra,,,onic grader was developed
contoured shapes for fabrication of wind turbine bhides, by the Trus Joist Corporation Micro-Lain plant in Eugene,

1.2,2 Grade, modulus, and defects.--Veneers can be Oregon. This grader measures the time for a mechanically
graded both visually and mechanically. Grade, defects,, and induced pulse to be transmitted through a 92-in. gage length
the rnodulus of elasticity of the veneer are related. Visual of the veneer. The process is nondestructive and can be done
grading is based uporl observed defects' mechar|ical grading rapidly. Trarlsducer wheels conlacting each end oi'lhc veneer
is based upon sonic velocity in the veneer as measured by sheet transrnit and receive ultrasonic signals, but they are
Ultrasonic pulse trar|sit times in rnicrosecorlds for a 92-in. gage actually rneasuring sonic trar_snlission time in the veneer sheet.
length. This ultrasonic pulse transit time can be used to The veneer sheets are placed on a conveyer belt that moves
calculate the rnodulus ot" elasticity. Some veneer grttde tit speeds of over IO0 ft/rnin. The transducer wheels roll over
defirfitions are given in the following tables: the ends of the veneer sheets. A pulse of ultrasonic energy

is transrnitted ahmg the grain by the transducer wheel til one
end ot'lhe veneer sheet in the test zone, and an electronic timer

.r__.__ ................................

Visual grade 17 l)escriptiem iS started. When t'ne leading edge of the ultrasonic pulse is
t,,r w,,,,d detected by the receiving transducer at the other end of the
verleers veneer sheet, the timer is stopped and the propagation time

A Uf, Io 18 heal repairs in,ii 4-.ftbv 8-1] sheel averaged with other samples similarly taken on the veneersheet. Photosensors detect a sheet of veneer in the test zone

B Solid surface v, ith repair plugs and tight knots to I in. and activate grade determination and marking equipment When
irl diameter the veneer leaves the test zone. The entire grading procedure

C Tight knots to 1.5 in. in diameter and knot holes i_, takes about 1 sec per sheet. The operation is automatic. Veneer
I in. in diameter; plugged I/8-in.-.widc splits aridsem( is graded, grade marks sprayed on the veneer, and a tally kept
bn,ken grain pcrmiued of the nurnber of pieces of veneer falling in each grade. At

I) Knots and kn_t holes ii, 2.5 iii. in dianlelcr; limited a line speed of 100 ft/rain, a 25-in.-wide sheet ()f veneer will
splils allowed have at least l0 and as many as 80 samples of propagation

......... :........................................................... tirne averaged to determine the average propagation tirne ()r
sheet stiffness. Grade breakpoints are set on precision

........................ .2,--.-........................................... :,.........

Douglas fir veneer ] Visual _ Ultras(mit Avcragc potentiometers that tire user adjustable. References 4 and 5
t.u'adc based up,,n /gradc | pulse time, n,,idulus ,,f ciasli_.ity, describe a sc)mewhat similar process for grading veneers.

m(_dulus ot / | t_sec

PSicl_tstic'it; 1.3 Glue4
A-_ A _,rBl ,--'at_6' 2 45O000 _4rcmcr The test data in this rep(_rt are based upon the laminations

A ,x ,,r B 40(, [,, 438 2 i(x)(x_Ot,, 2 45o 0_x) being glued with an epoxy of proprietary forrnulati(m. This
(' / (" or I)[ <438 2 10() (XX)(,i greater epoxy glue is wi.:sr S','s'r_-M105 epoxy resiri and 206 hardener.................................................................................................... supplied by G()uge()n Brothers, lhc., Bay City, Michigan. For

applications where it was necessary t()fill v(fids, such as
Nc_iethat {m the basis ()t ultrasonic f)'..llsetime, veneer grade installing metal studs into laminated-wood structures or where
(2 is as g()()(.las veneer grade A and can be as good as veneer finger joints were used to.join structural sections, a filler such
grade A +. Veneer grade C consists of veneers having visual as asbestos or carbon had to be added lo the ep(_xy adhesive.
grades C or I); veneer grades A+ and A consist of veneers Filled epoxies investigated included the following three
having visual grades A ()r B. Veneer with pulse times greater pr()prietary epoxy systetns:
than 438 /xsec were n()t used in the program. (1) Wt_STSYSr_;:Masbestos-filled thixc)tr()picepoxy 206-ASB

F_r ali materials the mo(.tulus ()f elasticity and the sonic (2) wl..sI s,/s'rrM carbon-filled thixotr!)pic epoxy 206-CFX

vel()city in the material are related. The square of the sonic (3) v,,,I-:stsYs'lt-Mrnodifie(l thix()tropic epoxy X-216-CF'W
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1.3.1 Spread rate Most tests were conducted on application, The veneers could be stapled tocliminate shifting

specimens that had glue spread rates ot'O0 pounds per thousand during the pressure iipplieation tllat followed.
square fcel of double glue line, abbreviated as 60 lb/MI)(il., 1,4,3 Vacuunt bagging attd curing. For large laminated
but block shear tests were conducted over a range of spread structures ot' a contoured shape it is not practical to apply

rates fron145 to 65 lb/Mr×_l,to determine opt imunl spread rate. mechanical pressure during the curing process. 'l"he rneth()d
1,3.2 Reinforcement.--Three types of reinforcernent used for applying pre,qsure was to enclose tile Uncured

between veneer.q were investigated' laminated component in a vacuum bag. Air was removed from
(1) The addition of 10-oz/yd 2 glass fiber fabric, Burlinglon the bag by suction to provide a curing pressure of 20 to

Style 7500 or Burlington Style 7781, with fibers al 45 o to tile 25 in. of mercury. This vacuum was held until curing was
wood grain direction complete The laminated component was then removed,

(2) The addition of unidirectional ORC'OWl{I-Igraphite trimmed, and nlacllined as required.

(4.75 oz/yd 2 and 0.01()-in, dry thickness) with fibers parallel
to grain direction i,5 Selected Physical 'and Mechanical Properties

(3) Unidirectional FIBERITF, Style W-1705 (5.86 oz/yd" arid Nominal values of some physical and mechariical properties
'0.015-in. dry thickness) with graphite fibers parallel to the of Douglas fir from reference 3 are listed in the following table;
grain directiorl arid held in piace with crosswise fiberglass fill

The properties are for 12 percent wood rnoisture content.
yarns Because wood is very arlisotropic, tile properties differ in the

1.4 Lamination Process hmgitudinal, radial, and transverse directions. 'I'hesc directions
are illustrated in figure 10 of chapter II.

The laminaticm process described herein is of a generalized
nature.

1.4.1 Veneer preparation ....Ultrasoriicallv graded sheets of.
' " Modulus of chtsticily, psi:

veneer were selected to provide uniforrnity. These graded l_ongitudinal (parallel to grain),, t'./. ............. .............. 1.05 × I()t'
sheets were kept in a controlled environment ill order to control Radial (pcrpcndJctthtrlo gruwlh rings

moisture content prior to fabricating the veneers into billets, and to grain), 1"R ................................ ................ 0. 133× 1()_'

specinlens, or slructures, Moisture corltent was measured by Tangential (parallel Io gmwtl! rings
and perpelldjcuhir Iu grahl), l'; I ............................. {).(}91{;,< I(1_'weighing a sample of the wood betbre and after moisture was

Modulus of rigidity iii 7'/7 phmc, U./7¢, psi .................... 0.014 x 106
driven from the wood by heating the sample in an oven at Thermal conductivity, Btu/ht ft °F:
approximately 220 °F for at least 12 hr, until the weight tri l.ongitudinal, k/.. ......................................................... (). 1'72
the specimen stabilized. Radial, kR ..................... ........... .................................. 0,075

The ends of. the veneers were trimmed, either square to Tangential,k./. ............................................................ 0,068

provide butt joints or scarfed to provide longitudinal load
(?_cfficicnt of thermal cxpansiun, °1; I.

transfer in scarfj(,ints. These end .joints are necessary when lxmgitudinal, n:1 ' _ 10 × I0 a, ................... ,............................. _.

the laminated piece is longer than the veneers, Radial, a'k .............................. , ........................ 25.90 _,: I(1 _'

1.4.2 Layup and glue application.--The trimmed veneers Tangential, "cT 34.90 ;< 10 _'

were assembled, on a layout table, with staggered longitudinal
and transverse joints. One edge of this layout pile was then t:'oisson'sratio:a 0 "_9"_BI.R ...................... ................................................... .....

: trimmed to provide a pilot surface. Each veneer was run
#I,T ' (),449

through a glue machine that applied glue ol'a predetermined t,t¢/ .......................................................................... 0,3,)0
thickness to rollers. This thickness determined the weight of ma . .......................................................................... 0.02{)
glue per thousand square feet that was to be applied. The _,¢ ......................................................................... 0.2s7
veneer traveled between two rollers and glue was applied to _'_/ 0.022

both sides of each veneer. Density, p, Ih/l't _ ................... _...: ..................................... 34.9
The veneers were then placed in the mold in the same order ............................................................................................................................

as tile,,, were on the layout table. The mold could he either 'm,e lirsl Icttt.I i:l iht. suhsc,,pl ,(.It.,, t,, dw tllleCtt,*n ,,I apl,hed _.trt.ss aral lilt: wc(md letter retevs
• tl_ Lhc dllc(llOll t_l laR'lill d..'lOrllldll(ll! NI,lc Ihal It:lt'lelit'c 3 hat'-, lilt' vahles (d ltir alld ItRi. illadverlt'lllly

c(mtoured (usually a female inold)or flat, depending upon tile ,<,,'e,,<.<Jt,<",,,,,,<......., J,<,,<,
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2.0 Testing Procedures 2.2Specimen Configurations

2,1 ASTM Standards Specimens used in the investigations are desrribcd in this
section, Specimen drawings are not to scale,

Wherever it was feasible, ASTM standards (refs. 6 and 7) 2,2,1 Static tension specitnens,--The following table lists
were used tbr testing, The standards used are listed in the the figures describing each of tl_e types of specimens tested:
tbllowing table, Specimens are shown in figures 2,2-1 tO
2,2--15,

........ Spechncn .. Figure I Colnnlcnl

:rest ] ._sr,',l . Title Loading Spectlllq ......

standard rate shown in I Parallel to grain 2,2- I., [ ............................ :...........................' iigure i
..2,2-'| Parallel tu grain; 2,2-2 I Three laminations with .ioims in

.... _ lrl|llSVCr,,,;escarf joints each spcchncn
Static tension D 198 ! Stand_,rd Methods of rain to 1 to 4

parallel to t Static "Vestsof 'ailure Parttllel to grain; 2,2-3 I Three htmintttions wilh joints in

grain q'itnhers in transverse butl joints each speciltlcn
Structural Sizes

, Parttllcl to grain; 2,2.-I I Sttmc pt'c,ptwtion of taluitmllon

Static tensinn D 1037 Stand,'trd /vlethods of 15 in,/ 5, 6 size effect , 2,2-3 I I,utt joints put' unit vt_lulnc

perpendicular Evaluating the nin 2,2-4 l ineach specinten
to gram Properties of

Wood-Base Fiber Perpt:ndictthtr to grain; 2,2..5 I Radial directi¢,n rmrl_endicuhu '

and Particle radial direelitm to growth rings
Panel Materials

, Pcrpcndictthlr Io gt'ain', 2.2-.6 I Tttngential dircctitm pcrpcn-

Static compres- D 198 Standard Metllods of 01 irL/ 7, 9, titngential direction ' dicuhtr t(_ grttin and ratlial
sion parallel StaticTests.of nin I0 tlirecli(_ns
it!grain Timbers irl

Structural Sizes

Static compres- D 143 Sr,mdardMeth,,dsof -...... 2.212 Static compression specimens,--The following table
sion pcrpen- Testing Small Clear lists the specimens tested',
dicuhtr to grain Specimens of

Timber _-

Specimen C,_()fll ill[tilt

Static shear D 905 Standard Mcthc,d for 0,015 in,/

Test for Strength rain Parallel to grain I 2.2-7 ,Scarf jtfint effects
Pmperties o f . ,_,..3_-. 1()
Adhesive Bonds

m Shear by Perpendictdar lo grain; 2,2-8 I Specintcn dimensions lhc same

(.',mq_ression radial direction for each grain direction
I.oading

' PerPenciicuhu' to grain; 2,2--8 Specimen dimensions the same
Tension fatigue (a_ ............................ 4, 13, tangential direction . for each grain direction

' 14 Parallel to grain; _,,..-._ I Augmented specintcns (1() (z/yd _"_ 3 ( ) , 3

Compression (a) 15 circuhtr h_dc [ ()f glass cloth belween each
fatiL.'U¢' I htminalion)

.......... -2.

Damping la) ........................... I
coefficient

2,2.3 Static shear and bending strength specimens.--']'he
Reversel'atiguc la) ...................................... t3 following table lists the specimens tested'

of \V.od Block shear | 2,2--. II I

....... .. 12,12_1a'Fh ............... I'..I _,tawdard,, [,,r hltlgue testing .... Icl ..... inlng the danlpmg _._rn_:ient _,r wo,,,J _m,.:.......... U "lending2 [



2,2.4 Tension fatigue spechnens,--The ftdlowhlg table lists

..... =__

SPecimen Figure Ctolllll|Ull[

J

.........

Parallol to gr_litl _ 2 2.- 3 _ ........

Parallel tl_ grlthn; 2,2.14 .............................................. _ _j.size effect

3 "1
Plll+ttllclI(i gl'_titl; ,..,,.--13 "l'tll'ee trtlnsvcrst, butt .]oillt.'; in
II'tlllSVel'se belt .it_lnls collier vet|ccr,_---3-ill, Spllt'lllg MAXIMUM(TYP,)

tggtll'e 2,2- 3,.--.[)trails of veneer [_tl([j(i]lltS f()l' (ellSi(_ll, e(_llll_lcssi(_n, fllld

I'_lflgue slwehut'lm, (I)hucnsi(ms m'c in inches,)

2, 2, 5 Contpression fatigue spec'intens,--I'l"he I'ollowing table
lists the specimens tested:

...............................................................l:i/_urc I,. (.i?(Ullllltml ___ f.B,OO3qq'25 . . ._ _,1 _

Sl)Cl,'illlell

. L -- ........... ( ..... 2"......................Pm'allcl lo t,l'_tin; 2,2--15 I Sl_cctillon c_ml'lgurali(m lhc stone; ] ,
II;illSVel'sCSClll'l'joints three:joillls in each spcciulell

l"_u'allel m grain: 2,2-. 15 I Specimeu c(mligurtdi(m tilt Sllllle; Iiransvcrsc bull .ioirlls dH'ct' j(,irtls iii effch spccimcli _-53,12._._'_-- 228 GAGEt.ENGIH._---J,,-

2.2.6 Reverse axial tension-compression fatigue specimens,-- _ .....
'Specimens were tested parallel t(_ the grain (fig. 2.2-13). "'-END FITrINg

2.2.7 Damping ratio specimen.s',--S1.)ecirnens were tested I"igure 2,2-4,--'1'esl specinwn I'(_rsize effect on tctmitm. (Dimensions arc iu

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

GRIPGRlP i
I AREA I.OAI)ING

AREA= . I 1,5 'l DIRECJION
, ' _ ,,=_ LOAI)ING ---=,,. / ._ 1.

t;itutrc I ,----Tesi ,_l_e¢ifllCll [OI"(UII,_I(HIparallel to gr_lin. (l?]imensions tu'e
in roche,s,) "............ IUI)INAl.

(tYp,)

Figure 2.2 -2.--Details _d'veneer scarfjuinls tbr ic_mi(m, compressi(m, aral I:igurc 2,2-5...-Tesi specime_l lie' tcnsi(m perpelltlicular I() gr_fin (ratlJal
fatigue specimen.,,, (l)imensi(ms are in inches.,) tlirecti(m). (1)iluensi(ms arc in inches,)
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(L') Ct_ll_jolztt: 50 perL'enlgzll_,D --- O,5()III,; 25 per(.,entgrip, 1) --:-"0,25 IlL

I;Igure 2,2-IO,.-Cltmehlded,

._.. O,2=.; "
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2.4 Test Equipment special machines were designed Or existing machines
were modified for the tests. The apparatus and a specimen used

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

Equipment description Test organization Types of tests

Mrs model 810,14-2 two-column material test Gougeon Brothers., Inc., Static tension
machine. Test opening, 30 in. wide by Bay Cit)', Michigan and compres-

81 in. high; capacity, ! 10 0(10 lb. " sion; fatigue

_,rrs 643.67 buttonhead grips

stas 200 00()-lh hydraulic universal test Uni.versity of Dayton Research Static tension

machine with 77 (_,lO-Ib actuator for high- 'Institute, Dayton, Ohio and compres-

cycle fatigue sion; high-

cycle 1i. ,ue

mrs 110 0(30-1b load frame with 50 000-lb University of Dayton Research Fatigue
hS'draulic actuators and 50 000-1b hatigue- Institute, Dai'ton, Ohio
rated load celll ,_rrs 643.67 buttonhead

grips

Mrs mtvdel 308.01 lout-column material test Illinois Institute of Static tension and

machine. Capacit.v. 20 000 Ib Technology Research fatigue

Institute, Chicago, Illinois

Baldwin 5-million-lb scJew-driven Lehigh University, Bethlehem Static tension
universal test machine Pennsylvania

Metriguard 186 000-1b-tension, 20(I 000-1b- Washington State University, Static tension
compression horizontal hydraulic test Pullman, Washington and compres:

machine. Specimen lengths up to 312 in. sion fatigue

Specially designed 300 000-lh tensile test Oregon State University, Static tension

machine Corvallis. Oregon
'

Tinius Olsen test machim_. Capacity, Oregon State University, Static tension
6('1000 lb. Corvallis, Oregon

Nicolet Instruments model 206, Explorer 111, Metriguard, lhc,'., Pullman, Damping

digital storage oscilloscope Washington

Metriguard model 33(/(.) transverse vibration

E-computer
Hewlett-Packard model 7034A X-Y recorder

Modulus grader (see subsection 1,2.21 Trus Joist Corporation, Laminate modulus

Eugene, Oregon of elasticity

INIIIAI I,)[.FLI=Cl ION ANl)RELEASE

POINf /
su_,f'0rl.i [

" KNII[
"-- LOAII ['IIB[ '

Ctit I SI.IPPORI -

(J .
Figure 2.4-l.-Apparalus and specimen few measuring damping characteristic,,,.
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3.0 Static Strength of Laminated s./, Z//_/),,,.t,!f,,.,i,,....,,,,,,...,. ,,,_.,.,,i,,. ,,,t,.,,,_,_,_h,,The
Composite Specimens um, t of n_oisturc c:mtcnt ix predicted analytically in rufer-

ellce 3 [_V llletlllS tit' equation (I) in chapter 111of this report.

Cormiderablc data arc available on the static termitm, Cgnlprcs- This uquution can be manil'mlatcd to predict strength or
sion, and shear strength of Douglas fir/epoxy htminatcs, modulus of elasticity fur uny world moisture content less than
Among tile \,;.'iablcs investigated were (1) diredion or force tile fiber saturation \,aluu of about 24 per'cent l'rtml any othur
relative to grain diredion (parallel, perpcnd!cuhtr in a dircdion known values of strength or modulus and the moisluru content
radiul ti"nmtile trce centcrline, and perpcndicuhtr in a diredion at which those values were determined. Figure 3.1-1 shows
tangent,ial to tile peeling surface of the log, see fig. li.)in how tile properties parallel to thugrain of l)ouglas fir laminates
chapter I1). (2) specimen size, (3') speeirnenternperature, are predicted to vary with rlloi.,;turc content, uccurding to
(4) nloisture content, (5) larnirmte or veneer grade, (6) butt equation (8) in chapter III and its accorllpanying table of

joints or scarf joints in laminates With the joint transverse tr, K values.
the direction of force, (7) glue spread,rate, (8) ul'lbctofcircultu' Table 3.1-1 presents experimental data for two specimen
holes in the specinlen, and (9) graphite fiber ttugmer,tation Cotlfiguratiorts of Douglas fir/epoxy htrnirmtes lusted at laminate
between litminates. Note l_"q more sigr_ificatlt figures are moisture contents from 4.6 to 9.2 percent. The spccimer_s were
presented in lhc tables of this report tlmtl are warranted by of tile type showrt in ligures 2.2- I and 2,2-12. Ottler date over
the prccisiun c,fthe data. Ali numbers are bused upoil L'tllllpLlter tt smaller range of moisture contents arc presented in tables

calcuhititm without l)mnditlg. Rotmdillg to file nearest 100 psi 3.1-11 lo 3. I--IV. The thtla I'rorn these rat+Ius for specimen
is probably warritnted irt mos! cases, based orr a load cull volumes uf 402 in. :_or less arc shown in figure 3.1-2 alon,_,
ttr'Ct.li'treyof 0.5 t'>erccnt tri t'ull-scalc reading, with an analytical curve of the type irt figure 3. I-I. lt is

ub\,ious that the data shown chi not verity, the effect of moisture

3.1 Static Tension Strength Oil tensiun strength predicted bY the method of reference 3,Since tile experimental static tcnsitm data available ftw
3.1,1 Parallel to grain.--lh order to achieve the greatest Doughts fir/epoxy htminates dM not satisfactorily tluterntine

strungtll in laminated wood, tile load directioll should be an experinlental correlation t_i"moisture efteds, we used the
pa,'allel to the grain, but there arc marL,,'vari;.tl',lusthat cart affect nlethod of rel'crencu 3 to correct the data tfl+tained til hunirmtc
the strength. The htrger the speuinlen ur Structure, tllu more rnt'_isturc content.,, diffcrertt l'rtm_ 6 percent. Irt gCilcral the
defucts +.truapt to be present and tile h)wur tilt Strength. if the corrections were smell, but tile static termitm data were tahuhttud
structure ix laroer_ than tile length of log peeled to make the Ibr t\,,,,ocase.'.;:(I) widaouta moisttHe correction and (2) ct)rrccted
veneers, tllere ,+,,+'illi+u.ic,ir|ts in tile individual veneers that can to 6 put'ct.mt htrnirmte moisture content by using tile rnetllods
reduce strength. Temperature, rnoistttre content, and veneer de:,cribed iq the subsection "Correctitm of Mtfistutc Corltunt"
grade also ttfl'ect strcngttl. The eflucts tri tllese v;trial_les are in cllapter 111and a value of K = 1.21 from reference 3.
stlowr_ in tile l'_)llowing sul_suctions, l+imited additional information t)n how moistttt'c content

1.1,

l :-- COi_PlflSSION, K _- 1.q2 I'x/P h K
(fi

_MX _ _

_ LNx // (,SIALIC ANIJ IAIiIiIII) " ,
"-. 1. q .... /

a. :- SIII AR, K - 1,0/

:,L _'_._. / / ( SI A11(_),:.,: 1,2 ....

_ """,q.,x""x II NSION, K ' 1,2l
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TABLE 3, I-I,---EFFECT OF MOISTURE CONTENT ON STATIC TENSION

STRENGTH PARALLEL TO GRAIN

[Lanlinated Douglas fir/epoxy specimens; veneer grade, A +,; test temperature, 70 °F;

5-rain ramp to failure,/

Specimen description' Vereer Laminate Failure sti'ess, Failure stress

grande moisture psi corrected to 6 percentcontent, hul_inale moisture

,I percent , content,

I psi

2,25-in.-diameter i ' A .t- 5,5 ,10 841 10 736

doghone shape with 1 ]three transverse butt , 5,8 11 287 1 I 243

joints in center [ ]
veneers with 3-in. I I ' 6,0 12 363 12 362
spacing between

joints fig. 2,2=14) ' ! ' 8,9 I1 267 11 918
I

_ 9.2 12 195 12 974
• , , . __

Mean I1 591 I1 847
Standard deviation 587 792

2,25-in,-diameler A 7,4 10 028 10 303

dogbone shape with
three transverse butt A 8,7 13 187 13 894

joints in center
veneer,; with 3-in,

spacing between

joints (fig, 2.2-14)

Mean I1 608 12 (t99

Standard deviation 1580 1796

..... 0_

. 4,6 10 130 9 8590.9- by 4.5- by 96-in, A+ i

specimens with 45
laminations; three i 5, I1 971 I 741

transverse ,!2: I-slope ]

o scarf joints in center 5,8 10 990 0 947
veneers with 3-in.

spacing between joints 6,5 10 438 0 539

(similar to fig,
2.2-1) 7,1 12 937 3 215

,, 9,0 11 512 2 200

Mean I1 330 I 417

Standard deviation 947 1108
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Figure 3.1_2.--Maximuni sialic tension strerlgth for hmlinutod l)()ughls fir/epoxy Sl)ccinlen_over ii range of laminate moisture (:(mtenls,

at'feels static tension strength is given in subsection 3, 1,1.5. specimens cut from panels 4 and 5. The specimehs had scarf
Subsections 3.2,1.2 and 3.2,2.1 also provide information on joints in the laminations spaced at either 3 or 6 in, in adjacent

the effect of moisture content on Douglas fir/epoxy compres- laminations, The mean wdues were calculated from the data
sive strength, points listed in table 3, 1-IV. The two joint spacings are

3.1.1.2 Effect of laminate joint configuration on tension compared for (1) same-size specimens, (2) same-width
strength; Tables 3.1-II to 3.1-IV, tabulate experimental data specimens (but varying length), and (3) same-length specimens

: for Douglas fir/epoxy specimens containing butt or scarf joints (,but varying width). Although the total nlmlber of specimens
in the laminates. The test specimens were cut from five was small, only 13 cut from panel 5, there was no consistent

different panels. These panels were approxinaately 60 ft long, trend in the effect that spacing between scarf joints had on
; 20 in, wide, and 1.5 in. thick. The panel numbers are listed in rnean tension strength. "1he table als() shows mean strm_gtll

the tables. 3'he test specimen configurations were silnilar to for specimens with 3-in. spacing between scarf joints and cut
those shown in figures 2,2-1 to 2.2-3. Ali specimens contained from two different panels. In ali cases the mean strengths were
15 laminations. Specimen widths were 2 or 8 in. Overall lengths higher tbr specimens from both panels 4 and 5 than for
varied from 7.5 to 30 t't and the corresponding specimen test specimens from panel 5 alone, This consistent trend showed
section w_lumes _varied from 132 to 3768 in. 3, The veneer panel 4. Specimens to be stronger, lt was therefore concluded

grade was A+ for ali specimens, (See subsection 1,2,2 on thal panel-to-panel variations, where the panels were
veneer grade,) Ali tests were run with a 5-rain load ramp to manufactured by the same process and with the same grade
expected failure, Ali specimens failed in the gage length of veneers, were greater than the scarf joint spacing variations,
without any indication of significant involvement ofthe gripsl Ali the data from tables 3, 1-II, -III, and -IV are compiled

Table 3. l-V presents the rnean values of tens/etl strength in tigure 3.1-3, Mean values of replicate tests and standard
and modulus of elasticity and their standard deviations o for deviations o for specimens with butt and scarf joints in lhc



TAItLF, 3, I-V,----H;HiC"T OF SCARF JOINT SPACIN(] (;lH MEAN FAIIAJRI! S'I'RI!SSI,;S,
MEAN M()DtlI.,I OF I),I.,ASTICITY, ANl) STANI;)ARI) I)IWIATIONS--PANIgI.S 4 ANl) 5

[Two sc,ilrfjiihll Spllehlgs tn lidjiicelll hillllllillhlns (ii' Diitlghls fh'/t.,poxy sptrcllllOns, Ali spet'hiltjliS 1,5 hl, Ihltjk wllh 15 hilllillilthlllS, \"elltx:r griidt;, A-t.
Diiili cl)rrtjelod lo 6 perc,tqll hllilhllilo Ilioislure ei|lilenl, lilid blised Oil liibltj 3, I-IV, I

Specilllell PlllltJl
size _ '......................................................

' 4 illld S

Spllchlg betwceli seilrl's, hl,

,6 3 3

Nunlberor Mean Mean Nuluber,;ff Mtjlul Mtjlill Nulubtjrof Mean Mtjlul

sptjCtllitjns filililrtj illodulu.,i (ii' speCillieliS fillltu'e illoiitlltis tit' specilllons fiiiltlrt., illlldtlltlS of
iii grotlp Sll'tjss, tjhisllcily" hl grotlp stress" ehislh.'lly" Iii grotlp sll'essa ehisllcily,

(K= 1.21), (K= 1,05), (K= I 21), (K= 1,05), (K = 1,21), (K= I,(i5),

psi psi psi psi psi psi

Ali 2 iii, b.,,................ ............................................. 2 13 089 2,6(i(I z, I0 _,

7,5 rl ........................................... 139t,I IO,083 x li)Oi

Ali 8 in. b}.............................................................. 2 l(i 944 2,641
7.5 ft ..................................................... I I,1061 l, 1961

Ali 2 in. by 2 tj 603 2,3ii9 x I(Y, 2 10 310 2,349 x Iii u 3 1() 879 2.428
15 ft I1(il41 0,070 x 10_, 114781 10,060 × Ill_,l 114501 I, 1221

Ali 8 iii, by 2 I0 196 2.541 2 9 24(i 2,510 3 I0 (i3(i 2,506
i5 r_ 14151 1,0051 1,29,11 1,0001 II 1<131 1.0051

Ali 2 iii. by I 9 470 2,465 2 9 462 2,588 4 9 586 2.575

3o rl I ............I I ...........I 11291 1,1201 16531 1.1)941

Ali 8 in. by I 9 427 2,388 I 9 202 2,391 4 i) 79(J 2,58()
30 ft I ...........] I......... ] [ I I ............J I,t511 l, 123l

Ali 2 in, 3 9 558 2.361 4 9 886 2,468 9 1() 795 2,531

wide 1831)1 1.0941 li 1321 1,15.31 [ 16581 [, 126i

Ali 8 in, 3 9 939 2.490 3 9 227 2,470 9 10 1311 2,5f,8

wide 1496J 1.0721 , 12411 I,()561 110631 [, 134J

Ali 7.5 Ii ....................... ........................................ 4 12 017 2.620

hlng ................................................ 114891 I. 1521

Ali 15 Ii 4 9 899 2.,125 ,1 9 775 2.429 6 I(I 455 2.'167

hmg 1831)1 1,1261 111931 ' [,1)911 I lY731 1,095l

Ali 30 li 2 19 4,191 2,437 3 9 375 2,522 8 I_J ¢,921 2,577

h,n,_ [221 1,0381 11611 l, 1351 15351 l, 1091

Ali speC'illlCliS () 9 749 I-, 1._.I 7 6(1,1 2.469 18 10 4(_3 2.550
171O1' I, I(i51 19291 1,12il 114._11 1,1311

'tNtllnbl:l_, Iii lllilt:kels lilt' lilt' qiilMilrd tieVliilliills til lilt' illelln MleS<,es illld iiitlthl[i limed llbllvt,,
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"l'uble3 I-VI u(mt_dnstlm tnem_wtluesot'ull dtttnI'mtn ttll_les
lq×103

- _uMls[!r 3, 1-I1, -Iii, und-.le lhr scm'futu.Ibuttjoints with 3-In, Slmeing
OF O N0,J01NtS oI' the joints In udl,ucenllnrnh)uth.'m_,Thesedarnm'ecornpnred

SI'[:ZII,IIL_,5 I"3 SCNtI J01NIS ' •

O2 TESTED _, ,Utr J01N]S In u numrmr slmlhtr to thai for l_tble3, I-V l'or (I) specimens
o_' c_l'tlm stone conl'igtlrntlcm, (2) Slm¢imeru,;lmvlng the sulrle

13 - length hut different widths, (3)Sl:_eclrnetIsl-roving the some
width but dlffererll lengths, und (4) speclrnens l'r_m1different
l:mnels,With only two excepticmsi11ll]e enlire tid_le,lhc scnrl'-

1:10 .jolr)led Sl:)evlrnenswere shown to be stronger tlmn lhc butt-
,.,.;I,_ - jointed Sl_eelmens,und in these two cases the dll'l'erenee In

strengthwas srmdl, "l'h_sestonetwo exceptlot'Isnt'e_d,,.;ushowrl
in figure 3, I-3 Ibr testsection w_lumesoI' 942 ,trod1608 in, 3,

_.1_1 []10 3,/.,/;.:'t t._'/,)'?clq/'_vpecinu,n siz,,eon lensivn a'lrength; The data
_=...,11-- in tables 3, 1-II to 3, I-,IV cover a range of tension speclmerl
,.,._ wdumes l'rorn 132to 3"168'in, 3, l.,Imited tests were also

conducted on aspeelmen shown'in l]gure 2,2-4 that required- 5
rn _a hinds in excess oI'I rnllllon Ib lo lidl, 'rho,specimen hud aU2 A lq

i_ IO-- _ Z_ i_5 testsectionw)lumeof 32832In,3andhad scarI'jolntsinthe
k_ z_" [35 hunin_ttlons,The foll('Jwingdata l_ointswere obtained l'or three

[]s A _ specimens:

99_

3El l"_dlure Fullure stress,
SII'eSS, corl'eUted Lc)

(¢1) psi 6 percent

__ I I I __I_I_I I _ I _ I _l_J I I J . lumlnme mulslure
(.'()lllel|l,

x1o_..:3 psi
.......

d 85,12 8575
=.: 8778 881 I

[3 8986 9021
-< 1- - ...............................

_" D A 'l'he mean w.tluesel'these data m'ealso plotted in figure 3, I--3% o
"" cb) Z_ [] Several approaches were use in attenl]')ts to find an

0 _.____L I I _ I_I_I I I I _A._L!_I I __DI_ e×trnpolution nlethod for the duta l'rom tables 3, l-li to 3, l-IV
m2. 103 m_ ,xlO" that would predict the failure stress for the 32 832-in, :_

ii:Sl SiLCIIONVOLIJMI::,V, In, _ specimens. Rel'eren¢,..e8 use.dil Weibull statistical strength
la) Mean Ihilure stresses, theory to correhlte bending strength d_tla for w(ff_(l members
lh) Slm_dard deviullons, ()Vet' i:l l'atlge of sizes,The up[)ri)achusedfor the Vill'iilbJe stress

Figure 3.1.3,---Cemu-)ih_lion of mean values of sl.ally iensi(m hdlurc stresses distribution i.lcross the depth of il [_')endillg nletllber is nel

(paralh.:l m grain) in luridnuled l)ouglus lit/epoxy spevimens for a rm_g,e applicable tO specilllCnS ill [)tlre tension,

oftesl suction v(_lumes,Datae()lrecled to 6 [RtreL!llllaminalu ilR)J.',itl.lre,Ll)lllellt Figtlre 3, 1-4 iJJtlstrlttes two 11[)pr()_lches investig_lted thllt
(K = 1,21). Veneer gn_¢.k:,A-I-,

were based on regression lines of log-log plots of strength
hm)irm.tior)sare sh¢)wn,as well as lirnited data for specintens versus volume, By using dnta illustrated in figure 3, I-3 and
without joints in ltle laminations, As might have been expected, including the scatterband ¢)1'the chttli, regression lines c'm_he
the r|leiLnstrength values were consistently higher for spect- calculated for (1) the means ot' ali the dlltll al each volurl)c,
merls without joints than for specimens with either butt ()x'scurf and (2) the minimums c)l'the scatterbarlds (excluding dnta al
joints, In most, but not all, cases scarl'-jointed specimerls were _tvolume of 132 in,:_), Both types of regression lines sh()wed
strorlgor tha.n butt-jointed specimens, As the specimen size u reasonaMe und ccmserwttive extrapolation (_l"data ohtuined
increased, the effect ofjc)irlt eorlllguration generally decreased, in the Volume range 132 t_) 3768 in, _ tr) Inrge-w)lume
indicating thai with the larger volunle there, was tt greater (32 832 in, _) specimens, A disadvanlage of using straight-

pr()bability <)t'()thor defects being present thai could affect line regrossi(m curves I'(_rextrap()httion to very l_trge vr)Ionics
overall strength, In uddition, the data scatter decreased with is the unrealistic c()nclusicm thal the strength w()uh.Inppl'oach
increasing lest section v_.)lunle us sh()wn hy the sl)nlewhat Zero, Other lil_pr¢)aches lhi.tl were investigated included the
smaller standard devialkms al hirger voluines, following:



TAltI,E 3, I.-VI,.--F, FFI!(.'TS (.W HLrI'T ANl) S('ARF ,I(]INTS (_N MI!AN FAIIAIRI! S'I'I_,ILqSI!S, MEAN /vl(_l)lll,I (}1: I!I,AS'I'I('ITY,
ANI_ S'I'ANI]ARI.] I.}I!VIA'I'I()NS.. VAP, I(_tlS I'ANI_I,S

II,unlimlled I.)uughls Ilr/epuxy specllllells 1,5 in, thick with 15hllllilllllhm._ clullldlllllg st,llrf I_1'bllll htlnlnitle.l_lllls Mnlu'ed3 iii, Ilpllrl III ml lllcenl Inlnllulll_ns.
Veneer Bl'lido, A-t., I]_llil culre'cled m fi percenl hllninltle nlulslure cmllelll lllld bllsud ,_ll hd_le,_3, I II, III, lind IV,I

I

,_pecllllell Iqlllel

Type _11.itflnl

Bull ' Seul'l Ittlll

Nlllllber _fl Me,in Mellll Nl.llllber i.|l Mellll MI.'IIII NIllllber iii' MelIII mellll

,_pecJlllell,_ I_dhlre lllodtllus ul ,_peclmell._ flljltlrt, illOdtlhls _t' speCJlllell:, fMhlre IllUdllh,ls ld
ill gl'()tlp Sll'ess_ ehisliclly '_ In gl'()Ul'_ sll'eSs, elllsllclly _ ill _I'(ItI11 sll'ess_i uhlslJt'lly"

(A'::-1,21), (/k'= I,()5), (K_ 1,21), (K:::' I,()5), (K ;: 1,21_, (/_',, I,()5),
psl psi psi psl psi psi

............................................................................................................................................................ , ..................................... , ................................ , ............................. , .............................................................. ,.

Ali 2 In lw bl II ll_(l 2,713 × l(l_' bl II C_l,l 2.fl5,1 _< I(P I,I II 1,13 2.712 :,< I(I_'

7,5 ll I IU(13I l(),_Ibl3 ,-: IU_'I I_521 lI_.(l_7 ;.' In_'l IU'f31 IU.U72 ;,' I(I_'I

Ali bl in lw 4 t_ 73,1 2,5blt_ ,I I(1u33 2.5,1,I () u blflff 2.6,13

7,5 it 15l,ll I.I lq,l l,lf, Ol I.IIII I blU'_l I,I I,II

Ali 2 in h_............................................
15 II ..............................

Ali bl in b_................... : ..................................
15 [I ...............................

Ali 2 in, h_,.......................................................
30 I1 ...................................

Aliblin.hs........................................

30 II. ................ .............

Ali 2 in. bl II ()_() 2,713 X II C_l,l 2.fl5,1 22 I() 715 2,657

wide II()()31 l.UX31 lU521 l,()blTl I lflS(',l I. 12bll

Ali bl in. 4 u T',4 2.5_t_ 4 I0 u33 2.54,1 111 _)blfd.l .2.fl,13

wide 151,11 I.I lq, l l,lnl)l I.IIII IblUUl I.I i,II

Ali 7.5 Il I" (lfllbl 2.1_72 I"_ 11 587 2,f_18 2'I I(lfll _ "_6bl,l

hm_., II_721 I,I121 I_,121 I,lflUl Iii "I l,(lt'bll

Ali 15 ft ......................

h_ll!' ...........

Ali 1_() 1I .......................

hmp .......

Ali_,l)ctiiilCilh12 IfllX 2.n72 12 II5bl7 2,_Ibl 2,1 I(.)til2 2,flbl,l

I(I'121 I.I121 IU,121 1.11191 IIIlUl I,l_UXl

I ' ,_dl'dll '.illllC'. hd _ !!l',Up I,I .I,c. lllll'Ip, v,,,t', ,q,lW,,r I_, lllilll' lhiul l,llt' l_,t dll,,ll III lilt' ud,h' Nlllllbt'l_ III brii_ kt.'lh _llC lilt' '_hllltldld llt",hlllllll., l_l llm lllt!illl _lfl".',l". dlld llllldllll h',led ilhle, u

5,1



TAItI,I! 3, I VI.... C'_mclutled

Sl_ecinu:n Pa,el

_"_................................'.,_ii.'i,,,,_'i_iii.ii_iiill1111iii i_iif1711,,,-i<-_i. iI.............................:i:,i:i,i.................................
Type Irl lililll

........ ,........................................................................................................................................................................... +.........................................................................

,Scilrl BIill Scllrl
....... , ................................................................................ , .............................................................

Nuiul_er t_l Melm Melm Nulnher i,l tvlelm Mt, all Ntllill_er _I Mean Melm

' Sliet'llllell,, l'ilihlre ni{Jtltthi_,llf spet.'illl¢llS Inlhlre lilt_di.lltls ill sl}t'cllllt.'llS litill.lre llllitltlllls {_I
ill 91lillp .',ll't,s,',_' chi,,,tMly_' ill pl'qlilp y,ll't'_s_' ehlsliclly" iii gl'(lilp Ml'es.,," ehisllclly"

{K:, 1.21), (hk'_. I.(15), (6':,: 1,21), (K _, I.ll5J, (hk'-_ 1,21), (K:_: l.(i5),

psi psi psi psi psi psi
............................... 8................................ | ............................. i.................................

Ali '2 irl, lw I() 12 15(1 2,6,13., l(i u (, II 255 2.712., l(i _' 2 13 (18tj 2,6()0 ,. Iii _'

7,5 Ii Itil'll_l ll),(l_J8 .,: lli"l 18,151 I(1,()5,1.,lU"l I{I 3%1 I(I,()143, II)"l

Ali 14iii. b_, {i 10 tj.t(i 2.576 1, ij tjSI4 2.6'7tl 2 III tj,bl 2,f_41

7.5 II l_W'li I, 1521 l i(I7.1i l,(llJTl I l,lliOl I, I%1

"i -........... 1 I() {lt4_J ,.575 3 I(I 147(J 2,,128Ali 2 iii I.,
15 Ii .......... I I 0_,.',1 I.II41 I I.-15()1 1.1221

I(I I,15 25314 3 I(I (13(I 2,511f,Ali 14iii. h_
15 lt ............ 1,1761 11121 111.131 I.OO51

............ tj 8,12 2,5,13 ,1 _J586 2,575Ali 2 i11.I_v
3o ri ..... 13o71 1 1711 I,f,531 l,()c),ll

Ali 14iii. t_,,........ tj ,ltj7 2,536 ,1 i) 7(Jl:l 2,58(i

3(i ft ...... IX281 I,I fill 1,3511 1,1231

Ali 2 ill Iri 2 15(I 2.6.13 14 1115114 2,625 (J l(i 7_J5 2.531

WRit' ICJSWl I.llX_Jl 11O351 I. 13(ii I 1_,581 l. 12f'l

Ali 14iii 6 I11li3(., 2.576 I-1 tj gXO 2.5t)14 t) I111311 2.5146

v,itlc 18t)41 I. 152] IW051 I 1271 I1(1_,31 I. 1341

. .li.liAli "s.5 II 16 I1 f¢)5 2.6i14 12 Iii {1(16 2.6iii, -1 12 I(i7 _

l.nl., 111211 1.121 111631 I ()_('I I l,IXt_l 1,1521

Ali 15 ii .... 14 111117 2,557 6 I(1,155 2,.If,7

hm.n 114241 I. I1,11 113731 I.()WSI

I. 1441 1 1,5351 l. IlltJl

Ali ,qlt,c.llllt,ll,, li Ii fill5 2 6114 .214 Ili li)tj ?.A_l1 li4 Iii ,lf13 2.5511
111211 1.12il 111)231 I. 13._1 114311 I,I;_11

............................................. I ..........................................................................

'i,t, le_li _,ihic. I_ll ,i l, ri_ull _1 q,cclllit'll, llld', ,il,l.',il Iii ilii_ll, Iii,iii tiliC Ii, ,lllllll Iii Iii*' I,ibl, ,t_ltltlt,cl , Iii hhl_t.i'l_ <iii' Iltc _l,ili_ldhl ih",hlll_lli, iii lhc IIt'illl ,llt'_,¢. ,ilid IliiMilh li,,Icll dilll',t'



15)tO;_ fllJ/_lff,li OF MIAN I AlI IJl(I
-" _:tpI:CIM[N5 SIRl_;tl WIIIF

I1:5t11) • AIl, I)AIA

lil _ 0 NO,JOlNI_ Irl I,AMlflAIlOfl_i
F.] I{1111,J()INI{{ IN IAMIflAIION_;

l Z_ t_(;ARI,d(ll NI_i IflIAMIflAllofl_i

2 ?
l_t -- - ..... I(l(il{l!S,';lOfl I Ifll: I 01(MIAN}_

[XCIIII)INIi I'OINI 1.01_

i Illlilll S(dlOfl i Ifll Hill MIAN(,;OF Ali IIAIA,
li -- _; "' 111(}(_tlV'O'Oqbll!'

5 rtl _ ------ i{IXill[St;l(}fl I.lfll IOI{MINIMIIM 511IlIS}II:.SFOI(

10 -- _l "-.5 V _- _102I0 V " Lt/I,_ It_,-t,

"' -"'-<_, 5 _ Hi,q_ V0'00118

a _- l..t I..; lJlll ......I i I I II.III I .i: l.L!tlll : , I__L__L.L.J
10 102 103 1()q fix 10q

lli[;l S[_Cll0NVOI.II/,IF,V, IN, 3

[:Igure 3, l.-,l,---l!'_fl'e(,'lof _pe.cllvlell_li',e(111stlltlc lellsloll fltllelre,stl'ess(pllrllllel Iu gl'llln) fur hlillhlllled l)otlghls flrlepuxy Slmchn(ms, l)altl ¢(irrecle(.l Iu 6 l}el'cenl
hlnlhullc mt_Isltll'e conlenl (K = 1,21), Veneer grade, A+,

(1) Ordering the replicate dat_lut ouch volume find summing Tables 3, 1-II to 3, 1-IV also show modulus of elasticity
the volumes in the t'ollowirlg manner: The highest strength wtlues that were measured while Investigating the effect or
point was plotted at the volun|e corresponding to the test specimen volume on strength, Figure 3,1-6 is a plot of
section volurne, the second highesl potnt til two times that muxhnum sU.lilt tension stress versus modulus orelastlcity that
volume, the third highest at three tirnes thai volume, and s(} was made to determine ii' there is _lrelation belween strength
on until the weakest point was plotted ut N times the test sectton and modulus, In grudlng the veneers the higher grades were
volume, where N ts the number or tests at that l)articular given to the veneers with the generally higher modult, One

vtflume, Regression lines for the N-times-w_lume points were might therefore expect higher strength to correlate with higher
calculated, The scatter was ha'ge and extrapolation was modulus, Figure 3, 1-6 contains tc}omuch scatter to develop
doubtful, lt correlation, but observ_ttlon oF the dutu points shows that

(2) A double logarithm of strength wits plotted versus the for a,spectmen w}lumes of 132,402, and 942 lh, _ there is a
log o1' w}lume with no hnprovement in extrapolation relative rough trend or lower failure stress with higher modulus, which
to that shown ill figure 3,1-4, is opposite to what rnlght be expected, This trend was

(3) A semi-log plot wits less satisfactory than tlm log-log c(mflrmed by least-squares fit o1"straight lines (not shown in

plot of figure 3, 1-4, the figure) that showed a negative slope t'or points l'or each
Tlm most reasonable model for determining the strength that volume, l:;'or the largest specimens shown on tlm ph)t,

can be expected for volumes htrger thnn test specimen volumes 3768 ha,_, no variation ot' failure stress with modulus wits
was developed in chapter 11I and shown in figures 3 and 4 observable,
of chapter Ill ror scarr and butt joints, respectively, in the Note, however, that as the result of ultrasonic testing or the
lumin_ltions, "rhe pertinent parts oF figure 3 from chapter 1II veneers prior to rabrication, the uhoh'e or veneers w_tshighly

are reproduced herein as figure 3, 1.--5,An discussed tn chap- selective. The m()dulus-ot'-ehtslicity range und the relation
ter III, the significance o1' the horizontal line represented by between measured modulus ()t'ehisticity madstrength may not
S-- 2,8370 in that it is the asymptotic value of strength bc representative where there is less selectivity in choosing

(8150 psi in fig, 3, 1-5) at Inrge volumes, According tu tj'+ veneers, This factor, us well us the htrge scatter in the dat,u,
statistics tables l'(._ra nurlnal distribution ofduta, 99,5 percent Inakes it questionable to draw conclushms on the relation

of nii data points ,,viii fall at strength values higher than this between tension strength und nlt)dulus of elasticty I'rum the

as! rnptotic wdue, lt would seen] therefure that S-. 2,8370 datapresented,
represents a conservative appro_tch to predicting the strc.ngth 3, I, 1,4 l_'[/i,ct oi're, ecr grade utr tunsion strength; A Ser'ion
of large structure, s, or static tension tests were c()riducted _)n lan_tnated Douglas
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I]X10,_ IE!;l, rAlit.l:_i
_;t:Cl ION

V01.Li_!,

_x. ' Mt;ABi II'i, ':'12 ,>.-5 - 18 $00 V"0'$20 e. 81!iO O 132 .4,1.,1l, -'111, ANl) -'IV

",,,_ A 1102 3,1-11 ANl)-IV
II "" //t IZI 1"3 528 .4,1-11 ANl) ..111

_D_ .D O_ 15x105 O 9q7 ...4,1-.11 ANl)-IV

,-.-., _ _ ;4tl_l,,J 7t,1-.I I ANI_- IV

"" r"l Dlo -- O
III --

_-' "_'_,..... O '
- 0
u.., /.-. S _ 2,8_70

i D 0 D
O D

_- _ o o_ _ Oo
z --- I l,llllllil I I,I l lllll I i l llllil "" z_ c_ o

_×r-l°_ v°,_° _ 1_-- o _ o cbl x- o o G4,_0 _ z_ 0 D D
_ r_-_,,'o _ Oo o_o o
_ i 0 _o cp

o Oo ool(Oll(bl 0 0
o 9-- & 0 A
102 10_ I0_I 105 A []

II!SI VOI.LII,_,V,, I1,1,3 O _ I-I
.......I I I I I I ....I

(l;) Slrcllgth rn()clel, 2,2 2,_ 2,11 2,!; 2,E, 2,1 2,8 2,9xlO6
(b) Stluldllrd duvililhm in,del. MOI)III.US0F EI.ASIICIIY, _'_,;I

l:"igtlre 3. l-5,-..-.Strel|glh lll)d Sliln¢.hlrddevlllliol) lllo(.luln J',r .4llllic lUll.',,iOllill Fll.J,ure 3, l--6.--F,l'leel of lllU(.Itllu:i ,l ehl,',,liclly o11Sllllk.' leliSl(_li ,,,ll'en_,lhi)I
h,nlnaled l),ugh_.4 lirlepoxy .',,pechnetlswith scarf.jolllts In h,lflrmll(m,s, hl,llrmled Dotu, h,, lit!el)oxy ,',,l)eCilnulmwlth l_,,itl arid sc'_trl'.j,inls in
l)at_tc(,'reclud t(_6 l)erct:nl hmflllale ll]()isture c,nlent (K = 1.2 I}. Vul)eer hlltflnatlol)s, l),llt corrected l() 6 por'ce_l hlliflr)_.tleim)islure c(,)tetll.
gn_de, A +.

fir/epoxy specimens of the configuralior_ shown in figure (2) Gener_dly Ibr a given veneer grade the minimum
2,2,- I, 1,5 in, thick containing 15laminations, 2 in, wide, ancl corrected lhilure stress irl eileh gl'()ttp of specimenswas some-
92 In, long, Six groups of specimens were tested with 2.5 wlmt higher than the mean mli_us2o, The only exception was
specimens In eachgr()up, The specimenswere oi' three ven_;er Ibr veneer grade C speehnenswith n(._,jointsIn the larnin_ttlons,
gr;tdesl A +, A, andC, Veneergrades m'edefined in the tables [;or a nornml distribution there is a 95 percent prol:mbilily tlml
in subsection 1,2,2, For eachveneer grade testswere conduc- ()bservml(msoi'any group will lie within 20 ()fthe samplemear_
led on specirnerm without joints in the Imninations and on and a 99,8 percent probability thal all obserw_tions will lie
specimenswith butt.joinls in each lamination spacecl3 in, apart within 3o of tlle ,lore),
in adjacent larnirmticms, These .j(',int,_were tn.tnsverse t() LIlc (3) Generally the mean, minin)um, or mean minus 20

direction o1'lbrcc on the specimens, The results of these tests ()r 30 corrected failure stresses were lower for specimens
are presented tn table 3, l-Vll, Table 3, l--Vlll presents similm' c.nutinlng butt .joints in the Ittminmi()ns than lhr Sl_ecirnens
results for veneer grade A with n. joints but with a I_ighcr wi:h(:)utj()tnts, Such behavior would be expected, For these

specirncr_ moisture c()ntenl _nd also tested _.lt _.1tligher tests thcre was an excepdon, h()wever; the specimer_s()fveneer
temperature and hun_idity, For t_ll tltbles failure stresses are grade A-t- showed higher Ihilure stresses f()r butt-joir_ted
presented as tested and as c()rrectcd to a stm_darcl hnnirmte htrnil-mti(mstlum lhr specimens with()tttj()ints, The investigator
moisture c(mtent of 6 percent lhr K =: 1,21, Mean failure in these tests suggests tirol this an(,-naly nmy h_ve m'isen I'r'OlU
stresses, minimum f_tilure stresses, _tt_dstandard clevktti(ms stress risers resulting t'ron) smltll changes in grtiin angle in
o l'or _tll of these tests are surnnlarized in table 3, I,-IX, s(m_c ()I'tire lmninatt()t)s ()f the A-t- speci_nens with()ut .j<)ints,

The i'()llowlng c(:mclusi(ms cttrrbe drawn t'ron+_tid'de 3, l-IX' Terlsi()n strength lmrttllel It) the grain is 3() Lt)4(? times tirol
" (1) The standard deviati()ns rs tbr ali specirr_ensexcept those perpendicular t(_the gntin so Ltmt snmll vari_tti()ns cma rest.til

having a high laminttte n_()isturc content were highe).' I'()rthe irl signiticmat strength dil'l'erenccs,
better veneer gr'Itcleshul I_a)tnecessarily higher tilt tligher nrem) (4) Alfll()ugh there wits a trend (ii' rcdtlced strength I'()rl()wer
c()rt'ccted str'es_es, An explarmtitm ()1"this belmvior w()uld t:,e veneer grades when c<,rlparing either specimens witht)ut.j()lnts

(,nly specuhtti(m, (,r specimens with butt j()ims in the I_trninmi_)ns, there v,'crc
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I'ABLB 3, t-VII,-EPFI!_C'rS OF VBNEER GRADE AND JOINT TYPE ON

STATIC TENSION STRENGTH PARALLI11_,TO OI,LAIN

ILtm'dn_lludDoughls Ilr/opoxy _p,2elmert.,t1,5 In, II'tickwlth 15 hunlnalltm,42 In, v,,M_,,trod92 In, lq:lng,'rosl
Iolllporllltll'O,71 '_r",DIIIII_ol'roolt_dlo 6 p.roolll hllllhmlo Iil(:d,_ltlroOOlll_lll(/,.",_ 1,21),I

(lt) VoIleOI,grlldu, A.tl ilo Jointshl lalllllllllloll_ (el VOllO_l'gritcle,AI ilo lo tll,_hl IiiIllhlllth_llS

slro_._I L_tn ht(lo F4dltlrc IhdltlrU Correclt_d Slros._I I,.Inlllltlu l_'_dlttru I;tllhlre ¢2orr'.'.elud
|ll'ea, I illohlltlre [Gild, Stl'eS.,,l_ fidluru _trea, ] Ill()l.,tltlre! bad, ,_tro,,_ofillllll'O

m,. I COlliGht, Ib psi ._lruss, in,_ I COrllofll, Ib psi ,_lress,
percolll psi I i,t_rc_nl p,,_l

3,02 I 4,7 2,19C_) 8 245 8 0,10 3,13 I ,13 3t_7C_) 12 68,1 12 368
3,03 I ,1,9 28 720 9 479 9 279 3,18 I ,1,6 38 o6o II 9(,9 II 649
3_02 I ,l,5 29960 9921 9637 3,11 I ,1,2 38220 12289 II 868
3,02 I 4,8 28 700 9 503 9 285 3,C14 I ,1,3 35 680 II 737 II 357

3,02 I 5,1 27 040 8 95,1 8 799 3,(}2 I ,l,8 35 2,10 II 669 II ,10l
2/18 I ,1,5 40 300 13 523 13 136 3,05 I ,1,9 ! 33 600 II 016 I0 78,1
3.08 I 5,1 27 770 8 99,1 8 839 3,03 I 5,0 3(17,10 10 1,15 9 950

3,(13 I 5.2 27 770 9 142 9 CX)I 3.05 I ,1,6 ! 31 180 10 223 9 9,19
3,07 I 5,1 27 770 9 023 8 867 3,(14 I ,l,,l I 28 3(K) 9 309 9 025
3,02 I 5,0 33 500 I1 093 10 880 ,3,01 I ,1,5 3,1 380 II 422 II 095
3,07 I 5,2 25 860 8 423 8 293 3,12 I ,1.9 28 5,10 9 1,17 8 95,1
3,02 I 5,1 39860 13 199 12971 3,12 I ,1,4 I 33 160 10628 103C14

3.(11 I 5.2 32 220 10 704 10 539 3,14 I ,1,9 28 480 9 070 8 879
3.02 I 4,9 39 600 13 113 12 836 3,07 I 5,5 30 180 9 831 9 736
2.96 I 5,3 ,11040 13 865 13 678 3,04 I ,13 I 33 1,10 10 901 10 630
3.01 I 4,5 41 960 13 940 13 541 3,03 I 35 120 11 591 11 303
3,(13 I 5,5 37 400 12 343 12 224 3,02 i 33 ICX} 10 96(} I0 687
3,03 I 5,3 33 140 10 937 I0 790 2,99 I _ I 31 320 10 475 10 214
3.0C1 I 5,0 25 920 8 640 8,174 2,99 I ,1,9 t 37 I00 12,108 12 146
2,91 I ,1,8 31 050 10 67,l l0 429 2,9ti I 5,2 35 460 11 980 I1 796

3,(11 I 5.3 31 180 l() 359 10 219 3,02 I 4,8 i 32 000 10 596 I0 352

3,04 I 4.8 34 020 II 191 10 934 3,10 I ,1,9 ! 34 620 11 168 10 932
3,05 I 5, i 38280 12 551 12 334 3,06 I 5,1 I 31 200 10 196 10020
3,02 i 5,1 25080 8305 8 161 3,03 I 5.2 ! 36760 12 132 I1 9,15
3,05 i ,1,6 31 680 10 387 I0 IC_) 3,01 I 6,0 I 37 I(R) 12 326 12 326

Mean 10 66{1 10 452 Melm II 035 lO 787
Slzlrldllrd(levhlllnn, (I 1862 1784 S/al_(htrddevhllhm, _ 1058 1021

.... , ............

(b) Vtmeer gr_z(lo,A +;butt Johlts spliced 3 In, (d) Veneer grado, Al butt Johlls spaced 3 hl. llpllrl
_q_arlhl tttljltct;nt Ilu_ll,mtlcm,_ hl IlclJllcOl|lhllv_hl,tlons

3.00 I ,1.5 I 38 520 12 8,1(I 12,172 I 3,05 I 5,1 27 760 9 102 8 9,15
3.02 I 4.7 I 37 520 12 424 12 115 I 3.(1,'1 I 5,3 30,3,10 9 980 9 8,16
3,0,1 5.2 I ,I0 (180 13 18,1 12 981 I 3,04 I 5,3 31 140 10 2,13 10 105
3.06 5.3 I 36 060 II 784 II 625 I 3,03 I 5,,1 27 820 9 182 9 076
3,05 I 4.8 1,10020 13 121 12819 I 3,02 I 5,1 30080 996(I 9788
3.03 5.0 I ,1156(1 13 716 13,153 I 2.99 I 5.6 29 880 9 993 9 916
3,07 ,i.9 ] 39 960 13 016 12 7,12 I 3,02 ! 5.5 32 920 I0 901 10 796
3,01 5.2 I 36 520 12 133 11 9,1(i I 3,(X) I 5.8 30 I(_) 10 033 9 994
3.03 5,1 I ,13000 14 19,1 13 949 I 3,0_i I 5.{i 33 3(xl 10 882 lO 798
3,03 5,0 I ,12860 I,I 145 13 87,1 I 3,06 I 5,6 30 900 10 09B I0 I)2(I
3.02 I 4,9 I,I1,12(] 13715 13,126 I 3.09 I 5,6 34720 11236 I1 1,19
3,04 5.4 ' 27 360 9 (_)0 8 896 I 3.07 I 5.4 26,12/) 8 606 8 507
3,05 5.2 25 760 8,146 8 316 I 3.03 I 5,5 28 22(1 9 31,t 9 22,1
3,01 4.8 29 500 9 801 9 576 3.08 I 5,(, 31 580 10 253 I0 17,1
3.01 4,5 25 6,10 8 518 8 274 3.07 I 4,5 23 88(1 7 779 7 556
2,9,1 5,3 27 120 9 224 9 I(_0 3,03 I ,1,,t 26 920 8 88,1 8 613
2,95 5.0 27 560 9 3,12 9 163 3.(12 I ,1,6 25 220 8 351 8 127

2,l_7 ,1;9 29,12(I 9 9(16 9 697 3.01 I ,1,8 23 I00 7 6'14 7 498
2,98 ,I,6 29 060 9 752 9 491 2,97 I 5, I 25 560 8 606 8 457
2,92 4,8 28 58(1 9 788 9 563 3,15 I ,1,6 28 060 8 908 8 670
2,95 ,I,9 28 5(g) 9 661 9,157 3.12 I ,1,5 2,16(9(I 7 885 7 659
2.96 5,2 30 44(1 I0 28'1 10 126 3.10 I '1.7 25 140 8 I10 I 7 908
2.9,1 4.9 31 120 I0 585 10 362 3,12 I ,1,8 28 2601 9 (158 8 850
2.98 5,0 33 380 ii 201 10 986 3,(17 I 5,5 27 700 I 9 023 II 936
3.00 5, I 29 38(1 9 793 9 62,1 3,O(, I 5. I 29 080 9 503 9 339

Mt_m II 183 I119('_1 Moltll 9343 9198

Sl_mthlrclcltwh_llotl,a 1903 1826 Slllll(hlrtldt,Vtllllon, o 998 1020
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TABI..E 3. l-Vli.--Concluded.

[Laminated Douglas fir/epoxy specimens 1.5 in. thick with '15 laminations, 2 in, wide, and 92 in. Irreg. Test

temperature, 71 "F. Data corrected to 6 percent laminate moisture content (/_" = 1,21L]

(e) Veneer grade, C; no joints in laminatirms (f) Veneer grade, C; br,tr joints spaced 3 in. apart ,
in, adjacent hmlinatitmS

Stress Laminate Failure Failure Corrected Stress Laminaie Failure Failure Corrected

area,, moisture load, stress, failure area, moisture load, st|:ess, failure

in.-" content, Ib psi stress, in." .content, Ib psi stress,

percent psi percent psi
i , .......

6.0 28 920 9 513 9 513 3.5 24 720 8 052 7 671

519 28 920 9 513 9 495 2.9 30 _60 9 890 . 9 313

5.9 27 540 9 089 9 071 4.0 27 3(10 8 951 8 611

6.0 29 460 9 565 9 565 3.2 23 520 7 661 7 256

6.1 31 580 10 354 10 374 3.0 22 880 7 453 7 032

6.2 32 160 10510 10551 4.6 22 720 7523 7 322

3.8 24 560 8 026 7 691 2.7 26 860 8 953 8 398
3.2 31 920 10 397 9 848 2.9 22 980 7 389 '6 958

2.7 29 680 9 605 9 010 2.7 27 060 8 701 8 162

2.5 30 400 9 838 9 193 2.7 22 340 7 253 6 81.14

2.8 33 640 10958 10299 2.6 22 080 7 216 6756

2.9 29,120 9 614 9 053 4.8 28 760 9 716 .9 493

3.6 29 140 9681 9 241 4.0 25 200 8 428 8 11)8

3.8 31 700 10 782 10 332 3.4 28 120 9 468 9 003

3.5 [ 32 940 11 166 10 638 2.7 27 620 9 237 8 665
2.7 31 100 10578 9923 2,6 27 320 9 137 8554

2.5 31 080 10 644 9 946 3,(1 22 060 7 428 7 008

2.2 34 400 11 467 10 653 4,7 26 080 8 993 8 769

2.4 35 260 11 832 II 035 3.6 26 600 .9 017 8 607

"Y'}3.8 33 400 l i 3,., 10 849 3.5 24 000 8 108 7 725

3.4 27 360 9 338 8 879 3.2 26 120 8 795 8 330
,..3, 2.6 25 480 8 671 8 1183.0 32 100 10 845 10 _ _

3.1 27 440 9 333 8 823 2.6 23 740 7 940 7 434

3.4 27 320 9 168 8 718 255 21 640 7 166 6 748

3.7 27 120 9 131 8 733 2._ 26 920 9 034 8 491

Mean I'i) i)ql '_667 Mean 8407 7973

Standard deviation, o 915 811 Standard deviation, a 847 816

agatn exceptions. The effect of small variations in grain angle approximately linear relation below 40() "F. As wood moisture

as described previously may be the explanation, content increases, the effect is more pronounced. For exarnplc,
(5) The failure stress differences between veneer grades A + ret'crence 3 shows that reducing test temp,'_rature from room

and A did not appear to be significant, particularly when telnperature to -20 °F increases strength about 12 Percent

comparing minimum corrected failure stresses or mean at zero wood moisture content and about double that arnount
: corrected failure stresses minus 2o or 3o. As a result the more at 12 percent v,,ood moisture content.

stringent specifications lhr A + veneers may not be warranted. The data availablc l'ron_ reference I relating to temperature
(6) t-Tests were conducted on ali of the groups of specimens are extremely sparse, incotnplete, and inconclusive. Tests were

listed in table 3. l-IX to determine iithey' came from the same conducted at -20 °F on three tension specimens of thc

population as the veneer gradc A + specimens without joints, configuration shown in figure 2.2-1 for laminated l)ouglas
These tests revealed that at the 95 percent confidence level fir/epoxy with the following results:
all of the groups of specimens except the butt-jointed specimens
of veneer grades A and C ,,'cre from the same populations ----'---r-----q
as the A + specimens without joints. Therefore veneer grade Spccime1_] Iurc]:ail

Modulu,s of

" I _,lrcs.,,, i elasticity, I

level probably did not significantly affect strength, and butt | Psi I l"Sl 1
joints in veneer grade A+ specimens are not a significant .-j_--
factor, I I 10 6(1t)---]1 2 270 (RR) I '

3.1. !. 5 Effect ol'temt_erature on tens'irm strength: lnfornlation 2 8 8(_) 2 5e,¢,_10
I 3 I 844(I ] 2 461 00li

presented in reference 3 shows the mechani_.d properties of [_ M_..,,,,j _ 2xo[ 2 432 tuu_wood to be inverselv proporticmal to temperature in an .................
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TABLE 3.1-VilI.--STATIC TENSI(aN STRENGTH Information is lacking on htminato moisture content and

PARALLEl. TO GRAIN AT HIGH whether laminate joints were present,
M()ISTtJRI_ CONTENT Cornparing these low-tentperature testresults It) rooM-

II.,anlinated Douglas fir/epoxy sp_'cimens 1,5in.thick tempei'ature tests presented in table 3, l-VI for 2-in, by 7,5-ft
with15hmtinatitm_;, 2 in, wide, and 92in. hmg. Nu specimens with scarf o- butt joints in the lanl(nations shows
oints in lamirumons; veneer grade, A; test tempera- the Iow-t.enlperature tesi data to have significantly lower

tare, YO "F at 90 percent rehttive humidity. Data
tension strength and, modtilus of elasticity, "I'he mean low-

corrected to 6 percent htminate moisture content

IK = 1,211:1 temperature values fall at approximately the lower boundary
t)f the 1-o and 2-,o bands of the room-temperature data for...... _,._ ..........

Stress LaminateI t:ailure Failur, Corrected modulus of elasticity and tension strength,, respectively, The
area, mmsture I. load, stress, failure trend is opposite to thai shown in reference 3, Because of tile
in.:' content, I lh ' psi stress,, limited number of specimens tested, these results are

percem I , psr
............... questionable. Until more reliable data are obtained, it seems

3.14 t) s I 3754(I 11Y5_ 127.45 prudent to use the trends of reference 3 to determine the
3.11 q_.!) { 41 940 13 48{ 14 293 estimated effect ot" temperature Oil mechanical properties of
3.15 t_{) I 40 620 12 89! 13667 laminated-wood products, Subsection 3,2, l, i Shows a temper-
3.05 ta.,:, I 40 (bl0 13 12[ 1,1(122

3,07 t;i I 38 24(1 12 45( 17,227 ature effect more con,,/istent with reference 3 for Douglas

3.02 t) :_ i 37 86(I 12 53_ 13364 fir/epoxy in compression.
3.(17 10.5 I 33 08C1 10 77_ 11 757 Sonic inference on the combined effect of moisture content

3.07 1o.6 I 25 7(x). 8 37 9 152 and test temperature can be obtained from ,i,he data in tables
2, "_ t., _ l )

3.o8 ,J.¢, _ ....... 7 34, 7 875 3. l-VII(c) and 3. l-VIII. These two tables are for Douglas
3.06 1(I. 1 I 25 56{I ,R'351 Y (M.4

3.00 u t_ i 27 (XR) Y (XI( 9 707 fir/epoxy specimens with no joints in the laminations. One set

3,03 ' 10.o I 36 14(i 11 y27 12888 of data was run at an average larninate moisture content of
3,(15 () U I 37 (140 12 14,./ t3 0,_8 a little less than 5 percent and a test temperature of 71 °F,
3.04 ta ta _ 29 380 9 66.4 I() 423 and the other set at a moisture content of approximately lC)
3.1.17 10.3 12834(I 9231 10033 percent and a test temperature ot' 90 °F, The lower-
3.(}5 1()._ I 29 620 9 711 10 617

3.1)5 1().4 .! 26 4(X} 8 65( 9427 temperature, lower-moisture-content tests showed a mean

3.(13 li) 5 I .."_(I.0" 7 59 8 289 uncorrected failure stress approximately 3.5 percent higher
3.08 10,9 I 33 100 10 747 11 _18 than that.tor the higher-temperature, higher-moisture-content
3,()6 I(). I I 37 02() 12 091 13 099 tests. Reference 3 indicates that, on the basis of temperature
3.08 I(I. I . I 31 520 10 23, II ()80 effect alone, there should be approximately a 5 percent strength
3.09 li). I i 28 34(11 Y 1'7: 9 Y3 I

30x 10.3 i 3198o 1038. I I 285 difference, Reference3 also indicates that the correction for
3A)8 IO.3 : 35 98(I I I ¢",4. 12 656 moisture content would be rlauch higher than the temperature

3.12 10 8 ] 3Y 30(I 12 596 __ 13 824 correction, lr(he mean failure stresses corrected tc)6 percent............... hmainate rnoisture content (K = 1,21) from tables 3. l-VII(c)

Mean 101644 I1 493 and 3. lLViIl are compared, it is obvious that the data presentedStandard dcvit, ti_m. o 851 1898
__.: are opposite to the trend expected from reference 3, The

TABLF, 3'. I.-IX.--SUMMARY (.)F STATIC TENSION STRI:NGTHS

FROM 'I'AI_LES 3. I-VII AND 3.I,VIII

Cheer ,to(Ills Mean Standard Mixfimum Mean c(wrected Mean corrected

grade in / cuxrected deviation, c,wrecled failure failure

t:,fllin;.itit)ns i failure o. failure stress minus stress minus

stress, psi stress, 2 o, .I o,

' / /psi.., /-- - ".___ 3[ ; _ psi ,)si psi

.................. ,........................ '-._,........................................................

A-+ | N, nc , I( 4. ,[ 1784 80.40 688' 51(I)

. A+ t/ Butt i(1 t)61e/ 1826 . 8316 73(99 5483
A J N_me l0 787 1{121 8879 8745 7724

I

A I BUtt tj it98 I(120 7498 7158 6138

,,_ I Nt;ll¢ 'tl I 493 "1898 a7875 ,t7(_t)7 ,'57_9

f' i N_,ltc l ':_fi(_7 811 7691 8045 7234I

/k..__L' ("..........._J_...... I:lutti........... .1_| .................7,,73 816
6748 63,11 5 5 _ 5

d_pt'_llllCflx IC+lt'tl _ll dpillllt, llllilr i I, I{I [R.'ICt'II| Idllllllillk' IIItll_tLIh' ttHllt'll|



corrccwd mu'an failure stress in tal_h."3, I-Vlil should I_cabout doublud the tension strc'ngth pcrpcndicular to the grain in lhc

5 r>crcem lower ttlan file c_wrcc{cd mcan failurc strcss in table radial clirccti_m, 'I'tlc grcalcr number of impcrfecli_ms inllcrCnl

3, I-Vii(c) ii' the data wcrc consistent wfll-lthe reference 3 in lhc Iowcx'grltde significantly aft'coted the strength in the

cox'rcctit)ns for both tesllpcraturc lind illOisti.ll'e _.,ontcnt, lnstclld dil'OCtioxi pcrpcndic:tlhlx' to the grtiirl,

lahlc 3.1-VIII shows ti corrected zneari le)lure stress 6,5 Large reduclions iii strength perpendicular to lhc grain (in

i}ei'0eni higher than th;.l{ of table 3, l-Vll(c)--a trend in the both tile tangential and radial directions)rclalivc It_ lhc strength

wrong direclion, Another factor to consider, llowever, i_the parallel to tile grain can t_e seen by c(_lilparillg lhc illcall rallies

greater uncerttliilty of the data for tile higher nloisturc content, ill tables 3,1 .-X, 3, I.--XI, and 3, I-XII with tile values shown

as indicated by tile larger standard deviation o of the dala, The in table 3, 1-IX, For grade C veneer lhc tuns)tru strength

mean corrected faihire stress nlinus Iv thr the two tal_les results perpendicular tc) the grain (radial dit'cctitm) was only 1/45 of

ill stresses thal approach the correct stress I'i.itit) based tlpOll the strcligth parallel to the grain. For gractc A veneer tlm

retbrencc 3 considering t_oth leniperaturc and illOistl.lrc COiltCill tension strength perpendicular to tilt; grain (radial direction)

COi'i'ectitLillS. There iS not an obvious justification for comparing was 1/22 of the strength parallel to the gt+ain, arid the tcnshm

the lllC_.lliIllinUs 1o stresses except to point <.)tilthat tile greater strength perpendicular to the grain (tangential directioil) was
uncertainties in the mean value of failure stress ftw the higher 1/40 of lhc strength parallel i;o the grain, .These comparisons

llloisttlrc conterit do make il difticult to draw definitive emphasize tile care required iii orienting load with grain

coilcltisioils ()ii the ct'fecl t)t" inoislurc c/)lltClllt)ii failure stress, directio'n and the need to eliminate cross-grain tireas whorl

for Douglas fir/epoxy laininatcs, II manbe concluded therefore selecting veneers for applications requiring high strength,
thai thei'c is ileitller suff'icicnl quaillity Iter qtiality of d}.ll{l lo ]_,7.2,2 S[Jut'i/llt'#lS with ,t,,[t/s,_,',/I/Jr't" til/sP'if' aII<I4#H+'#IIEII/O#I;

provide definitive conch.lsions on flow telllpcraturo or llR/iSlUl;e Tcsl.s were conducted in tensitm pcrpclldictllar to tile grain

cur)tent aflocll,; the strength of Doul tlas fir/epoxy lanlinl.ttes, in the lai_goniial 'directioil with both Burlingioli Slylc 7500
3,1,2 Perpendicular to grain,--.St'dl.ic tension tests were find Burliiagton Style 7781 glass fiber fabric augilmntalion (iri

conducted perpendicular to the grain in both tile radial and grade A l)ougJas fir vciicers with epoxy glue, Tlle following
tal-igcnlial directions (iii VClleCr grade A and in lhc radial rcstiils were obiaincd_

direction (`iii vellucr grado C, Linlited tests wore tiisti cur)dueled

in the l angential clircction with glass tiber fabric auginei_tation ..........................................................
bclweell lanlintititlns, (.liltssl I:ailurc Faiiurcl

' lyfw .I hlad, s,lrc_,s,I
Radial direction lusts were perforilled on tilt;' speciincn I Ib psi

,.)
Collfigtlration showll ill t'lgurc 2,.-5, Tangcnlia] dJreclJ()ll lusts ........................................................

wilhoul fiberglass rcinforccmeni wcrc performed on ihc 77_1i bl500 28721

specitncn configuration shown iii t]gure 2,2-.6. Tangential 77bll I ,J7(){) 2!.139I
' 7781 I Iii (10(i 3378 I

dircction tests with fiberglass reinforcement were doric on a

specimen similar to that stltd\vn iii figure 2,2-6 except that the Mean ._0_3I
spcciilleri was 50 irl, long and 1,,4l'I in, thick and colllposed ..............r.......................................

of 13 laminations with lO-oz/yd "_ glass t'ibcrfahric 75oo1 ,)()()(i ._()4()I
•................. . ........................................

(Burlingtt>n SL,,'Ic 75()()i,r Btirlingtoll Styh., 7781) placed iii

ihc gluc line between lalllinatiollS, The fibers iri the glass fabric l"ililurcs in ihcsc specinlcllS were sigliificantly different fr(llll

wcrc oricnled al 45 ° to the w'_)_)dgrain direction, [Irl()S¢in specimens without augnienlation, R'athcr than failing

.7,/,2, / ,_TJ("<,'i#tl('ll,_' II'it]lOltt ,_lass./i/wr/'.h,'i_'tllt l4#11f'tltatio#l; in ti Iocali/,ed arcti, lhc failure was st)read OVel.a llirgu portion

"I'cst data ;.ll'e shown in tables 3. I--X to 3, I--XII, Static tu'nsiorl of uticl-i specimen,

dala with h)adintj i_crlx.'ndictih.ir I()the grain showed h)w slrcriglh The ghiss fiber fabric aug)lie)Till)on nmrkcdly iilcruascd the

and cri'alic rcsulls. With loading in the radial direction ihc stl'cnglh of ihu I)t_t.lglas tir/cp_lxy lalriiilatUs by ;.i factor (if

wcakcsl \'¢IlCCF dc)urn-lined the strength t)f lhc Sl)UcilneI1, With aplm)Xilnatciy 11, as sccn hy c{lirl[)tiririg the vtllucs tibl>vc wilh

loading in the )anger)till direc'li_m lalhc crticks in lhc vcnc0rs ltlc ii)can vtiiuc in lahl¢ 3, l-If, Althmigh lITc icsis lisled were

rcsultin 7 l'r<)ln the peel)rig Ol-)craliemlliiiy tlavc reduced strcrigth, liiniled, the type _ffglass tiber fabric used in the rcinforccnlcilt

(7Ollll_;iring lablcs 3. l-.X(a)aild (b) s|ll)ws ;.i signit]cant hild ll(I signi[icanl ct'fcel,

reductil_ii in tcllSitlll strength pcrpcndiu'ular t(_ the l.rain in the .]./,.7 C.Iosing remarks 011 static lt'#lsio#l strength,--l)at'd

radial dirccli(m as Iu'sl lcillpcrtiltirc incrctiscxi, The rri()}sl'irc 1')'()iii rclcrcllCC 1, illli.] fr()lli uilpl.iblished prc]inlinary rcptlrts

c{)illcnl til ttlc lusl spccimcns and the le'st CliVirl)nll/cill rclntivc thai ftlrnl tilt basis c_l'reference 1, have been presented iii this

liuinidiiy wcrc also) hit.hcf Ibr lhc higher tc'st lcniperalurc, scclion, Sonic (lt'lilc lll()l'C significalil c0nclusi(uls ltill Call I"lC

Alttl(mgh ali d;.ila werc correc'tcd l{i 6 pcrccnl lailliilaic il/{)isluic drliwn fr(_nl these dillti iil'C {iS t'OIIt_ws:

Clllll¢llt, ltiC \'aliditv of this C<ll'l'ccti¢)n is Iiighly UliC.'crtaiil, _ts I, Althllugh a signit'icaill nUlllbcr _lt" ]alninatcd l)tlugllis

" prc\'i_)usly discu!,scd, firlcpl_xy tcnsilm spcuiirlcns wcrc tested in a varicty _1 siz.cs,
:'- ........ ; .... ,.,I..I.. _ VI ' *.,kl,, "1 I %" , I-,,_,,,,.. tl_,, I _'-' ",,, ,',li'lt'il,lii".tliflll,,.t Illfl 'l'lflit IIl'l , f'lll) I"lli_ lh)' _t;il;i l'(ll)lliil'i l(ll)

a higher Sladu VCllCCr(gradc. A iilstcad _)fgradc (') trip,rc lllan tilt)cb sca'iter l_) c_lncltidc dcl'inilivclv whcltlcr lhc lll_lislurc--



TABLt", 3, I-X,--STATIC TENSION STRI_.NGTH PI_RI_I_NI)ICUI.AR (RADIAl.)TO
GRAIN--VENEI:Z.R GRADE C

. .

[Laminated Douglas fir/epoxy specimens 1,5 in, thick with 15 lmninatitms, 2 in, wide_ and 2 in, long, Nc_j_ints

in veneers, Data i.'orrectcd to {_ percent laminate mt_isture content (K = I,.13),1

(a) Test temperature, 71 °F (b) Test temperature, 90 °I:; relative hunfidity,

90 percent

...... ........................ .....IStres,, l..,anfillate Failure I_.llltlrt? ]Corrected Stress l.allllrlate l_'ailure Failure .'orrcc'ted

area, moisture load, .,,;u'ess. I failure area, moisture I load, s(ress, i t)fihU'er /
in.: content, Ib psi I stress, in, 2 content, I Ib psi l Stl'ess, [

, percent psi . . I_ereent I / psi /

-" ........... i l i--I /3,93 4.7 329 84 '83 4,03 II. 218 5 58

3.t,_8 4,5 952 239 235 '4.08 1(I,9 I 694 17(1 I 181 [

3.93 4,4 1199 305 299 4,04 t_._ i 99,2 246 I 't246

3,97 4,4 652 I{u4 161 4,09 10,7 I 662 162 I 172 I

3,91 5,1 , 918 235 232 4,01 6.7 I 472 tl8 I *'119 |

4,()1 4.9 774 193 190 4, 1,2 10.7 ,I 1006 24,-, I 259 |
3,98 4.4 495 124 122 4,07 c_7 I 456 112 I 117 /

83 883,97 4,3 874 220 215 4,05 10,9 I 336
4,02 4,6 1002 249 245 4,07 I1 .I) I 366 90 96

3.97 4.7 1121' 282 277 4,01 7 _ I 784 196 I "200 [
3,97 4,3 1303 328 321 . 4,(.17 t_.is I 892 219 I _'221
3,98 5,3 725 182 180 4.1{.1 11,2 I .590 144 I 154

4,06 4,8 971 239 235' 4,15 10.7 I 588 142 I 151
4,02 4,6 74(1 184 18i 4,06 10. I I '478 118 I 124

3,99 4,7 614 154 152 ' 4,(19 t_.._ I 373 91 I _91

3,98 4.0 658 165 161 ,4,03 11/.9 I 686 170 I 181

4,02 4,6 11(/8 276 271 4,08 11).4 i (_40 157 I 166

3.97 4,5 1425 359 352 4,(16 11._} I 758 187 ] 199

4,{_(} 4.5 648 162 159 4.(15 11.0 ! 662 , 163 I 173

3,97 4,3 686 173 169 4.03 I 1.1 29(I 72 I 77

3,95 4,(1 233 59 58 4,01 I1,1 574 143 I ' 152

3,94 4,2 1(t28 261 255 4.01 11.0 604 151 I 161

4.03 4.6 1344 333 327 4,(17 6,1 1196 294 I L_294

4.(X) 4.2 1037 259 253 4,06 6,2 78(I 192 I al92

3.92 4.2 770 196 192 4,01 10,5 738 18.1. I 1,95

Mean 217 213 Mean 156 I 163

Standard deviation, o 75 72 Standard deviation, r_ 58 ' I 57

al'ililur,..' stress ul metal bltH.'k/sl_cilnel| glue ]ifit!. The hlll|itlale strellgth i'], thelel_te greater. These _aresses wt:re Jrwluded iii it|can _ll|d Stalldard des.tlltiurL

content correcuons presented ibr unlaminated-wood specimens where
in reference 3 are applicable to laminated-wood structures. S mean failure stress

For lack of a better approach, tension data in this report were V w)lume
corrected to a nominal value oi'6 percent laminate moisture

content by using the equations of reference 3 and K = 1.21, A,B,C empirical constants
2. Taking mean values of replicate tension tests oi spect- In a similar manner the standard deviations o tbr a range of

mens with volumes varying between 132 to 32 832 in. 3 and specimen volumes were curve fit to obtain a curve with the
correcting the data tbr moisture content as previously described equation in the form

appeared to show a correlation of decreasing strength with DV__I_o = (17)
increasing volume. Severm models for predicting strength tbr
volumes larger than the test specirne n volumes were investi- which has another ernp!rical constant, D,
gated. The most reasonable model, developed in chalSter III, For the specimens investigated, letting the large-w_lume
involved curve fitting mean values of experimental static t'ailurc stress be equal to the constant C resulted in a predicted
strength for a range of specimen volumes to obtain a curve large-volume failure stress equal tO S - No, where S is the
with an equation in the form curve-fit experimental failure stress and N = 2.837, which ibr

a normaJ distribution would result in 99.5 percent of ali data
S = AV :t_ + C (16) points having values larger than C.
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TABI,I/':3, I-.XI,--STATIC TENSION STRENGTH ;I'AI:II,I_3,I -XII,--STATIC TENSI()N STRI':I"IGTH
PERPENDIC.UI,AR(RADIAl_,)TO PIq_,Iq_NIglCUI;AR(TANGI:':NTIAI,) TO

GRAIN--VENEER GRADE A GRAIN--VI_:NH:':R(:tRAI.)I_A
,,

JLanfinatedDouglas tir/epoxy specimens 1,5 in, thick ILaminaled l)ouglas fir/epoxy sl_ecimens1.5 in, lhiek
with 15laminations,2 iii, wide, and2 iii, long, No with 15lalninatiollS,2 iu, wide,and24 in, long, No
joints in veneers, Test temperature, 77 °F, Data j¢_inlsill veneers, Test temperature, 77 °F, Data
correctedlo 6 percenlhilllinhte illOlstt:re content, corrected to 6 percentIlllllhlllle illOislure COlIIClIt
(g = I,i3),1 (/q = 1,13),1

Stress Laminate Failure l:;ailure Corrected Stress! Laminate Failure I:ailure , Correcledi

area, moisture load, stress, fuilure area,' llloisltlre load, stress, failure
ill,2 conlenl, Ib p,,;;l sll'ess, In,- content, Ib psi stress,

percent psi percent psi
....... _ ......................................

4,04 5,2 1345 333 33(I 3,10 5,7 920 297 296
4.04 4,4 2203 545 534 3,10 5.6 740 239 238
4.(X) 4,7 1317 329 324 3.1 I 6,0 920 296 296
4.04 4,5 2417 598 587 3,04 5,2 940 303 300
4.02 4,8 1322 329 324 3,05 ,5,2 780 256 253

,._65 559 549 3,06 4,9 800 261 2574,05 4.6 _'_
4.05 4,2 2396 592 579 3,03 5,3 700 231 229
4,04 4,4 2035 5(14 494 i3,07 5,2 940 306 303
4,02 4,6 1795 447 439 3,08 5,1 ,680 221 , 219
4,02 5, l 1465 364 360 3,05 5,0 960 315 31 I

4,(14 4,6 1866 462 I 454 3,1)6 4,8 1040 340 335
4,01 5,1 1873 467 _ 462 3.03 4,9 760 251 248
4,02 4,2 2228 554 542 3,04 5,0 1280 421 416
4,04 4.5 1'615 400 393 5,2 1160 ' 382 378
4,05 4,3 2173 537 526 5,2 560 ,184 182
4.0t 4,8 1727 431 425 * 5, 1 840 276 273
4,(14 4,3 2719 673 659 3,03 , 4,9 740 244 24 I
'4,05 4. I 2402 593 579 3,04 4,7 580 191 188
4.03 .4.5 2289 568 _,558 3,05 5.0 720 236 233
4,(X) 4.9 2217 554 546 3,05 4,7 620 2(13 2(10,

............................... - ........................... , ......... ,....

Mean 492 483 Mean 273 270
Standard devi,:ttion,o 102 96 Standard deviation, o 69 59

at:aihm, sirens al nwlal hlo,,!k/,q_Cilll¢!l glue lille. The hllllilllll¢ Sllellglh

i_, Iherelure gtealer. 'lhe_eMi'e'¢_es _¢rt' included in mean lllld Manlhlrd

devialhllL

3. Large laminated structures will require joints in the laminations is warranted for laminated l)o[@as fir/epoxy

laminations both parallel and perpendicular to the applied load, structures governed entirely by a static tension load,

Those lamination joints oriented perpendicular to the load will 4. A measure of the quality, and theretbre strength, of a
most affect the structural strength. Two configurations of these veneer can be inferred from its sonic transit time, Sonic transit

joints perpendicular to the load were investigated, Tests were time in a material is related to its modulus of elasticity, An

made with adjacent laminations (in a longitudinal direction) ultrasonic grader was used li_r ali veneers to grade grai n

(1) butted up tO each other to tbrm a squared-off butt joint quality, Grades oi' A +, A, and C were assigned on the basis

(often with a gap between adjacent laminations) or (2) scarfed of sonic transit times and visual grading of veneers, Defects

in length typically 12 times the lamination thickness to aid in in the veneers increased the tran:_it time, as measured by the

transferring load between the two laminations, The scarf joints ultrasonic grader, and decreased the average modulus of

were staggered in adjacent laminations (in a thickness elasticity, For tension testing with the load parallel to the grain

direction) by a distance of 3 or 6 in, One spacing had no specimens made of grade A+ or grade A veneers had only

significant advantage over the other, but the tension strength a negligible strength difference, but specirnens made oi'

with load parallel to the grain was consistently, but marginally, grade C veneers were measureably weaker. With the load
higher for the scarf-jointed specimens than ti_r the butt-jointed perpendicular to the grain the veneer grade elTect was quile

specimens on the basis ot' mean values of replicate tests. Data significant. Specimens made from grade A veneers had twice
scatter, however, was much greater than the differences in the strengt h of specimens made from grade C veneers.

mean strength for the two types cd.joints, lt appears doubtful 5. In general, reduced specimen temperature, below about

ii the cost and complexity of providing scarf joints in the 400 °F, increased wood strength as determined from dala in
=
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the literature, Only limited dat1.iwere available from tests at temperature etTeets,, The validity of this correction i's open to

different temperatures for laminated I)ouglas fir/epoxy doubt as previously discussed, but since the test specimen s
specimens, The data on the temperature el't_ct ftw latuinated were grouped within a fairly narrow nloisture content range,

specimens in statie tension were inconclusive, it is not thought thai moisture content significantly affected
6. Grain orientation relative to load is important in wood, the trends of strength reductitm with temperature incre,asc,_,

Tests on laminated 1)otlgh,Lsfir/epoxy specimens showed the The effect of butt joints in the eompressiorl specimen
t'ailure stress with load l_erpendicuh(r to the grain to be l'rom laminations reduced the compression strength by 4 to 10

1/22 to 1/40 o[' the t]filure stress with load parallel to the grain, percent depending on the temperltture level, but the strength
trend with,temperature was apprt_ximately the same for both

3.2 Static Compresshm Strength types ot' specimens, '
3, 2, I, 2 kT[.l'ecto/'moislure i:'olllettl etr compression strength;

3.2. I Parallel to grain, _Cornpressiorl strerigth tests were Tables 3,2-I(a) and (b) present data from two grclups of tests
conducted on laminated Douglas fir/epoxy specimens shown of 20 grade A veneer specimens, one til 1.111average laminate
in figure 2.2-7, and ONcylinders 2,25 or 3 iii, in diameter m!fisture content of approximately 4 percerlt and one at l('J
by 8 in, long, Tests were conducted on veneer grades A+, percent, Note that the mean uncorrected failure stress
A, and C, Most tests were for a laminate trloistut+e content decreased substantially (about 29 purecnt) as the moisture
ot'apprl_ximately 4 percent, but some tests involved specimens content increased from 4 to 10 percent with a concurrent
with laminate moisture contents ranging from 4 to 10percent, 'increase in test temperature from 69 to 90 <'tv, This was, of
In additi¢m_ in Oneseries oi'tests ali oi'the specimens contained course, an expected trend, Data from reference 3 show an
about 10 percent moisture content, Tests were also conducted expected 5,5 percent strength loss wllen the test temperature

over ii range of temperatures from 30to 120 °F, The el'l_cts is iricreased from 69 to 90 °F, and the experimental data in
o1'scarf joints with a taper ratio of 12:1 and butt joints in the figure 3,2-,1 indicate about a 7,5 percent strength loss,
laminates were also investigated, The joints were spaced 3 in, Increased rnoisture content should further reduce strength,
apart in adjacent laminations, Load rate was 0 01 in,/min arid Data from reference 3 for defect-free unlaminated Douglas
failure stress was based upon maximum crushirlg load, fir in compression parallel to the, grain indicate ii value of

3,2, 1, 1 IzJ.li;ctoJ'leltq._g'ratt#'eo#tcompres,vion strength: Data K = 1,92 iri equation (7) of chapter III ti_r correcting test data

on the compression strengt h parallel to the grain of veneer to a laminate moisture content o1"6 percent, Tables 3,2-I(a)
grade A himinated Douglas fir/epoxy s'pecimens are shown and (bi show that K= 1,92 overcorrected the data, lt w_ls

in tables 3,2-I(a), 3,2-I(c), and 3,2-II tbr test ternperatures tkmnd empirically thaL K = 1,51 provided approximately the
ot' 30, 69, and 120 °F, Tests were conducted on specimens proper correction factor for the 40 tesl points in the two tables

with nCLjc,lnts in the laminations and on specimens having butt tbr static compression parallel to the grain, With this correction
joints spaced 3 in, apart in adjacent laminations, Figure 3,2--1 the mean corrected stress for a test temperature of 90 °F was
is a ,,,;ummary plot of these data. Also shown iri the figure are slightly more thlin 7,5 percent lower than that for a test
trend lines passing through the points tit 69 °F, These trend temperature of69 <'F, This is about right after accounting for
lines are based on curve bands from figure 4.-10 of reference 3 the temperature effect as demonstl'ated in figure 3,2-1,
for clear wood specimens in compression parallel Io the grain, Recall that similar effects o["moisture content were not found
The same trend i:_also applicable to clear wood specimens for static tension strength parallel to the grain, Tables

in tension parallel to the grain. Figure 3.2.-1 shows a larger 3. l--VII(c) and 3, I-VIII show essentially no effect of moisture
effect of temperature than indicated in reference 3, In each content on the tension strength of laminated Douglas fir/epoxy
case (with or without butt joints in the laminatioris) the increase specirneris, The lower-temperature, lower-.moisture-content

in the mean corrected failure stress predicted by reference 3 specimens had a mean uncorrected strength about 3,5 percent
was only 60 perceril of thai l'ourid in the experirricntal data higher than did il_e higher-teml:)erature, higher-moisture-
reported herein, The effect ¢_t' temperature can be quite content specimens, This 3,5 percent strerlgth difference is even
signil]cant. F()r the tw() types of specimens shown lathe figure slightly less than the value normally attributed to temperature
the strength increased on the order ot' 350 psi per 10 deg Iv effect, leaving no accountable difference for moisture content,
reduction in test temperature, which cort'esporlds to approxi- The conclusion one can draw from these res_tlts is thai the
rnately 4 percent strength increase per 10 deg F reduction in data in this report show that Douglas fir/el)oxy lainirlates in
test temperature, c()mprcssi(m parallel to the grain show moisture effects on

Keep in mind while evaluating the effect of temperature on strength somewhat consistent with those for defect-ft'ce
conipressioristrerlgth thai moisturecontent also afl'octsstrength urihurlinaled l)ouglas fir but tllat the value o1'K required to
and thai variations in li-tcm0islure eoritent til' the tesi spe_,:inlens correct for moisture is smaller than thai indicated in refer-
can inlluencc the iemperalure el'[_cl trends, The lalriinale once:3, This effect of strength reductiorl lhr il_crelised nicfisture ,
moisture content of' incestof the specilnens tested was in lhc content was not demonstrated for Douglas fir/epoxy laminates
range 3 to 4,5 percent, These data points were corrected to in tension parallel to ltie grain.
a 6 pert:eat larniilate lnOislure content in evaluating the 11appears to be unwarr_inled to conclude on tl-lebasis of 40

t(',4



TABI,E 3,2-[,,-STATIC _ C!()MPRESSION STRENC.TI'H PARAI,LEI. TO (JI,LAIN_RI'Z'TANCILJI,AR SPI_,C!IMI_NS

Laminated 13oughis t]r/ep()xy spech))cns 1,5 in, thick with 15 hmflnatlons, 2 in, wkh.;, and 6,5 lh, lung, Data c(.)rreet._d
t() 6 perceltl huninale mt)isltlre c(),)flent,]

(al Vem.'er grade, A; larrlilulti()ns e()ntained btllI j()it)ls spaced (c) Veneer grade, A; I|O.joints hl veneer', tesi
3 111,al+art in adjacent huninmlons; test telllperattlre, 69 °F telrq)ertttl.ll'e, 6t-; °F

Stress l [+anfitutte Failure l:allt'u'e Corrected l+aihzre slres.k, Stress. l.aminalc Failure F+tihu'e[ Cui'rected

area, I tnoisture load, stt'ess, >si area, mt_Jsture hind, stress, I . failure "+

Irt,+ I content, Ib psi hl. 2 c()lltent, ]b psi I str,es,,
percent K =: 1,92 K = 1,51 percent (K = 1.92),

psi

3.02 I 3,8 3113511 111050 8686 9 165 3.05 , 4,4 32 270 105801 9515

3,08 [ 4,2 28 420 9227 8189 8 557 3,07 4,5 31 710 1113291 9351

3,96 I 3.'7 3C1(170 9 827 8437 8 924 3,/15 4,4 29 28(1 9 600 I 8634

, 3.06 [ 4,1 28 740 11392 8280, 8 673 5,5 29 5111 9675 I 9360

3.08 [ .1.1 28 72!1 9325 8221 8612 5,4, 29010 9 511 I 9140

3,(12 I 4,5 L 28 1311 9 315 8433 8 748 v 4,6 28 (_1.() 9 39O I 8557

3,[)3 I 4,5 27 1150 8 927 8082 8 383 3,03 4,6 29 460 9 723 [ 8861

i

3.03 I 4,2 28 I(_) 9 274 8231 8 6_) 3,00 4,9 26 770 ' 8 923 I 82+-)5

3.01 [ 4 3' 27 130 91113 8052 8 393 3,113 4,4 28 630 94491 8498

3 08 4.3 27 870 9 (149 8084 8 427 3,07 4,3 31 800 l() 358 I 9254
3.CN 4.2 28 860 9 493 8425 8 803 3,06 4.3 31020 I0 137 I 91156/

3.1 l [ 4,(1 30 670 9 862 8637 9 069 3.94 4,4 31 7311 I0 438 [ 9387

3,(_ [ .!,7 34 370 II 306 9707' 10 267 3.(13 4,4 33 29(1 lC)987 I 9881

3,(15 I 3.0 32 4411 10636 8717 9 380 3,04 4,2 31 8(K) 10461 I 9284

3.03 I 3,2 31 620 11)436. 8667 9281 3,CN 4.1 3238(1 10651 1 9390

3,04 I 2,8 31 130 10240 8282 8955 2,97 4,2 31 170 111495 I 9314
3,10 4.0 27 450 8 855 7755 8 143 _ 2,98 4.3 3.t CNO II 087 I 9905

3,12 , 4,2 24 440 7 833 6952 7 264 I 3,(13 4,0 32 830 1(1835 I 9489I 3,1/9 I 4,1 28 730 9298 8197 8587 3,1/0 3,5 34 710 I1 3431 9610
I3.06 I 4,3 259291 8471 7568 7 889 { l.fJ6 3,5 32 830 10729 I 909C1

....... _ .... --1,
] Mean I 9491 828(/ 8706 I Mean I 111235 I 9194

deviation, o ] Standard deviation, o [ 656 I 427
Standard 787 521 595

(b) Veneer b,rade, A; laminatiuns contained butt joints spaced (di Veneer grade, A 4-; n<_,j_finls ill veneer; test

3 in. apart in ttdjacent lamirmtions: test temperature, 90 °F:; temperature, 71 °F
relative humidity, 90 percent

3,119 111,0 19 800 6 408 8355 7577 3,07 I 3,2 35 861+1 I1 681 9 701

3,11 I(),0 2() 450 6576 8574 7776 3.07 I 3,8 34 720 I1 309 9774

3.11 i 10.1 20 80(I 6 688 8778 7942 3,10 I 3,3 34 69(1 I I 190 9 356

3,1() 1[).3 21 1_}0 6774 9C)10 8111 3,06 [ 3.5 33 320 10889 9225

3,08 I 9,7 21 rio0 6818 8714 7961 3,(17 I 3,4 33 8()0 I1 [110 9266
3,119 , 9,9 22 2(10 7 184 93(15 8459 3,07 I 2,9 34 72(1 11 309 9 207

3,11 10,2 21500 6913 9134 8243 3,05 I 3.0 3596(1 II 7911 9663

3.12 9,4 21 800 6 987 8754 81/57 3,09 I 3,6 34 650 1I 214 9 564

3,08 I(1.1 2(! 750 6 737 8842 8(_)() 3.11 I 3,2 36 ogo 11 601 9 635

3,07 9,8 21 4(10 6971 8969 8174 3,03 I 4,0 34 700 I1 452 1(}0311
3,08 9.8 20 30(] 6 591 8480 7729 3,(g I a.O 31 890 lO,190 9 187

3,08 9.8 21 050 6834 8793 81114 3,03 I 4,0 3342(1 11 030 966[)

3,09 9.9 20 8110 6731 8718 7926 3,(17 I 3,4 35 730 I I 638 9 795

3,117 10,2 21 (150 6 857 906(/ 8176 : 3,(16 I 3.,1 ' 35 430 li 578 9 744

3,116 10,5 20 700 6765 9118 8169 ' 3.07 I 3.4 35 340 I1 511 9688

3,(17 10,3 19 5()(1 6352 8448 76116 3,(15 I 3,2 35 520 I1 646 9672

3.(16 I(),,1 2040() 6667' 8926 81117 3,117 [ 3.4 : 34 130 I1 117 9356

3,(17 lO, I 21 2C_) 6 906 9(164 821_) 1 3,(17 [ 3.4 ; 34 040 I I 088 9 332

I 3,117 9.8 21 2511 6 t;22 8906 8117 [ 3,07 I 3,4 i 32 540 lC) 599 8 !_2(1

t 35)6 1[),4 2(17511 6781 9C)7tA 8154 3,09' I 3,2 i 35 710 Ii 557 9598
........................................................... _ ............................ ,................................................... ._......... _.............

Mean 6773 8851 8(12(1 Mean 11 285 9519

Slaudald deviali_m, o 196 247 214 Standard deviation, o 362 265
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TAI]I.,I! 3,2-.III,--HqqgCTS ()1,' VI!NEH_, (H_,AI)I,_ANl) JOINT TYI'E ()N STATI(!
C()MI'P,I?,SSI()N STRI{N(tTH PAI;,AI,,I,I/,I, TO (]RAIN-C'YI,INI)RICAI_ gI'I!,('IMI!NX

I i,anmlu(ed I)(mgln._ fir/elioxy speclmerls, Test (efnpera(ure, 7(_"F, Dut. c(wreeled m 6 pete,ehi
I,nlinltle ill(_isltlre c'(llllelll (K = 1,92),t

,

(11)Velleer grade A .t- and A sl_ecimcns: (c) Venee.r grade A .t, and A speeimellS:
2,25-in,-diame, ler by 8-hl,-Iong eylinder 3-1n,.dlamelel hy 8-in,-hmg cylinder wtlh

wi(h three Irlln.,ivel'se 12: I.sh,pe selll'f lhree transverse, htlll ji,hlls ill celfler
.j,,il)tS 111k'elller VelleeL,,i_pilc'e(.li{ i11,ltpllll YelleOl'_i,spaced_, i11,april'( i11adjllCelll
in adjucent hunlnatitms h|lttillath)llS

l.umhmte I;atlurel t'_rreeteul l.l_minltle I;ullure [_,rret'ledl

111o[Mt11'¢.> stre,ss, I Illlllll'e [ Illt_isttlle stre,s,,,, I'lllltlre !

C(llllenl, psi i _ll'ehs, I t'IIlllPll[, psi M1"e',,h, I

percent I)_l ! percent , psi

6,5 1(;651 I II Oi() I 5,3 Ii) 186 9724 I
.1,5 I I "/83 II) 667 5, I l0 224 9632
6.4 10 324 I(} 6(12 ! 5,7 9 0(18 9419 _l
4,5 ii {,70 10565 i 5,8 9960 9829 I

6,3 I(I 689 I0 9(kl ................................. _ ..... i
5,[) II 783 11 027 Mean 9995 9651 I
8,9 7 779 9 429 Standard tleviiition, tl 245 151 I

,I.() I 1 020 9 651 .......................................4

..............................................

Mean I0712 I0,182
Slundlml devialiun, ,_ 1228 571

(bl Veneer grade A + and A specimens: (d) Veneer grade C specimens: 2,25-in,-

2,25-in,-dmmeter by 8-in,-It,ng cylinder diameter by 8-in,-Iong cylinder with
with three transverse bl.III joints in center three transverse butt joints in tenter

veneers spaced 3 in. apart in ad,iacent veneers spaced 3 in, apart in lldjacent
laminati.ns laminatiur, s

7.. IGi-i- -TVI-U 7c,
4,6 li 519 1()498 10.0 I 7_.)75I 10398 [

9.0 7 719 9418 8,3 [ 8239 I 9 597 I

3,7 1(;920 9375 8,1 I 8210 ] 9437 J
5,3 10 168 ,9 7(17 9,4 I 850() I 10 650 I

5,1 10224 9632 9._ I 8624 [ 10734 I
5,7 9608 9419 7,1 I 9352 I 1(]060 I

5.8 9 961"/ 9 829 7.2 I 9426 I 10 207 I

5,9 "10 332 II) 2t'¢, 6.9 I 8513 [ 9 037 I

6.0 .9 574 9 574 6,7 I 9257 1 9 697 1
8:3 8317 9688 6,5 I 9057 I 9362 I

8.f'. 8 170 9 708 6.2 1 9089 I 9 210 l
I0. I 8421 II (.153 6,2 I 9239 I 9362 ]

" 8,5 8 371 9 881 ............................................
9.2 7 895 9 762 Meanl 8713 I 9724 1
8,5 8 (170 9 525 Standard deviatitm, rJ I _,14 614 I

8,5 8 070 9 525 ...................
8,8 8 095 9 747

6,3 8 525 8'696

8,7 9 102 I0 887

8.3 9 296 I1'1828

8,(; 9 273 11'; 588

8.9 9 198 II 149

8. I 8 747 I0 (154
I0,2 _'8,413 II I I_;

................................................................................ i

Mean 9137 111(_13
Standard deviation, t, 1020 665

.................. .............................. L............................ i

al._/,l,b_mt, _bUl..ul spcclmel_ IIi_ 2,2 I-II.

fit)



qAI31,1!3,2-1V,--SLJMMARY ()1zSTATIC'C.'(;MI'RI_SSIC;NSTI,_I_N(ITHS
I,'R(.JM"I'AI_I,I!S 3,2.1 AND 3,2...111

Veneer, J_flnls Spechnen gpecilllell Met|li J SLlllldlll'd 'l'ld_le
grlide , iii ur_),,,,suull()ll, luliglh, u(_rl'UCtetlI duVillthJll,

hllllllllilh)ll_ Iii, iii, flllhlr,,_ [ (9,
,,tres,,,, I DI

I>''l I
....................................................................................................... i,................................................

A+ I._utl 1,5 by 2 ft,5 8074 I 5(Xr 3,2.-I(e)

A4 Nmlc / 951(1 I 265 3.2.1(tl)

A ' I:lull 1 8 280 521 3,2-.llnl

A N_,ne 9 I(1,1 ,127 3,2,*1(c1
_' Butt 8 573 I 48,1 3,2 I(g}
(' Nt_llt' X XR(; I ;123 3,2.1(11
A , Ni:lie (Jfi38 I 515 3,2-1(h}"

'3 '3A+ .hd A Scarf ..,,.5 tlhtln 8,(1 I() 482 I 571 3,2..111(11)

,..,,.5di_,m 10 (143 I 6_5 3.2-111(b;A+ nnd A Hull "3'_
A+ Itlltl A BUtt 3,() dhlHI 9 ft51 '_ 151 3,2--II1(c)

C BULt 2,23 dhtln * g 724 I til4 3,2-.111(d1

diJClilllllnRIiOllfilm

control specimen tests were rurl thai did not have the unt- 3,2, I, 7EJJb_'t oi'circular cutouts otz compres,_'iotl stretlgltt:

directional fibers between the Douglas fir lanainations, Tests Static c(mlpressi(m tes,ts were conducted (m urlaugmented

were conducted at numinal test temperatures of 75, 120, and specimens (;t" the con t]gurntlun showrl in llgure 2,2-9, For

--40 OF, The low-tenaperature test specimens warrrled its rnuch curnparis(m, tests were conducted on c(mtr(fl specimens

as 24 de E F during testing, without the hole but with approxinlately the sat'lie cross-

The compressiorl strengthening effect uf the graphite fibers sectional area, These specimelis were tile same thickness as

was impressive at ali three test temperatures, The st_mdard the specimen in figure 2,2-9 but were 2,8 in, wide by 6 in,
devitttions of the test points for these compression tests were long, Some tests were on specimens c(mt_tining a ply o1' 10-ez

rehttively high in relation to other testing, but the data scatter glass fiber fabric between Douglas fir huniruttior_s fur strength

did not hide the strengthening effect, At room temperature and augmentation, The fibers ct' the ghtss fabric were oriented 45"

at approximatel) .... 40 °F oacowi_l_ augmentation increased to the wood grain, Other tests were c(mducted with a ghtss

the mean failure stress by about 35 per'kent, Note, however, fiber/epc_xy ring 0, 12 in, thick around the inside diarr|eter (_t'

that the strength increase fronl adding uk(:ow_ at -40 "F the circuhtr cutout for reinforcement, The results ()t' these tests

,,,,'us a conservative value, since three (ft' the five specimen., arc presented in table 3,2-VI11,

did not fail because the hind required for failure was greater Tables 3.2-VIII(a) and (br are fur specinlens wittu)ut glass

than the capacity (ft' the test nlachine, fiber l'abric augmentation between the wu()d larnir|ations, In

Only two data points were taken with Hf_i,:Rrrl,: augrnen- table 3,2-Vlllf[t) the mean c()rrected failure stress t'()r

tatior). The data showed a mean strengthening effect of specimens without cutouts was higher than the results ot'lnost

56 percent at ro(ml temperature, At n test temperature ct" static compressi(m tests previously repurted herein, Stlnlrrl_.lry

nominally 120 OF strength was increased alm(_st 25 percent table 3,2-.-IV shuw's only one other c(m_prcssion strength as

by adding (_Rcov.,_;._ fibers, high, Cor,_paring the mean corrected ;tress Ibr a specinmn

3,2,1,6 ,S'trengtttetffttg _{[fect ofglas,sfiher/abric twtweett c(mtaining a 2-in,-diameter cut(mt (table 3,2-VIII(br) hut

lamimttiott,v; As part (1t' an investigation on the use of finger with(lut any reinforcement of the hole shows n strength

.joints t(_ j()in large secti(ms (1t' a .larninated-w(u)d structure, reduction ot'6,5 percent due t() the stress concentrati(m (_l'the

static c(m_pressiun tests were c(mducted (m specimens 2 by h(fle, Placing a glass fiber/epuxy reint'(_rcing ring ar()und the

2 by 8; in. fabricated with and with(mt Burlingt(m Style 7500 inside (11'the h()le rern(wt:d this stres:, c(mccntratiun el'feet and

glass fiber fitbric betv,,'een la|ninaticms, The results of these provided slightly aver t_2 percent increase in strength relative

tests are listed in table 3.2-VII, Adding glass fiber t'nbric t() a specimen without lhc cut(rut,

between laminations increased the c()mpressi()n strength by Tables 3.2--V111(c) and Rt) sht)w n similar c()nlparis()n where

24 percent, less than the 35 and 56 percent increases shown strength was ;.tugrncnted by placing l()-(iz glass tiber fabric

for the ot_(:o,,v_,._ and Iq_..rul_:: graphite fibers prcvi(msly betv,,ecn the Douglas fir lanlir:ations. (:(mlparing the strengths
discussed, listed in tables 3,2-.VI11(c')_tnd (d; with th(is,e in t_tbles

7(i

J



TAI]I,I,:3,2 V,...I!FFI_('T()I"I,AMINATIi S(?AI,_F,I(}INTC!()NIq(ItlI_IATI()N(IN NTA'M(,(.'()Miq_,liSSl()NSTP,I!N(ITH I'ARAI,I,I!I,T() CIRAIN

l..mnh1111edl)i_uldllslfflulmXy._IWCI111c11._2 I11,llllukwlth2(lhunlnillIull_,2 hl,wlde,lUld12i11,lung,VClleergrmles,A-I t,lldAI TeslIdlllpel'lllllre,1_5II_

7(I°I;,DIIIIIcurrcclcdIu6 pcrcelilhlllilllilleluul_lureCuill_qlI(/<::_I,!)21,I

(ll) (.'imIl'_l Nmclmen.', wlthuut .l_,irlt_ ft..,),',;l,cchnenswith three I0: I-sh,lw (1')SIm(:h'n_nswlfll Ihree I(): i-slul_e
,_CllI'['IlliII._IIICClll(.'rlhl'ee ._clII'l',lollll_hlUClllul'lhrec....................................................................I

l,_mdlmle IgdlulvI Currcclccli hmdmilhms _Imced3 in,illmrl; hullhi,thmsSlmCCd'3III,vlmrl',
Ill|)lslure sll'eS_,, I IidlUI'e III| nverhlp ur g_tl_SIii .lulnt._ 5() percelll _,vel'hll3 hl .li|hits

ClIIilV,III, psl l ._ll'e,%_..............................................................................................................

lmrcenl psi ' I,|llnlmlte lqdlurc I Curl'ectml I,alllilmt_ Iqillure I c',,rrocl_,dI
..............................................|..................iilflt,_lllrc, ._Ir(.',_,_i frlhli'e llll_l._ItIl'e._II'C.%,I l'Itllurcl

(i,'l til20 I tL_(')5 t'lmlulll, Psi , ._tl'ess, ct)lltclll, i1._l I ._ll'c_,% I

(,.2 _il)4() 9(15t; pcrcelll pnl I_Ul'CClll psi I
n.2 _t)lO _)()2_) ................................................................................-;--..............

53) 8930 ' 8871 6,(I c)320 t_320 6J) 899()I 899{) I

5,0 772() 7(,69 6,() t)()4() tj()4() 6,0 89H() I 8980 I

(),() I'INI () 81'II () 6,1 {.)1,1() 0201 5,{) o2()() I 913_) i
6,() !;140 914() 6,0 t;45() 9,I50 6,() 91511 1 015() I

6,() c)68() g68(i ...................................... !)4.1{lI t)43()I
6 g26(l {)il22 Me_ul (.,}2.t7 925.t _)200 I (;2()() I

(.)27() (.)332 SIlmchlrd 92201 0220 l

_)450 0513 dt,vhlttun, (, 158 151 917() I !)17(l I
t)2t)(l g352 .................................... -...............

943() 9493 (d) Sl)echncns Wiltl fllrec 16: I-sl(_pc Mellll t)l(,N J 91(,0 I
0350 !)412 Ncllrf .j()lnts III |:uIIlt;r lhrt;e Stllndlll'tl '

_)3()0 9362 hunhltlll_)I1Ssp.ccd3 In,ii1!iii'I: dcvhllhm,. _ ; I?,2
U()(X) g()6() II(,_wurhq'_(_rgapsicl.lulnls ......................

........................................ (BISimclm(mswilhthreeIO:I-sI(,pe...................... '................. t

Meilll c)I(l(I g 154 6. I 92,10 (.)302 I ._ciu'l'.ji,hlls in ct,nicr till'ce hlllii-
Sl_mdm'd (3,I {)02() g()80 I llldl(lllS spliced 3 hi, lIplll't;

(.Icvhllhul, {i ,122 4,I8 6. I (;2()0 9261 I 25 pcI'UClll glIp III .iuints
.......................... 6,() 9470 (.),l'/() I ........ r............ I

.............si; -II
nc_trl'jc_hlts i0tcenter three Metal 9232 918(I I 9119 I

hunllulli()ns spaced 3 lh, _lparl; Stmlchtrcl 9310 I 9249 J

lm (}Vcl'hip (.' g_tl_sill .joints tlevlati(in, a 16() 139 I 9260 1 9199 l
' 5,7 9240 I 9058 I............................ _ ........ !

6, I 888(I frc).](.) I (c} Sl,,'cilrl(:IIS witi| lhl'cC l():i..,_h)l}C 5,,I b1970 l 862() l

9000 t._()6() I sc_irl'j()ints in center three 5,7 I 9340 1 t)156 1
t)()3(i t)()t.)(,) I ilIIllilllllJqlllS .'qmccd 3 iii, I.Ipllrl', (),0 J t)(180 J t)080 J

92()() t)261 1 25 percent _wcrhll} hl J(}illlS [ ................................

................................. l - ...................... "-- ........ Mem_l 921{) I 9()9() l
Mean t)()27 . 91)8_ I 6,2 8540 ! 865,1 Stttnchlrd

St_mtlmd i i 6,3 915() I 933,1 deviiltiml, o I1() I 189 l

_______'_"-i"ti"',j.. ,14I 115 _,.._ ,_27oI _:_(.),_ ............................................................. ,

6,2 (924(1 l ().?,64 (hi SpeciluelIS with lhree I0: l-sh_pe
......................... Scllrl' j()h}l._ ill cenler lhrec hlmi-

Mean t)()50 I c)186 rmli()ns ,,,l}_tced3 lh, tilmrr;

Stimthlrd 50 percent g_tI} in .l_ints
dcvmti_m, o 298 I 3(18 .............................

.......................................... 5,9 t)21() I 914g I

l 8970 I 8911 [
8u8() I 8921 I
t)()5(){ 899(I I

i

Mellll 9()53 J 89t)3 I
St_tnd_trd

clcviml(m, o 96 g5
................................................



'I'AHIJi 3,2 VI, liFFl_("l'.q (}1_cIRAIqlrrl,: I;II_I,:R I,AIIRI(! TAI.II,I! 3,2 VII, I:.I;I;I'_'T ()1' (ii,ASS I;litl!R I;AI_RIC'

AtI(.IMI_NTATI()N ANl.)TI,:ST TI!MI+I_I_,ATLIRI! I+)N STATI(' AII(IMI!N'I'¢VI'I()N ()N .q'rA'l'l(' ('(_MIq(I,'.,q,ql(}N
(.'()MI'RI,:SSI( )N STId';NClTH I'AIt_l.l,l!l. l'(J (IRAIN ,_;TI_,I_N¢I'1'11I'ARAI .I ,I,,I, '1'(') (tRAIN

II.il{lihlulcd I)_,u_ht_ Iir/clU,<v _pcchlwlls ,3 iii, Ihlck with it.)I)l,ughl_ IH
hlluiutlll_m_ _lltt118gr_ll_hlle fiber I,lies,2 IIi,wIde, mid X iii, I(_11_.Vellecl II,mnhmledI:}uu_'.hl_Ih'/elu,xy specilllell', 2 by ,! hy X hl.
_H'lldk', (', l)lllil Iltl[ c_tTt:'.'lecl IqH Ili_)lsllllt' Cl)lllelll, liSllllllllell Ililllllllllt! I,lllllillllll!d W()t)ll kllllll' Ii!, II,,ed iii lillJB.'l .lqlhil le_ls, VL'IIt_L,I '

gilld[', A i ; II'sl lellll)el'MUle, _ (ii; °1;, I]lltn c(_rlt,Cled I(_
IIitli_dtlle C_qllclll, ,15 It_ li pt,lctqll, (i pelCelll hllllillillt' IIl(llslUlt' u(illlt, lll. I

(li) 'tesi It,llipClillure, 75 _1_

@ I I _ I

_a'ilhutll klllBIIlellllllh)ll /_ fiber IiUbVlllellhlltllll,_ ...................................................................................................I,£1111111111t' Fllihllt, I ('t_rlt, tlt'd hllhlrt' Sll'eSs,

I:tlihlrt, sll't,ss, psi Iil(ltsllllt, sllt,ss, n :)si

....................................................................................................I()1()5(1()?'1() 141'12(_(1870 .............................................eulllelll,pt!l.celll psi I.................../< _: I't_2 1................' K _:_1,50

5,1() 1,147() 5]) iI 8t_ii I N32"/ N 53!)
I(I I¢,() 13 ()5() 5,2 II Vl.l II,153 iI _,25

I() 211) 13 ()4() 5.5 t_ ,132 t_12,1 _J2,1(i

It)f) I I iI30 5,ii 0 _01 v5,1,1 v 5t_2

tj I),ll) 12.1211 ft.li II) 473 t)X(ll I1111511

b;7,111 II till) 5.11 I11(lbl Y,II{, tj b55
8 %1_ 12 hTO ................................................................................................................

v 180 12 3tRI Pvlt'illl t)575 9111 02ii,l

t ,_850 ......................................................... SlttlRhlld tlt'vi+tlitu_, o 573 5,18 5,111
3,1(1 bl3 181 ................................................................................................................

c] 151) ' I(15ii (ts) I:ltlrltllghm ghl.',,s Iibt.'l hlblR' 751111lltlljllltmlllth_li I_t,lWt,el|

t) 11011 .................................................;....... _,_,'_l)tlplies.
I(i 730 dlfi 3211

111720 til3 (}_(l ........................{,,11,.........................................................II 54O li 541) ..... 1_-"_ "i ...l+tl
I() 510 ...........................................................

5,ii II 775 II b21) I (,Til
................................................ I'15 155

bt;7()_", 5.(+ II 5/+,2 II 25u I 373
c111:)5

'b75 5.6 II .II7 II lib', I 230
.................................................................................................................

lbl "l'cst tem )t!riiltllc+ 12(1 °1' h,O 11 iIiI3 II 8ii3 I 8ii3
............................................................................................................. 5.Y i II 525 . II 44 tj I ,17ii

iI b5() I0 S"_. .() .................................,......................................................................

b()(I I(}tJ(J() Mcm_l II 1.,17 II ,17ii II 53(I
b; 750 I() 71,(1 Still_dttrd tlevhili(_fl, or I()11' 2.17 2 I(1
() I,l() II iI(_(I ...................................................................................................................
8 bt)(i 12 5 Iii

iI (,2(I Y 2711 3.2.-.VlllCa) and (b)shows thttt glums l'ibcr fubric itugl+ietmttiou7 5,1() 8 2iii) +
7 811) tj 270 between the htminnti(ms did ,t_t incrcttse I'nilure sit'ems I'(w the

7ii()() _;330 c(mtrc',l specimens ttnd only t+mrgintt'lly illCl'eltscd it I't_r

7 <J()(_ ................................................................ specimens with ciruuhtr cttt()uts. The Inrger crt_ss-sucti(mttl ut'en

7 q,.l() +'1(_31)3 resulting rrcml the glass fiber f_.tbric LmglUCntaticm reduced
.................................................. t "l{)+)

+,ii2_5 .... l'nilurc stress l'c)r lhc COl_trol spcci_liens (but stm+cwh+tt

,525 incv'cttsed the t(mll h)ud-curryiwg ubilitv) (..'(m_l+ntv'ilag tables

(t) 'l't,++ltc_,q,e,++m,t,, ,l()u, It', ++1: 3,2--Vlll(c) und (d) shmvs st+_nc,whttt higher I'uilure stress l'tlt'
...................... t ......................... ,...........................................................

12 lm(J ,'11, ,)41) tu)h.' reinl'()rcemcnt when lhc glnss fiber t';d+rk' nugnlct+tati(m

12. 5_{) _1<, us(_ wits used between Inmimttitms thuu \vhci_ ii v,'us rl()t used,

13 211) _17 ()._1) Introtlucii_g the ht)lc did m_t !'educe f_tilurc stress. The ghtss

II 77() 15 _,o() fibcr/eI_(_xy ring il_cv'cused the strength (_l' specinlells witht)ut

II 05(I 15 ()_() glttss l'ibcr l_tbric ttLIgmel_ta)ti¢_t_ between htlnimttitms t3,,, c)

II .121_ ................................................ pcrccut asi tlmt (_1' spccilue!m witll the glass fiberII 12() h,_l(_31()
.................................. vii?,3 rt.'illl't)rL'elllcrltbel,,vecn laminutit)t_.s I5' 7,5 pcrcclll.

()211
lt can be ctmclutled tlltt{ rciillt_rcillg lalllinntcd l)(_ttglas+H32

.................................................................... ,............ lir/ep()xy Innliuntes _with n glass Iiber/:l_(_xy ring irlshle u

"(,,.,s+h,,._,_,,.,,....... _,,,,_,,,, ,,,I,..... """""_ "_"'"'""'_ l't:ltltiVu'lv Sllltlll tli_tlllelt.'r t.'tlt(_tll t.'._.tllefl'ectivelv rciil()\'c thu
hMc_ m •

'>.h,l,d,,rd th'.i.,l.,i, _, sll'ess t't>llCcllLl'tlLi¢_ll el'feet,

'""""'" .{,2,2 i'erpell(licular lo gr(lill,.. ('t)ll)pl'essit)ll Icsts \VCl'¢' t'%pt'+.llllCll tlhl libel hid c_tv,.'dv, I hlhll ,,1 It.'_l Ilhl_+hlllt'

,s +,.,,,..,,,, _,,..,_,.,+,,,.,_,,.,,,,.,,,,..... ,,,,,_.,:,,,.,,,,,,....... .,,.,,,,,,,.+,u,...,, ct)vlductud i)erpundicuhtr tr)the gl'_li;i iii tilt t_.)llgellti;tl directitm

72



"I'AItI,I.!;_,_.,VIII,--+I!I_I_I!C"'I' CII;C.'ll,tC.,Ul-'_,l,tCUTOUT_ WITH ANI._ _ In,'_, Iqlllut'_: WtL__._tlll_lclU.l'U(.JL(_i_cCllr whell Lhc ,'.lil_.UJllW,II

WM'HOUTALI(:IblI!NTA'I'I()N oN _'I'ATIL, cXJMI,liI!,,S_I()N wlI,_ uullll_r_._,_,_ud(), I li1, Ill LlnL'i<md_dttt'ut_(,_Iwrcenl ul' th_.,

STI,LI!N(H'I.II'ARAI,I.,I{I.,'l'(:)CII,t,,%IN ,_l'_ccllllenIhle,..,kllussll_ lhu h_lLddll'ucllun),
II.,tmflntdmll._uu_l,_Idepuxv._imcllnm_._,Vunm:r_rmlu,_,A+ ,mlA', []ectlI.lfiI.'the Iclttc;lwll,_IIUlIIl._plludtt_tileL.qllJl'c'I'llceIII'life

te._ttUllllvertllure,?iI "1_, l.)tiIll_url'ueludIu 6 pul'uulllhullhl,le IIl_.fl,_lllre (i-II1, _jl(._djlllollfi I1ill (lIlly III lhc _-jll, jljlllUIl_ the Illl_llNtll'otl
_um_m(A'= I,tr11,1 I'ulJure,,+tre,',+,',+t;:,,,+mtI,Yhet_rtll'lch_llxhiBh,The .l_,_tgl'_herttlllrum+

U_)(_,oi_tml.'.+l+_eh_uI_+_I,_ hl, ihl_:k_,','i_1_I,'+hmfllmtlumu.-3.,Xm, width,mid III'wtlud I'lherI|tll LIl|dL:rCUllil)l'U,t,l,'.+ll}llllllly I+,.,ml.'.tl.lpl'_tlrlit_ the
(_in+ I._lt_(iii din.t.,tiuv_ul' _.,Uml_r<..',+nlwI._..11',m_Iiimr _11..'+.',mllmt,m.ll.. _,_,,t_.}_.ll'lbe,r,_wlthh'l th_ ht_tllldlll'J_ til tll_ phLlcli, l,lllltLud lu,'.llJl|B
belWt!_mDuuLdti_.,llrimnimltlunn Wi,l_thurelbl'ectmdtlcl_dtill_l)o_.'Illlull__ItnlltlrIutlm,'.Icul'flBtll'e

flml._lure nl't_._,i IiilltlreI v',Ii.I rtglll_rceilluntlhtll|6 Ill,LIIKIthel_lhi'lUll,_J/,_wtl_Jlli.'l'Otl_u_.ltil6 Ill,m 1.311NLII'U
vumtmt, psl ,_rt,._.',,_ ugLmllumIInBuvurlhcl'_Ice,I'the2-1=i,-lultL.__I'_Uclmet_,_,'I'e_t_
p,,,.,vm ..... InI'_,;thlileIml_,unlh.tltoldrmlhtldlrucilun_were.,uumluctud,.m

.....................................................................................................................................................thu._csi_.:clm_.n_,
_._ In__;_ t_:_=ui .........................The cc_t_pv'u_Icm_ti'unBih_.ItttttInlhcttmBenII_tldlructltmII.)_.Ill,I I().q_,lI .......................

...................................................................uI'_I:_oelm_l_(6In,Icm_m_d2 In,Icm_)weret_,_t_.I,
/Vlem_ I() ,120 1 ........................ 3, 2, 2, / /-_'/Jd'('l_)J'lll_J/,_'llll'_'{'Olll_'li[ _II (_Olll/_l'_g_',_'l'_ll,_'ll'('ll,I_l/l,'

.................._!.L_!'_!.,_.!!..I!.?__L!!}_I._._:Y!..............!.'!'_).y:::::_':_.l........:;:Z:.:.:.:__........l,nu rammer_Imlhu'tc_tirolumpl_I,y_dlwm_b_uelltm:_,,2,1,2
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was found lo be approxinmtelv 57 eercenl of'lhc uncorrected of elasticity i n tile radial direction varied from 5..t5 lo ft. 15
stress required to obtain a 5 percent defo'rulalion of the percent of the grade C veneer moduli parallel to the gl'IlJll.

specimen height. "I'_ible4-1 of reference,3 shows a vulue of 6,8 D rcent. The
Tests were also conducted to determine if damage Can occur investigators in these tests S;urmised tlmt possible hLthechecks

to laminated-v.,c,,odspecimens, even in a short tirne, by rnultiple from the veneer peeling process may have cotm'ibuted to the

ttpplications of h_ad tit a level well below the propcwticmal limit, lower moduli,
These date are shown ;J.s the inelastic threshold" in table 3.2.3 (.,losing remarks On static compression strength.--

3.2-1X(c1. These vttlues v.'ere obtained by Observing a decrease Some conclusiorts their C_.l.llbe drawn ft'Ohi the data on static
of 0.00025 in. in stroke t,',,'er a period of5 rain while ctmapressi,m strength are as lbllows:
rnairmtirlir_g a ccmstat_tcvclic compressicm h',ad til sinuscfidal I. For larr|ir|ated Douglas fir/epoxy Sl_ecimer_s in
peaks at a rate c,f 3 Hz. Table 3.2--.1X(c) shows the inch|site compressic, n parallel to the gt:ain the effect of tesl ternperature

threshold to be ,.m the order uf 60 to 68 percent c,f the on strength was higher than, predicted for clear l)oughts fir
propc,rtic,rr:l i_mit., withuut lan lin;ttions in reference 3. For tetnperatures bet,,veen

The r,_odulus c,f elasticity values shown in table 3.2-1X(c) 3(1and 12(I °F there was approximately a 4 percem increase
,,,¢ approximately 7 percent of the moduli of the veneers in strength for each 10 degrees reduction in temperature.

parall d to the grain (about 2 million for grade C Douglas fir). 2. Contrary to ihe static tension strength tests, where a
Ref'erence 3 (table 4-1 ) indicates that this value tbr clear definable.effect of moisture content on sf',ecimen Strengtll could

Douglas fir, not laminated, would be 5 percent. The higher not be found, it was possible to determine this effect for
moduli of the laminated Douglas fir/epoxy specimens may Douglas fir/epoxy speciruens in COml_ressionboth parallel and

result from the added rigidit'v of the epc,xy glue. perperldicuhtr to the gt:ain, l)atn frorn reference 3 for clear
"I'able 3.2-X provides data on the same type of speciruen (unhtmitiated) l)oughts fir overcot'rected the moisture ctmtent

as table 3.2-1X(c) except thai the compression hn,.ling efl'ectsl The factor K in equation (7)of chapter 111,equal to
perperldictll;u to the grain was in the radial direction. In other 1.51 tbr compression fm.rallel to the grain aral 1.50 for
words lhc compression load was applied perpendicular to the conq',ression perpendicular to the e,rain in the tangential
larnin;ilicms. "Ftle table slltp,,,,'sthai lhc colrlpressitm stress direction, appeared io provide failure stress tori'ceriums t'_i'
required to obtain a 5 percent COml/ression deforrnatitm was hunirutte moisture contents ot'4 aru.t 10 percent for the limited
otllv a0out one-half of that required in the tangential direction, data available.
"l'l:leprt_portitnml limit of 62 percent of the tmcorrccted failure 3. Veneer grade generally correlated with ccmlpressltm
stress ,,vussomev,'hat higher than the prtT_ortiorml limit in lhc sttength parallel to the grain. The correhtticm ,,,,,itsgood ,,vithc_ut
tangential direction. The inelastic threshold varied from 50 butt .joints in the htmiruttions and marginal v,,ith butt .joirfls.
to 78 percent of the fnop(_rticu'lal limit cc_mpared wilh 60 to 4. Btttt.joints in hmfinatiorls perpendicular to lhc trait| were

68 percent ftu' the t;mgential directiCm specimens. The moduli fcmnd to weaken specimens tested in compression parallel to

IAIH.,li 3.2.-X..-..STATIC C()MpRESSI()N KI'RFNGTH PI,_Rpt,]NDI('tII,AI#, RAI)IAI./'1"() (;RAIN

I I.amm,m.-'d l)tutglas I]i'/,,.'l'_t_x','spe cim'cns I..g in. llm.'k with 15 I,unina_.ions, 2 in. wMe, and 2 in, hmg,

No joints in vem.'er: ,,'cheer grade, (" test tctnper;.ttur¢, 79 °1". D.;II.;Iu't_rr¢ctt.'d to (', percent huninatc

IIIt'Jisttll'.k' t.'onlelll. ]
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the grain by 3.5 to li l',.ercent. However, scarfjuints hud nu 3.3 lilocl_ Shear Strength
meitstlrlible effect on c'cmtpt'esslon strength even whei l there

,,,Vuszt gitp or overlttp iri tlle ilOiclinirig scarr-.ic_intet! '+' m' + ' _ :''>+C I ' _ ' +tt++11F,,ffect of moisture t,o#ll(+#lloli h'h('+(lrstrength paralh, l
5. The ctmlpressicm stretlgth parallel to the _.+,,rliilifur to grain and laminations,--Accordilig tr)tltttti fr,<nn refcr-

larllinlit,ed Douglils fir/el:_oxy Sl::lecimens v,,us higtt,::+', ttattrl ence 3, K = 1,2b Sllould bc used irl cqutttitm (7) ofch!tpter ill
refer.ericc 3 indicates for clear (urllarniruitecl) l)cmghts fir. lt to ct+rrect ftiilure strength vitlucs to 6 percent ll.uttiriate rnoisiure

is believed that tlIc epoxy g luc had it strctlgtllerlirig effect ori content iri Douglas t'ir shcnr spcc'irncris. Tublcs 3.3.--1(a) itrld
the larriiruited spcciriletls, (b) show bh+ck stlear fttilurc olein (purallcl til tl-lc gri.tiri iutd

b, The txse of unidiret.'ticmiil graphite l'ihcrs btt\vecll the ll.u'ililltiti0ns) for vent:or grado C l)otlglas fir/epoxy

.larrlinations irt I)ouglits fir/epoxy specilrleris was fourld it+ spet.'inletis tit' rite type shown iri figure 2.2-11 t'()i' two levels

increase cc+nlpressic<_ri strerigtl/ purlillcl it+ the grain ot'ltirrliritttc llioisturc contellt (iipprc)×, 3.5 arid 11,5 percent),

;.tpproxirni.itely 35 to 5b perc'erit, dcperldiilg tin the type ot' l]lier These tests wt.,rc also condticted at two test teriipc.tlnturcs--tiri

Inaterial reluti\,c to spcciirl|;iis \vithout the graphite fibers, The cstirriated 70 °t;' (test ternptruture wits not listed in the dlitn
use of glass tiber fubric iricreasect strerigih 24 porcerii, repclri, but nit)sl testing was done iri lit+ rling+ 6bl tri 71 °F)

7, A corlvcntiorl;.il ASTM IOSl spoc'irricri f<.)r coltlpigossioil _.lnd 90 °F, rcspectivoly,RcfcrollCC 3 iridictites that this

pcrperidit.'ular lo the gi'tiill iri thottingential cliret.'tiun, lit wtlic,h 20 dog 1_ iilcrotiso in tonlpor_.itur+ wtluh.l dcc'reliso strcilgtlI iibout

lilt.' plateri (+f the lost rllachinc ct+voted only about one-third 5 percent, (."orriparirig the illol.il+ +t)rrocted failure stresses for

o1: lhc specilllen face, resulted iii stresses for .5 port:orii K = 1,26 ill tables 3,3-.1(a) lind (b) shows lhc corr¢clion it)

spocinten dett+rlntition being higttor thlin lilose l'or Shorter overcoiilpeilSlit+ for illoisitire ctmtont, Iii i.i nllinlter sin+tilar to

spccii'riou+ in v,,hictl the platen t.'c_verod the erliirc spct:'iincn thai described in suction 3,2,1,2 for l)ouglus fir/epoxy

flit.'e. These shorter specilil0ns had test stresses on the order spucinlens iii static conlpression, ;.iii empirical value ofK wlis

of 71 iu 77 perc'ent of iilt+so for tile longer specinlens, determined Itll.ii provided a llleiin corrected Sllear faili.ire sit'cs!+

bl, Speciinens in ctmlpi'essic+n parallel to the grain were iii test conditions of7()°F and 3,5 percent laininatc nloisture

found to he three tirnes as strong as those in ctmlpression coiltcrit thai wus .5percent higher (tenlperature cfl{'ct) thail the

perpendit.'l.lll.ir it+ lhc grtiin in the t;.lilgerltitil direction, iiloan corrected shenr ftiilure stress til lost c'tmdilioi+ls oi'tj0 01::
Rclllcitlber, ht)\vcvcr, thai iile criterion for fiji.li.ire w:.isdifferent and I 1,5 porceilt laillitlatc nloisluro +ontelll, Tllc value t>l' K

l't)r the tva+ types of conlprossitm, For fuilure iri cornpressi(m required irl obtairi this ct)rroction w;.ts 1,07 tin" the 2.5 test poirits
p;.trallcl til the g rliin the lnaxiillunl crushing load ;.it fllilure wtis tit each nloisture content, As st_ited previously, lt wits i-ltir

nleasured; the fliilure stress for t.'l_illpressiori perperldicular to fctisiblc to draw u definite tc inclusion on the proper vtiluc of

the grain wlis taken as the stress \vtlen the spe,cinlcn had K I"r'on-ithese few data poirlts, Ali tables for shear strengths

c(mlpressed 5 percerit of Douglas i]r/epoxy specinlerls therefore include two coltinlns

9. The r;.ltit) of proportitmal limit to ltlilure stress l(ir tit ¢orrec!od failure stresses based tin K values tit" 1,2g anti

COlltpression perpendicular to the gr+.lin was fotind to be `57 1,07, us well as u t.'{)ltllllll ltir the unt.'orrected shear ftiilure

percent in tlm tangential direction and 62 percent iri tile radial stresses,

directiorl. ;t.,t.2 l+,ffect of glue spread rate.---l'ests wc're ct)nductod

1(), D+.iillilge tail occtir lo wood specilnens at t.'ontprcssitm to determine the block shear strength parallel to the laininlitioris

stresses considerably less thr.iri the elastic limit in _,llow nunlber for WFSI' SYSI'I-M 10`5 epoxy resin uFid 206 hardellcr applied

of cycles. The stres',..;'at this initiul d;.uiiago level wus del]net.l by Gougeon Brothers, lhc., Bay Cit',,,, Michigan. Applic;.ltitm
at the inelastic thresho.ld \vhosc vnlues were obtained hy .",itu:;we,'¢ 45, `50, 55, 60, and 65 pounds per thtlusand square

observing a decrease of 0,0()()2`5 in. in stroke for a 2-in,-thick feet cir double glue line, abtueviatcd lh/IqD<:;l+, to specirnens

specinleil over a period ot"5 lllin whilc ii-iaiiltaillirig <tCOllSllllll ()t' the type sht)wn iii figtlre 2,2- 11, (Note, that ti dotible gllie

ret.'urring t.'t+tllpression load iii sinusoidal peaks al ii riite (lt lirie irierges into ii single glue line iFI the finishe, d I;.uliiilaic', I

3 Hz., Tt'ie inelastic threshc>ld for ctunpressiot+l perperidic'ulur The:,c specilllells were nl;.lctlined frets +.llanliill.ite illtidc (lt' 15
tri the gr_.lin was found tr+bc on the order til" (-it)tc) {'_8percent vetlcers, For this t.'tlnfigur_itit)il the initial she_iring hnid was

t,f ltle propt_riiinml lirriit in the l;.ingenlitil directicm and 50 to +.tpplicd to the center c>fthe spet.'illl¢il's ctnler lalllill;.iii(_n, l)tila

7bl pert:erit of the proporiiorlal limit iii the radial direL'ti(in, for tl-ie five glue spr¢itd i'illes ;.ire listed iri inbles 3,3--1(n) lind
11, The COMl)rcssit)n slrength perpendicular It)the grain f()r tc) tt_ (k), The I11eiiil ct)riected f_iilure slressts iiiltt thc lllt.'tin

I)tluglas l]r/epcIxy w;.ls fc)und to be only one-Iialf Its Stl't)llg ill percent ()t" wt)tld l'ttilure, along the f;.lilurc surf_icc' tire phltted
the radial directiuri gis iri the t,'+lngeritialdirection, The nlodulus in l]gure 3,3 ..+`l,

of eh tsticitv washigher thall expct.'ted, [J)l:.lsedt)ll referellt.'e 3 .Figure 3,3--I sh(iv,'s _tdefinite peaking tit thc' sht'ilr f_iilurt.'

infornlatiori, iri the titngerltial direction ;.illd lower than expected slrt.,rigth at glut.' spicad riites ne._+tr(-It) Ib/Mi)(;;i particul_.ii'ly t'()l

in the radial dir0ctiot+, lt is believed that the cpoxy prr+vialed veneer grlide A-t- and tr)ii less prt)nt)tlnt.'cd degree ftlr vcnct.,r

_- strength alld rigidity iri the tangentiui ciiret.'tion, in the rudiai grudc t"-+.The scatterhurlds in the figure sil(w,,' n similar peaking.

= directiori possil_lc I;.lthe checks cturing the vel/ccr peeling Iii gr:nel'irl tl'le sllcar ftlilure stress \'+,+.ishigl-ier ft>r the gliidc

opeFati(m 1111.iVh_tvc lmvcrcd tilt rrl(_dulus, A + veneers than lilt the grude (" ver_eers, bul ti)r ti ntmtff_vitms

7(_

_



i ABI..F 3,.t..I.--EFI.ECTS OF VENEER GRADE ANl) CILUI.:.SPREAD RATE ()N BI.()CK SHEAR STRI{NGTI-I PA RAI..I.IiL TO (.}RAIN ANl) LAMINATIONS

[Laminated 'DmJglus fir/etx)xy spet:imens, No jnints in veneer. Data corrected Itr h percent lammute moisture COlllelll, See t'lg, 2.2-I0 for geumt, lry. J

'

(at Veneer grade, (.7i glue spread Late, 611 Ib/,,,tt×;t.; estimated test tc) Veneer grade, A ._-.;glue spruud rate, {75 Ib/,_,tlX;l,; estitnated test
temperuture, 70 "F temperature, 70 "F

Stress Laminate ] Failure allure Corrected failure stress, Woud Stress t l.,alntltate FaihJrei Failure Corrected failure stress N_u_d

aCea, moisture ; loud, [ stress,, _si failure, . area, t tn(_istute 1._91, stress, 1' psi I Jilurc
in.-' content, lh [ psi' _ ..... ,........ percent in,: i content, Ib . p,,i ......... _ ............ per'cen

percent .... L.... K = 1,26 K :-' 1.07 _ percent i K = 1.27, A' = 1.07

' I .t.3 5759 1026 18(i8 1891 I0t12 98 4,2 4706 ' {579 1514 1560 ltX_ 2.99

2.96 ,1.0 3842 .[ 1298 1238 1280 IlX) 3.1)1 / 3.6 57511 I0111 18115 1879 IlX)

2.95 3.8 481_2 I 1658 1574 '1633 II_lJ 3.05 | 3.1 52711 1728 1614 1694 852,96 3.5 49¢J2 1676 1580 I{M7 llnl 3,03 3, I 4889 1614 1508 1582 95

2.95. 4. I 5,-134 1842 1762 1818 8[) 3.02 3.2 5880 1947 1823 1910 ' IlX)

2.98 3.5 4452 1494 1409 1461_ IlX) 3.114 2.8 4808 1582 1467 1548 I(_)

2.97 3.4 3284 1106 IfMO 11186 511 2.9 t# 2 8 5611 1877 1741 1836 95

2.t_3 3.1 4703 1605 1499 1573 t_5 3.116 2.h 5698 1892. 1747 1848 IlX)

2.94 3..2 4948 1683 1576 1651 llR) 3,03 3. I 3574 11811 1102 1157 IlX)

2,91 3.9 4868 673 1592 1641,_ IIX) 3.11_ 3.4 5587 182fl 1718 1794 90

293 3.6 4594 1508 1482 1542 'I(_' 3 112 30 531)8 1758 1fl38 1722 95

2.95 3,4 4399 1491 14113 1465 IlX_ 3.0 tl 2,6 57[5 1850 17(18 1807 90
',96 2.6 3916 1323 -"_1 ",t,v,I.... 411 3 113..... 8 5675 1873 1737 1832 911

2,98 3.0 5032 189(/ 1761 1851 I(11) 3.(11 3,_1 5695 1892 1763 1853 9(I

" .95 3.6 4975 1686 159,1 1658 95 3.02 2.0 5665 1876 1708 1825 95

3.112 3.2 .'1540 1834 1717 1799 I(X) 299 3.4 5,._"mt 1748 1(_4 1717 95

'2,98 2,7 4277 1435 1328 1403 I(X) 3 (15 2.8 5.t06 17411 1614 1702 90

2.99 3,0 4587 1534 1450 1509 75 3.05 2.0 41bl_ 136.1 1259 1332 I(X_

2.91 3.7 4883 1678 [ 1590 I 1652 I(Xl 3 .I,'5 2.8 524,1 171':) 1594 1682 95

2,99 3,8 5408 1809 [ 1718 t 1782 95 3,(13 2,9 4587 1514 ' 1408 1482 I(R)

2.96 3.9 5254 1775 ' 1601') 1750 II,X/ . 3.111 3.5 4728 1571 1'481 1544 q5

, 2.96 3.8 . 11 1.88 { I... ] 1.t,9 ,li 3.112 3 3 4437 1469 1371J 1442 ItX)

2.92 4.0 5038 172.5 { 1646 I 1701 ,_5 3.04. 3.1 .4951 1629 1522 1597 ItR)

.2.94 3.9 4878 : 1659 1579 I635 t_5 3.1N ] _,.5 [ 4062 1336 1260 1313 li.XI

2.97 ,l.I 4,.,49 ; I.%5 _ 1497 115.151 9" 3,t,I [ 35 J 4954 11_.6 1552 1618 95

.................. a%lC]ll} I 1.5!95 ] 1507 [ 15 (_t T!t;I Meall ' 161) tj 1584 I6('M / 96

St,,,_d,,r,_,Jc,,,,,,,,,,._,, 1891 I_II 18,. I,:. ] st.,,,,a,,.ide.',,,t,,,o.,, ' " ,97 4 '.c,. ts: ............j_.;...........j................................ _J. ........ _.1................ L___ ............................. _., _; .................................... ' ....................

(bi Veneer _r;t¢le ('; glue ",pread rate. 60 IbiMiXilA estimated tesi tempcraturc, (ii) V.,:necr _radc A ;. glue ',pread rate, 6() tb/MIX;I ; estimated tesi
90 °F; relative hulllidit',', 9Upercent teml)crature. 711 'F.

.......................................... l.............r...... -/_-_--- 1263 ,45, ,3,.5 9,, '577-[.... ,{74................;-s7-- ,58,,,486 ,552 4.
3.03 | 11,6' 4180 I 1380 1574 143,1 IIR) 3.tj.4 [ 3. I 6016 1!179 18411 1940 | 95
3.(}5 | t t 5 477()} 151..,4 178i! . 162.1 8(t 3.06 I q.2 4917 16(17 1505 1576 | 80

307 | 11.8 44001 1433 leO,2 1401 80 2.97 3.2 5756 1!_18 18.15 190i | 8[}.

3.03 I 11.4 3930 1297 1472 1346 95 .t.117 3,1 5 _,{._1 1891 1779 1857 | 85

308 | II 4 4580 1487 16._8 1543 I_X_ t (;3 2 t, fl(;l(_ 1985 1833 19311 | 15

3.05 11.6 44tgJ 144'3 IO46 15(Xi 95 3 111_ 2.5 51711 I69() 155/ 16':;(I | 75.3.05 1.2 1567478(; 1771 I(i24 11,X_ a, _ • _ ... I; .... 5 153 1673 157,0 163(1 85
3.117 1.4 45/,:0 1492 10:,'4 154,",; ItXl 2 .'t,_8 ' '-. ,"; 46111 1574 14hO 15411. 7'_

_.(15 1.4 4790 15711 17._2 1(-,2t) 95 t 3. lt) 3 2 5972 1926 18113 1889. 65

.;I(;_ I t, 48_/0 1614 1841 It,77 _5 3 ill 2.8 5_._41_ 1_,_54 1812 1911 85

3.03 It_. 41711 1371_ 15711 14311 t;() 31.)1 2 h 5728 1003 1757 18511 90

3.()5 I } 4880 16110 181/4' t657 IlX) _02 2,1 5551_ 1838 1677 1789 85

3.(17 1.2 454() 1-179 lt)71 1533 85 2(.;7 2.5 5704 1921 1769 1875 911

3.117 I _, 41911 13,',5 I 1546 1411, 811 3._m "5 52911 172t/ 1593 [ 1688 (,'5
3.05 I h 4230 1387 1582 1.1-41 75 3.(13 26 5654 18t-,fl 1723 ] 1823 911

3 114 12.1 44711 147_ I69-' 1533 51 3 02 _ ' 2 I 5.132 179_; 11_41 t 1751 75
),.I15 II 5 3780 123_; 14111 1287 ,,e,5 2'm 2(I 452(1 1527 3t_(I 1486 ,_5

: 3.O4 I1 4 4371; 1438 It,3 _, 14'_2 1_) ?'_'* i 2'::, 551j2 ISl_ _._67 767 t;_

3.113 l 1.4 4120 I tt_t 1544 141 I 911 _.I I ?.7 _,t122 I_am 7'/2 8_1_ _t(i

3 I)_ I1 ¢_ 40_11 1_5 154 14_)_ , ,_5 3 _1 _ I, 551M I82') 709 ',_ ' ._,
_, "_ lib 42(Xl 137?. 15/I 1.131 t;tl 2 9_ 2 _' 5184 17_-1 h I":, t_lt/5 t;,.;{

3t._i 11:7 4321"; 1444 lr,51 IS 2 '_;) '{tl5 2 ¢, 588,_; 1'1_ "71,:2 _85 85

_ 05 II.8 431_1 1431_ l(,3t_ 1488 ':;5 _ (C i 3 '2 i _67(; I,_77 757 _41 bl._
35}4 11 8 44_ 1477 lO,:Z 15W . _5 3 ¢_2 i _ _ e,_O 21j _, t)_s_, 21/74 95

"- i...............................................................'.....................;.............' '...............................................................-. , Xh:an! 182.1 t)t_l I ; V,,4 ;_

. 1631_ ' 14_'_ ,_t,,i i Shred,ml tJt'_.l,lll_/h o j 14'7 1.11i Standard deviation, o L {)8 II;"/ 11"'1 i 1 14', ' 18
................................................................................................................. -" • .......................................... 1................................................... ; ...........



TA II I,E 3.3-. I..---('_mfi nucd.

(c) Veneer grade, A+ glue spread rate, 55 Ib/,,,ll_il; e,,ltnmted test (_A)Veneer grade, A+; glue SlmXtt] rate, 45 Ib/M(x}t estlnulted lest

teml_erature, 70 °I- temperature, 70 °F

Sires,,,,_ L,arulmmel l-allure Iqtilure C?urrected failure stress, Wt_od Stress I Laminate Failure Failure C_u'rected failure ,dress, W_H)d

'tre'l |- 111olMureI hind, stress, ;si failure, ar(.'_l, Ill()i,'.il[ll'e hind, stress, psi l'ailure,

ili," Ct)lllellt, I li+ p_i ............................. percent iii. 2 eolllcllt, Ib [)si .................. t........... '...... percent

percent : K--: 126 K = 1+137 percent K.-:1,261: h" .... 1,07

31!2 3,8 4840 1603 1._-, 1579 ' o5 3.U9 3.9 2731 884 841 871 2(1
I' ")3.f)5 3.6 518o 1701 1608 1(,73 (Jl) 3.f12 3.8 ,38, 789 749 777 20

"1 ",
3.181 3.2 54(')0 1776 1663 !742 75 ' 2.99 3.3 .85. 95,1 8115 I 93(, 20

3f)l 3.3 45fit) 1518 1,125 14tj() Uf) 3.0,1 3.6 2094 689 651 '678 25

3.[)4 3.3 .5619 1848 1734 1814 95 3.04 3.4 3650 1201 1130 1180 lot)

3.02 32 5268 1744 1633 1711 3.05 3.4 2116 694 (,5.3 I 682 10

3.06 2.4 5263 1720 1580 1678 ' 3.03 3.,1 2605 86() 809 [ 845 2t)

3.116 2.7 5%5 194U 1804 1905 : 3.06 3.2 4464 1,159 1366 I 1,131 ! 90
29U 2.3 5533 1851 1697 18114 ,I, 3.06 4.0 41378 1333 1272 I 1315 711

302 2.7 505b 1674 1549 163b U() 3.()2 3..1 3.13:), I10,1 1(13(.7 1084 10

3.Ob 2.U 41)24 1315 ' I,..3"_ 1287 . 95 .t.05 3.5 2962 971 916 954 lO
3.07 2.3 4466 1455 1334 1418 II)0 3.0,1 30 3134 1031 961 t lf)lO 511

3.135 27 4782 1568 1.151 1533 , [ 3.{33 3.2 2235 7:'8 691 I 724 25 I

3.137 25 52713 1717 1581 1676 t I 3.f) l 4.2 31386 ; 1025 983 I 112 I0
305 .'. I 43U5 1441 1346 1,113 +' 2.98. 3"1 3516 llnl) II 18 1161 20

3.01 2 7 5505 182t7 1693 1788 95 3.fl5 3., 33.t4 1003 1()33 1075 I0I
3(14 2.7 3527 116() 1073 1134 I(XJ 3.()6 2.7 :,(,3,1 1188 1099 1161 I0

2.98 2. I 38(,)() 1305 1191 1270 95 3.t)2 3.4 3080 102f) 960 .If)f)2 85
2. J8 ' 23 5,165 1834 1681 1788 95 3,(36 3.3 _52o 1153 1082 , 11:,2 I()

3.013 3.3 5207 1736 1621; 1704 I131) 3,06 3.1 3557 1162 ]085 I 1139 I(X)

3,0'6 3 3 4824 1571_ 1479 1547 u5 3.07 3,5 271)2 880 830 l 865 l()
,

3.()5 3. I ' 538[) 'I7IM 1648 1729 _ 3.02 3. I 3576 1184 1Irl6. .1161 I0

3.0<) I 3.0 5751 1917 1787 1878 3.08 3.5 37:,4 1212 1143 1191 I(X)
2.9 t) i 33 5458 1825 1713 1791 ', 3.07 3.7 3507 1142 1082 1124 lr)

300 j 3. I 4946 1(_49 .154() 1616 If)() 3.()7 3..7 4,154 1451 1375 1428. If)t
\Iear) 1659 1543 1624 95 Mean 1()56 995 I 11338 34

St;mdard dcvialltm, o 198 186 ..[ 19,1 5 Standard dcvhltl+)n, <; 208 196 1114 ),4.......................... 2............................................................................................................................ ,.................................................... _.........................

11'1 Vclleer L.'lade, ,'-\ t- .u,luc S['H'Clltl rate, Sf) II,/Xll) ii.; es(it(rated tr, st ' (hl Vcllct!r gr'ado, (J', glt,e spre;t:l rat(', 1,5 Ib/MIXitA estimated lost

tClllptH'attlle, 7(! _1: It.'lllpt2raltli"+r, 7(1 °l:

[.............................................................;;;7- ; 4922+,6,,3 ,52.' . ,579 :..........li ; 4., 4,46 ,34, ,287 ,329 ,,,,
| 3.(I, 34 4862 / 1589 1495 1561 71) / 3.132 / 3.7 4627 I 1532 / 1451 15[38 95

307 29 I 4271 t 13¢71 12').! 13¢,2 u5 / 3.05 / 3.4 4740 / 155"1 / 1462 1526 I(lO

' "S " 3.(37 | 3.2 4626 / 1507 / 1411 1478 90304 _ 8 411t) 1352 I_+.l 1323 711

3.(35 3.5 39(,7 1301 1227 1279 95 31)5 3.8 4067 / 1629 / 15.17 II,u._ 100/ /

31)3 32 4u+12 1631 1527 16(10 . 3 5 3.6 4912 [ I01() [ 1522 1584 tj5

304 2.5 5031J 1658 1527 1619 • 3.), 3 I 3191) P 1053 _ 984 1032 4(1
_<)._ 27 47,">5 1567 1450 1532 _' 3136 38 .1627 ! 1512 1.134, 1489 95

30(_ 2 7 44213 1444 133t_ 1412 9(7 3.117 3.2 ,1593 _ 14t;b 14()1 1.167 9(I

3.()I _ -1452 147U 1388 1452 95 3.1J7 3.7 51)112 IfCu 1543 Ib(13 91)

_ t 7 _ I 51 I17 16fl4 155-1 1631 tj::, 3.1)6 3.8 3447 1121; I()69 1109 95

3.(34 _,.I -1..44 1317¢_ 128.t 1362 95 3.f), 3.0 4:t21 1412 1316 1383 911

' ()b " 2.8.... > .128fl I.ll)l 12u() 1368 lllf) 3(M 4751 1563 1450 1529 95

3.1)¢) .'. I 2011() lM8 880 tJ29 6() 3.(65 3.3 4550 1487 1396 146() 95

3. 77 3.1 5285 1721 1619 16913 171) 3.04 3.4 51)46 lt,b() 1562 1631 Irl()

'115 ' u 4¢,38 1521 1414 148u 95 3.(17 3.1 3319 1(181 IOlO 1()60 40

.t.I)7 3.3 5.1_313 17711 1¢,713 1746 IOlJ _.(39 _,.5 51372 1641 1547 1613 95

3.138 2.5 ,158t_ 1,18u 1371 1-15.1 95 3.112 3(1 ,1867 til2 502 579 I)()

.'.13(_ 2.q 4839 1581 14713 1548 uS 3,114 3.4 51343 1659 1561 11_31) tj()

31)fl 3.3 -Iu41 Ir,15 15Irl 1585 I()11 3(Jft [ '.3 +P)It) Ib()8 15f19 1578 8()

3.(15 3.11 .18,x_ I/)()1 I.lU2 1568 I()(1 ._i),1I 3.-1 47?,8 1559 14t_7 1531 115

t t)5 I _, +1_2-1 I.ll8 1'31 13u2 5( t 3135 33, 451J(_ 1477 [3q6 1.153 7()
i _t)-I 34 -IV,3() I SSU I.lU5 151,1 65 3..t].l .t8 4889 11)li8 152-/ 158-1 I _ 5

!,,,3 ,,, .,5,,,.,,,,,,,,-, ,472I ""I I:`.''4.i, 'I.,,,,'..71,.,'.,,-,,,

.'..;t.,,,,,._+.,,.+.Ju,..,m,+,,,,.,I ,,,,! ,55 _"' I _' I !_.......:_+t'y'"'_+,!.'_u_'.)_?.'?t':_:'_'..'_::J..........!_;:'_J........,.!.:.i................!-!<..,.............."L_.
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of grade A-t-. is colmistent for all spread rates except
2q°°F- - 45 lb/Ml:x.;I,, TI)e effect at 45 Ib/Ml)(,_il.in unexplaimxl,

t

3,3,4 Block shear strength perpendicular to laminations

2000 _ attd parallel to grain.---.The test specimen for block shear
,, _ strength perpendicuhtr to the laminations and parallel to the

/' _ ' grain is shown in figure 2,2-Ii. Test rest.tits for 25 of these
, '/"' L,J

,/, _,_, 1600-- -- specimens are shown in table 3,3-II for veneer grade C and
,. _ i a glue spread rate tri' 60 lb/Ml:Xil.,The effect of htrninution
/ ,, m orientation on the shear strengtli can be obtained by comparing

' _'"1_ ' F_ 1200 -- tlm data in tables 3,3-!I and 3.3-1(a), The corrected stmar
failure strength was27 to 28 percent higher (depending upon

, which value ot'K was considered) t'or shear perpendicular to800 _ ,

the htrninatiorm than for shear parallel to the laminations,
Observe also that the failure was 100 percent in the wood for

o00 -------J_-- I ] J .... I ..... shear aligned with the glue line perpendicuhtr to the lamin-
ations, This means that there was no imerlaminar failure, For

,,,_ 100 _ _ -- " shearparallelloadwas maximuni't°the,laminations,atthe middlewhereofthetheinitialcenterShearingwood

_ \ larnirmtion, the average failure in the wood was 91 percent,50
.,...1

0 _ I I ,b, I I
q0 50 60 70 qO ' 50 60 70 TABLE 3.3-II.--BLOCK SHEAR STRENGTH PERPI]Nr)ICULAI,', TO

GLUESPREADRATE, LI_/MDGL . LAMINATIONS ANl) PARAI.,LEL TO GRAIN

(ai Veneer grade, A +. [Lamlinated Douglas fir/elx_xy specimens. No,joints in veneer. Veneer grade. C;
(bl Veneer grade, C', glue spread rate, 60 Ib/MlX3t.;test ten|perature, 76 °F, Data corrected to

F"igurc 3,3...I ..--EtTecI c,f glue spread rate on shear strengtii and percent tri' 6 percent laminate rnoisture content, See fig, 2,2-10 tbr geurnetry,]

failttr¢ in wood stlrfitce Ibr himinaicd Doughts fir/epoxy specitnens. Shoal...... Failure lqdlure i[ ....
parallel to grain and laminatimm. Strength corrected to 6 percent htminate Stress Laminate Corrected failure stress [ Wood

areal, mcdslure load, i )ststress, ' failure
moisture content (K = 1,07), in,_0 content, 1t, | psi [ _---- percent,

t'eason the mean shear failure stress at a gluc spread rate of percent j I K = 1,26 K = 1,07

45 Ib/MDGI. was higher fc,r grade C than for grade A+, 2,27 4,9 4870 2145 I 2090 2129 100

Figure 3.3-1 also shows the percent of wood t'ailure in the 2.30 4,9 4668 2030 I 1978 2015
fitilure Surfaces of the sheared specirnens. Tlmre are sorne 2,27 4,6 4760 2097 ] 2029 2077

unexplained anomalies in the arnount of wood failure. Each 2.25 4,2 4865 2162 I 2072 2135
2,28 4,7 4869 2136 I 2072 2117

group o1"25 specimens had at least seine, and often many, 2,30 3,6 4998 2173 I 2054 2137
specimens in which the failure in the wood was 100 percent 2,24 3,7 4373 1952 I 1849 1921
except for the grade A+ veneer at the strongest glue spread 2,29 4,6 4818 2104 ] 2036 2084
rate ot'60 Ib/M_×:;L.In addition the scatterband was quite large, 2,26 4,3 4907 2171 I 2086 2146

' 2,27 3,2 5390 2374 / 2223 2329

whereas the sca_terbands tbr 55 and 65 lbll',,ll)._Jl,were small, 2,27 4,2 4758 2096 ] 2009 '2070Further, the shear failure stress and p(:'n,:entof Wood titilttre 2.25 4.3 4564 2028 ] 1949 2004

values in the tables show a weak cot'reta_ion bclweeta percent 2.26 4,1 4501 1992 I 1905 1966
2,30 3,5 4658 2025 1909 1990

of t'racture in the wood and strength, 2,27 3.4 3973 1750 1646 1719
As a result of these studies on optimttm glue st)read rate, 2,25 3.5 4559 2026 1910 1991

ali other Dough:ts fir/epoxy data in this report are for tt glue 2,26 3,i 4418 1955 1826 1916
" "5 4,7 4743 2108 2045 2089

spread rate of 60 lb/MIX;t., _'_"
2,27 4,6 4323 1904 1842 1886

3.3.3 Effect of veneer grade parallel to grain attd 2,25 4,1 4091 1818 1739 1794

laminatiotts,--i,i,jur, _3:3,--1,as well ;.ts tables 3.3-1(a) and (c) 2,24 4,8 3171 1416 1377 1404

to (k), shows the mean corrected shear strength values for 2,24 4,6 4589 2049 1983 2029

vm_eer grades. A+ and C. These results arc consistent with 2,23 5.0 [ 3874 1737 1697 17252.29 4.6 4444 1941 1878 1922

previously discussed results for static tension and static 2.24 4.1 1 5079 , 2267 2168 2238 r

cornpre'_sion with grade A+ veneer and show a strength ........................ 20-_8 .......advantage of afJproximtttely 14 percent over grade C veneer Mea,_ 19:t5 1993 100
qlut',tlurll ,I,,,,iut;,_l ,, I IRO 17t) IR¢'_ f)

_ al a glue spread rate of t_0 ]b/MDGI,. ihe strength advantage ..... ::::::::::::::::::::::::::::::::::::::::........_:.:..... "...... _.........:.......J
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-i _ #/ , .3,3,5 Closing remarks on block s/tear strength,--Some same as f_lr bending strength, dims a reasl_fiable jl_b lit'

c_mclusions tMt can be drawn from tile data lm bh:lck shear ccwrecting the data, A value ¢!t'K = 1,06 is better, Alttllmgh

slrength are as t'l_lhrws' not stlown in tables 3,4-1(a) and (bi, tile currecled values uf

I, Fr(tel linlited testing on the effect ill moisture clmtent nludulus are 1,96 mill(un lk,' beth sets i_l' data fur K ::: 1,()6,

on hlock stlear strength parallel to the h.inlinathms l'or.Dtrugh.is Remelnber that the empirical w.llue of K til cnrrcci the bllick

fir/epoxy, il apr)c'.ars thai K= 1,(.)7 iri equaljc)n (7)o[' sheardliiawtis I,(77, Vtilueslrl'Klffl,50tiild 1,51 wnre fourid

chapter III provides a boiler correliiiJ0n (ii' tile data ttlan the Icr besl cllrrocl the data for static cl)nlprossJ()il, Avtlilable data

value o1' 1,26 lhal can bi., t)bttlinetl frolil dalli in ret'erenct.' 3 for static tonsil)n were riol suft]ciellt lo dolcl'niirle till elnpirJcaI

for clear (unlanlinated) Dough.is 1lr, value elK for ten',i,_it, The elnpirical values (hal tltlve been
2, Tests conducted with epoxy glue at spread rates t'mnl 45 deternlined for lanilnated-wo(id prllducts Mve till been lower

t(1 65 p(lunds per thotlsand square l'eei of double glue line values than one would obiaiii '('r(lill rel'crencc 3 fur clear
(abbreviated lb/Ml)(il.} for block shear i:lf latninated Douglas (tlnlalnJrltited) wood, Ii would thcref(lrc appear thill the epoxy

fir specinleris with ttle shear Iii(iU parallel li) tile laminations glue lessened the effects irt' strength reduction with increased
showed a peaking in strength ai 60 Ib/MIJ(_il. for both veneer int)lsture conterli. 'l'his is a reasi)nable conclusicm, sirlce the

grtidcs A-t- and C, Oil the basis of these data till other test epllxy absorbs little water and therefore its strcril.,th is

results ill tills report arc for spread rales (ii' 60 Ib/MDCII,, essentially unaffected by rniristure,

3, Block slmar strength parallel to lhc grain and the .7.4,2 l$ffect of ven,ser grade on bending strength,--'lal,les

lamina(tires Wasabllut 14 porte.ni higher for veneer grade A 4- 3,4--IC1), lc), and (di tabulate results oi' bending strength tied

lharl ftlr veneer grade C, ]'ills elTeci was consistent tit ali glue Inodtllus with vertical laminations til a test telriperaitlre ill"

spread rates except 45 Ib/MDf_il, and is consistent with results rlearly 70 <'F for veneer grades A +, A, and (_'.,The data were

for static tension arid static compression, nel entirely consistent, The specinlens nladc ['r(rn-iveneer grade

4, Block shear strength was found to be 27 to 28 percent A + did have the highest bending slrength and the highest

higher when the shear [(lad was mixirnunl lln a glue plane nl(idulus, bul lhc lllwesl slrenglh and nlcrdulus were obtained

perpendicular to lhc ]anlinalJons lhan when tile load was in tile specillleils nlade l'rlrin veneer grado A, The veneer grade

parallel to tile lalniriatilms, A specimens were aboul 1 percent weaker than veneer grttdc

3.4 Bendinta Slrenglh C specimens and about 14 percent weaker than veneer gr((de
A + specimens, The nlodulus lit' tile veneer grade A specimens

3,4,1 Effect of moisture content on bending strength,--A was abou{ 7 percent less than for veneer grade C an(J abotll

series of tests were ccmducled on speciirlens crt' the 9 percent less than l'llr veneer grade A +, These inconsistencies

c'_mfiguratilm shcm,,n in figure 2,2' 12, 'l'lle tests to evaluate in leed(lies and strength may be explained by the greater dal,a

tt_e effect iii" nliristurc content oil strength, utilized bending with scatter for the veneer grade A material (ts indicated by values

vertical laminatiorls for vet(eor grade A, The data obtained for of o being about 1(77percent higher for strength and aboul 40

nioisture content ewtluation were for two groups of sanlples percerll higher for nlodulus for lbl.' veneer grade A specilnens

averaging about 4,5 and 1() percen! lanlinale moisture content, than for the Veneer grado C specilncns, The samples were cut
respectively, ]'he data arc tabulated in tables 3.4-1(a) and (bi, frl/in hu'ge sheets of the laminate, and inconsistcrlcies in the

Using a K of 1,25 (based (in data from rot', 3) in equation (7) sheet nlay result frorn areas of cross grain in the veneers; some

of chapter Ill to correct test data to a 6 percent laniinate of the veneer grade A specimens lliay have contained such

moisture content resulted in an overcorrection, Using the same areas, Rernenlber also that grade C carl be super(lfr torgrade A

approach as discl.issed previously for Slatic conlpression and in ultrasonic testing as discussed in subsection 1,2.2.

block shear to correct for both tenlperature and moisture ,3.4.,] £ffect of lamination orientation relative to bending

= t;T)ntenl res(ii(cd in arl enlpirical (:le(crnl(ria(tlm of K = 1,05 to Ioad.--Table 3,4-I(c) tabulates bl.'nding strength und n-lodulus

ccrrrect bending stress data fur moisture content, data for bending with horizl)ntal lalniriations (fig, 2,2-127 for

lt is 1101 clear how mc)dulus of elasticity (derived fronl veneer grade A samples, Coinparing tables 3,4-l(a) alld (e)

t]exural stil'fness/ is affected by temperature, If, however, shows the horizontal laminations to be about 4 percent stronger

increasing temperature approxinlalely 20 dog F were m reduce and 0,5 percent higher in nl_dulus than lhc vertical

the mlldulus on the i_rder i)1'5 percenl, as ii is expectecl to de larninations, This effecl is believed to result fronl tile 1ruler

trn strength, the higt-ier-nllfisturc:contolit, higher-temperature 0, l in, i)t"the horizontal lamiriated beanl being irt wood, which

I data will mit c_rrect to a 6 percent hun(nato rnclisturc conterii is strlmgcr and stilTcr than the epoxy, Irl bending, the ()tiler

value that is consistent witl-ilhccorreclcd lower-tcnlperature, fibers niclst affect strength and stiffness, l:k_r the vertical=

:" Illwcr-rnliisturc-contenl data Ibr any value i_fK, Ifteinperature lainJnaied t_carn, llri file other hand, the Otller fihers arc a

dees no{ aflecl lillldtlltlS (if elasticity, a value i)fK ::--:1,05, the clln-ibinaticm llf wiled aild lhc wetiker epoxy,



'rABI.,I:!. ,4-1,--l:',lq, lK. IS OF VENI_;I:,;R GRADE ANl) LAMINATION OI/II_NTATION

ON BENI)ING STRENGTH ANl.) MODULUS

ILmnhutted l)oughts fir/ePoxy sl)echne.nswilh buIt.lotnls spaced ?,I11,apm'l In adjacent hmlinllthms, Data corret'le(.I Iu
(_ per(.'elll hilllillate I||oisttll'e (2o111(2.111,I

(a) Veneer grade, A', verllcal hunhlatlons; tesi tCmpe.raltlre, 71 °1_'

SIrens area Lamhmlel Falltu'e Failure Corre(.'ted failure Modulus, Corrected mo(Jtdes,
.... moisture I load, stress, stress, Ii', Ii',

Width,J Depth, (,.'OllICIll,I lb . psi psi psi )st

m, _ in, percem I ' _ ,---r-----q......
/k'= 1.25 IK= 1,05 K---- 1,25 K= 1,05

1,512 I 2,019 4,9 I 1(179 12 605 12 294 12 536 1,91XI(Y' 1,86X10 ¢' 1,90x1C1{'[

1,512 I 2.016 4,9 I 1143 13 392 13 062 13 319 1,92 1,87 , 1,91

1,521 I 2,017 4,7 I 1067 12 415 12 054 12 335 1,93 1.87 1,92

1,524 I ...01.. 5,0 I 1050 12 254 II 979 12 193 1,92 ,88 1,91
i

1,515 ' 2,008 5,5 , I 954 I1 245 I1 118 I1 217 1,'73 ,71 1,73

1,519 2,027 5,3 I 963 11 109 lt) 934 I1 071 1,88 ,85 1,87

1,515 2,024 5,2 I 1069 12 402 12 170 12 353 1,90' ,87 1,89
1,498 2,02(1 5,5 I 973 11 461 11 332 I1 433 1,84 ,82 1,84

1,503 2,025 4,4 I 1029 12 021 11 593 II 926 1,91 ,84 1,89
1,523 2,023 4,7 I 1098 12 684 12 315 12 602 1,90 ,84 1,89

1,515 2.028 , 4,5 I 1102 12 734 12 308 12 640 2,01 ,94 2,(X)

1,509 2.027 I 4,7 I 1105 12 832 12 459 12 750 2,05 ,99 2,04
1,510 2.012)3 4,5 I 1190 14 143 13 670 I 14 038 2.07 2,00 2,05

1.512 2,020 4,1 I 1050 12 254 11 737 12 139 2,12 2,03 2,10

1,490 2,025 4,6 I 1009 11 890 11 518 I1 8"8 1,93 1,87 1,92

1,496 2,022 t ' 4,5 I 1265 14 891 14 393 14 781 2,27 2.19 2,25
1,496 2,019 4,4 I 1193 14 085 13 583 13 974 2,35 2,27 2,33

1,5(16 2,000 4,4 I 9C)8 ICl 853 10 466 It) 767 I 1,98 1.91 1,96

1.524 2.010 3,6 I 981 I1 472 10 864 II 336 1,93 1,83 1,91

1,517 2,010 I 3,1 I 989 11 619 10879 11 453 1,89 1.77 1,86

Mean 12 418 12 037 12 334 1,97x1C) _' 1,91×10 _' 1.96x1() _'

Standard deviation, o 1041 1()09 1032 (), 14x 10(, 0,13 x 106 0, 14x 10('
...... _ .....

(b) Veneer grade, A; vertical laminations; test telnperature, 90 "F; rehltlve humidity, 90 percent

1.540 I 2,0201 10, l 954 10931 I1 997 I1 156 ,79xi(Y, 1,96x10 {, 1,83x1() r,

1,542 I 2,t)13 I 10,0 986 I1 362 12 441 I1 590 1.90 2,08 1,94

1.540 I 2.010 I 9,8 1005 I1 630 12 677 11 851 ,91 2,08 1,95

1,538 I 2,007 I 9,5 _ 99t 11 517 12469 I1 719 .92 2,08 1,95

t,535 I 2.(124 I 9,9 924 10580 I1 559 10 787 ,85 2,02 1,89

1,534 I 2,12126] 9,6 965 11 035 11 974 11 234 ,89 2,05 1,92

1,525 I 2,024 I 9,8 972 11 202 12211 11 415 ,93 2,10 1,97

1,520 I 2,018 I 9,8 981 11 411 12 438 11 628 ,84 2,01 1,88

1,515 I 2,0(17 I 10,3 963 11 362 12526 11 607 ,77 1,95 1,81

1,529 I 2,(114 I 9,4 1038 12 050 13(116 12 255 .91 2,06 1,94

1,531 I 2,(121 9,8 1062 12 228 13 329 12 461 ,93 2,10 1,97

1.528 [ 2,014 I 9,9 1003 I1 652 12 730 11 88(1 ,91 2,09 1,95

1,519 I 2,024 I 10,0 1041 12(145 13 189 12 286 .94 2,12 1.98

1,531 1 2,029 I 1(I,3 1068 12 200 13 450 12 463 ,94 2,14 1,98

, 1.528 I 2,031 10,2 1049 11 983 13 181 12 235 .96 2,16 2,00

1,520 I 2.024 I It),2 1044 12072 13 279 12 326 2,04 2,24 2,08
1,520 I 2,016 I I1.() 999 11 (ul.3 13 042 11 935 2.01 "_ '_...-5 2,06

1,520 I 2,030 I IC),O It)ii 11 (_21 12 725 II 854 1,87 2,05 1.91

1.527 I 2.024 I 10,1 884 I0 175 II 167 10 384 1,84 2,02 1,88

1,533 I 2,031 9.3 991 I1 284 I 12 161 11 470 1,88 2,03 1,91

Mean II 499 12 578 11 727 1,90×lC) (, 2.()8x1() _' 1,94x1() ¢,

Standard devialiom o 528 i 596 541 0,()6x I(Y' O,t)Sx I0(, (),C)6x 1()_,



TAI]I,I! t.4. I, -. {_tonllnuu{.I.

({-'1 Vt_lle{.'l' gl'll,l(.', A'tI v{-fl'{jClll IIIIIIJlIIIIjI_IP,; leM I('lllpel'lllllrt', 72 °1"

IIl{idll]tls t

......................................... - IllOJbltlle hmtl, sit'es, s, / ,Ml'eSs, /:', 1'.,

I

, i

Widlh, I I}cpth, t.'olltt'lll, I1-, p.',,I [ psi psi }si
III III, pr.' i't.'{.'ll[ ..................................................... _ ..........................................................

' K ,--1.25 K _ I,(15 ! A" ..:,,1.25 A"_-I,{15
.................. t.................................. I........................................................ ,, ............ I.......................................................... • ....................

1,53{1 I 2,1114 3,6 I 131H 15 129 14 327 141150 2,21x:1{I _, 2,{){);.:10_, 2,18,<1@,

1,534 I 2,{11_) 3,6 , 1222 14 07(1 13 32,1 13 t)()4 ', 2,111 2,{17 2,11,

1,533 ] 2 11 7 3,4 _ 12711 14 766 13'1211 1,1 5"17 2,2t1 2,(17 2, 17
1,52 t) I' 2,()2() 3.3 '1265 14 599 13 732 14 405 2,31_ 2,22 2,33

1,523 I 2,(127 I 3,7 ' 1303 1,19!12 1.1 2_ 14 822 2,28 2.11_ 2,25

1,510 I 2,{L13 j 4,{I 1198 13 73{, 13(I 13 (,113 2,23 2, 13 2,21

1,515 I 2.()18 4,1 1313 I 153?_ l_77 15 179 2,10 2,{11 2.08

1,5211 I 2.(125 I 3,5 1285 c 14 8: 14026 14 661 2,16 2,04 2,13
..p ..}. .31,521 I _,11.3 [ 3,6 1329 15, -_-12I 14 557 15 190 ..... _ ,.,'_II _.3,211

1.51_) I 2,1127 I 3.7 1257 l-I 5111 13 7(}4 , 14 337 2,18 2,(17 2,16
"} "3

1.515 { 2,(128 I 3,7 1361 15 727 14 927 15 54!1 .,.5 ...."_ 1,1 _ "3_.
1,5111 I 2,1132 3,tj 1324 - 15 2911 14 5711 15 132 "2,18 2.118 2,16

_.{1,.._ 4,7 I 13 ......"_ 17 "_'_1,418 I "_ -}" .1222 14 352 I 935 I-1 26{} 2,23i

1.52{} I 2,(}15 3.6 1289 15 1138 14 241 14 860 2,111 2,{15 2,13

15055
_"3 "3 _., "3t 2,241,5.- [ 2,(1(1(1J 3.5 I,.73 14 "3_s 14 8(}9 .., 7 2.34

1,52(1 I 2,{}(1{1i 3,{} Illl 13 157 12460 13{)(11 2.21 2,(19 2,18

1.518 I 2,{}111[ 3,6 1337 15 557 ] I,l 733 15 373 2.18 2,(}6 . 2.15

1,517 I 2,(114 3,_} 204 14 088 _ 13 341 13 921 2.1:1 2,{}3 2,11

1.513 I 2,()1() 3.7 1170 13 781 ,I _14 733 ' """ .3

13 080 13 625 "31"3 _,31} , 2.39

2:!_ ,.,,,,............ ,......................................................................................................................... .............................................

b,,lcan I I,l 7361 I1 997 14 571 2,22>:1(1 r' .2.1{},<li}_, 2,1t)/..l{I {,

i

i

Slallthn'd {leviali{m, {_ I 671 / 646 I 664 (1,(111/I(P 0,08/: lOt' {I,(}{)/ I{1t'i L.................................................................................................................................................................................

I{.11 Vun{.'.{21 grade, (?; Vel'lJ{.'alI_tlllillaljollS; tem telllpel'alurc, 6{) °1:

................................................................................................1,5{){} 2,020 ...........578 1{14{l-----12 234 12 I'/_) 12 222 "...................I,{13×10 _'_ ...................................................1.u2×1(I I' I,t13/10 t'
1,506 2,03(} .1,9 1(1711 12 483 12 175 12 415 2.{}4 I 99 2.03

_,(1_7 4,,1 972 II 303 109{1(1 I.:14 _ 17 2,{}t) } 15

"} "} 12 "_ - "_I 49') .,{}.(} 4,9 1(192 12 854 53"1 .. 784 "},118 .,{13 2,(17

1.41)6 -.{},(}'_' 5.4 ' 989 11 51.}{_ II 439 I 562 1,9{1 1,96 1.98

1.49(1 2.{}19 5.{) {179 11 6{15 II 579 I 599 2.05 2,115 2,{}5

1,51)4 2,111}3 4,8 1222 14 581 14 189 4 494 2,39 2,33 2,38
1,5{}8 2.006 4,4 1139 ' 13 51,.1 13 032 34117 2.24 2, 16 2.22

1.512 2.008 .1,2 1142 13 487 12 947 3 367 2.1{1 2.{}2 2,118

1,516 2.013 :1,2 _:_43 II 052 I(I 610 I{} 954 2,21} 2, 1} 2.18
[,51Ii 2,013 4,3 ID68 1241.13 12 02{} 12 388 2,(12 I,{.M 2.(1(}
1.518 2,{}11 4,2 1121 13 147 12621 31130 2,17 2,(}8 2,15

S.. }..}1.... 2.(131 4,9 1028 11 78 {) 11 498 I 725 2,(}8 2,03 2,07

1.532 -.(13. ,l.5 II11 12 {'}4(] 1.3---3}'_ .."552 ".(13 I.t)6 2,01

"_' {,)521.. _8 2.(134 4.O IO 843 1{1362 {} 7?,6 2,{}(, 1.97 2.{}4
1,523 2,I13{1 4,1 I1 I{} 12 734 12 It)7 ."3615 .,_14 2,{}5 .,_ I_-

. _.'_ ._ _ -} ,1,529 2,{}3{} 4,4 12{13 13 747 I{ 257 3 638 I(} [ .,11. _,(}8
i

I..__7"} .,{__7' 4.7 113{) I.t {}71 1"3....691 " 987 _ 14 ] ..08_' -._I.i3
_.{l_l 4,8 11411 13 256 12 9011 3 1771,5_N _ .,I) } _,1. .,18

, 1.525 :!1125 5.3 1144 13 172 12 {)(15 3 12(, _ ' _ _ _

..{}) .,{16 . ,(}8

I.................I.......................................................................................................................................................
Mean 12 580 1"2_11"] I- 5{11} I1.. I(} I,-,{}>," 1(} I11. I{}

[ Sl{ll£1ard dcviali{}ll, o {)54 922 tris {I. I(I . 111_' Ii(1,011:, I11i' (I 111. I11_'
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TABI,I': 3,,I-I,-.C(.Iclude(l,

l

(L') V(.'IIL'L'r gl'IKlc, A; h()l'J/,()111_ll Jlllllilillli()ILq', ft.'sl lclllllerillHl't!, 7()¢'I;

............................ m_)lsturc| loud, sit'cNs, Nil'CNs, t,,', /,,',
Width, I l)eplh, rt)ntcnt, J Ib l.)sl psi psi ')si
in, I irl, percent ................. ...............................................................

K = 1,25 K =:1,(15 A' ,-:1,25 K :-':I,(15
___._ ........................................ , ................................ ,................ _.........................

2,013 I 1,517 4,7 119() 13976 13 570 13886 2,0,1X lOt' I,t)Sx I0t' 2,03x I0('
2,()17 I 1,523 ,1,9 118(_ 13689 13 352 13615 1,88 ,83 1,87
2,017 I 1,533 4,6 1065 12 133 II 75,l 12(149 1,8,1 ,78 1,83
2,015 I 1,522 ,1,6 IOlO II 685 II 320 II (_04 '1,83 ,77 I,_12
2,030 J 1,519 5,1 1037 II 955 II 713 II tiC)2 1,82 ,78 1,81
•.,0..) [ 1,5.1 4,8 1059 12 183 II 856 12 I11 l,t_4 ,8tj 1.93
2,023 I 1,505 5,1 1050 12 37,',1 12 124 12319 1,9,1 ,90 I,t)3

"9 gl2,(123 I 1,485 5,3 1070 2 952 12 748 129!,)7 ..,0.. ,09 2,01
2,1`X)5] 1,510 ,1,4 1143 13 501 1302(.1 13394 2,08 2,01 2,(1(_
1,999 I 1,521 4,4 1202 1,1035 13 535 13 t)2,1 2,04 1,97 .'_,(L"_
2,(30 I 1,511 4,6 1151 13410, 12991 13317 2,1`)5 I,_,_{; 2,04
2,()15 I 1,512 4,6 1171 13 727 13298 13632 1,99 1,93 1,98
2,(X)8 I 1,521) 3,9 1011 II 768 II 221 II 646 1,97 1,88 1,95
2,(118 I 1,511`) ,1,2 1002 I I 759 II 289 II 65.1 2,(_.) I,t;2 I,C18
2,1`)15I I.,182 4,5 1013 12 361`) II 947 12268 2,11 2,()4 2,09
2,015 [ 1,4t_0 4,4 1136 13 713 13 22,1 13605 2,23 2,15 2,21
2,02() [ 1:490 4,0 111`)6 13 318 12 727 13 187 2,01 1,92 13)!1
-_ ,r) 15529.-,006 I 1,5-.. 3.5 1353 15 723 14 856 1,96 1,85 1,94
2,004 I 1,532 3,0 1226 14076 13 150 13868 2,15 2,()1 2,12

,t.. "1 )2,010 I 1,515 3,4 1063 12442 II 7"9 12283 _,(.2 1,9(I 1,99

Meat| 13039 12 571 12t135 2,00xlU (' 1,92x1()(, 1,98x1(1_'
Stan(.lllrddcvjalJon,o J 1025 941 1004 , O,10× 10t, (],09× I()t, 0,10× I1`1¢'

4.0 Fatigue Strength of Lalninated test data converted to equivalent cycles for calcuhtting the

Composite Specimens regression curves, These static points icl)roved the consistency
of regression line slopes lhr various test conditions,

Data are available f()r tension-tension fatigue, compression- The static data used were ft'ore tw() sources, In some cases

compression fatigue, and reverse axial tension-compression eontrel specimens were static tested by using specimens t'rom

l)ttigue, Among the variables investigated wei'e constants to the same billets and the same configuration as the fatigue

use in the moisture correction equations and the effects of speci_nens, In other cases simih|r specimen data were used

veneer grade, the type oi'joints used in the laminates, the stress from ()ther investigations, The source ()f the static data is listed

range used in ti_tigue testing, the test section volunae, augmen- ()ta each of the tables, In till cases the static strength was the

tation by use oi'graphite t'ibers between wt)od plies, and stress mean of replicate tests, but in calculating the regressicm lines

concentrations from cutouts inthe specimens, Ali data presented 'the static strength was considered as a single test point in order

are for Dot@as fir/rpoxy specimens made of 0, 1-in,-thick to not unduly weight the low-cycle end of the regression line,

veneers with the loadapplied parallel to tile grain, The glue In si)mc cases as many as 20 replicate tests were used in utica-

spread rate was 60 pounds per thousand square feet t)fdot)ble lating the mean value oi' tt_e static test pc)tnt,

glue line, During some of the fatig,e testing the tests were terminated

Most of the tables and figures presenting fatigue data for prior to specimen failure, In ttaese cases the regression line

laminated comi×)site Sl:Vccimens in this rel:x)rt also show a failure was first calculated while neglecting these unfailed specimens,

stress that was obtained frorn static tension or compression tests, II', however, the data point tbr the unfailed specimer, was found

These tests were conducted with 5-rain ramps, The ramp time to lie on or above lhc regressi()n line, the regressi )n line was

was converted tr) estimaled equivalent cycles to failure ()n the recalculated to include the unfailed specimen, and t le equation
basis ()f the nurnber ()t'cycles thal would accumulate in 5 mis for this recalcuhtted line ix the (mc given on the I lots, From

()t"fatigue testing, Thus 5 mis is equivalent to 1200 cycles tit the h)cati()n relative it) the regressi()n line oi" the unfailed

tl cycle rate o1"4 cycles/see, 2400 cycles at 8 cycles/see, etc, specimen points (indicated by arrt)ws extending frolll the

lt was found to be beneficial, in most cases, to use the static plotted point), it can bc seen whether the r)oir)l was included
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in clllcuhlllng lhc regres,,,dunline, The number ut' "eyelus Io r _; _,I_ _,_o_o,m,.',o_
I'alluve" for tile unfnilod speeltnon ,,vustnken as the nul_fl'_t:r /

/ t._IN^ll_:o1' cycles accumulnted when the telil wus terminnled, No // t401_iu_l:
litlcnlpl wiis._"uide to hyl_utheslze tile I'elllLIjllJllg life in lhc '17×103 / CONIENI,

spec, ilnen, I'EIICEN! II = 0 1

4,1 Iensh ii- ! enshlll li'lliigue Strellglh , .. ;_! _ - _ 7 '"" -__--.<_i,1 . ..

4.1.1 17l,'l'ecto/..oixt..'e co..te..to,, tension-tension fatigue d [ (o, L______ [ -I
strength.--The npproadl for tipplying a tnoisture corr¢¢thm _ li
tostrength is presented In ret'erellce 3 for static tension, COil1- _ 12x10;_

pressitm, sheur, and modulus o1'¢liisticlty, No int'ornltitiOll is _ i-_"_"_f

prtJseniedon correc.ihigfor thtigue, Iii tile thtlgtie dataprese.nted _ "lO ' ,-" _l -- 'IIi 8ll2 _1"0'057'7il

iii this report tt seemedlogical to use lhc moisture correctitms _ - """_'_ I_- 0,1
developed I'or s'atic strength to deternilne i1'they would be 8
lippropriatet'or fatiguestrength,Datanrcpresentedin ilible 4, 1-I (b) "_
luld figure 4, 1--I for tension-tension fatigue over u modesl u I I _[ l '
rl.illg, e ot' Itlnltnate illolstui'e contelitS t'rorll 4,6 to 7 perc¢lll for IOL'$ 10ii 10_; 106 107 108

dogbone specimens as shtlwri iri figure 2,2-13, The center c¥cl.r<.;10F^II.IJRE,N
three lanlhlations oi'these specinlens contilillud sctirt"joinls with (iii I)utii ilol ctlrl'eClod for lllOiSitll'e CUlliclll, CtiM'ehllioll coofficlonl, r,

ii slope ai' 12:1, The joints were disphiced by 3 iii, iii lidjacenl ---(i,<J891.

lalrliriations, TIle t'atlgtle losts were conduc;ted for ii stress rl.liio (bi Dlilil correeled Iu 6 percenl hiiililliitc luoislure conlelil (/( = 1,71),' Ct)rrehilhm euoflicluili, r, -0,9930,
R (ratio i)l' lltlniilltllll stress lt) lllliXillltinl slress) of O, 1,

Iii t]gUl'e 4, 1- I (ii) lhc uncorrected data lire sllown(111_1log- Figure 4 I-i,.---.Moisiure cl_ri'ocllon fur leilstun-.lelishm I'nllgue (R '_--O,I)
piirllllel Io grilln for hiluilliilud Dotlglii,_ I]r/c,pu,'4yspeclinens, I)t)gbune

lug plot, Eachdatapoint is lubehxlwilll tile hilllillalo nloisture Slmclinens wlill 2,25iii, dhinlelt;riiJsiseellun(sl;c,fig, 2,2-13)und12',1
contentas tested,The correlation coelTiclentr (seechiipte.r III) scllrl'j_fints stiiggel'ed 3 in, liptirl in cenler throehuuhuilions,Veneergriido,

o1'the leasl-squaresregression line, neglectingtile point hibeled A +; lestIonllmrulure.,70 °i;,

with the arrow, where tile test wlis lerll"linittod by tSrenaatul+e ilnproved to --0,9930, Calctlhitions were Illade for c)ther
t'uilure resulting from accidental damage to the specimen is• ' values of K, but none improved tile correlation coefficient,

shown to be -0,9891, ' '1'he.rangeof laminate moisture contentswits so small l'0r these
la'lgure 4, I-l(b) shows the data corrected for rnoisture tests thai the value of'K did llOt have _.irrlarked effect on

contentby using equation (7)of'chapter Ill and K - 1,21 for Illoisture content correction, but ii tlppears tMt tile value ofstatic tension, In this case the correlation coefficient has
K t'rom reference 3 for clear l)ouglas fir in static tension was

< probably appropriate for Dough.ts l'ir/epoxy hinllnates iii
"I'ABIA_;4, I--.I,--TF,NSION-TI{NSI()NFATIGt.IF,STRI{N(:ITt, tension-tensiorl fatigue,

t'ARAMA.H.,TO (IRAINFOR D()(II3()NI,:SI'I_CIMliNS 4,1,2 Effect q[' veneer grade on tetisioti-tettsiotl J'atigue

I I.,unlinilied Dmlghis th'/epoxy di_gbone spechllens with 2,25-in,- strength,--Tension-tension fatigue tests were conducted ()la
dhinieler by 8-in.-Iolig test section luid 57-iii, overall length, dogbone specinlens made of both voile, el" grades A + and A,
Three 12: l-slope scurl'joinls iii venue.rsiii COllierot'spechnens arid the restilts tire presented in table 4, 1-I1 and figure 4.1-2,

stllggered, 3 iii, iipari in lidjliceni hiiiltllliliOlis, Slress rliltu, R, The specimensiii thesetestshad butt jointsiri theCeliteY ttlree
(i, 1', tesi ieluperliiure, 70 °F; cycle rule, ,l 1-17,,Daill ¢<u'i'ecied laminations,with the joints displaced by 3 iri, iii lidjwcent
Io6 pureeni hillliniiie nioist!,il'e conl01il,,_ee fig, 2,2.-.13 ['iii hinlinathms, l-qgure 4, l-2(a) shows the butt joint data I'or
.geolnvtry,l R = O, 1 and the regression line for scaiTjoints t'i'o11'1figure
I.aniinale Mhlinlnni Mlixiniiill) Cycles Cllrreciod 4, 1-l(b), Ali data points are t'or grade A+ veneers in tile
nulisture stress, siress, i,, I'llilure spccinlelly,, Figure 4. I-2(b) shows simihir butt joint data for
content, psi psi fllihlre stress grado A Velloors in the specirnerls and compares illem with
percent (K =: 1,21),

psl the data for grade A + t'ronl figtire 4, l-2(a), The data in fig-
.......................................................................................................... ure 4, l--2(b) show tl sonlewhal Iiigher flitiguc strength for

, (,.5 eJO(I UOOt) 1'785OO UOUX grade A spocintens than for grttde A+ specin_cJ_s,contrary
f,.3 1450 85(1(I 5U79(la V,55U to whal one would expect, Even though Ille regression lines

i 4,(, 850 850(I ,,t{/5 32(1 t4 272 S[1OWti soparalton ()t'approxinialely 6(J(} psi iii fhtigue strength,
4,7 x(l(i 8(i(i(i I t)3(I 730 '7 801 "

70(i(i 7 550Iii)() ir onewore to suporirnlx)sethe datapoints l'rolil figures4, l-2(li)i 7(, I 7,,,,
L 4'6U'0_1 ni 200 1141t't arid (h), ali (ii' the dllla for grade A would fall wilhin lhc
,ii;7t7;,7;,-;71-<7;;,i,,.{;]/;;;;;7-;;<:;{;,;,,;;i-_{/77,77;,;,7;717,,i,<,<_,,,<,,' "....................... scatlerband for grado A-i-, lt is likely then tlll:ll veneer grado
i'xt,l,ci<.,i,,i ,,, <,,,,i,,,i,i,<.<.,,,,<.,,,,.,li,,,,l<.d<.q,,i,.,,I,,,,I,'yCIU, lllliy ll(ll sigriit'icantly al'feel IcnsiemqCulshml'atigtle slrcngth.



+I'ABI,I! ,4,I -II,--.F+Ff:i!CTS ()1: BUTT ,IOINTS, VENliI_R (IRADI,;, ANl)
S'I'RI_SS RATIO oN TI_NSION-TENSION I:ATI(ILIli S'rltliNclTH

I'ARAI.,I.,EI,. T() (IRAIN F()R I)(.)(]I]ONE SPI,;CIMI!NS

IL£untlml_'dI)uuglas Ilr/el_xy dogbone speehuenswldt 2,25-1n,-dhmleler tc,sl
seelloll, lJUll .ItJhlls slaggel'ed .t iii, apart hl t'elllel' three lulldlmlluils,
Te,.+Ilulnpel'llltlre, 70 "I", 1)ttt£t col'retied Io 6 pureenl hiillhlltle lllulstllre
co nter_t (K = 1,21). See fiB. 2,2-13 l<_rgeumelrY.l

(a) Velw.er i.ratle, A "t-; stress ratkh /?, O,I

Cycle I I..andntite] Mtnhnutu Pvlaxilmmt Cycles Corrected
rtlte, [ l]it_isttlre I stress° Mt'ess,,, lt+ [tllhll'e

Hz i cuntunt, ; psi ps', faihu'e stress
t porte,ni I (K= I,21),

psi

,l 5,8 I 850 850() 21 450 8 467

5,b I 85(1 8500 III 91(I 8,134

5,7 I 8(_(.) 80()0 429 570 7 954

* 5,6 I 750 75(X) 922 390 7,142

4,5 6,0 l 75() 7500 138 960 7 5(X)

4,5 0,1 I 75(1 7500 I 148 940 7 515
4 "6,7 I 580 580(.) 845 800 5 879

6,5 I 71(1 7089 206 500 7 167

5,6 I 473 4732 6 718 300 4 695

5,2 I 62(1 6200 2 45() ()()(_ b 105

,4.4 I 60() 6(X)O I 47(.) 500 5 817

5,5 ! 779 / 7789 59 4(X) 7 714

4,4 I 519 [ 5192 hl0 (X)0 ()(X) 5 033

J el 2()0 II ,187

(b) Veneer grade, A; stress ratio, R, 0, I

........... ' I
4 6,5 I 642 (MIt) 493 000 6 482

4 9,2 I 778 778(I . 210 6(1(/I 8 278

i ,I 7.6 I 712 7120 1285 300 I 7 34'i
! 1,5 8,6 I 850 8500 97 300 I 8 939i

a 9,4 I 850 8500 , 67 5(XI/ 9 (179

___ _l 200 I' 12 099

(c) Veneer grade, A; stress ratiu, R, 0+4

74-- F_ 28(_1 716(, 316 9(1(, 7216

|4 I 6,4 2869 7166 ' 14 200 7 222

1 200 12099
...................................................

£1l_+'+[llllillt.'d IHIIII el'fill III IIIHIMI.II(: _+(llllull| lllt!il_,_dl'ellg+'lll

hslw.,_.llnen did llUl hill

t'Slilllt I_.'q - Cqllllillt.'d eqtll%illt'lll t'_t. le', Ililhlt' 3 I I_
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(11)(II't,.Ic A-t. vunecl, with ctmllnU'imm ui' scarf' luld btllI ,jt'hiLL'+,
(b) {hill .}olnts, with CUtlillitl'i.St,llt,I gl'iidL,A-I lilld A _,'UIII2L'I',_,

Figure ,I,,I-.2.----I;,ffcct til' veneer grit(tc oll tellSitm-tellS{Oll Illtilale (R =: (), I) ImriiiM lo ttr,iii t'tu l+,l'ttles A + uild A hlll|illlltOd I)t,uglus I+ll/_,pt_xy,spCL'ilHeliS,
I)tlgl+un,: Sllut'illiens with 2,25-}n, dlltllleter test .+',e<.,tiol,I(sot.' fig, 2,2 13i lllliJ butt .i,_}llt,',,stilggl.,l'l.'tl3 in, iipill'I iii t.'OlltL'l'Ihl+m.'huniliiltitul:,, I)llhl L,(irrccled
.t(,6 pel'CC_lithllllillitleIllt+isttll'(.'¢OlHuitt(Is,':=1,21),"l'vstIeillperiltUl'e,7(i"l;,

4,1,3 Effect oi' laminate joint configuration ou tensiou- 4,1,5 li.],']iwtof slJeeinlen siz,e ota ten,_'iou-teusion .latigue

tensio, fatigue strength,-Figure 4, I-2(a) sllows tensi(m- strength,---Ttd_le 4. I--II1and Iigu"e 4, I-3 shiny terlsi(m-tensltm
tension fatigue strength re.gressio:i lines for both butt .joints latiguc dcta Ibr lur{:,ehpCCilnCns2 in, thick (,+:(m;p()sedor 20

nnd 12, l-slope scurt'.ioints tbr dogl.+(mcspecirrlens, The I'igure grade A -t- himilmti(ms) by 8 in, wide and 360 in, long, The
shows that the scart'--joh_tedspcchnens ttt'e l','tml 16Iu 36 percent v¢,lUlllCin the test sectitm pttrt tri'the specitucns was 4992 in, :+
stronger ftmn the butt-jointed specimens tit l0 s to 10'7cycles The specimellS hud 12' I :,h+pe scart'joitus iri 8-1't interwtls in
to failure, "l'he butt .ioints create iri(+reof tt discontinuity, mid euch htnIit'lutit)n, The itdnts in ttd.iucent larnhmtlorls were url'set
tMs a site for inltiati(m ol'a l'atigue l'uilure, tlm,, the sctu'l'j(flnts by 3 in, lq_r colnparis(m purp(_ses the re.gres ion llne for grade
do. Well-fitted scat'l'jt)ints are more likely to pr(wide hntd A-I- dt_gbot;c Sl'_ucimens (test suction volu,,,e of 31,8 in, +)
transfer througtl the glue line, with scttrl'jtfl,tts i,i the center three huninttthm:+;,_also slmwn,

4.1.4 l+ffect of tension-tension fatiglie ,_'tress ratio on The snltlll spCCillle.ils were I'r(llll 54 til ('Y_.pe.rccnt stl'(+lig, eI' tlltln

failure streugth.--Only very limited dattt were ttvttih|ble, ttttd the Ittrge specirnet+s ttr l0 s 1o 10/cycles to t'tfilure, The htrge

they cre shown ill figure 4, l--,+tt:), Most data we,rc td+ttlined speCilUCnshadInatly lUt_t+emitesl'()r p(+ssibleiriitittli(m tri' I'titigtle
tit a stress ratio R (ft' (), 1, "]'wo points for R == 0,4 tll'e sht,wll t'ttiltll'e tllttll the snlttller speci IICIlS, t'rolll the stttndpt)ints (>1'

in figure 4, I-2(b) tbr spechnerls nmde of grade A veneer, The broth the numl'_er of scarf ,ioints und possible del'etl.,, in tlm

, two points show markedly dil'Ibrent reductions in tension- hilnitmtl(ms.

tension fatigue strength than thr+duttt (d_tatnud at R = O, 1, lt 4,1,6 CIostllg reHlal_s or+ lensiou-tensiottfatigue strength,--
is thereft)re dil'I'Icult to draw c()nclusi(ms tm the InZlgnitude of The tcnsitm-tensi(m I'atigue strength dtlttl nvtlilable v,,ere relt,-

these I_tigue strength diI'I'erences, tively lira}ted, hut I'rom these <+Itttttil appeurs that the cl'l'ects
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'I'AIII,E ,I,I-III,--TI_,NSI(JN+TI_N,qI()Nl:A'l'l(Itil,; lJells, andlarge speclrnensi_,tlledal lower stv'ess,Ibwor cycles,
,'qTl_,l,',N(i'l'll I'ARAI,I,Iq, T() (IRAIN F()R ()r btitl_flutn small Sp¢CJlllgllS, Figure 13of chttptur III illtmtrates

I,AI,tCtl!-V()l.tIMl! SPI!('IMI?,NS tllJ tllcse elTect,,.+,

I I,alulmtlt, tl I]tll,lgjlls IJl'h.,l_t_xySl',.,cimt.,tl,,+2 In, 1hick
(2() lalnhratlt,,tis)l_y 8 In, wMe 1'5'3(_()hl, It,hp (,lUt;2.1n,_test 4,2 COlliprt_lOll,,COlllpre_,_jOll Fallgue Strength
vulultl0), 12:l-Slupe scarl' jtfltll_ Miipgt,t'ed +I111,al_uit hl ull

4,2,1 Effect of moisture c,ontent oll (.'ompres,_'lon.udjlu:elll himltlulhms (.41racedNIi it1e,eh lutldtlldiotl), SIt'ess
rlltlo, A', (), I; It,M leilllwraillre, 70 °I_', l]attt et_rrectetl Iu d:Oltlpre&_'Jott faHgzle sD'ellgth,--(_Olllpr12sSioll-t_l>11113re,_sJt>li
h iwrt,tml hulihmle int_l.,+lurecutllenl (/,; -=: 1,21), I I'tttigtle, dalli (R = lO) WCl'U awtihtl)leIbr tests COlldtluted with

h.trnlnlttemoisture ccmtertts rartgi+'tgt'ronl 4,5 tO 8, I, The tests
I,iUttltllllel Mhllllltllll Mtl,_lltltlltl (y.:les Ctil'l'octed were curic.h.lctodell cylindrical Sl_ecint,2ns2,25 in, in dhuneter
IlltlIMtlre I ,_ll'eSs, sll'c,ss, It) I'ldlLlre

e(llilL'ltI, I psi psi Ihiltlre sit'ems, and 8 tit, long, Tile lost spechnens are shown In figtlre 2,2-15,
lloruoltt I i._,_i The cetlter three lanlintttlcmso1'theSl_eCltneriscoitttilrled 12:I-

.................................................................................................................slope s_,mrl'joints, Tile jolrtts were staggered 3 Irt, ttpart Irt
'_ _, , q50 05tri) 20,121 (i37.", adjacent htrnh;ath)ns, The Sl_ecirnens were made t'rom grado
,__ t 7(>0 '7(_00 ,lc) o80 (,8(',(+ A + Dt_uglas fir veneers, Data are shown 111table 4,2-I and
,2,.2 ; hS() 0500 5 620 6400

.:.2 : 580 580tl ItM ,158 5711 figure 4,2-1+ Tile uricorreeted data are sltown hi I'lgure
s t_ t 52(1 52(1(I I 3(,b 128J 5 lO0 4,2-1 ta), andthe data ctwrected to 6 percent hunirmte rnc)l_iture

"3t>0l....._7'7 content by using K _. 1.92 in equation (7)cii' clallpter II1 are
+iSiiilit.tt',i +t'qilllalcdt,qulviilt,nletch,,lilii,lt,t I Iii i,,t vululllc ,,i;17_,i_i. -t shown ill t'igtll'e 4,2-1 (b), This value of K Is the Sl.lilleItS thttt

used [iii' static COlllpi'essioll tn refer'elite 3, This iiloisltlre

content correction improved the correlation coefficient r from

oi' tile Ilitllsttll'c corltent t,f' the httllhuttcd liitiguc specilllens carl --0,8254 for no moisture correcttorl to -0,8975 tbr correction
be curt'coted in tile slime nmnner its lhr static tenstun spechneris, to 6 percerit huntnate moisture content (K = 1,92), lt therelbre
()ii the basis ot' tills limited nun iber Ihl'leSls, veneer grado did appeilrs that the method used tbr correcting static compresskm
not I.tpl:letirto signitqcantly alTect tensiorl-tettston liitlgue l'or datit for nloisture corltent works well for cotnpressldrl-
sl:lecinletls nlitdc _fl'grado A-t- arid grade A veneers, As one conlpression fatigue, In liict tile correctlori is superior to that

wuuld expect, still'l" jt_tt_tsill tilt lan linattorts resulted til better tbund tbr static conlpresston of himinated speclrrions (see
tensitm-tensitwi t'atigue strength tlutn butt .jt:_intsiii the Ianline- subsection 3,2, 1,2),

iqx103
,__

12--
"-,*-, ,...,.,

d 6--
u._ "_

t;l'l:CIr,llN V0i tlt_t, IqU.dd_iSl01_IX_IIAI10_
IYPI le.I,

---_")-._- I.AIIGI.V()llll,ll 11997 S - 13 019 PI'()'0{_llill
...... l)0{ill0NI 31,8 }i -' I0 8117N'0'0b2lll

(I.l{i, q,l.l(h))

l 1 1 1 1
, 10j lC)lI 10{' 100 101 108

CY(;IIt3 I0 IAII.tlI(I., N
i

lqgurc 4, I-3.--l,HTccl +d' tunsitm-lcnsitm filllgut, (R = (L II Imrallel t,_ grain fm' htrgc.vulumc hmlinated l)oughi.,, firle.poxy specimens, SOCCllllClis2 ill, thick

(2() hlrtfinatitms)by 8 in, wide by 36(i irl, lung (4992-it1, _ tesi vuluntel with 12:1 slope scarf juints staggered 3 hl, almrt iii all ildjacunl,hunlnalhms+ ,It_!nls
spat:cd 8 fl ttpart in uttch huninilti_m, l)tita t:urrccted to 6 pcrcuill httninttte rn_hstutet:ontclll (K ---_1,21), Veneer grade, A 4; test temperattn'e, 7(.I °F, Static
lu,_tdlthi tit 9,197 psi lind 30(I equlvtileill cycles llut sht_wii,
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TABI.E 4.2-1,--C()MPRESSI()N-COMI'RI_,SSI()N FATIGU[! 4,2,2 Effect of veneer grade on compression-conlpression

STRENGTH PARAI,LI:!I, T() GRAIN FOR fatigue strength,--Con_pression-conulressitm'fittigue tests

CYI.,INI)RI(IAI, sr'ECIMENS were conducted un specimens made from both grade A-_- and

• grade A veneers with butt joints in the center three laminations
[[,aminaled Douglas fir/elx_xy cylindrical specirnen,'.; 2.25 in. in diameter by

8 in. long. Three 12' I-slope scarfjoiilts in veneers in (en,,er _dspecimens staggerecl 3 ill. itp_.l.rl ill adjacent h..llllinations. The specJnlells

staggered 3 in. apart in adjacenl laminations. Veneer grade, A-t' stress were 2.25 in. in diarneter allCt g ill.' long. The data are s'huwn
9talk,, R. 10: test temperature, 70 "1:. Data correctc_[ to 6 percenl larninatc ii] table 4.2-II and figure 4 ....-,. for R of 2 5 and 10. Although

moisture contem _/_":-"1.92i.] . the data for grade A veneers were quite limited, it wouM

- ...... ............ ] appear that veneer grade does not significantly affectCycle l_aminate Minimum M;_ximum C'ycies Cnrrected '

rate, moisture stress, stress, to failure [ conlpressio!l-colllpressRm fatigue strength for either value of
Hz content, psi psi failure stress. / R, since the data tbr both veneer grades t'ell within the same

l:,ercem . psi ] scatterband. These results are similar to those, oblained for
............ tension-tension fatigue.

s 5.o -,95o -95oo 5o64o ---_:9o 4,'2,3 Effect of laminate joint configuration on
8 8.1 -750 - 75(X1 71 860, --8621

10 6,8 - 780 - 78rX) 325 010 - 8225 compression-compression fatigue strength,--A nurnber of
8 4,6 -870 -87(M) 316 740 --7929 joint configurations were tested in compression-compression

10 6,7 -750 --75(X) 1 333 4(X) -7856 fatigue, These configurations included both butt and scar(joints
8 4.5 -850 --851)) I 655 890 --7695 with scarf slopes varying from 4:1 lo 16' 1. In addition, scarf

alO 6.2 -7(xi --70(xi 18 571 520 --7094 joints were tested that were imperfect, having either overlaps
8 7.3 -050 -6500 17 509 310 ....7(185

or gaps in the layup of the scarfed lanainates. Ali tests were10 ] 5.7 -'750 -75(R) b260 I(X) -:-7352

10 5.3 .-8(XI -8(X}O h48030 , --7637 for grade A + Douglas fir/epoxy with the grain parallel to the

10 5.4 --85(I -85(x) b22970 --8169 load direction, Tests .were conducted on both cylindrical and

.... _ 4.(1--8.9 ..................... '3 fXX) ....9906 square-cross-section specimens, Ali of the laminate joints, ,,

,,r_, _.,,,,,Jo_.,_,_,,, ,,,,, _.b._,.,,,,,:_r_,_,_,,,,,-,,_,,, ,. _(,....J ......pJ_,_,J,, ,_., tested were in the center three laminations with the joints

bsp,.,:,,,,.,,_,.,,,,,,,,.,.a,,,e,.,ec,,,:,rSi,,,,,.,(:,,,_i,,",,'"_',_,e,"'JOS,,. ,,,*,J,Jl,'i",,",,,e,J,,m',_ staggered 3 in. apart iii adjacent ]anlJnations. The tests were
0.25 m, anti utile| olllt underlaplx_'d (125 m.

(Static tcq uf ctghl t.ontrul ,q)ccmlcns.--t:stimalcd t.,qulvatcnt (',tics. conducted tit a stress ratio R of 10.

JOINI ' RII;R[S510N [(IUAIION

gONl)l I ION

NO INPI!.RF[ClIONS S = --13 6/0 NO'OqOSq

IA_INAI[ _-'0-'-_ NO IN'I:RI-t!CIIONS S .... 13; 5!)0 bl0'0599/
NOtSRill(

CONIENI, ---_" .... OVERLAP ANl) S '-- -I1 !]89 N'0'039/b

-.10x 103 P[RC[ N [ LINDIR[AP

- _ C_,.,...___ Ob.() tt 0 IA[15 I)l:l_Oll fi[Al/C IIS[ bAIA

u• 0 ,

_ , _,_ _,,,,

a _._ I I I I °/,:_--'_
7, -I0xi0 3

(b) _

_6 I I I 1 ]

10_ 10q 105 106 107 108
(,YCIt5 I0 FAIIIIR[, !t

la) l)ala i1_)1corrected fiff rl'hllSltlle COlllelll,

(b) l)ata (etrc(led tn 6 percent laminate moisture, t:onlclll (K := 1.921.

Figure 4.2-I.--Moisture c_rrecti_m for compressi_m-compression fatigue lR =- ](}) parallel t_ g,'ain tor lanlinated l)ouglas fir/cp_xy specirncns. Cylindrical

specimen',, 2.25 in. in diameter by 8 i_ long with 12:1 slope scarl .ioints slaggercd 3 iii. apart in center three lamirmtinns. Veneer grade, A-._; tem

temperature, 70 °F.
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TABI.E 4.2--II..--IU'FE('TS OIz VENEER GRAI)E AI'd) STRESS RATI()

ON COMPRI:_SSION-COMI_RESSION FATI(IUI-_ STRENGTH

PARAIA.:EI. T() GRAIN

ILaminated Douglas fir/epoxy cylindrical specimens 2,25 in. in diameler
_md8 in, long, Butt joints staggered 3 in, apart in center three laminations.

Test temperature. 70 °F. Data corrected to 6 percenl laminate moisture
content (K = 1.92I.

la) Veneer grade. A +

I -2.
Stress [ Laminate Minimum Maximum Cycles Corrccted l

i

ratto, moisture stress, stress, to failure
R content, psi psi failure stress,

percent ' psi
....

10 5,6 .-900 --gcxI(.) 14 910 -8 764

5.5 -850 -8500 13850 ---8223

5,5 -850 -8500 20930 -8223

5.3 --800 ..-8000 153 030 -7 637

5,3 -750 -75(X) 82 720 -7 160

5,2 -750 -7500 518430 --7 113

a5,4 -750 -7500 549 720 -7 208
4,5 -75(./ -75[X) 2 351 (XX) -6 790

5,6' -650 -65[_) 303 000 -6 330
6, I -529 -5285 l0 593 000 ---5 320

6.0 -593 -5930 4 674 6(.)0 -5 930

'5.5 -547 -5474 3 031 20(.) -5 296

" "5,6 -540 -5400 bl2 675 2()0 --5 258

25 6,2 -2569 -6423 8751600 -65(.)9

"_5 6,3 -2760 --6900 4019400 -7039

c1200 -10043

(b) Veneer gradd, A

10 6,6 -584 -5840 304000 -6077 [

10 6,8 -565 -5650 1360000 --59581

10 6,3 -667 -6666 1370 (X)[) -68001

2.5 6,3 ..-2967 -7417 612(X) --75661

2,5 6, I -2967 -7417 1120000 --7466 I

2,5 5,4 -2920 -7300 4229_.1200051 -9-701517241

H[+_qilllaled

bSp¢cm_u,n did nol fall,

cStalic tests ,,.MilllatL.d eqtHvalt'iH cycle', {table 3,2 +iV).
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o
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_,, I 1 I I I
-10:_103

t.l -8 '_ "'_ "_" _ .,,._ ,_,,

-
_ - _ "'<'_"o"-- _....

R 10
(b)

I I I I I-, q

103 10q 105 106 107 108
CYCLESTO FAILURE,N

(a) R = 10.

(b) R = 2.5 with comparison tc) R = 10,

Figure 4,2-2,--Effect of veneer grade and fatigue stress ratio R on compression-compression tatigue parallel to grain for laminated Douglas fir/epoxy specn'nens.

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-III and figure 4.2-3(b) show butt joint data tbr regression lines were calculated_ these unfailed specimen data

cylindrical specimens 8 in. long with diameters of 2.25 and points were taken into consideration. Although not completely
3 in. The small difference in specimen diameter did not signifi- valid, these regression lines were considered to be more

cantly affect compression-compression fatigue strength. Equa- representative than if the unfailed points had been neglected. In
tions of the regression lines fbr each type of specimen are the comparisons that follow, the regression lines that iacluded
shown in figure 4.2-3(b). Also shown in the figure is the the unfailed specimet| data were used. Figures 4.2-4(a) to (d)
regression line for 12:l-slope scarf-jointed specimens from show the data points used for calculating each regression line.
figure 4.2-1(b). The 2.25-in.-diameter scarf-jointed specimens The summary effect of the regression lines from these tbur
were 11 to 19 percent stronger in compression-compression figures is shown in figure 4.2-4(g). The data are consistent,
fatigue than the 2.25-in.-diarneter butt-jointed specimens at showing steadily decreasing fatigt, e strength as the slope
105 to 10v cycles to failure, becomes steeper (as indicated by the smaller ratio; i.e., 4:1

Table 4.2-IV and figure 4.2-4 compare the compression- being smaller than 16:1). Specimens with scarf joints having
compression fatigue strengths of' specimens having scarf joints shallower slopes permitted increased load transfer through the
with scarf slopes of 4'1, 10:1, and 16:1 and specimens having sloping glue line at the joint and were thus stronger in fatigue.
no joints in the laminations. The tests were conducted on As the slope became steeper, the joint began to more nearly

specimens that were 2 by 2 by 12 in. The scarf joint,_ were take on the character of a butt ,joint.
in the center three laminatk)ns and were staggered 3 in. apart Tables 4.2-I and 4.2-IV and figure,,: 4.2-1(b) and 4.2-4(e),

in adjacent laminations. (f), and (h) show the results of imperfect scarf joints on
For ali three scarf joint configurations some tests were specimen strength. Figure 4.2-1(b) shows that relatively large

terminated prior to specimen l'ailure, and in all three cases mismatches in the scarf joint weake_ed the specimens on the
the regression lines would have had a smaller negative slope order of 12 percent. These imperfect scarf joints had the joint
ii"the tests had been continued to failure. As a result, when in the middle lamination overlapped by 0.25 in., the joint in
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TABLE ,I.2-111...--.EFFECTS ()F STRESS RATIO ANl) JOINT TYPE
ON COMPRESSION-C()MPRESSION FATIGI..IE STRENGTH

PARAL, LFL TO GRAIN

[Laminated Dt)ugl;ts fir/epoxy cylindrical specinlens, Ali ft>miSstaggered

3 irt, apart in center ttiree laminations. Test tetnperature, 70 "F. Data

corrected to 6 percent luminate moisture content (K = 1,92),]

(a) 12:_-Slope scarf joints in laminations; stress ratio, R, 2.5; specimens

2,25 irL; in diameter by 8 in, long

Cycle Laminate l Minirnurn Maximum Cycles Uorrectedl
rate, moisture ] stress, stress, to la|lure I

Hz contenl, I psi psi failure stress, I

. percent ] ns, i

I0 6.6 I' -36rx) -9 (X)O 89 500 -9 3651

1(7 6,5 I -36(X) -9 000 1 036 100 --9 3041

8 4,3 I --4t)O0 - I0 (X)O 328 920 -g 9341

lO 6,5 I --3400 --8 500 10795 730 -87871

"3 ()rO() -10 4821
.-.._______ __ .... --

(b) Bmi joints in laminat'ions; slress 1"atio, R, lt); specirnens 2.25 in, in

diameter by 8 in. long

..... i I - i
10 6,7 -780 -7 800 44 990! -8 1711

8 4.6 --820 ' -8 2t_.) ' 61 200 I -7 4731
i

lO 6,3 -70(I -70(X) 1 024 650 I -7 141 I

8 4,6 -.-75(I --7 5(X) 792 690 { -6 8351
I

10 615 -8(X) --8 (XX) 13 41(.) I -.8 2701 '

i I0 5.8 - 800 -- 80(X) 34 940 - 7 895 I
+t3(X)O - 10 043 I

lc) Butt joints in lamim_tions, stress ratio, R, 10; specimens 3 ia, in
diameter by 8 in. long

r----- ......

I 8 5.6 -9()f) -9 O(X). 14 910 -8 7641

[ 10 5,5 -85o -8 5(K) 13 850 -8 2231

5,5 -850 -8 50(.) 2(7 930 -8 223[
I I

5.3 - 80(1 -- 8 000 153 030 --7 637 I

i i 5.3 -750 -7 5(X) 82 720 -7 1601. .

• ' 5.2 --750 -7 5(X) 518 430 ---7 113 I

i ' i h5,4 .-750 --7 5rX) 549 72(1 -7 207 I

[ I 4,5 -75() -7 500 2 351 (_)0 -6 79(11
I * a3 000 -.-9 651 I

il._|Llllt" 1C%[%"e",llll_lllL'd t't_tll','illtrlll _)'t.'lt'S (lilbh! 3.2 IVJ

b|;Mllllillk'd bet:atl_,t ' iii ClPlll III IntllMkllC t'lt[lll.!lll iil¢ll%tlrt.'rlltuil.
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,

_.12xlO3 --;-L-J--'-- _ S: I_ [AI5 NO'f)tl()/8 BUll-- 2,2b S .... IS 550 N'0,0_99/ SCARI
(FIG. (I,2- (b))

IAIIS l)l+r_011SIAl I(i II'.;I I)AIA-+10--

;, -8 -- , _ "--..._
,., ,

,-6
L_J
e_

-12XI03

_

"' "-10

_
_ -8--
- , OD-"L_"_"_ _ _ _ SCARfJOINTS

, ....._.-6 -- ,..........2_. ......
. ' "",,..,.._. mJlv JOINIS

- R = I0

(h)

+, I I 1 I /
10,5 ' i0 q 105 i06 107 108

CYCLESI0 I:AII.I.IRE,N

(a) 12:'I Slope sc__rfjoints in laminations, R = 2,5 compared with B = I0,
(b) Btltt joints in hlminati(ms compared with scarf joints, R = I0.

Figure 4,2-3.--EflL'Ct of stress ratio R and joint type on compression+c0mpression fatigue parallel to grain for laminated Douglas fir/el)oxy specimens, Cylindrical

specimens ,,.,5"" c,l"3 in. in diameter by 8 in. long with joints staggered 3 in. apam in center three laminations, l)ata corrected t. 6 percent laminate moisture c(mtent
(K = 1.92). Ven'eer e,,rade, A +' tesi temperature, 70 °F, (r den()tes correlation coefficient.)

the lamination on one side of the middle lamination overlapped 4.2.4 Effect of compression-compression fatigue stress

by, 0.5 in., and the joint in the lamination on the other side ratio on failure strength.--Tables 4.2-II and 4.2--II1 and
of the middle latnination underlapped by 0.25 in. figure,_ 4.2-2(b) and 4.2-3(a) show compression-compression

Figures 4.2-4(e), (t'), and (h) show much smaller effects fatigue strength for R = 2.5 and R = !0 for butt joints and
of overlap and gaps in the scarf joints. The gaps and overlap,, scarf joints in the center three laminations of cylindrical
are of the same magnitude as those for the specimens whose specimens 2.25 in, in diameter and 8 in. long. For both types
fatigue strength was showa in figure 4.2-1(b), except thai each of joints in the laminations the lower R value resulted in a
specimen whose fatigue strength is shown in figure 4,2-4 had shallower negative slope tbr the regression line and higher
only one type ot" imperfection rather than the three different conapression-compression fatigue strength.

types of imperld:tions built into each specimen in figure 4,2---l(b), 4.2.5 Effect oi" graphite fibers between laminations on
Figure 4.2-4(h) shows that the specimens with overlaps, the compression-compression fatigue strength,L-Tests were con-
specimens with gaps in the joints, and the specimens with no ductcd to determine the strengthening effect of unidirectional
irnperfections all' had fatigue strength regression lines thal graphite fibers laid up between the 0, l-in,-thick l)ouglas fir
differed by no more than 3 percent. Although there is some plies of the laminated specimen, The veneer grade for ali tests
conflict between the data in figures 4.2-l(b) and 4.2-4(h), was grade A, and the t'oml_ression-compression fatigue tests

it appears that sorne inisalignment in scarf j()ints may not were conducted at R = 10, The graphite fiber cl()th used was
seriously affect compressi(m-compression fatigue strength, ol_('ow[::Bgraphite 4.75 oz/yd 2 and 0.010 in, thick. The speci-

93



TAI_,?.,F ,1..2..IV,--EFH:,CT {.)F SCAP, F JOINT C(}NHOLII;',ATION ON
COMPI",I/,SSION-COMPRF, SSION FATIGUF_ STRENGTH

I.'ARAIA.,H., TO GRAIN

l_aminatcd l)ouglas fir/el×}xy squart,-cross-section sl}eeirnens 2 in. by 2 in, by

12 in. long. Scarf joints staggered 3 in. apart in center three lamhmtions, Slrc.'ss

ratio, R, 1{};veneer grade, A+; test temperature, 70 *F; cycle rate, 4 Hz.

Data corrected lob percent laminate moisture cotltelll (K = 1,92).J

Searl orrecte

ccmf'lguration failure

stress,
psi

No joints - 8355 ,

-8523
-, 8006

-7147

- 7¢,49

-7449

b2 835 500

cl 200

4:1 Slope 6,3 -830 -8300 I 530 -8467
6,2 ' -740 , -7400 10 930 -7499

a6,1 -610 -6100 47 550 -6141

5,9 -590 -5900 128 270 -'_861

'!6, I - 560 ' -5600 I'1 569 500 -5637

"6, I -54(} -5400 b2 907 540 -5436

cl 206 -9088
.,

I0:1 Slope 6, I -790 -7900 11 870 -7953
6, I -790 -7900 13 810 -7953

6.0 ,-710 -7100 35 850 -7100

'a6,0 -670 -6700 64 840 -6700

5,8 -630 - 630(} 525 900 -6217

_'6,0 -650 -6500 hl 019 5CK} -6500

cl 200 -9253
, , ....

16:1 Slope 6,3 -790 -7900 10 030 -8059
5,8 -790 -7900 16 980 -7796

6,1 -.720 .-7200 73 260 -7248

"6,1 --720 -7200 114 930 -7248

_6,1 -650 -6500 938 460 -6543

a6,1' -650 -6500 b2 337 140 -6543

"1 200 -'9278
,.,

10:1 Slope 6.0 -690 -6900 55 400 -6900

and 25-percent "6.2 -630 -63{X1 261 190 -6384

overlap di 200 -9186

I0:1 SIc)pe 6,1 2760 -7600 18 630 , -7651

and 50-percent _b6,{} -770 -7700 , 19 510 -7700

overlap 5,9 -710 -7100 61 370 -7053
a6,6 - 690 - 6900 65 860 -- 6900

a6,0 -710 -7100 499 420 --7100

"6.0 - 640 - 6400 529 890 - 6400
d I 200 - 9160

10:1 Slope 5.9 -690 -690(} 59 530 -6854

and 25-percent a5,9 -620 -e:."3(} bl 26(7 000 -6159

gap d I 200 - 9090

IO:l Slope 6,0 -770 -7700 5 430 --77CX}

and 5(}-percent 5,8 -740 -74(X} 21 520 -7303

gap "5,9 -690 - 69(X} 45 630 -6854
"5,9 -640 --6400 115 790 -6358

5.9 -680 --6800 156 640 ' -6755

5,6 -630 -6300 976 I00 -6135
d I 200 - 8993

I

aEstirnaled laminate moislure conteBt, cSlalic tests--.estimuled equtvalenl cycles {hd)lt,, 3,2-V1,

bSpecimen did not I'iHI, dstnlic tests--nu overlap or gap-.-C_,limaled eqt)ivalerLI

cycles (laNe 3 2..VI,
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-'8-- _ _ _1 = _,1 _0 N.-0.03_|,9 NO JOIN1S
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"8'

-6 0 "" "" "" "" "-'.-.... -_

_" -- 0 -0-" "-" "_ ""u_
_ R =

tj")

(b)

.,, I I I I
-lOxlO 3Cr_

_ S = -13 511 N-0'05754 10:1SLOPESCARFJOINTS
_"_'-_.._#__ ..... ..... S = -11860 N-0'03949 NO JOINTS_ 8

_ R = 10
(c)

.. I I I I 1
-10x103

/

_..-. ' 0 04607
-8 -- _"_'_"- _ S = -12 444 N- ' 16:1 SLOPESCARFJOINIS,

_,.... -------- S = -11 860 N-0'03949 NO JOINTS.....

-6

(d)

-4 1 I I I ]
103 104 105 106 107 108

CYCLESI0 FAILURE,N

(a) No .joints in laminations,

(b) 4:l-Slope scarf joints,
(c) lO:l-Slope scarf joints,
(d) 16:l,,Slope scarf joints,

Figure 4,2-4,-.Effect of scarf slope and imperfections in lamination joints for compression-compression fatigue (R = I0) parallel to grain in laminaled
Douglas tir/elx_xy s_cimens, Square-cross-section specimens 2 in, by 2 in. by 12 in, long with seart joints staggered 3 in, apart in center three laminations.

Dam con'ected to 6 percent laminate moisture content (K = 1,92), Veneer grade, A+; tesl temperature, 7(1 °F,
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- - 10;I IMPERFECTIONS
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(e) lO:l-Slopescarfjoints,ScarC_had overlapsof25 or 50 percentinjoints,

(I) 10: l-Slope scarf joints. Scar[s had gaps of 25 or 50 percent in .i(fint_,

(g) Summai'y of scarf slope eft_'ts.

lh) Summary of cffects of imperfections in lO:l-slope scarf juints,

Figure 4,2--4.--Concluded.

96



men ,,,;iz,,.'was I.N0 by 1.80 by 7.44 in, There were, no joints 4,2 +4, and 4.2-5 I'rt_btd_ly the Iilus! t_bv'hms feature _f tlie

in the lanliriates, "l'ests were cclndtlcted at tel.ill',erattlres lrclril ---4() plt_l is the regz'essiun line t'tlr l,Sf,- by l,b16-+ by 7,44-in,

Iii 120 °l", l),utu :tru shown in table 4,2..-V lind figure 4,2-5, spe.ciril,,.'ns, v,,liich slulws a flatter slope arid higher ,'.;Iruiigtl.i

Figure 4,2- 5(ai stuv,:,,,slile CUlnpressi_m-omrlprcssicm lhligtlc; al high cycles Iu Ihilure lhall the rc'gresshm lines flu' till <_tlu:r

data tilt l)tmgltts lir/ci.+tixy lamintttes ttr a test tenil.+erature ¢++ Ctulligurations, The uxplanalic+,i.i li,r .this flaltc'r sltlpu in not

75 _,'Fwithout any grttphitu Ilbcr atiglnc'ntali<.u'l, The regressi(m ctm.ipletely clear, but it is t_robably a ctm+l',inatitm cii"aspect

line l.ias +.tsntaller SNipe than similar data front l]gut'e 4.2-4(tt), ratio ancl nbscnce til' lalninate jt+inis in the specitnellS. I"atigue
indicatingless sunsiti\,ity to the nuniber of cycles twer the strength lines shtlwn in the'figure li>r the twtl types til'

range testt.,d, The tesi specin'lens for t]guro 4,2-4(a) wcrc 2 by specimens without joints tended to have flatter slopes than

2 by 12 in, arid hence had an aspect ratio of(_ tis ctlmpared those for the spocin-iens wittl joints in the lanlintititu.is, ,At

with the aspect ratio of 4 t_i ° the 1,86; by 1.86- by 7,44-in, 10 million cycles the fatigue strengths ill figure 4,2'6 for ali

speeinlens iii figure 4,2-5ta), The fatigi.ie strength vail.IUS types ol'specinlons tire corisistent with the model .til'it-le off,;ets

shown iii both figures al 10 rl.iillitu.i cycles are consistent with _lt" lamillal¢ joinl aild specinleil aspect i'aihl illustrated in fig-

those shown in t]gure 10of chapter I11, which presents a model, tire l()'ul' chapter II1, Higher specii.ileli aspect i'atios, sleeper

of the etTect cii specimen aspect ratio tm compression- slopes, tit" both iii the laminate joints resulted ill hlwer

compression t'aligUe strength, coinpression-cui.i.ipressitln ftttigue strei.iglh,
The effect of test ternperature on specimeris without graphite 4,2.7 Fffect q[stress conventrationsfrom circular vutout,+'

fiber augn.ientation can be seen in figure 4,2+-5(b), Although on compression-compression fatigue strength,--Recr, ingular

regression lines are shown for each test temperature, the data test specin.iens were used for these tests, The specirnens were

appear to be inconsistent, and it is suggested that the regression 1,5 iri, thick (15 laminations of grade A + l)cmglas t'lr/eptlxy),
lines riot be uned tbr design purposes, particuhirly those t'rurri 6 iii, wide, and 12 in, long +.ts shown iri figure 2,2.-+9,

the Iow-temperatui'e tests that have an unbelievable positive Cornl+ression-cunlprcssion fatigue tests were conducted with

slope, The tests at 120 "l a`appear to show a high negative a stress ratio R of 10, A 2-in,-diameter circuhtr cutout was

regression Iirie slope II'tat results in a large ieinperature effect phtced il.i lhc specimen s, Tests were made with(let tiny
tin high-cycle fatigue strength, augll.icntatioli of the hintinate tit' reinl'_wcenlent in the li(lie,

Figure 4,2-5(c) illustrates the strengthening effect oi" the Other tests were made iii which 10-oz/yd: Burlington Style

graptlite fibers between the wood piles, The slope of the 7550 glass liber fabric was placed between iiiu wood piles with

regression line at a test telnperature tit' 75 °F was fhtt, The the glass t'ibers uriented til 45 ° til iile wood grairl direction, In

augmented specimens were on tile order tit' 35 to 48 percent addition, the hole ill some specinlens was reinlbrced by l)htcing

stronger thari the uriaugn.iented specimens over the rarige of a ring tfr ghtss tiibric/epoxy inside the hole, The (), 12-in,-tllick

cycles to failure investigated, Test data til 120 °F and lilt +the ritlg reduced the hole dianicter to 1,75 in, Hereinafter the glass

low tenlperatures of -20 t(I -40 °F were sparse arid erriliic fabric between piles will be called auglnetltation, alld iile ghiss

bill indicated the trend of higher fatigue strength with lower, fabric/epoxy ring iii the hole will be called reinl'tlrceinent,

telnperature. The restilts (lt' tests are presenled iri table. 4,2-V1 and figure

Tests were also conducted on the el'fects oi'partial augnlenta- 4,2--7, Figure 4,2- 7(a) slulws the ccmlpression-colnpression

lion with graphite fibers, In this vase the graphite t]imrs were fatigue strength of the specinlens with the cutout I.+utwithout

placed between the center 12 wiled plies only, In addition the augmentation tit" reirit'_lrcenlent, Also sht_wn is the rcgressitu.i

= length of fiber augmentation varied, Between the center line froln t'igurc 4,2-4(a) for 2- by 2- by 12-in, specimens _>t

lanlinations the fibers extended [(_r a distance of 6 in, fl'{lln grade A + VCilC,ers withoul a ,.:utout, The stress coi.icentratjorl

one end t_l the spccinlen, Iii adjacerlt laminations the fiber cif the cutuut reduced tile cumpression-compresshm fatigue
augmentation lengths were 5, 4, 3, 2, and 1 in,, beginning strength approxinmtely 38 percent, The fatigue strength reduc-

tit the end (ii the specimen, This arrangement resulted iri a lion i'nm.i cutouts was nmch higher than the static conlpressitm

greater length of augmet.itation in the middle o.f the specimen streng!h reduction di:_cu,,ised in <.,it_<_ectit>n3,2, 1,7,

and less toward one end, ()II the other end there was iri au_;merl- Note the.large reducti<ln in actulti iutigue in re[tttitln t_l the
tati(m, Ttie results of these tests are sht)wn iii figure 4,2-.5(,:1), data point based I.ip(ll.istatic testirig, '['lie di{'ferenc'e in C(llnpres-
The effect trom this partial augmentation was small ....on the stun strengtll was apprl_xinmtely 32(X)psi, Such differellces were

order tit' 5 pcrcerll over the eritire rarige til' cycles to failure not found for specimens lhat did llllt eel.train cutol.ltS,

investigated. These data show that if it is rlecessary til provide Figure 4,2--7(I+) shows the effect of augn_entati{m, reinftwce--

fiber auglnentation in s(>ITiCptmions era structure and ll(it iii nlerit, or both. Augmentation alpine til" reinl'_wcerllenl i.il!li.ie

_lthers, step tapering tit" the augmeniati()n ctin be used tl_ lel'nii- _liily niirlilnally inipr(ivcd the slrengll-i tit' the speeilliel.iS with
riale the auglnerilati(in withuut significantly at'feeling the strerigtli lt le cutouls, However, colnbiuiilg atlgliienlalitln with

of the dowl.istrealn uliauglnei.ilod slruclure, i'eil.iftlrcelliei+ll resulled in abtlt.iI a 2()-permelll ilnprtlveiiielll

4,2,6 EJJ'ectsofspecinten configurationandlantinate,flfints in the t.'(lll.ipressit,n.-ctlnlprc, ssiori fatigue strellb, tll, bUl tully

oncompre,_',s'ion-eott!t)re,_',_'iottfati£,uestrettl4th,-.-I_iTuf'c4,2-O ab(>ut half tit' the strenglh hlst by installing the c!tit<lut

is ;.iclmIpihiiitm (if regressitm linus l'r(lin figures 4,2-1,4,7-.4, was regaii.ied,
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(a) N_,ul.aplLitc l]lwl Iabri¢ auglnclllati(,u. Sl_ecimevl',I.X(_ iii. Iw (b) (haphilu lilwr lahia lltl,U.lllellllili_ll hetwocn w_,_d pliu,,.
I.Sf_ in. I_', 7,4,1 iii. I()lly, Spct.'ilil¢ll_, I,Xfi iu. h3 1.8(, in. hy 7.,14 in. hmg,
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(c) Lpartial graphite lit_cr !'abric augmentation between 12 plies..

m'cr a portiere _ff.._,pccilncv_length. Graphite fiber fabric Icngths

varitrd lr_nll [ to 0 i'll. lr()ll1111112clld c,l' .'.,pet'JlllClliii a MCl)pcd

c_llt]_uratilnl. Sl)cciu_cns 2 in. by 2 ii,. by 8 in, hm_,.

, ..............:iZ,........... ....... ......
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. REI3RESSIONfQUAI ION ]I!SI . COMMENTS
IEMPERAFtlRE,

oi:

_10x103 ----C>---- S = -i0 199 N-0'01836 75 ASPEClRATIO, LI
0" S' -11 860 N-0'039q9 lO ASPI-CIRAIIO, (i_

I ..___ _ TAILS DENOTESTATIC I.ESTDAIA FIG, II,2-11(a)
(a_ R= 10 ' "-'- -J......... o--

-6 I I _; r I "3
- lqx103

-12 - ES" [] .......................... qOTO -20...... 3 = -10 199 N-0'01836 75
_ . j

-I0_ [] I"I [] _'-.C._--- S = -17 qB5 N-0 09533 120

(b) R

-6 l_,, I 1 I I

-----0---- S = -12 720 N"0'00761 15 )

_, L_ .............. ........ 40 TO -201 FULLAUGMENTATION_16_i03 D I_0
-- Z_" .... S = -10 199 N-0'01836 75 NOAUGMENTATION

-14" A

- o"
_ _ ' oo o o

0
-_0,- E:( [] 0 0

-8 - [] ........

(c) R = 10

-_I _j 1 I I J

-I0xi03 S = -8122N-0'00q52 /5 PARTIALAUGMENTAIION

I _ S = -10 199 N-0'01836 75 NOAUGMENTATION

-8 ""--'-_.C2_ 0 0
'---_ .,...,,..,...,_ _

(d) R = 10 O'

102 103 10q i0 r, 106 107
CYCLES10 FAILURE, N

(a) No graphite fiber augmentali(m Tesi temperature, 75 °F.
(h) No graphite fiber augment!.Iti(m, Range oI'test lemperalurcs.

(c) (Jraphil.e fiber augnlentalion belween wood plies. "l"esltemlx, ralure , -40 to 120 °I;.
(d) Piu'l,ial graphile fiher augnleul,ali_mhelween 12 plies over a p(_rliou of Sl)ec'imen length, Graphilc fihur lenglhs varied l'r'om IIo 6 in, l'rom one end irl'

specimen in a stepped c'¢mligurali(m, "l'esl,temperature, 75 °I;.

F'igure 4.2--5,--I_ITecI cd' graphil,e fiher aUgll'lelltation between laminations i.,n conlpressi(m-c(m_pressicm l'aligue (R= I0)parallel lo #rain Ibr laminalcd
Duuglas l_r/epoxy specimens, Square-L'ross-secti(m sl)ecimens 1.86 in. hy 1,86 in. hy 7,44 in, hmg wilhcml .ioinls in l,llc lalninati(ms. I)Iiii.i llOl correuted
[or IW._isltlreC(}llleIll.', hllllinale lllOisll.lrc contelll,, 4 io 7 percenl, Veneer grin.lc, A,
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SPECIMENSIZE, JOINIS VINIER RI.(ilII:.SSIONEOUAIlON
I N, (ilIAIil

2,25 I>IAMBYB 12:1SI.OI'I_SCAItl+ A_ S :.... 1:I 5!;1 N-(}'039!jl
.... 1,8[; BY ],86 IIY /,q4 NONI; A S = 10 199 N0'()1836+
....... 2 BY 2 BY 12 NONE A* S ..... 11 860 NO'O3-'-'-'-q49

_,2!) DIAMBY8 BUll S .... 14 511 N-O'('jj)
_ -I0xI0 _ m __ 2 IIY 2 BY 12 16II SI..OI)I- SC,,AIIF 5 = -12 ilqq N-O'04GOl
= ' _'_ _....- _'-- 2 BY2 BY.12 I011 SLOPESCARF S ': -13 511 N-0'05754

, L_
I--'
CO

, R--- 10

7-', I I i J
103 104 105 106 I0 z

CYCLI._'SlO FAILURE, N
,

Figkii'c4,2-6.--Comparison of compression..compressionl'|ttigtie(R = I0) regression curves for wlriutlons in specimen and laminate joint conligurations,, Regression
curves from figures 4,2-I, 4,2-3, 4,2-4, and 4.2-5, Ali data corrected to 6 percent laminme moisture content (K = 1,92), Tesl teinperature, 70 OF,

TABLE 4.2 - VI,- EF FECT O F 2-iii.- D IANIETE R 4, 2, 8 Closing remarks' on compression-compression f_gue
CIRCULAR CUTOU'rON COMPRESSION-

COMPRESSION FATIGUE STRENGTH strength.--The tbllowing significant results were obtained
PARALLEL TO GRAIN from the tests of Douglas fir/epoxy specimens in compression-

compression fatigue:
[Laminated Douglas fir/epoxy rectangular bar 1 5 in. by 1 Correcting compression-compression fatigue strength data

6 in. by 12 in. long. Veneer grade, A+; test temperature,

70 °F; cycle rate, 8 Hz. Data corrected to 6 percent tbr lanlinate moisture content by the same method usext for static
laminate moisture content (K = 1,92),] compression ot"clear wood specimens provided an excellent

correlation tbr the range ot' moisture contents investigated.
[al No glass fiber fabric attgmentation or reinforcement sleeve

2. Tests made on specimens of grade A+ and A veneers, -, ....

Laminate Minimum Maximum Cycles i Corrected] witt' butt.joints in the laminations showed no significant effect
moisture: stress, stress, to failure t of veneer grade on COlripression-eonlpression fatigue strength.
content, : psi psi failure stress, _ 3. Specimens containing 12'l-slope scarf joints in the center
percent.... . ,_ - .... ,---_-_"sn , three laminations had compression-compression fatigue strengths

5.2 -621 -f,211 13530 -5 8901 11 to 19 percent higher than similar specimens containing butt
5.2 -684 -6835 2 390 -.6 ZS2_ joints in the laminations.
5,2 -546 -5462 64.4 7rX) -5 18OI
................ 2 4fR) -9 7441 4, Scarf joints in larninates were investigated over a range

............ .------_ of slopes from 4:1 to 16:1, The shallower slopes were
(b) Gk_ssfiberID.bricaugmentation, butnoreinlbrcementslce,,'c consistently stronger than the steeper slopes, As the slopes

became steeper, the specirnens sta,led approaching the strength
4,6 -632 .-6325 I 20 660 -5 764

4.6 -578 -5778 I 293 600 -5 26_, characteristics ot" specimens containing butt joints,
........... ..... ! ,2 4(x_ -i0 157 5. Imperfect scarf joints in which the joints overlapped or

................ had gaps were weaker than n-lore perfectly aligned scarfed
(c) Glass fiber/eFa,xy reinforcement sleeve, but no glass liber laminates, with compressicm-con-lpression fatigue strength

fabric augmcritation , __....... losses ranging fr(ml less ttlan 3 percent to as much as 12
5.----77----76-4-{_- --7-_7-[--25 17o --6 i53 percent depending upon the combination of imperfections in

5.2 -732 -. 7317 3 400 -6 939 the joints.
5.2 -.590 -5897 1'70 O(X) .--5 592
........................ I ,2 40o -li) (,4;., 6. Compression-compression fatigue tests at a stress ratio

................ t........................ R of 2.5 resulted in regression lines having a shalh)wer sh)pe
(di Glassfibertabric;.luglllcrltallilllandglass fiber/epoxy and greater strength at high cycles to failure than did tests ai

reinforcetrlerit ,sleeve R = 10,

---7476---"-_7T3...... L7:7/3-i77-1_-_,95(----_[--72_;-1---<_, 7, Unidirectional graphite fibers placed b,stwcen the wood4.¢> i -.703 -7029 l 622 64(li -h41ff, plies had a significant eff0cl on cornpression-cornpression
t.......7_Z........L......LL72L_.......L_/_.-;I_.L_f']___'.(_(_i,...............-it) ,)():_ fatigue strength, Strefigtl! increases tip to 48 pc:'cent over those
_s,,,,.,<.,,.<.,,,,,,.,,<<,,.qo,..,J<.,,,....,<.,,,.,,,,.,:. vt,, of unaugmented specimens were illeasured.

1()0



'AUGN[!NIAIION'; RE'INt;ORCEMI!NI'?

0 NO NO
,,<_ YES NO '
A NO YI!S
0 Yli.S Y[:S

REGRI_SSION[IN[ CUIOUI SPECIMFN
9 SIZE,

IN,

_' S :=-8656 N-0'03869 YES 1.5 BY 6 BY 12
_ S =:-II 8t;d N-0'0-_9q9 NO 2 BY 2 BY 12

, (F II.;, 4,2--4(a )
,--_. S = -9431 N-0'0q528 ,Y[S I,.'; IIY 6 I]Y 12

IAII.S I)[!NOI[: SIALIC ]I!SI I)MA (NOI USE])FORREGRESSIONI. INI_)
-12x'1015

-10 -- 0 / R : 10 R = 10

Sd "" "----........

#; (a) (b) ""_...

_,,.. I 1 I I I I i I
103 10q 105 106 107 103 10q 105 106 107

CYCLESI0 FAILURE, N

(a) No glass fibe- fabric augmentation nor reinforcement sleeve,

(b) Effect of glass fiber fabric augmentation between laminations, glass fiber/epoxy reinforcement sleeve in cutoqt, or both,

Figure 4,2-7.--Effect of 2-in,-diameter circular cutout on compression-compression fatigue(R = I0) parallel to grain for laminated Douglas fir/epoxy speclmens,
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 oF.

8. A 2-in.-diameter circular cutout in a specimen 6 in. wide ,joints in the center three laminates staggered 3 in. apart in
reduced the compression-compression fatigue stress approxi- adjacent laminations. The stress ratio R for the tests was - 1

mately 38 percent, Approximately half of that strength reduction with the magnitudes of the stresses in compression and tension
could be regained by augmenting the laminate withglass fiber being equal. Ali tests were conducted at 70 OF.
cloth between the wood plies and placing a glass fiber/epoxy The plotted data points, with the indicated moisture contents,
ring 0.12 in. thick inside the cutout, in figure 4.3-1(a) show considerable scatter in the data, with

moisture contents of less than 6 percent generally lying above
4.3 Reverse Axial Tension-Compression Fatigue the regression line and moisture contents greater than 6 percent

4.3.1 Effect of moisture content on reverse axial tension- generally lying below the regression line. The correlation
compression fatigue strength.--Reverse axial tension- coefficient was only -0.6831. Figure 4.3-1(b) shows
compression iatigue does not have a direct counterpart in static correlation lines of data corrected to 6 percent moisture content
testing. Therefore it cannot be expected that the same constant by using values of K that corresponded to those used for static
K in equation (7) of chapter lII that was used tbr static testing tension (1.21) and static compression (1.92). The
will be applicable for this type of fatigue. The value of K to corresponding correlation coefficients for these two cases were
use was therefore obtained by a trial-and-error process to -0.7960 and -0.8304, respectively, an indication of
determine a K value that would result in a high correlation improved correlation of the data relative to the case where

coefficient r for the data. Data corrected to 6 percent laminate the data were not corrected for moisture content. Averaging
moisture content by using several values of K are presented the K values for tension and compressio,a yielded a value of
in table 4.3-I and figure 4.3,1. Figure 4.3-1(a) shows a plot 1.57. lt is interesting to note (and most likely a coincidence)
of uncorrected data for laminate moisture contents from 4.3 to that no other value of/( (to three significant figures) resulted
9.7 percent. The tests were conducted on dogbone specimens in a higher correlation coefficient, -0.8715, for the data
with a 2.25-in.-diameter test section and an overall length of presented in table 4.3-I.

57 in. as illustrated in figure 2.2-13. The specimens were For the data evaluated in this investigation the regression
fabricated from grade A+ laminates with 12"1 slope scarf line was net significantly affected by the value of K used for
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"I'ABIA--:4.3-I,--EIU::ECT OF MOISTURE-(?ONTI_NT CORRECTION ON REVERSE AXIAl.,
TENSION-COMPRESSION FATIGUE STRENGTH PARAI.,I..EI. TO (]RAIN

[Lmninated Douglas fir/epoxy dogbone specinlens willi 2,25-in,-diameter test section by 57.in_ overall
length. 12: I-Slope scarf joints staggered 3 in. apart in center llaree h|nfinations. Stress ratio, R, - I;

tesi teniperalure, 70 °F,I

(a) Correclly aligned starf joinls
....

Cycle Laminate Maximum Maximum Cycles Corrected failure stress,

rate, moisture tension compression to psi
H7 content, stress, Sll'eSs,, failure ....

pcrcen! psi psi K== 1,21 K= 1.92 K= 1.57

2.2 4.7 . 6500 -6500 17 710 6338 5963 6134
31() 616 55(_) 1--5500' 32 400 5564 ' 5723 564!_

' I ' 9.6 45110 -4500 34 360 4825 5'714 . 5283

' 8,8 4500 -4500 I 323 640 4751 5418 51198

6,7 5(X)O - 5000 643 400 5068 5238 5158

4.8 5500 - 5500 486 250 5374 5079 5214
4,3 5200 - 5200 699 50(1 5031 4646 4821

4.5 5000 ....5000 355 450 ' 4857 4527 4677

6.2 4(X)O -40011 l0 169 lC)() 41116 4053 4036

I 9.7 3750 --37511 "2 592 180 4029 ,4793 442"2

8 .8 3511(1 ' -3500 hl0 260 000 3695 4214 3695

(b) Three scarf joints ivaeach ::peein|en containing (I) 0.5-in. overlap,,(2) 0.25-in. m, erlap, and

(3) 0.25-in. underhq). Stresses cc_rrected for K = 1.57 only

4.5 40()) -4(X)O 770 030 ............... I _741 --

I ._ I ( ) I 5.3 5000 -5C)C)() I29 89 ( ) .......... ............ I 4846 '

, 2.5 I 5.7 6000 '-5000 8 _)()() " ........... I 5920

aPlt!tllalurc laihlrt (_Ulsidt' (li I Icsl ',L.'_.'III_II

bNp¢citlWll did [fill|l:IiI.

correlating the data. The reason lhr the small differences for for butt and scarf joints cross, is probably unrealistic. More low-
different values of K is that the experimental data were obtair!ed cycle data would be required to better establish the regression
tbr laminate moisture contents scattered on either side oi'the line shipes, particularly for the specirnens with scarf joints.
wllue of6 percent to which the data were corrected. For 4.3.3 Effect of specime, size o. reverse axial tension-
extrapolation of the data to values significantly different frorn compression fatigue strength.--Tests were conducted on
6 percent the proper value of K is more important. From the specimens that were 3 by 8 by 360 in. 17488-in. _ test sectioh
data available the value of K to use for reverse axial tension- volume) as well as on dogbone specimens with 31.8-in. 3 test
compression fatigue was 1,57, Imperfections in scarf joints section volume. Ali specimens were grade A+ Douglas
can cause large reductions in tension-cornpression fatigue fir/epoxy with 12:l-slope scarf joints in the lamirmtions, The
strength, as indicated by the data in table 4.3-I(b). dogblme specimens had joints in oifly the center three

4.3.2Effect of laminate joint configuration on reverse axial laminatkms; the large specimens had joints in each h|mir|ation
tension,compressionfatiguestrength.--Tests were conducted at g-ft intervals. The joints in adjacent huninations were

on dogbone specimens of grade A °r"Douglas fir/epoxy, The displaced by 3 in. Figure 4.3"2(b) shows regt'esskm lines for
specirnens were 2.25 in. in diameter by 8 in. hmg at the test small and large specimens. The fatigue strength of the srnall
section with a'n overall length Of 57 in.. and the center three specimens was on tl!e order of 1.5 tilnes that of the large
Ilaminatiorls contained eidler 12:l-slope scarfjoirlts or butt joints, specimens, This trend was sirnilar to that found for tension-
The joints were staggered 3 in. apart in ad.jacenl lamirmtions, tension fatigue in figure 4.1-3. The large specimens tested
The tests were conducted at R = - 1. The data corrected to6 in tension-terlsion fatigue were smaller (4992-in. 3 iest section

percent huninate moisture conterlt lhr butt-jointed specirnens volurne) than the specimens tested in reverse axial tension-
are shown in table 4.3-II and figure 4.3-2(a) along with the compression fatigue. Data were not available to determine any
regression line tbr scarf-jointed specimens fron-Ifigure 4.3-ltd). differences iil fatigue strength tbr specimens varying between
The slope of the regression line was steeper liar the butt@tinted .' 4992- and 7488-in. 3 test section wflume. I

specimens, and they were weaker than the scarf-joirlled 4.3.4 EJfect of veneer grade on revelwe axial tension-
specimens at high cycles toIailure. The trend shown tbr reverse }' I compression fatigue strength,--Table 4.3-I1 and tigure 4.3-2(c)
axial tension-compression fatigue, in which the regression lines show data tbr Iwo veneer grades, A 4 and A, tbr Idogbone
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CYCLESI0 FAIl_tIRE, N

(a) Data not corrected for moisture content.

(b) Comparison o!' least-squaru's lines li_r ,,,ill'il)tlsmoisture-content correcti_ms (K = 1.21 --Value lhr tension; K ---"1.92-Value ti_rcompression; K = 1.57--Average

for tension ttn(l ct:111prt:_ision).

Figure 4.3-1 .--M_,isture correction for reverse axial tensiun-compression fatigue (R .... 1) parallel lo grldn in lilmin_lted l.)oughts fir/epi_xy specimens, l)ogblme

specimen s with 2.25 in. diameter tesi secti(m (fig. 2.2-13)lind 12:1 shape scarfj(fints staggered 3 in. ilpart in center three htminatiuns. Veneer grade, A-f-;

test temperature, 70 °F,

,,,.,



TABH',' 4.3-11.--- II,_FI:I_CTSOI.' SIJI,_(,IMI,,'NSIZE ANl:) .I()INT 'rYPI.:
(iN RI_NERSE AXIAl, 'I'I-;NSI()N-C()MPRliSSI()N I,'ATI(St.It_

S'rRF,N(;TH PARA I,I,t.;I, "r() GRAIN

II,anlinaicd I)ouglas I'ir/epo,xy :.,pt'cimuns. stress I'ali(), R,. -- I; h.'sl
[f,.'lllpt',l'[llurc, 7(1 "F. I)illli corruclcd {o fi pcrccnl llunhullc
IIIOiSll.lrc COlltCI11.(K :: 1.55),1

(ii) BI.ill .iIihit_ iii VCliccr grlidc A+ dlit, li(inc ._pcciin(ns wilh 2.25-in.-
dialn¢ler lt'si scclij)l (31.8.in, ,_Icsl soclioil vohinic)

.... _ ............................ r .......... .r .............. : ...........

Cycle l,ilininille M hlilliUlil Mlixiinuln I {'yt'les (!nrl'c(.'lnd

I'illt2, I llliliSlUl'O stress, Mrr'Ns, Iii faihirc
. 147. ClllllCill, psi psi Iaihlrc stress,

......... / pcrl"c!ll psi

2.2 5.2 750() ---7500 2 360 7237

' 6,4 7000 ....70(}0 3 06i) 7126
, , 6.2 (}O(lO -6000 2 45() 6054

i

I 5,3 5()00 --5()()() ..7 65(i 4846,
5.7 45()1) -- 450() 138 710 4440

* 5.(: 4500 --450() 551 tj40 ,1,121

2,5 6.3 4(100 ---4000 032 420 41)54
3,0 5,5 3400 ....340() 8 262 2()0 3325

6.3 351)0 ---3500 5 926 31() 3547

, 5. I . 3200 --320() 23 672 280 3(174

I 5.7 35(10 ....35()() ]' _+(17_)9,1(I 3454

5.ii 40(i() --4()(i0 I 895 ()()() 3982
_' ,1_) '4()(iO --4ii(iii / 728 800 :4809

(b) 5;carfj(ihils ill rc,rv large grade A t- spccilncris wilh 3- I}y t4-by 360..ili.
lt'sl s(t'liun (7488-in. j lc'si scctitln _,'lll!.illlC)

.... ......... .........:::77;i;-]-........7ii;TZ;].....; 7;i7.....
"(}.2 I 3122 -3122 /<i 3(,0<)0()/ 3i5()I

* 6, I / 3()()0 --3()()() i I 05()()()li / 3()13 I
................. -- ...... J ................................... -...... _ ....................... _L ..................... J

,(tj Bl.iii .it)inl,_iii vt:!lecq'grlidt', A dol_l_lme_,l}t;c.'illlellSwilh 2,25-in.-dialilclcr
lt'Sl. SCL'Iil)II (31 ._-il'l. _ It:Sl S(t.'li(lll V(ll!.lliit')

< 3,() (),_) 3320 ..... _t32() 698 5()() 345f}

5,4 35()() ---35(1() 4 7(}4 (}()() 34()X
: ().O 470() --47(1(i 2()4 61)() 47()()
* 6. I 37(l() -37()(i 2 (}35 7(1(1 3717

2.7 5.5 450() - 45(J() 175 ()3() 441)1

3,() 5,5 4()()1i .--4()()() 479 214() 3912
2,5 5,7 5()()() -.-5(111() 44 62() 4934

3,(1 5.5 37()(i -37()11 / 2 138 3(1() 3fil9
/

3,() 6.() 47(10 -470(I i 15(I 7()() 47()()

ilN(ll ",pt'k IIIcil

hl;MIIlialcd

uSllUCllliCn did liiq hill
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lOx103 TYPEOF REGRESSIONEQUATION
_ JOINT

8 _ _ BUTTJOINTS S -'=13 413 N"0'08775

12:1 SLOPI SCARF,JOINTS S = 9585
N-0,05017

6 _ 0 -'_,,,_,.... (FIG, 4,3-I(b))

(a) R = -I

2 I I I I .... I
I0xi03 SCARFJOINTS REGRESSIONEQUATION

- -----'C)_ 7488-IN.3 TESTVOLUME S = 1250 N"0'06139

8 _ 31,8-IN,3 TES'rVOLUME S = 9585 N"°'°5017

..,...
",...,..,

_ -

(b) R = -I

2 I I ] I ]
I0xi03

- BUTI JOINTS REGRESSIONEQUATION

8 -- ---'0"--- VENEERGRADEA+ S = 13 413 N-0'087/5

_ VENEERGRADEA S = 12 279 N-0'08433
&

(c) R = -1

2 1 I. ] I ].
1o3 10" 105 1o6 I0y 108

CYCLESTO FAILURE,N

(a) Bull joints in d_,&,.buneSl_euimelIswith2,25-in.-diameter lesl secti(m (fig, 2.2-13), Tesl secti(m volume, 31.8 in.B; veneer grade, A +.
(b) Scarf .j(Hnts in large, reclan_ular-cross-sf;ction specimens 3 in. hv 8 in. by 360 in, l(_n#,.Test secti(m wdumc, 74B8 in._; veneer grade, A +.

((:) F_ff'ccl(d veneer grade |'(_rhull-, oinlcd _peL'imens indogb(me c(ml'iguration.

Figure 4.3-2.--ElTect of specimen size and .j_dnttype in laminatiuns (_n reverse axial lensi(m-uompression laligue (R .... I) parallel Ic_)grain l'(_r lanHnaled

D(_ut_lasfir/epoxy specimen:,. Data corrected lc_6 percent l_mlinale moisture c'(mlenl (K = 1.57). Test lemperalure, 70 °F.

I0.",



specimens with butt joints in the center three laminations,' The N is an arbitrary mnnber cii'cycles, measurement error is better
effect of veneer grade was small, These results tire consisten{ averaged by choosing a large value of N, Then
with those [bund tbr tension-tension fatigue (fig, 4, l-2(b)) and

tbr compression-compression fatigue (fig, 4,2-2(a)), 1
4.3.5 Closing remarks on reverse axial tension-compression ,C=

faligue,--ln general the results ol'tests in reverse axial tension- . [ ( 27rN_] '/'compression fatigue exhibited trends similar to those for 1+ _] Jtension-terision fatigue arid corripression-compressio n fatigue,
The constant K used iri calculating the eft'ect of n.ioisture

content oil reverse axial tension-compression fatigue was found Values ot" the damping ratio _"and the n.iodulus of elasticity
to be extlctly the average (;)fthe constants used ibr tension- E are listed in table 5,0-I along with the dimensions, weight,

tension and cornpression-conapression fatigue when the expert- and derlsity ot" the test specirnerls, The data without mass
nlental data were correlated to obtain a nmxirnurn correlation loading on the specimen are plotted in figure 5,0-1, Note that
coefficient r, Scarf joints in the laminations were lbund to Imve there were tbur test pieces labeled Pl, P2, P3, and P4. Tests
higher fatigue strerlgth than butt .joints, similar to the restllts were also made on the four faces FI, F2, F3, and F4 as labeled
tbr tensiorl-tension or compressiot>compression fatigue. The iri figure 2.4-7,
fatigue strength of large specimens was t'ound to be reduced The results in table 5,0'I and figure 5.0-1 show a.ll of the
relative to snlall specimens by about the sarric proportion tbr damping rat[es to be in the range 0,00215 to 0,00300, with
tension-tensiorl fatigue and reverse axial tension-cornpressiori

TABI,E 5,0-I,--DAMPING RATIO FOR DOUGLAS FIR/EPOXY
fatigue. Similar data were nel available for compression- SPECIMENSCONTAINING15LAMINATIONS
compression fatigue. Tests of grades A+ and A veneers tbr
ali three types ot" l'atigue showed only sn'lall differerlces iri (.)"restpieces

fatigue strength as a result of veneer grade -pi'-dce Length, [Thickness, Width-. Wci_.,hi,[ Densty, '

5.0 Damping Characteristics of Laminated lh,5 I 2,03I 42.!
P2 [ 166'0 '1 1,49 ! 2'01 I 1).7 I 37,

Composite Specimens I 223.61 1.53 I 2.0aI 1 ,.7i 39.
Pa 235 6 _ ...."' I ,..so I 202 1 .3I 37

A limited number ()t'tests were conducted by F.K. Bechtel
(b) Test rest, Its with no concentrated In,ass on test piece

and J.R. Allen of Metriguard, Inc,, Pullman, Wasilington, to
deteririine the damphlg ratio of four laminated Douglas Piece E-Computer measuremelits From amplitude envelope

fir/epoxy specimens thai were 1.5 in. thick (15 laminations) ,nel ....... [---_li-'_ Number Amplltude " 'by 2 iri. wide and ranged in length ft'ore 166 to 235.6 in, Tests test Moduhis Number roping l)amping
face of of [ ratio, "f I ratio, ratio,

test equipment listed in table 2,4-I. Tests were conducted on tc ,v _]. _

the hare ,_pecimeris as illustrated in the figure and also with '-miF'-7-2,71><,1()6 56 I 0,00284 9?, | 5,757 I 0.00300
an 8-1b weight in the center of the span. Damping ratio _'was PIF2 2.60 65 I .00245 122 | 7.497 ' ._)263
determined bytwo methods: The vibration signal was PIF'3 2,71 56 I ,00284 ...........

processed by the E-Computer listed in table 2,4-Ito determine PIF4 2x,0 64 I ,oo24,_....................
material ,,,,,eight, density, moduhis ot' elasticity, arid nunlber 1'21;'1 2.33 66 I ,0{)241 103 I 5,450 .(X)262

01"vibration cycles N required for the vibration amplitude to P2F2 2.3i . 68 I ,00234 139 I 8,247 .00242
decay froFrl a threshold vI:iiue to lie (e is base of natural IP2F3 2.33 66 I .0{1241 ....................

logarithms) of the threshold value. The damping ratio was then I P2F4 2,30 69 I ,(X)231 .....................

calculated l'l'onl the equation II'3FI 2.48 64 I +00249 57 I 2,435 ,0{)248

1'3I:2 I 2.51 72 I ,(X)221 77 I 3.032 .,0{)2291 P4FI 2 38 60 I ,(X1265 52 I 2.443 ,0{)273

_-----[ ',:, P4F2 2'_JO 6f____._L,(X)241L 69 1 2.988 .0{)252
1 -t-(2 7iN)2 __Z'- _........... _.__

(c) Test restllts with 8-1bin Ioild in center of spliii

The second method was similar except tllat the vibration signal
IP3t,l 7--57---, 182<, 00{ 240stored in the oscilloscope was recorded and naeasurements
I P3F2 .............. 74 ,0{1215 5,1 I 2,1'14 ,0{)229were made to determine a value efR' by scaling the recorded

waveform, where R' is the maximurn minus niininiurn (peak I P4FI .......... ((_ .(k')249 ....... :................to peak) amplitude of one vibration cycle divided by the IP4F2 ............. .00234 47 i 2.070 .00246
maxiFrlurri rnintis i-nininlurri anaplitude N cycles later. Although IP4F2 .__-........... __L -7..._.__L_---]_.-7.L- 47 I 2,077 ,0{)241'1
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6.1,1 Effect ofringe rjoin t configu ration,,-- T11ree variables

,0030,r-- CALCULATEDFROME-.COMPUTER /.O in the configuration were investigated (tig. 2.3-2): (1) Slope
/ MEASUREMENTS(OPENSYMBOLS) ' ' / ot' the fingers. (2) length of the t'ingers, and (3) gap in the
I CALCULATEDFROMVlttRATIONWAVEFORM/ . bond line of the fingers, Most of the tests were conducted on

I (SOLID SYMBOLS, // /lD rectangular-c'r0ss-section specinlens 1.5 by 2.2.5 (or 2.31)by
' 92 in, as shown iii figure 2,3-3, but a few test,; were conducted

[i O '

':::; J"x ..,,-RADIAL DEFLECTION /5/// on dogbone specimens with a 2,25-in,-.diameter test section

= ,oo2s -. details ot' the machined fingers are shown in figures 2,3-4'
I_'---._/ _.. ...¢- / to 2,3-6, Ali specimens were grade A+ Douglas fir/epoxy,

_ I IIn

,1 E Results of control tests in static tension tbr spechnens withoui
% /'

,0024_" ", ,,-TANGENTIAL. .,.' ///'u joints are shown in table 6.1-I(a), There is no ready
| "/£,,.DEFLECTION /"' _ explanation why the four data points at the bottom of the table

I_1 I 1
'002237 38 39 q(' til q2 TABLE 6, I-I,--STATIC TENMON STREN(YI'tt

LAMINATEDENSITY,LB/FT3 PARALLEl, TO GRAIN FOR GRADE A4.
DOUGI.,AS HRIEPOXY SPECIMF, NS

Figure 5,0-l,--Damping ratio, for laminated Douglas l'lr/epoxy specimens WITHOUT FINGER JOINTS AS

1,5 in. by 2 in, in cross section (15 laminations) and from 166 to CONTR()I. SPECIMENS
235,6 in, long.

11.5- by 2,25- (or 2,31) by 92dh, specimens, No

augntentation; type of t'ailure, splintering tension;

most lying between 0,00220 and 0,00260, There appears to test ternlmrature, 68 °F, l)uta corrected to 6 percent
laminate moisture content (K = 1,21),]

be some trend in _"with density. When the specimens were

deflected perpendicular to the laminations (radially), the (.) Unaged

damping ratio was somewhat higher than when the specirnens --_'t,.ess Laminate Failure FailureI Corrected
were deflected parallel to the laminations (tangentially.), area, I moisture load, s'Iress, I failure
Decreasing rnodulus of elasticity appeared to correlate closely in,_ : content, Ib psi stress,

with the decreasing density of the test pieces, _ ] percenl psi
I

3,47 6,6 42 500 12 2481 12 391

6.0 Strength of Bonded Structural Joints 3,63 6.5 38 72(1 lO 66"/I 10 7713.44 6,3 40 760 II 8491 11 918

3,45 6,4 42 96(1 12 452[ 12 549

Large structures made of laminated wood may be to(_ large 3,44 6,7 39840 I1 5811 II 739
to be fabricated and vacuum bagged in a single assembly, As a 3,48 6.0 36 I00 103741 10 374
result it may be necessary to fabricate ztnumber of subassernblies 3,25 6.0 37520 115451 I1545

and then join these subassemblies together, Three types'oi" 3.27 6.2 38600 I1 8(14L__.I_I850
joints for joining these subassemblies are considered in this Mean I1 5651 tl 642
section of the report: Standard deviation, .I 6721 697

(1) Finger joints made up of a line ot' glued intermeshing -_:-I
' 3,52 4,3 49 520 "14 0681 "13 612

"V' cuts in the joint area ofthe two subassernblies, The finger _,53' 4,5 i 50 880 a144141 "14001

joints carry load parallel to the grain cd' the laminations, 3.53 4.4 45 860 ' a12 992 "12 595
(2) Longitudinal bonded joints, which may be either butt -_45 "14

joints or .joints with a wedge insert. These joints carry I,,ad " .... _ ......... '._'_.... i 49 360 "14 307 a13870....____ .............

perpendicular to the grain of the laminations. (b)Aged 8 monthsbeli,re testing

-1 F ..............(3) Stud joints, used primarily to connect the wood structure ,. --.._-5-i---577--- .i-_' -i051_31 10.,,.al

to a rnetal structure, Metal studs arc embedded and Nmded 3,5_,/ 4,7 /41 32oI _ 7721 11 479

to the laminated structure, 3,51/ 5,4 12_,8201 7 641 i 7 553
3.52| 4,7 / 3'_ 7(R} : II 278 10 997

6.1 Finger .lolnts in Static Tension 3.32/ 5,2 | 3(I 660 9 2'35 9 093
3.45/ 4.7 /34 (121 9 861 t_616

Finger joints arc illustrated in figures 2.3-1 and 2,3.-2, A ...........l.......... _L_...........................................
variety of configurations of these joints were tested in static Melt,t I()050 c)845
tension, Proprietary epoxy adhesives thicker_ed with asbestos Standarddeviati_m,o 1366 12U8

fibers were ttsed tbr bonding the joints by (3out.eoR Brothers. %,,,,,,._._,,,,,,,.,_.,,,,,,,.,,,t_,.,,,,._._._,,.,,,,s,,........,,,,t,,,.:1,,,,.,,i.,
lhC. ,,,t...,,,,,
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have an livcrage thilure .',;tress al_proxinmtely 16 percent higher The ligure shows tlmt 'for specinluns with fingers 6 in, long,

IIian lhc top six dattt points, lt is believed, however, IImt the Icrlsion strerigth increasedsignificantlyits lhc t'ingcr slope w;ts

top points (witli a mean corrected stress oI' II 642 psi) ure increasc.d l'rorn I:6 Ici I: I<9, will+ only sliglit in.il)rUvcmunt +ts

l'rorn specirncr_s more rcprcsmitlltive ol'tl.ie Ittmjnatus used for IIiu slupe wits lilrtller increased to I: 14, The stalic strength
l'irlger-.joirlted specirrletIs and sli,cmh.l be used ++tstlle basis fur for tl slol_e of I' I0 was ttbout 94 percent tri" the ,',;trertgth without

colrlparirlg the ciT(ct of wcakeriirlg due to the additicm oi' firlgcr l+ingcr joinls.
,juitits, Orily limited chtttt were avttihtlfle on tl.iu el Tcct of finger

Table 6, l--ll ct)illpttros joint strcr'igth t'(/r specinlens having lengttl, Dtittl for 3-ill,-long I]ngcl's were only tivnihtble t'or I:l

l'ingors 6 iii, hmg arid finger sl(ll-)es vttrying froiJrl 1',6 to 1' 14, l'ingor slul:)Utit, t:8, There was lliilo t:tilTuronce irl sti'englll for

TJ.thIo 6, I-ill shows strength for l]tlgei's 3 iii, 'h)ng and ti finger 3- rind 6-in,-lon7 l'Jngers, l)tittt for 10-hl,-lorlg t'iilgui's wui'o

slope tit 1'8, 'I'i.tblc 6. l-IV(a) shows dtiitl for doghono Sl)OCi- only +.twillable for a t'ingor slope o1' 1: 10, and lilo dtitti sh(iwod

ill(ns with I]ngei's 10 iri, lortg, a t]nger slope of l: 10, and burld u soillewh_.tt h+,consistotit trorid, Two lO-h_,-long fhlger spoci-

line grips belx,voon the t'ii!goi's of 0,015 arid 0,062 iri, Figl.iru m+Dnsof r0(.'.ttlllgUltll +Cl'(),,,issection ('l'i'(.ll.il table 6, l-VI) showed

2,7-9 illustrates the 7tips+ The i11oi:in fiiiluro sii'ossts frc)ni tl slight strength rodLictjon rohitiv+ to 6-ii.i,-Ioilg fingol +

la(ties 6, 1-I tu 6, I-IV ttr( plotted iii figLil'O 6, 1-1, sp(mill-icns tit ti slope t+f 1' 10, but two octlcr l()-in,-h+rig Iiiigor

I'AI_,I,I:_ b, t+-ll, -t_I:FI'X'T OF FIN(;II!R SI,()PE ()N STATI(' TENSI()N S'I"I,tliNCITH I;'AI,tAI.I,I!,I+.TO GR,_IN-+--f-in. I;IN(II:,:RS

II+amitmted Duuglus fir/epuxy specilnens 1,5 in, thick 115 hunilmtions), 2,25 fin' 2.31) in, wick:, and (J2 iii, Ioilg, l-ltmd gap,/),l)15 iii.;
tc,st icnlpcrature, -b14 °1,', I)atti corrected lo 6 percent huninllle luuisiuru ctmicnl (K = 1,21),1

(iii Shapeirl' l]ngers, 1:6 tc) Slope tit' I]ilgc,rs, I: I(I
_ ....................... _ _-+.......................... , ......................................... +.......................... ,

Strtssl l..anlJniite FtiJlurc t qiJlurc I (Ttu'rc'cted 'l'yl_.e irl' ,"itt'essl IAinlJniite Fiiilure FaJh.ll'e {'tUTti'led "l'VliC'ul'l
area, I llttijsliire h.uu;l, ! ._ii'¢ss, I failure fliJllr++_ ill'eli, I liltliSltll'C, lillid, stress, fiiihu'¢ ItiilureUl

iii.., i c'tllilC,iil, It+ l list i Sll'cSs, in, 2 I ctlnlcu+il, I1+ psi slress,
i

ricrc,elil i psi pci'c,¢ill psi
...................................... _ .......................................... i ..............,............... :.....................................................

3,48 I 6,4 25 060 7 201 I 7 257 3,49 I 6.3 35 4(i0 1() 143 I(I 202 2 [

3.4u I 6,6 35 980 10 3t,iiJI lO,kill 3,47 I 6.4 37 320 I(I 755 Iii 839
3.5(I I t6.t,_ 34 2_0 tj 78t) I tj tjO4 3.4(_ I t',.t,, 44 280 12 798 12 948

3.44 I 6.1 30 920 i 8 988 I 9 005 3.47 I b.5 411 bl(lO I I 751'I I1 873 i i
,

3.44 I 6.6 31 4(10i 9 128 I 9 235 3,47 I 6,7 3t 30(I t) 02(I tj 143 I i
3.'12 I ,,5 31 44(I tj 1031 tj283 3.44 I 6.1 3t) It)tj II 3t,_tb I1 38t4 1 ;
+i..it) I 6,8 23 7rio t,i 14(i81 t,,{sl4 3,414 I 6.3 37 14(I l(I 672 10 734 .4 i
3,45 I h.3 2'7 f_6(i 14017 I 14064 3,4b ] (_.3 34 Ot0(I 9 1444 9 9(il I I
3,45 I fl'i ?,(I32(I 14"/t48 t 14147.:1 3.44 I b,5 42 14(i I .... ( 360 I I
3.4q I f+,4 20 760 14527 I 14503 ', 3,49 I b. 1 34 9t,,0 Iii 017 l(I (i3b t I

Melin 14t,+75I 1475tb ........... M¢IlII l(I 1462 10 tJ,i3 ..... •

Slltlldard d,:vjiiljUll, +l 10301 1042 .... Stlillchild tlt,vJtllJl.lil, +,' II 15 II 34 ........... i

(bi Slope nf I+illgtrh, 118 td) Sltll:)l_,til' I_ingt;i..<,,I: 14

..............................................................................................................................................................................................................-+-;;i .... --+ _r .......... +- - .-3.2fl ft.2 3¢,0 tJ-fl()t',/ I)(141 I :'t+43 ft.3 :.4<)2'l(I II 440 II 507 I
:t.25 ft.3 24 t;2(; 7 ¢,(,141 7 717t 2 ;t..17 f,.3 ;t7 520 I() 813 l(I 147t,, 3

3.24 t',.2 .47 56(I II 5931 II Cb38 2 3,511 b.6 30 84(I 141411 bl914 2

3,2_ f_,3 +136(}(I !() 5171 II) 578 2 3.5.1 b.2 ,11 4b(I II 712 11 7514 1

..4,27 fi,(I :.4;+,42(I I(I 2201 I(I 22() t .t,47 b,3 3(+9(1(} l(I <+)3+'1110 fltJt,_ I
3,.25 6.5 ;.4f,700 11 2U21 II 41)2 I 3,46 b, 1 "15I)14(I 13 20tj 13 2.t5 I

"l 2 .3._( ft.4 41170,_ 12 71t) l 12 14114 3.,1-t b.3 39 3b(I 11 475; II 5<12 2

..4.21 ft.3 3(} 14()() t) 5tj51 0 h51 2 3.4fl (,.2 3b (It,,0 1(3133 I() 172 I
3.2(I ft,2 .47!J4(i 11 145t,_1 11 0(12 I '4,5(I f_,1 4115140 I1 594 II til7 1

.-.+ 3- 7..0.t,_+. ft.3 -> -') I(I 13(li Iii 18tj . 3,4tj b,-I .'4.<4540 I() 1143 I0 ,_6.+ " 3

.................................................................................._,Ii;i.......................Melili I() 4b()l I(I 515 Mt!tltl I I (}()() l .

,C;I;iiRl_ii+ddtvilliJ_m, <J 14(_t)I 1,12.t ,_glaiitl_ir(.Ith.,vJlilJtlii _l 1120 I I )7/

ill,Iu' oi lillhllt + I hilhll,.' Iii Itlliil

.'P. IillllllC irlllli tlllll Icl ,,tllllt! Illlllll lilllMtlt, iii itlilil

I hllhllt' (itll.dtll., iii Itlllll

11t4



TABI.,E6,I-III,,-STATICTENSION STRENCTI'II fABLE ft,l-IV.-STATIC TENSION AND TENSION-TENS!ON
PARAt.LEL TO GRAIN--3-1n, FINGERS , FATIGUI_ STRENGTI_ PARAI.LEL TO GRAIN--I(Mn,

', WITH SIA)PE OF 1:8 I:IN(]I,.'I,',SWITH SI,,OI'I,,' (IF I: I0

II.,amlnated Douglas llr/epoxy dogbone specimens 2,25 tri, In diameter and
ILamhu!led Douglas tir/epoxy specitnens 1,5 in, thick (15

57 In, long, Veneer grade, A+; test tempermure, -68 *F, Data correeled
lamtnatiuns), 2.25 (or 2,31)in, wide, and 92 hl, long, Bond

to 6 percent laminate moisture content (K = 1.21),1
gap, 0,015 in, ; test tmnl:,erttture, - 68 °i:;. Dala corrected tc,

6 pereenl laminate moisture content (K "-- 1,21),1 (ai Static lension tests,

- _ __ _._ - ._

Stress Laminate J F;ail'tlre ! Failure C¢_rrected Type ot'J _tress Lamlnatel Failure I ,allure l Corrected Bond gap,
areu, moisture I load, stress, fuilure l'ailure"l urea, moisture I igt((1, i aress, I ft(lh(re ,in,
In,_ content, I Ib psi stress, in,: contenl, ns, _ stress,

pe roe nt ps i peroe n( ps i

3,26 6,2 I 34 60(1 IO 613 10 654 3 ! 4,02 5,(17 I 34 160 I 8 510 I 8 358 0,062

3,25 6,4 I 36 840 II 335 Ii 423 I I 3,98 4,00 I 39 5001 99301 9553 ,015

3,28 ft,3 I 366(X) I1 159 II 224 4,02 4,61 I 36 2401 90201 8780 ,062

3,26 6,2 I 38 020 I I 663 II 708 3,98 4,47 I 42 920 I 0 780 I 10 465 ,015
3,29 6,2 I 36 340 I1 046 I1 089 • I , , ...... - ............

3,27 6,2 I 30 900 9 450 9 487 2 I (bi "rension-tenslon fatigue tests; stress ratto, R, 0,1
3,21 6,3 I 29 420 9 165 9 218 2 ', __

3,23 6,0 I 33 180 I0 272 10 272 ' ' Bond gap, Laminate [ Minhnum Maximum Cycles Corrected :
3,19 6,1 i 35 340 I I 078 [ 1 100 iii, moisture I stress, stress, to fitilure

3,25 6,4 I 33 820 lO 406 I(1487 content, I psi , psi failure stress,
.................... pereem I psl

Mean Ii) 619 10666 ........ -: - -- -
Standard deviation, o 77(1 775 ........ 0,062 4,02 I 400 4000 2 715 70() 3849

....... ,015 4,28 I 450 ,,50() 4 134 30(1 4352
a'l'i'pc._l' failure:'l .... htilure ill Ioinl ,015 4,95 I 425 4250 4 822 500 4164

2 :,_ llilhffe Imln it_,.ill111, sl,lilt! l_Inl l,ulsith' uf )Oilll .(162 5, I 450 4500 202 0(.10 4423
3 ,': ft,(hueol,l.sitleul .it,ml ,015 4,95 I 450 4500 5 143 600 4409

4,87 I 425 4250 13 830 860 4158

4.70 I 425 4250 23 319 500 4144
5.13 I 550 55(10 344 800 5408

4 65 550 55(K) 442 700 5358

4,61 I 700 700() 31 700 6814

12x103 4,54 I 650 650() 32 600. 6319

6,50 I 70(1 ' 70(10 a3 900 [ 7068

NO FINGER,lOINTS 6 0() I 550 55(10 "207 770 I 5500

........................ ----- 6,15 I 600 6000 b227 800 6017

6,05 I 750 75(10 b8 830 7507

3-tN, FINGER-'/ r-G-l_t, FINGER 6,3(I I 512 5125 b493 110 5155
- I _ O .......

tZ_/' |"res,s t,ydillere., illVesllgalors,
_x bSpecirnens augmenled ',rill| llurllnglon style 75(XI glass fiber fabric t'_elwcer| piles.

,.... / '--,10- _, FIN[IER\LDOGBONE0,015-1N GAP, specimerm of a dogbone configuration showed corrected

-- / lO-IU, FINGER strengths lhat were significantly lower (by about 9 percent)

c-- ._ than those for the shorter tinger lcngttas in rectangular-cross-_j section specimens, Note thai the tip width (_1'the lO-in,-Iong
9d5 ,--D0fiBONF.,0.062-.tN. BAt:', fingers was appn_ximately 2.5 linacs that of the shorter t'ingers,

_2

¢_ 10-IN, FINfiER aS shown in tagurc2,3-6, Tiffs extra width was due tomanufac-

turing requiren-lents for the deeper cut of the lO-in,-Iong

[ ] 1 ] tqngers. This wider tip resulted in a ball joint or gap, reduced
:t-, 1:8 1:10 1:I:, 1:I_, the l()ad-carrying area, and thus explains the lower strength

F:INtiERSLOPE oi'the IO-in.-hmg lingers, However, t tests tbr the 3-, 6-, and

Figurt,. 6, I--I,-----liffcct _1'finger joint cmlfigurati_m on static tensile strength lO-in.-finger-length specimens with 0,015-in, b()nd gap and

parallel In grain Ibr laminated Douglas lir/ep(_xy specimens, Unless Slwcitied matched tqnger slopes yielded values ()t't from (I.25 to 1:04.
otltc wise, Iqnger length was 6 iii,, b_md line gap was 0,(115 iii,, alltl Therefore there is a high probability that the mean tensi_m
specini, irmwere 1,5 in, (I 5 huninati(ms) hy 2,.25 nr 2,31 iii. by 92 in, Fnilute

stresses corrected lo f| percent laminate moisture c_mlent (K =: 1,21 ), Veneer strengths of a large population oi" 3-, 6-,/tilt] IO-ill,-Iong finger
grade, A.4.; lc'sl lelllperattlre, - 68' '_[". spccimells _lI'O the S/.illl(_',
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ConlparilTg 10dn,-long tqngershaving a finger slope oi' 1:10 'I'AItLE6,I--.V,--STATICTENSIONSTRI_NCrlq-I
wilh two different []nger bond line gaps in dogbone specinmns P/' ':AI J_.F.I_.TO CtRAIN FOil SPI,;CIMI!.NS WITH

showed thai the 0,062-in,-gap specimens were only 86 percent FINGEI4JOINTSACtEI)8 MONTttS

as strong as tilt 0,015-in,-gap specimens, There were valid I'}I_I_'()REItC)NI)IN(]

reasolls for tills strengthrtductioll, Tile gapwas illcreased ['r()lll I I..liinhuiied l)()ughls fir/epoxy spcchllcns 1,5 iii, thick (15
0,015 to 0,062 iii, by moving the two halvesof the fing';r joinl hiiiihuitlons),2,25(or2,311iii, wide,and92 iii, h)lig, l;ingei
spechnens aptlrl approx hnaiely Y_ in, "File effect was twotbld: slope, I : 10t bond gilp, 0,015 ill, ; tesi iclnperaiurc, - I_l,l° I;,

ii reducedtile bonded finger length by 5 percent, and ii also [)lill:: c()rreclcd il.) (_pOl'¢trlll hlllliilllle nil)islurt' (.',)lllelll

further increased the effective Iit:) width and thus further (K= 1,211,1

decreasedthe Ioad-carryhlg capability, Another variable was (ii) Fhigcrlength,6 in,
the adhesive, l)itTerent adhesivef_ were used for tilt lwo gaps, .............. ._
The anlount ()t;asbestosfiber was i".reased ahriost20{.)percent stress Lliminlitc Fliihirg Iqitlul'e C,)rrecled 'l'ype oi'
forbonding with the wide gaps, iii'eli, Inoislt!l'e load, stress, fllilure Iililtlre a

6,1,2 Effect of aging cut joints' .prior to bonding,--Iri iii,2 c,,)ntcni, I1", ' psi sti'css,percent psi
manufacturing subasseinblles some time may elapse before it .___ .......... : ......
is possible to bond two or more subassemblies together, 3.47 4,3 29 26() 8 432 8 159 I
Theretbrt tests were conducted in whidl the finger joints were 3,54 ,l.5 32 800 9 266 9 (101
machined and then aged for 8 rnonths belbre bonding to 3,51 4,3 31 I00 8 86(1 8 573

3,41 4,6 33 800 9 912 9 647 )
dettrrnine ii' the joint surli_cesn-iigl-itdeteriorate and affect bond 3,52 _ 4,5 33 820 9 608 9 333 2

strength, Table 6, 1-I compares tile Strengths of specinlens 3,55 : 4.7 38620 I0 879 10608 I
without joints where tension tests were conducted on sem, 3.48 4.7 36'460 10477 I(1216 I
of the specimens ii short time after tiibrication and on olher 3.36 4.3 30 320 9 024 8 732 2

specinmns 8 months afttr fabrication, Aging significantly 3,46 4.3 34 880 10081 9 754 2

reduced slrength, The aged specimens were only 85 percent 3.5(I i 5, I 36 66(I 1(1474 lO 293 1
as strong as the unaged specimens, lind the specimen data were Mean 9701 9432 ...........

more erratic, q'he standard deviation for the aged specimens Stlindill'ddevililion,o 758 77(I ........c-

was aln-iost twit',: that for the unaged specimens. None of the ........
aged specimens had a strengih as high as tile mean o1'tile (b) Finger length, I(i iii,

unaged specinlens, 3,48 ' 4,6 I 29 6_0 T 8 523 8 295

Table 6, l-V shows tile strength of finger-.joir_ted specimens 3.47 4.3 [ 30 ,:t.40 I 8 772 8 48!;

with finger lengths of 6 and 10 in. and finger slopes of 1 10. 3.41_ 4.6 I 28 58(1 I 8 213 7 993

The finger joints were machined and then aged 8 rrloiilhs belbrt 3.5o 4.9 [ 29 120 [ 8 32(1 8 ',45 I

3.53 4,6 [ 2746(1[ 7 779 7 .'>71

they were glued. Comparing the rrieari strength values from 3.51 4.3 [ 32 240 I 9 185 8 1.187
tal)les 6. l-II(c) and 6. l-V(a) ti)r 6-in.-hmg t'irigers showed 3.42 4.6 [ 27 540 I 8 053 7 837

the aged specimens t¢)have 86 percent of the corrected strength 3.31 4.5 [ 31 76{) I 9 595 9 320 ,

of tile unaged Sl)ecirnens with improved standard deviation o 3.32 4.6 [ 35 200 _ I() 602 [ I() 318 2

t42 44 35 ...........060 10251 I '-)38 ...... 1 j

and the aged finger-jointed specirr),ens to have 96 percent ot' tile "___ ___" ._[_L__ _i._._i 9strength oi'aged sp¢cinaens without linger.joints (tablt 6, l-l(b)), Mclm 8,)29 867 t)
The strength reductionre_ulting t'ronaagingwassonlewhat
higher for specimens without finger joints tllari lbi' specimens ....
with firigtr joints (table 6, 1-I). lt appears that a dehiy between ,ryp<.<,)t,,,_<,,<.:__.,,,_,,,<.,, i,,_,,_

2 - hliltllt' Illllll il)illl Iii killll{' pt)llll _qll!,tdt' Iii It)illl

the time when tile finger joints tire Inachined and the time when _ _ i,uluw.utsi,h, ,.Ii,.il,i

they are bondedwill probably result iii a significant reduction
in bonded joint strtngth, l:;'roln t tests o1"the data there is less

than 1 chance in 50 thlit tile aged speciniens, with. or without fiber t'litwic or Burlington Style 5285 Kevhu" fiber fabric was
finger .joints, will tlave ItShigh mean strtngth us tile unaged installed between Iii, wood plits (fig, 2,3-7). Also shown in
speciinens, the table are strengths of []ngtr-j()inted control specimens nlade

Table 6, I-V sh()ws 10-in,-long aged finger joints to be only ['roll1 tile Salllt billtt but fr()lll _.1portion of the billet thai did
92 percent as strong ,ts 6-in,-hmg aged finger j()iriis, This is not iriclude fiber tilbric, Thr billet was hlid up so thai part
consistent with the strength reduction between some of the 6- was without fiber l_lbric iii order to get a consistent coinparis(m
arid 10-in. finger lengths in figure 6. I-1. of specimens with and without the fiber augn_clltation, 'I"he

6,1,.7t Effect of fiber attgmentation between wood Ineal'_corrected failure stresst s sh_)wthat lhc glass fiber aug-.
laminations.--Table 6. l-VI sli()ws tension slrengitls oi'spect- rnenlaiiorl increased strength 19 percenl rehitive to the specimen
mens containing 10-in,-l()ng finger joints with a finger slope withoul augnientatioll. With Kevlar fiber augnlerltation the

•) ")of 1'10 iii which either 1(-oz/yd" Burlington Slyle 7500 ghiss sirenglh increase was 33 percenl,
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TABt,E 6, I-VI,--EIqq_CTO!:;GLASS fingers, "Fills effect was most likely due to greater total
FIBI,:R FABRICAUGM1]NTATI(.)N fingertip thickness, which resulted in a larger tip butt joint
ON STATICTENSIONSTRENGTH area t'(H' dm lO-in,-long fingers than for the 6-in,-Iong fingers,
PARALLI?;I, TO GRAIN--,FINGI:_R- The bond gap in the finger joints can appreciably affect jointJOINTEI) SPECIMI_NS

strength, Gaps of 0,062 in, resulted til tension strengths only
ILa nlruitcd Doughis fir/epoxy specinlens 1,5 iii, 86 percent of those for O,()15-iil, gaps, At least a portion of

•.,.5 (or 2,3I) iii, wide, this strength reduction restllted from the manner in which the(hick ([5 IIIIIIIIH.I.[IOIIS), '3 "3

and ¢J2in, long, Fliilurein,joill[; finger slope, bond gap was increased, which reduced the length oi'the Nmd
1:10; linger length, 10 in,; bond gap, 0,015 in,;

tesl lelnl)erature, -68 °F, Dltta corrected Iu (.)ii each of the [_ilgers,

6 percent hunhmle inolsture content (K = 1,21),1 Aging hud a deleterious effect on specimens with aild withoul

, (li) Augmented with Burlinglon slyle 7500 finger joints, Strength reducth_ns of aPt)roxirnate[y 78 to
ghlss fiber fabric 86 percent were t'ound at'tor aging for 8 months.

.................... Static terlsion strength could he appreciably increased by
Stress t.amtnllte Fllthire Failure Corr_)eted placing a ghiss fiber fabric or a Kevlar fiber t_lbi'[cbetween the
iu'cii, nioisture 1Gild, stress, hliltlre wood plies, The strength was hlcreasod by 19 percent by
in, 2 :content, Ib psi stress,

percen t pst augrnentation with glass fiber and by 33 percent with Kevhu'......... fiber,
3,90 3,0 48 860 , 12 528 11 82(1
3,92 2,9 55 240 14 092 13 270

3,95 i ',. 6' 54 840 13 884 12999 6,2 Finger Joints in Tension.Tension Fatigue

3,86 3,0 .52 020 13 477 12 716
3,94 2,9 54 660 13 873 13o64 Tests were conducted iii tension-tension fatigue at a stress

{. . "3 '3"3 , ,3,-)3 3,.. 5522o114 051 i3 3o9 ratio R of O, 1 on dogbone spechnens shown in figure 2 3-8
_, - _-=-- ...... with finger.iOints 10 in, long and a finger slope of 1:10, ]'he

Mean I 13 651 12 863 specimens were made of' grade A+ Douglas t'ir/epoxy, Ali

Slandiirddevhl_m, o I 540 505 tests Were conducted at approximately 68 °F, and the data were

....3 3.7 ,,108o6 corrected to6 percent laminate moisture content, Most of the
_ , __ t______,__l tests were conducted with a 0,015-in, bond gap in the finger

(b) Augmented with Burlington style 5285 joints, bqt a few tests were conducted with a bond gap of
Kevhlr fiber fabric 0,062 in. The 'idhesive used tbr the gap in the finger joints

-'3"_._--]---73..'77-- ...............58 160 15 185 14 467 I was a proprietary epoxy adhesive thickened with asbestos
3,88 I 3,4 56 920 14 67(.) 13949 I tibers, The adhesive used tbr the wider gap had almost 200
3,92 ] 3,8 57 600 14694 14081 I percent more asbestos fiber'_ in it ttaan that for the narrower
3 ()2 i 3,6 57 000 14 541 13 8801 gap, The adhesive was developed and applied by Gougeon
3,88 I 3,5 6(1580 15 613 14 875'1 Brothers, Inc, Limited testing was also conducted on specimens

3.!..5J_ 3.8 5454(.) 14 166 13575 I in which Burlingtori Style 7500 glass fiber fabric was applied................... -4

Mean 14812 14 138 I between the wood plies to attgment the spechnen strength
Standard devilith)n, o 466 423 I art)und tile joint,

......................... The results of' the tension-tension fatigue tests are presented

3,55 I 4.1 39 180 ali 037 .10638 I intable 6,1-IV(b)and figure6,2-1, Als0shown in figure6.2-1

u(:t,,llr,,I Sl,ccinwns withuul libt', luhric autt:,lt, ntati(m; ,u,i irlchlded is the regressior) line fi)r grade A + Douglas lit/epoxy tension-
,,,,,,t,,,,,,,,,, tension fi|tigue specimens without fillger joints. The specimens

did, however, have scarf joints iii the hlminates, The regression
/line was obtairlexl from figure 4,1-l(b), The data in tigure 6,2.- I

6.1,4 Closing remarks onfingerjoints in static tension.-- show a tension-tension hitigue joint efliciency of approxiniately
The strength el" finger:jointed specimens significantly 61 percent tit 10(' cycles ibr the specimens with a bond gap of
improved as the tinger slopes were increased from 1:6 to 1'10, ().015 iii, and without ghiss fiber atlgnaentathm, When the bond
but only naargilial improvenaent occurred with a further gap was increased to 0,062 iii,, the tension-tension fatigue
increase iii slope to 1' 14 Finger-jointed specimens with 6 in.- strength of the linger_jointed specimens was decreased another
long fingers and a finger slope of 1' 10 were at)out 94 percent 18 percent relative to the narrower gap, resulting in a filtigue
as strong as speciinens withoul joints. .joint el'ticiency of approximatdy 50 percent, Some of this

Some o1" the experimental static tension data show strength loss with the wider gaps was the restilt of slmrtened
aplgroxirnately the same strength for 3-, 6- and 10-in.-hmg borlding length because of tlm tnanner in which the gap was

fingers, but the data for the 3- and 10-in,-hmg fingers were increased,
extremely linlited. Conversely, part of the tests showed a The augmentation obtained by adding glass liber belween the

strength reduction on the order t)f9 percent fi)r 10-in,-h)ng w()()cl plies impr(wecl tile tension-ten,;ion littigue strength

III
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Figure 6.2-1 ,--F_,ffeclof finger joints on tension-tension fatigue (R = O,I) parallel to grain Ibr laminated I)ouglas tir/elx_xy specimens, l!inger joints, 10 in, hmg;
finger shape, 1',10. I.)(_gb(mespecimens 2,25 in, in diameter a( test section and 57 in, Icm_, Data corrected Lo 6 lXn'eent laminate r,:;_ture content (K = 1,21),
Veneer grade, A + ; temperature, - 68 °F,

approximately9 percent, ii'one neglectsthe onespecimenwhose in figures 2,3-10 and 2.3:11, Wedge joints are easier to
fatiguestrength fell on the regressionline for specimenswithout manufacturethtm butt joints becausethe talxJredwedgecan more
the glass fiber fabric' augmentation, Note that the lines in figure readily accommodate misalignments and ph)vide butter control
6,2-,1 tbr glass fiber fithric augmentation and tbr a bond gap oi'the bond thickness and because the bonding adllesive is more

of 0,062 in, are not true regression lines, Instead they are lines easily introduced into the wide, tapered ct,pening, The epoxy
of _st fit while having a slo_ the same as that tbr the sp_hnens adhesive used in the joints was a Gougeon Brothers, Inc,, l)ro-

with a bond gap of 0,015 in, and no augmentation, prietary adhesive that had asbestos added itbr thickening, This
lt can be concluded from these results that the need to use thicker adhesive facilitated nmintuining a t'ill in the relatively

finger joints to attach subassemblies in large structures results wide bonding gaps that can _ exacted in j_!iningsubassemblies,
in a significant tension-tension fatigue strength _nalty that can The equations for calculating bending atld shear stresses lhr

improved only marginally by glass fiber fabric augmentation, three-point bending of specimens containing the two types of
It is tmneficial to u_ m_row gaps in finger joints, but this requires joints are given in figure 2,3"13,

close machining tolerances, 6,3.1 Longitudinal butt-jointed specimens --This type of

6.3 Longitudinal Joints in Static Bending specimen is illustrated in figure 2,3-10, iStatic bending data
are presented ira table 6,3-I, Tests wer!.' conducted at tesi

Large structures will require the joining ot" subassemblies temperatures from --40 to 100 °F with i;pecimens expected

in directions both parallel urad transverse to the applied luad to have essentially detbct-t'ree joints and with specimens having
direction. Tests were therefore conducted on longitudinal joints joints that had simulated defects built into them by means of

parallel to the primary load, Such joints are illustrated in fig- nylon inserted in the glue line of the joint iinthe form of strips,
ure 16 oi'chapter III. Loads vn such johlts are primarily t'rona small squures, or small balls.
bending in the longitudinal direction, which results in a shear The nmximum shear stress data in table 6,3-I were corrected
load in the specimen or structure, Two types ot" longitudinal to 6 percent laminate moisture content, Tihc table shrews data

joints were investigated: bu!t joints and wedge joints as illus- corrected with two different K's in equutic!n (7) t_t'chapter III,
trated in figure 16 of chapter III with additi(mal derails shown

1
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TABi.,E 6,3-I,,-.STATIC SH'EAR STRI_;NGTH WITH THREE-POINT BENDING

FOR I.ON{]I'I'UDINAI., BUTT-JC}INTEI} SF'I_,CIMI!NS
i

ILamlnated I.}¢)uglas 11r/epoxy speehnellS 3 In, {.leel}{with nomhml ldn,-wide joint a( mlc.l-depflll, 4 lh, wide

(40 lamhlations perpentlh:uh,*.r lo Joint), _md 30 lh, long, l_poxy/_lsl}est{_s'a{lhesive .h,int, Venee,r grade,, A,

Data corrected to 6 percent luminate IllOiSttlre c'Ollle[I[,I '

hO Specimen temper_lture, 70 °F', m, defects tn joint

J{:int dlm{mslor_s Laminate Failure Ma×hnum Maximum Corrected maximum shear stress, Type oi' I

-_ moisture h)ad, bending shear psi failure[
Width, Thickness° content, lh stress, stress°

in, in, l}ercem psi psi K = 1,26 K = 1.07
......... --.-i

0,95 0,059 "6,0 5469 5469 1439 1,139 439 Wood l

"1,(10 ,(}42 / 5174 5174 ,1293 1293 293 (b) I

.98 ,047 1 4500 4500 1148 1148 148 Wood I

,85 ,{}55 4484 4484 1319 1319 319 Wood I
.95 ,065 6406 6406 1686 1686' 686 Wood l

"1,0(1 .052 . 6530 653{} 1632 1632 632 {b) [
.......... ---i

Mean 1420 1420 142{3 ........

Standard devia{i¢}n, o 190 19{} 190 .........

(bl Spe_:imen temperature, 100 ° F; 11ode(eels I11 .j{}int

1.{13 ] 0.042 a6,{} I 5469 I 546¢) 1327 1327 1327 Wood I

1,00] ,048 , | 5{178 I 5078 1269 1269 1269 B{}r}dI

,95 .038 1 5781 I 5781 1521 1521 1521 Wood I
.95 i ,042 5937 } 5937 1562 '1562 1562 Wood I

1,03 I .045 6250 I 6250 1517 1517 1517 Wo{}d I

Mean 1,1.39 1439 1439 - .......
Standard deviation, o 118 I 18 I 18 ........

_.._..-..._

(c1 Specimen temperature, I{X} °F aher eondili{}ning al 160 OF; n{} deleels in ,joint

{1.97 I {},{}5{} 6,1 6797 6797 1752 1756 1753 Wood I

¢;4 I 043 6, 1 6718 6718 1787 1791 1788
i i

07 I .043 6, I 6375 6375 1{}43 1647 1644
I I

981 ,{}32 5,8 6797 6797 1734 1726 1732 _, t

' Mean 1729 1"_30 1729 .......

Standurd deviation, a 53 53 53 .1__2__2.._1

{d} Specimen temperature, --40°F; ht, defects in joint

0.97 t {},052 5,6 6748 6748 1739 1723 1734 Wcmdl

t_4 i ,{}57 6,{1 6248 6248 1662 1662 1662

o7 I ,040 5,8 6795 6795 1751 1743 1749 -

L_4 i .038 5.8 6719, 6719 1787 1779 1785 if i

Mean 1735 1727 1732 ..........

Standard deviation, o 46 42 45 .........

(e) Specimen temperature, 70 "I:'; (I,75-in.-wide nylon strip 0,{)62 in, thick across joint

--o,9--5-,"i {,.o6{I---_T--l-_i-vf----_3 ............5_9{7-- 158., J5_8 W,,,,d
"1.(}{} [ ,{155 .6.{} I {}797 6797 1699 1699 1{}99 {bi

1,06 .{158 5,9 I 6875 I 6875 1621 1617 1620 Wood

,g.t j .(16(1 5,6 I 7344 ] 7344 2186 2166 218{) W(.,od

1.09 I .(}62 5,8 | 75{}0 / 75{}{} 172{} 1712 1718 Wood
.1 -1............. _ .......................................................... _ .......................... _ ......................... _ .... . ........

Mean 17(}3 1755 ]761 .........

Standard deviation, o 217 211 215 .........
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TABLI?.6,3-I,-.Ce.chided,
J;

(f')Spcclmcntemperature,70°I;:four0,44-in,nyhmsquares0,062In,thlck_dongjt)inrlength

J.in[dlmens.ns [mrnimtteFailur_Maximum MiL×imum Ci)rrcctcdmaximumshearstress,Typeoi'
........ molsturc hind, bending ' shear _si l]dlurc
Width,I'i'hic'k.cs_,content, Ib stress, stress,

,,. ......... ,,.,l p.,l ,,'--1.26 ,,'=--,.o7
1.06 I C1,060 6,0 7295 72_)5 1720 1720 1720 Wood

1.09 I ,057 6,2 6139 6139 1408 1415 1410 /
1.06 I ,()62 5,5 7341 734l 1731 1711 1725

t}s I ,063 5,8 6560 6560 1726 1718 1724

1.15 I ,062 ' 6,1 7497 7497 1630 1634 1631 ,

Mean 1(_3 1640 1642 ...........
Standard deviation, o 123 117 121 .........

(g) Specimen temperat"t,'C,70 OF; 370 nyhm halls 0.062 in. in dimuctcr along joint length

1.091 0.035 5.9 7732 7732 1773 1769 1772 Wood
1,09 I ,032 6,0 6717 6717 1540 154() 1540

t)7 I ,053 "6,0 '6404 6404 1650 1650 1650
.97 I ,030 5.8 7981 7981 2057 2047 2054 :
o7 t .037 5,9 7919 7919 2041 2036 2040 ' *

Mean 812 1808 181I ........
Slandard dcviatitm, a 207 2(14 206 ..........

al{still)aled,

hN.t aplflicable,

The K value of 1.26 can be obtained from reference 3' the lower failure stresses, but it made comparis(m of the strength

value of 1,07 was found in subsection 3.3, 1 to provide a better of spedmens with and:without sitnulated defects inconclusive,

correlation tbr block shear. The data for these bending tests The relatively high strength of the specimens tested at 1(30 °F

were obtained for lamint_,, moisture contents not far from after preconditioning at 160 °F was attributed to possible

6 percent. As a result the value of K used in correcting the enhanced curing of the epoxy asbestos adhesive, No deleterious

data hud only a minimal effect, effects of low-temperature static testing at -40 °F were

The corrected (K = 1,26) mean and o values fron_ table observed. Surprisingly, the highest strength,; were found with

6.3-1 can be summarized as Mlows' specimens containing the simulated defects, But the four 0,44-

by 0.44-in. nylon squares in each joint apparently reduce,t

r---- .... corrected shear strength approximately 7 to 10 percent below

Test Simulated Corrected Standard [ 'l'ahlc that for the other tw() types of simuhlted defects.
temperature, joint mean maxi- deviation, ; The t tests (subsection 2.6,2) were conducted on the data°F dc feels mu.n stress o, I

psi from table 6.3-I. The tests revealed that at the 95 percent

•I.... confidence level ali of the specimen failure stresses, except
70 None 1420 190 { 6.3-1(a) for those at 70 and I(X) °F without defects, were of the same

100 _ 1439 118 [ 6.3-1(b) populati()n, Therefore drawing conclusions as to the relativ,.'
aI00 _ 1730 53 ] 6,3--I(c) strengths of the remaining specimens at various temperatures.....lr) 1727 42 I 6,3-I(d)

70 Nyh,n strip 1755 211 6.3-1(c) and with and without defects appeared to be meaningless.
70 Nylon squares 1640 117 ] 6.3-..1(1) Block shear test results for specimens with larnimttions

70 Nylon balls 1808 204 6.3-1(g) perpendicular to the joint are shown in table 3,3-11, The meanJ .............

%.,_,,.,,.. ,..,,_.,,.,..,,,,_,l,..a_ 'v. corrected shear strength was 1935 psi, 7 percent highc'r than
any of the mean strengths listed in the preceding table/br

The mean maxirnum shear stresses shown in this table are bending tests but less than the o value oi'data from table 3,3-II.

somewhat inconsistent. The specimens without simulated The t tests of the data showed tl..( at the 95 percent confidence
defects at 70 and 100 °F hud the lowest mean failure stresses, level the data from table 3,3-II and the data for simuhfled

even lower than the specimens with simulated defects. Post-, defects of nylon strips and nylon balls from table 6,3-I were

test examinati(m (_f the specimens revealed areas of poor fr()rn the same l)opulati(m. The t test rejected the hypothesis
betiding in the .joints, which undoubtedly contributed to the thai the other data samples in table 6,3-1 were from the same

114



pt_pulation as those in table 3.3-11 (block shear with confidence that table 6.3-II shows signil'icant strength trends,

huninations perpendicular to the joint). Tlaer(:tkwe those Ii does api?ear, however, that the wedge-jointed specimens
indicated strenglh differences can beconsidered as real. (table 6.3--11)were weaker lhan the butt-j(_inted specimens

6.3.2 Longitudinal wedgez/Ointed specimens.--This type (table 6,3-I),
of specimen is illustrated in figure 2.3-11. Only limited 6.4 Longitudinal ,feints in Shear Fatigue
bending tests were conducted. The results are summarized in
table 6.3-1I tbr three v,,edge configurations' (1)wedge centered Fatigue tests were conducted cita stress ratio R of 0. I on
to provide O. 12-in.-thick bonds on both sides of the wedge, butt-jointed specimens with and with()ut nylon square simulaled
(2) weclge sllifted to provide a 0,25-irl.-thick b:md on one side det;eetsand on wedgejoirlted Sl_cimens with the wedge centered,
and miriirnum thickne'ss on lhe other side, and (3) wedge shifted, and centered with rlylorl square sirrluhtted defects. Tlle
centered to provide 0, 12-in.-thick bonds on both sides and four results are shown in table 6.4-I and t'igure 6.4-1,
0.44-in, nyl(m squares 0.062 in. thick embedded in both bond An atternpt was made to determine ii K = 1.26 shouhl be
lines. The results shown in the table indicate a weakening from used to correct lhc data lo 6 percent larninale moisture corlterll.
shifting the wedge but rio weakening from the simulated Since rrlost, of the data were obtained iii htminate moisture
defects. In fact, the specimens with the siinulated defects contents near 6 percent, the corrections were small and the
showed the highest strength. At 95 percerit corlfiderlce level value of K used did riot have a sigriificarlt effect. Coi'relation
the t test ,.:orlfirmed tllat there was indeed a difference in coefficients (see eq. (10) in chapter III) were calculated for

strengttl (specimens from differerit populations) between the a range oi" K values from 1.07 to 3.0. Tlie correlatiorl
wedge that was stlifled and the wedge with simulated defects, coet'ficient r varied less than 4- 1 percent over tt.ie entire rarigc.
The t test indicated', however, that the shifted wedge and the Since the effect 'was lee small tbr empirically determining the

wedge with the simulated defects could be frorri the same best value ot'K, the wood handbook (ref. 3)valueol'K(l.26)
population as the centered wedge. As a result there is not high was used for the .fatigue data.

"I'ABI.I_ t5.3 II.--STATIC SHEAR STRENGTH WITH THREE-F'OtNT BI-NI)ING

FOR I.(.)NGITUI)INAL WEDGI::.-JOINTISI) SPl,;C1MENS

[l..anlinated l)ougl;i.,, fir/epoxy specimens havhlg "1" cross seclicm 3 iri, high (wilh wedge joint iii

nliddh.' l-in. st.t.'iil'lil), 4 in. wide. and 3(1 iii. long, F',poxy asbcslos adhesive joint 1 in. wide'

vt,'llt't'l grade, A; speCilliell lt'lllpCl'illtlri,., 70 °J;. l)llla c_lrlccled It_ 6 pcrcclll lalllill;llC

illOiSltil'C conlelll. I
i

la) Wedge cenl¢l'ed wiih O. 12-in. boiid lhicknc.sscs on b.th sides of wedge

................................. .......

l.aliliiil.tlc' l':_iiltlrc- Ma_hiltiill MaxililUili (,orl'c, cle(I lli;.lXlllltiiil _,he;.ir slrc'ss, 'l'vpc til"

ill_.lislur¢ hlad, bi.,nding shear psi failure

L'Olllelll, , lh sl rl.'s,s, sires,,,

pcrccnl psi psi K :_ 1.26 K = 1.(17
.................. _, .....................................

5.6 6543 6732 1544 1531) 1540 W_uld

5.8 6144 "4"6. _11 1450 1443 14,:18 a\Vtuld
................................................................

Mean 1497 1486 1494 ..... 7....
......................................................

lh) Wcd.,gc shifled I_ provide ().25..in. bond llficklu_'ss c_ilone side and nlininlum bond,thickness
Oli {_lht,'r s'idc

6.0 5905 607t"J 1394 1394 1394 aW_uu.t I

<_4 5(,(_¢_I 583(i [ 1337 1350 1341 Wood l
.......................................... L _.._]

Mr:an 1366 1372 1308

Icl Wedge c¢lllcrcd with 1). 12-in. Nmd ihickncssc,,, (l'li hi,lh sides _Hwedge {ltil With Ii.ltir (1,44-in,

iivl_in sqti;.ilc's 0.(t6] ili, ihick iii b_ih b_md Iim.'s

..........7;7....1-,,-,:;;,-[...... .........i;<;;.......................iT;-_g..............]..........i;7;...............

[ Nll2;.lll l 5tj2 159(1 I 5_J1

,11 ,lll('l_ ¢,lllsii_t" t_l lltl#ll ,ItCil
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"I'AI'II_.I_;6,4.-I.--SHEAR t;'ATIGUE STREN(JTH WITH THRH_-I_OINT
BENDING FOR LoNGirI'UDINAI.-.!OIN'I ED SPECIMENS . '

Limlinated I)lmglas fir/cpt_xy specimens, Epoxy asbestos adhesive .jt_ints 1 in. wide. :Stress
ratio, R, (1,1; test tcn_pm'atuyc, 7(1 °F; cycle rate, 5 Hz, Data cot'rccted.l¢_ 6 percent laminate

,moisture c:_ment (K = 1,26). ]

(,a) Butt-jointed specimens (fig. 2.3-II) without defects

Joint Laminate Mininlunl Maximum Cycle.'.; Corrected .Type ot
thickness, moisture shear shear to inaximuin shear failure

in, content, stress, ,,;tress, lifilure stress,

percent psi psi psi
...........

0.045 6.3 125 1250 134 613 1259 (a)

.(15(J 6,3 119 119() 3(12 96(1 1198 (a) ,

.11156 6.1 109 ' 111192 191 482 1¢)95 Bond

,()54 6,() .99 990 513 255 99(1 Bond

la) h5,5 92 921 301 843 9 I0 !a)
,064 5,5 87 866 8 564 236 856 |:lcmd

.Ofil) 5.7 98 980 160 (X)O 973 Wocld

.045 5.7 89 893 173 192 887 Wo_d

.062 b5,5 88 875 2 126 614 865 (a)

,062 65,5 78 7'76 10 00(.)00(1 767 '
.055 5,3 89 893 8 514 0(10 878 ;
.060 5.5 95 947 5 725 80(1 936 '

.056 4,7 94, 937 2 827 800 909

.065 5.(1 97 971 3 655 ()00 948 *

.060 6.1 158 1581 28 (100 1585 Wood

.(730 6.2 153 1530 8(10 1537

.062 6.3 II1 1107 693 O0(I II 15

.060 , 6.9 114 1136 63 (XX) 116(I |
I,......... .................. '1 50(1 142(7

b) Butt-join'ted specimen.', (fig. 2,3.-II) with simulated defects in ioint c_[lbur nyhm squares

(7.(762 in, thick by (7.44 in. by (I.44 in.
__ ........

--0.075--_ 6.9 I1(1 1103 65 700 !127 W_md

.07() 6,8 99 990 586 312 1(7(19 {

I.07(I 7,0 99 990 "!.79 9(10 1014

.070 6.8 95 947 1 301 4(10 995
,(J63 6,8 95 947 405 500 995

.(776 7, 1 87 866 3 104 8(1(i 889 |
........................... til 5(10 1642

- J .........

(c) Wedge.-. ointed,specimens (fig. 2,3-121 with wedge centered and no defects in joints

V-i;oi-Ur.... "- -----i 6,0 1(10 I(X)3 32 400 1003 , Wuod
, , i 6, I 88 885 3 321 0(10 887 '

i 6,4 77 767 15(i 3(10 77"4
i " '

: 6,1 77 767 1 370 O(X7 769 *

! I [ 6.8 83 826 I 434 600 842 '-'Wood
I ,lr ! 6.3 88 885 68 4(X) 891 Wood

i _.................. II 5(X) 1494 ...........

itNl_l apph,..ablc

t_t.).,i Im;.tlcd.

t'Slall,,: lest -¢,,iHniflctl equi_,iil¢lll _._cies (tahh. + h I I(al)

tJsliillt.' leM' L'MIIIKIIcd t'qm',illellt ,._.lt `_, Itill')lt + (,._ Ill II

el'llilt'(I (lIllXlCIt' iii Illllll lilt'II



TABLE 6.4.-I--Concluded

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

Joint Laminate Minimum Maximum Cycles Corrected

Ihickness, moisture shear , shear to nmximunl shear fa ure !

in, content, stress, stress, failure sttess,

percent psi psi psi . !

.,

g().025 6.0 I O0 , 1003 65 000 1003 eWood
6,0 I(X) I(XJ3 70(X) 1003 Wood

63 88 885 27 814 891 Wood
. 6.2 88 8.g5 17 I00 889 _Bond

6.8 77 767 596 7(Xi 782 cWood
......... ' ...... .......... hl 5(XI 1368

le) Wedge-joimcd specimens with wedge centered and simulated defects of lout nyhm squares
0.062 in. thick by 0.44 in. by 0,44 in. in each side of wedge joint

.......

0,012 6,2 88 885 77 4(X) . 889 Wood

t 6.2 83 826 1 314 (XI() 830 '-'Bond6.1 88 , 885 3 884 4(XJ 887 Wood

6, I. , 94 944 579 6(XI 946 j
6.1 94 944 83 '700 946 I_' 6,3 88 I_85 I 666 8(XI 891 '

_- .... ] ........... II 5(X) 1591,

eFafled oulsldc 'o[ JlJllll area.

f$lilllt" lest .- eStlmaled equivalent cycles (la|fie 1', 3 .ll(a)l. '

gMaxltllUlll horld lhlCklleS_ o11 oli¢. sl(lc oi wedge. [{lit|li lhicknes_ (,n othct side efr wedge v, as lrllnllllill

hstatlC levi- -eslllllalt'd equlvalelll cycles {fable {J 3.11_hlJ

ISlali¢" lesl., eMli'llaled eqUl_,'illt'nl cycles [lablt. (i 3-llICl).

The effect of simulated defects on butt-jointed specimens to the validity oi'the regression lines for each of the three types
is shown in figure 6.4-1 (a), The simulated defects were four of wedge-jointed specimens, the tMiowing regression equation,
nylon squares pIaced in the..joint of the specimen. The nylon which included ali of the wedge-jointed specimen data, was
squares were 0.062 in. thick by 0,44 in, by 0.44 in, The calculated"
regression lines for specimens with and without simulated
defects built into the butt joints were quite close together. The S = I160N-o.o2182 (23)
separation of the lines was considerably less than the scatter
in the data. The lines crossed at about 100 000 cycles, which This equation isprobably a rnore realistic representation of
is not realistic. Note that static test data were included in the the wedge-jointed fatigue data than the individual lines shown
regression line calculation in the manner described in sub- in figure 6.4-1(b). 3'his single regression line is shown in

'section 4.0. Regression lines were calculated with and without figure 6.4-1 (c) along with the regression line for the butt'

these static data points. The static data had a small effect on jointed specimens without defects from figure 6.4-l(a). The
the slope and crossing point of the lines and did not alter the higher slope of the butt-jointed specimen line indicates a
conclusions to be drawn from the data, namely that the three: greater sensitivity to cyclic stresses than is indicated tbr the

point-bending fatigue tests did not show a significant weakening wedge-jointed specimens. The butt joints therefore appeared
effect from simulated defects in the butt joints of the specimens, to be stronger in low-,:ycle fatigue than the wedge joints, but

Shear fatigue data, obtained by three-point bending, for became weaker at Ingh cycles. However, this conclusion may
wedge-jointed specimens are shown in figure 6.4-1(b). For be questionable because it can be seen from figures 6.4-1(a)
the wedge-jointed specimens a large discrepancy in strength and (b) that the static strengths of both types of specimens were
occurred between the static test data and the fatigue data that approximately equal, Therefore additional data arc probably

was not readily explainable: "l"heretore it did not appear prudent required before definite conclusions can be drawn on the
to include the static data when calculating the regression lines, relative superiority of butt-jointed or wedge-jointed
An effect similar to that tbr butt-jointed specimens was evident; longitudinal joints.

the regression lines all, unrealistically, crossed each c_ther, lt can be concluded from the results of static bending and
Again the scatter in the data was larger than the differences bending fatigue tests 'on longitudinal joints that simulated
in the regression lines for the range of cycles to failure for defects had no definitive effects on joint strength fl_r either
which data were obtained. Since there was some question as butt-jointed or wedge-jointed specimens. The static strengths
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2000 --
llul _ JOINIS rLCirtSSiON

El" Lc_uA1ION_. 0
"_',.,,_ _ ,_._'_ .._,_

lifO0 -- _'_--0 _"'_"_ 0 _ NO JOINT DEI:I!ClS S _ 2tl26 N "0'0(;518

"_'_"_. ----I'-'1---- NYI.OB SOUARESIN S -: 277q N"0;07632
0 JOINI

-- ft : 0,1 t.J 0 _ Q0D__ 0,.__0 TAILSDENOTESIALICIESTL)AIA

1000 --

_oo- _-'_.:._

6o0 I I I I J w,:.i_cir:JOiNiS ,t6rESSIO_
E(_UATION

- 2000 --

-- _ WEDGECENIEREI) - S - I180 N-0'021199
NO DEFECIS

+._ -'_I NOt USED IN REGRESSIONL INES l-'l WEDGESIIIFTI-D - S :: II158 N-0'0_II133

Iq00 -'Lc' I NO I)EFEClSLJ ----A---- WITDGECENTERED-- S = 1012 N-0'01343

_: -- 1411tl I)EFE(:TS
ALL DAIfi S = 1160 N-0'02182

"_ 8oo -- r ---o, 1 o "'cl__

(b)

600 I 1 I I ""1
TYPE OF IIEfJRESSION

1riO0 JOINr EQUATION
-- BUIT JOINT -- S :: 2tl26--0N-0 06578

1200 -- NO DEFFCTS

WEDGEJOINI S = 1160 N-0'02182

I000 -- (ALI. DATA)

800 --

R=O'I

(c)

600 I 1 I I l
103 -Oil 105 I06 107 108

CYCLES TO FAII.IJRE, N

ia) Butt-jointed ._pecinlens,

rb) Wedge-jointed specinlens,

ici Fatigue comparison of mean of ali wedge joint data with bull .ioinl dliia.

Figure 6.4-. l.--'Fhree-poinl-hending fatigue tests (R = (). 1) cltl 10nglludinal .joints with alld without silnulaled .i_dntdefects for lalninaied Dough.is Iir/epoxy

specimens. Simulated defects were limr nyhm squares 0,062 in. thick by' (.I.44 in. by (),44 ill. Epoxy asbeslos adhesive in .icfints I in, wide. Data correcled

lo 6 percent laminale moisture c¢mient (K = I 261. Veneer grade, A; tesi lernperature, 70 °F.

0f the butt-jointed and wedge-jointed specimens were oi'similar still sorne questions as tc_ whether butt or wedge joints aru
magnitude. When fatigue strenglh was considered, there were superior,

I i+>IO



7.0 Strength of Metal Stud Structural Tension-tension fatigue data for R : O,14are listed in table

Joints 7,1-11 and figure 7, 1--,3,The data presented for ali of tile
fatigue strengthsare basedon the failure load rather than the

For sonm laminaled-wood structures such as wind turbines slress, FMrstuds the maximum I'atigueload thal the stud can

blades ii is necessary lo attach wooden components to metal take in more meaningful than a stud stress, Thesedatacan be
structures. One method of fitbricating such a.joint is to embed used to determine the number of studs required tc)support a
metal studs into tile wooden structure and bond the studs to given structural load, Figure 7, i-3 shows a regression line

,the woodwith an epo×y resin thickened with carbon or asbestos based upon ali ot' the data, This line has no significance except
fibers, Threads or c'onv_lutions on the metal studs aid in this to help illustrate the variations in the fatigue strength of each

bonding, A typical cont'igunttion of a metal stud embedded type of specimen design, Specimen designs 3, 4, and 5 are
tna test specimen is shown in figure 2,3-13, Data are available superior to the others, Configuration 3 was made of tittmium;

for a variety of stud configurations, Reported herein in a ali the resl were of 4140 steel, The lower modulus ofdasticity
summary of the failure loads l.tt both static and fatigue of titanium tended to make the stud's strain characteristics

more compatible with ttlose of the wood, Specimen desigrlscondi,tions for the strongest specirnen designs investigated up
to the present, These data were obtained t'ronl reference. 9, 4 and 5, made of 4140 steel, were tip drilled to a greater depth

to provide a longer thin wall, Again this was an allempt t_)
increase the stud strain (by increasing stress through the thinner7.1 Screening Tests
walls) in order to improve strain compatibility with the'

Five "advanced" and three reference specimen designs were laminated Douglas fir/epoxy structure, The tapers on the studs
consMered. These designs are shown in figure 7, 1- I, The of specimen designs 4 and 5 were nonlinear; therefore the wall
significant differences between the designs are listed in table thickness was also varied nonlinearly in nn attempt to improve,
7, 1-I, The four thread configurations on the portion strain compatibility; Ali other studs were tapered linearly, As
of the studs that were ernbedded in the larninated wood are a result of the screening tests shown in figure 7, 1-3, more

shown infigure 7,/-2. Note that the threads ori the studs are extensive testing was conducted on specirnerl designs 4 arid
not screw threads, Instead they are convolutions with zero helix 5. l:"unding limitations precluded additional testing on design
angle, 3 (made of titanium),

'I"AI]I,I..: 7. I..1.-. SPIsCIMI:,:N I)ESIGNS USI:,I)IN I_;CRIH:,NING TESTS

........................................................................................................................................

l gpc'clnwn Sh_nfldc': drill I-:,mhedded Thread Material

design .......................... 1 length,

l)ianlelcr, l.,erlglh, [ in.

in. [ in. !
.................................................. _[.

I Yes (1.43g g,() l.inear I8.0 Zuleck 4140
2 Yes .625 8.(I l.inear 4140

I

3 N_ 8.1} I,inear "l'itaniunl

_'4 15.0 Nrmlinear _' 4140
4;.| It 15.0 N_,nlinear M_u.lified

_5 15i; Nonlinear Zulcck
/

•........................................ /

1

h6 Yc', N_I drilled 13near Zutet:k

!'7 Yes NI}I drilled l.inear 11.25 Shalh}w

Acme

hg [ 't'{:s N<_Idrilled I+incar 15.(} Deep

L................. .......................................... 'Acme

il_llld dt'slL'll_ ,1 illVI 51dlll_'.red HIIb, IIi lhL: illllllUIll Iii fl"lllllllLril[ fill)el I11 thf qud 'ailll [)t",l)!ll-1 hild _!IIrlIIL'[ llllll]llK'illll._

Therc v, us al,,c_ a dlll_.'lcn_.e 111 the le,,l _,llt'_.llll(ql,,. lhc' dllJcrcll_'e b,.!llll, Iii lhr' ',_Hodcn hl-__k III which lhc _,!ud', ',_t'rt:

t'lnbeddt'd lhc hll,t'_,: hll (](",l_2ll rl tt_l(I L'ill}_,ll [ltRtl all).'lllelllilllHII bt'l'&t't'll lhc ','_'llL't!fs IIi _,lilJl'll lilt' hh,_k illlL) Illlpl(*','c

Mlaln c I tlli.Dilllhi[ i1',

hRclcrent'e dcM k'll.
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DESIGN

1,so(rYP,).... ii .: ..I-''-I,°°I (TYP,) ' ' l,

"-.I, q71,98 DIAM( TYP,) _" DI AM , 8, O0 DEEP,,

....... .'
2 ..-_-----]................L--I........................................_..........---_=---._-::----:-----_.o/soI [.............................. :---"_===- ................ "--"T

ROLLED _ .... _ , _
IHREADS '"'-. I, 47 DIAM \}-.-0,625 DIAM, 8,00 DEEP

(TYP,)_.. i/

' _'_"........ I )_T_ ' - -" -_'/'--'-"-':':--: ....... ""-:_'_- ----_--3
LI:7::.:.I . . _ ......... -_--.-.-:-::--- -.=_._,_-_.... -- ,0,7,50

_:.. _-__==--.-:_-__-_.-_-_.T_................ _._
\

k

' )--0,625 Di_,I, 1S,O0 DEEP
/

/
............. "__ , L

.......................... ,-..r--:=...=.-........................T
ca)

_,,----5,25 (TYP,)--.--,4_ 1 1 18,00 ._

1,25 (TYP,)--.._.... ' --3,00 ' _-'5-1'00 (TYP,) . ' |

Ol_ ........... ..=_- _ .

"--1.47DIAM
_'-1,25 DIAM (TYP.) "

(TYP.)-'.., _ | | |

F_- "-:--::"_._--" ......... .... . | L

__...... 1----I \ ....."_---ROUNDEDACHETHREAD
/ \

1,98 DIAM(TYP,)-'J X_I, 13 DIAM

_.................................................I_.oo............................................_ '
l _ 3,1& |

\ _ ROUNDE-I)ACHETItREAI_
\- I, 50 DIAt,,

(b)

(a) Advanced specimerl designs,
(b) Reference specimen designs,

Figure 7.1-I,.Mel_d slt,d designs invesligaled, (Dimensions are in inches.)
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r o,0IG±O,O02R
I (l/Gq NOMINAL)' 0,029

O,01G 0,022 I
0,009TIP /- .j I i-0,OL4I:_.0,00211 _'--_

'] _ I (1132 NOMINAL) I |

o,o_o _"--"-'_I _"---'_ I "---"_ I)

I0,,I I, , o,0,o,o,o_ I I I_" Hc"-'l C"AMPm_
o.o_,8 -- ,_81"o.o_--1

ta) (bi

•,...........O,?00 ....... 1 [- 111,5o
I |"_ 0,150 ......._ r iii,5 o ,

............. o,o3o,-i,I I \--I Io,_,,o,_-_ _ ,, , - , ,, - '
,,/_,.,' , / \ / \ o,_oo.,,,,_, ,-,__ ,j,' _ ........__ Y ,.L_J_ _ 0°''_+.

o,o,,,........i....o., o. o,o9,,.I
tc) td)

ta)Standard Zutockthread,
(b) Modified Mark II Zuleck thread,

tc) Deep Acme thread,
td) Shallow Acme thread,

Figure "7,l...2,--Threads used on Ix)rtitm o1'metal studs embedded in laminated wood, Ali threads are ring shltpe (helix tingle, 0°), (Dimensions llre in inches,)
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'I'AI_IMi7,I-II,--.TI:_,NSION-TF¢NSIONI:ATI(_tUI:i 7,2 Steel Stud Fatigue Tests
SCRI_:I_NIN(.tTI_S'I'SOF METAl, STUDS

Fallgue lesls were conducted on designs 4, 4a, and 5,
IEtghtbonded18-in,-Iongstudctml'iguralt_ms "J'eil_ttlln-lenstOll,Compresslon-corupresslon, aild simulated

embeddedIn 3- I+y3-in, htmlluttedi)m_glus l'e_,'et'setlXt£titer|slon-coll]pl'esstontesi,',;were conducte,d, Te,.;ts
Ilr/e.poxy,l',.,,chne.t_,s_mdbondedwithasbeslt_s- were condtlcled at rOOlll telllperatLll'e lind Iii lO() and 120 oE,
lhlckem;depoxyudhoslve.Sluds,,11411steel "l'estswere also conducted with both asbestosand carbon-filled
unh.Nsiloloddifferenlly;stressraliu,R, O.1,1,1

epoxy resins tLsedlhr bonding the studs to the hmfinuted wend,......

specimen Mlnimunl Maximum Cycles Ali clesigns were nel tested al ali conditions, The fatigue data
design hind. load, It, are tabulated tn tables 7.2-I to 7,2-1II and plotted in figures

Ib. Ib failure 7,2-1 lo 7,2--3,

----:,-7 ..... 49111.) 35(11111 167O4 7,2,1 Fatigue strength at room temperature.--Figures
I 4_20 33000 ,19,11)58 7,2-1 and 7,2-2 slmw the results of tension-tension,

compression-compression, and shnulated reverse axial tension-
_'2 45211 3301x_ _,6_,t_)o c.mlpression titttgue tests on specimen designs 4, 4a, and 5,

2 4520 33(xx) 929 382 See l'igure 7, 1-1 and table 7, 1-I for the speciilaen design
details, As previously noted, the metal studs in designs 4 andc3 6300 45 ()(XI 160 3811
5 were similar, The differences were in the mnount o1""3 6300 45 000 122 364

nonlinear taper in the st,ld wall and the slit'fness oi' ,tie wooden

4 56(X) 4(1000 171 190 block part of the specimen, Carbon tibers were placed between
4 561x) 400110 1246o8 the veneers to increase stiffness and hnprove the strain
4 4481) 32 000 2 228 652 compatibility between the wood alid the metal studs in

5 [ 63(_) 45 ()(Yd 4t_l. 7bf_ design 5,
5 _ 6311tl '45 000 438 66O Figure 7,2--I(a) Shows the tension-tension fatigue strength

i

of specimen design 4. In a manner similar to (ither fatigue tests
% 4900 35(.)00 91 512 previously discussed, it'a specimen did not thil before the test

was terminated, the specirnen data were used to calcuhtte the7 28110 20 011(I 663 1311

7 2800 20 000 .283 392 regression line ii' the point fell above the regression line but
not ii' lt MI below the regression line, '1'he untittled specimen

8 56(X) 40000 74 I)73 data points are marked with a horizontal arrow, In most cases
8 49(10 35000 217 72') testing was terminated because oi'grip I'ailure, but in (mc case

uS,mit' ,.peclullcnc,mH,IclcdI (K_7'_52cyt'l ..... 130OIX)IbwithHi.,I the stud threads failed, The reasons for the test termination
s,,_,.... are listed in the tables,

h(iHl_[ailed
'h_,,,,,,,,,_t,d. TWO thread configurations on the portion ot' the studs

,Is,,,,__p_.,,,,_,,,_.,,,,,,,i,:t_,_J_,._l_,_4,:.d,.,,,,_s_,,,,,,:_:s_,,,, embedded in the wood were tested (see t'ig, 7.1-2 for details
,,.,h,,,,,,,,,,_, of the standard Zuteck thread and the modified Mark II Zuteck

thread), The specimens tested to failure showed little or no
difterence in liltigue strength, as measured by le'_d on the stud,
of the specimens with the two threadS, The modified thread

/.-REGRESSIONLINECONSIDERING lends itself to easier and cheaper rnanufltcturing,
// ALLEIGHT CONFIGURATIONS la'or design 4 at 1 million cycle_; the carbon-filled adhesive

G0_103 / (or resin) resulted in a fatigue fitilure h)ad L approximately
-- / STUDSPECI_.NDESIGN(FRG,7,1-1) 37 percent higher than for asbestos-filled adhesive, The

d "__ 3 3 5CO (II) difference was somewhat higher at a greater number of cycles.
40- "_-._Q, A similar trend was observed for design 5 except that the

o_ 1 carbon-filled adhesive exhibited only a 19 percent increase in
- failure load relative to the asbestos-filled adhesive. With

R = 0,14 ' __- carbon-filled adhesive iraboth designs 4 and 5, design 5 was
I I20 I 1 0 -_ about 16 percent stronger than design 4 at I million cycles.

lo_ lo4 _o'-; lO_ lo7 _o8 The improved strain compatibility obtained by adding the
CYCt.ESro FAIt.IJRE.N carbon fibers between the wood lanfinations was theretiH'e

Figure 7, I..3,--.Tension-tension littiguc streHgth screening lt:sls (R = O,14) shown to be beneficial,
of cit,ht ccmliguralicms t)f metal sluds embedded in lamillalcd l;{mghts
fir/epoxy spccimettsand blinded with ustwsms-thickencdept_xy udhcsive, Figure 7,2-2(a) shows sinluh.lled reverse axial tension-.

I;_,t_rflI{.'lnlX:ralurctests,(NumbersatUacentlosyrHIx_lsdenolestudSlmchrletl colnpression tittigue strength for designs 4 Gild 5. Because of
design [fig. 7,1--11 the clevis design in the test specimen (fig, 2,3--13) cunventkmal
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'rABI,I_ 7+2-1,_..I_A'rI(.JUI! rl!s'rs C)l,' SPI:,X'IMI,,'N 'rAlIl,li 7,2--II,..-I"ATI(]UI", Ti,',,S'I',S ()F ,SPI_('IMI!N
MIWAI, STill.)DI<;SI(IN4 M I!'J'AI,STill)I)I,_,SI(IN5

[Nunlinem ulPered,114(1stu,elsll.ltls lit In. lun_ embedded INunlii,.,m ullwi'ed ,1I4(I sleel .,dtltl._ 18 iii. lung t,mht,tMed
i113- by.t-hl, hllllhlm(Jdl)(rl_hl._ t'ir/elX_XY._l)echllem;aral hl 3. by 3-iii, hllllh|lllod l),,mghls Ih'/epoxy hluck with
hundedwithtlSllUSt,__s-nrcm'btm-t'iber-filledUlXX,_yre'4n, ciII'[I(HIlilwriltl[llllellllllhmhclwr,ml pile.s,,Slutlsllundud

(C.'arhull-Iille,.Ir_!sinunles.sm_ted.)l wilh m.,bt,.,,hL_-urctll'hon-Ilher-Iilled epuxy I'eshl. (('ill'h(m

(IllTetlsitul-tennituil'£111gue filledresinUllh.L_nlli_It!+.l,)]

....................................++--].......................................(._ycluSlre.ssPviiliilliUlnMtl.v,ilntilllCYcle.',, (II)"I'ellSi(Vll+l<.'ll.+.,hmlIlli_tlt.'

.......................................I........................{.........................I.............................l'Ilte,. rllliu, hind, " Irmd, I_D Cy<.'le ,_11:s,s,Mlnhmun Ml|xiillllin C'),{.,les

I-I/, R II, Ib I'_iihm., rate,, r_u(J,I hind, [ lu_rl, I I_

:_.5 o.14 5_-,u()4o(_uu ,,17t_x_ .............................Hz ,I I ii, I It-,I r_,m,,._.,').() (L1.4 5 60(I .Iii(1(1(1 '_125IX)(1

3,5 O,14' 4 4t40 I ._2 (1{}() +,222t) (X)O 3,6-,1, I (. 1,1[ b 3(1(1 ,15 (1(1(1 ,4()5 IIlIl)
,l+O ' 11,i|) 6 5(10 ft5 ()(l() bi7 (1(1(i ._.() 3,8 ,14 I 6 300 45 ()()() _43tj (l()()

I [ 4 8(}0 .18()(_0 433.0()(I ,l,() , I0 ] 7 2(.X) 72 Otl{) ,l() 30{)
3 5()() 35 Ot)() t'X,112II(XI _t'() I 5 ()(1(1 50 (l(l() _G76()(,)(1

, 5 5(1(1 55 0(1(_ 261 000 4,5 I 3 23(`) 32 ?,()(1 +ubl24,l or)t).l._+I ,+5ot)() 17_.li(x)() 4,5 I 4 (._(l(i d(}(i(l() g(16(I(I()

l I -1800 .l_I(iOn 371 (,)rX) 4,(,) 5 200 52 ii(I() Iq6 (IC1(III

, A, b 5t}O 65 tIl)(I t'tl 8(X1 ,1,(1 I '5 5(1(1 55 11(1(1 3(1(I()(10
.....................:- 'I 97 3(I() "I 'I.() _, (_()0(1 0()0()(1 lh3 (}(I0

......................... I 1II4()0/) "1 3,() I _ ()()() I,I()(1(1(1 28 4()(1

' _.L/L........LLL:.......LLL_-_L_._i....I{.!().[?_!... ,1 4.u 4 ,_uc) 4._I,)uo ,2._l._i)ou
' 4,2 6 3(1(I 63 ()00 21c) 0(1()

(l_) "['CllSioll-lellsloll I'ali_llt; mt)dit]ed sltld Ihreml (see 4,() b 5()(1 b5 1)()0 117 (1(1(1

fig, 7.1-21 3,4 I 7 (1(1(,) 7(1 (1(1(1 '146 t1(1(I

IF .....................................
I £+(1 - ,ISt)() .III(,tlt) _'I()5i,+I 4,i, ' I _i()()(9 5(`)()(){) { (,'_7I){)()- , ............................i .........:..............i-:

4.5 ! i b 0()0 (ill0()() b227(101 .......................................................

5,() ' 5 3(1() 53 O(lO _'2I 2tX)] (I}) Bh,ck hmding tcnsh,n-c_,nq_lessiunfatigue', ten_iun cycles
5.5 I 4 8(I(1 .Iii()(I()_'I53(,(I001 listedilt"cyclest(,failure";Iuslsrtlllili[)l()<...'k.,.;(,l'It,llSioll-

5.2 i v 5 (.)(I( 50 (}<I() 327 (l(_.I K'IISI(IIIc)',..'Icslindblucksur c:umru'essi(,n+cunqlrcssi{m........................................... cyclesalh'.....(i.I()_t_tlh'= IO

(c)Bhwk loadingIt'llSi_II-t'(_llll+_l'e,ssit_II[;Iligtle; Iellsl_ql .........................................................................................................1
c_..,:luslisted.in'"t..y,..le_,tufuihm.,'"Ce,slsruni_hl(i<+'ks ,I.I i --I+(1 .---57.(10(1 57 (1(1(1 -_'I7i1i)()iiI

t,l'LUllsiun-tu'nsi(mcy+.;iusum.lbkwk>,uft:umprussiut1+ 4,(1 i -I,() .--(1()(1(1(1 6()(1(1(1 128()(1(11
clmll'u'es_,i(mcycle,'.,al R ::: (). 1(1aral R -:'- I() 4. I i _ I,() - S()tl()O Sit (II)0 el ,:175(lO()[

................... [.................. I

4.1 !-.,I,(1 -+-51)(1(I05()0()() ,-'17fi(IO()] .............................

+'."i --'." ..... ,,4 ".....:,.i;..... ...........;i;-Jii..... i-ii)ii.... I
..................................................... I 4.5 I(),0] .-55()() ....55 0()() 4 2,-11()(1()

, -.... 7t, (,(,(,
(d) (.',,,,,P,.,.,_,,,,,,,,Im,_u,., l ,1,() i It),() / --7()()0 i I.l ()()()l........................... r ..................................................................... ,

4.() . II).() -' 5 5()() [ "-53 ()()() 243 0(}() t llAqw,,ttr., lllb.,i 'e_,57, I)O() ('(llltl)lVn..l_lll ,:_cle',

-l.(I -. ,l ()(}() • "/'() (){)() "_(._ li[II) li+NII ]flihlll' [.l_ _j()() ('lUlllllt'_,_.ltlll t_vl_.",

:]. I i ' 5 ()()() "5() ()(}() 1() 12/ 0(1() I"NlUd IIIIollds hul_-'d _1 -171 (1_1_1('_,tUl)U,..,,,shm ',)Hes-I () / I -.-('1 ()()() [ + ()() ()(){.) 1(17 ()()()1 I!(tlll' liHh+d

......i......I .............1........................J..............................................l
-\ ,ht',l(i,, li]Icl di ,! II} I)_l ('OllilqC',,l_lll k'_k'_C',

b(+ill_ I,ll{t'l+ e {'[ iI{l{l('_,llXl,lC_,,h,ll _.vlt ._,

_ I;IIl11+,lh' l_hld ICnl I I? ()(_) [,+tll[tJ)l_'h_[qlll k',LIc%

l'cvcrsc axial tcn.'.;hm-ccm_pru,.,;sit+m test.,.+ wcrc riot l'easiblc 'rhu data it+liguru 7,2--2(a) .,+how ;.t ct'tL,;stwcr il,)thu regn.'.ssi(m
: bucuusc clcttranccs re,,+ulted it_ dynamic h)ading when clutrlgirlg lit_+..'s at ab(,ul 25 ()()0 cy<.:lus,'l'hu liyure sh_)v,,s (.I¢.,+ign 5 t()

fr(,m c(,nll-,rcssi(,r_ t(, tcnsic,n, As a rusult sinlulatcd tests were be sui,¢ri(,r I'(,r eyclus higher thmn 25 ()()0, lt is unlikely,

c(mduclud in which bI()cks()ftcnsi()n-tcnsi(ml'atigt.luuyclus lt()wu\,ur,thut Iigure7,2-.-2(a)istttruc rcprusuntttti(mt)l'the

wurc n.lnfir.stand then bI('_ckst)I"c()rnlm_,,,;,,;i(m-utm,)I_rcsxi()nactuttlfatiguucImructcristics,Additi(mal data w(mld I_robaIfly

I'atiguucycles, The sttrne rlumbur t)r tun,'.;i(m-tur,),,+iunand sitow +.tflattur,,.:,it_,i"JuI'(_rdu,,;ign4 and thu crt_,s,'-;rwurwtmld

u()mpg'cssi(,m-c(mq_russitmfutiguccycles wcrc not nucus,,++.trily bu clir_inutud,AIth(,uyh stttliclostdata wc'rc avuiluhlc I'cu'

c(mq_Ic,.tud+.tl_,peuirnunfailure,'rhupI(_t,,.+listlhc tu.nsi<mcycle.,.;, dusi+..m4 (table7,2--.I(a)),:,;i_l,)ilarthlm were m_,Iav+_ilubluFur
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TAI.II.I! 7,2-111.--TI{NSION-TI!NSION I,'A'i'IC1LII{OI z MH'AI, SitDS"'I '

AT EI,I_VATI_',D TEM PI!{RATURI_,S

IN_mlhlcltr 4140 tapered steel studs 18 I11,It}llg enll+e(idtxl {1|3-by 3..hl, hut|lnllled

l)t+u_hts,tldUl>oxy blocks, Stttdmbc.lded with cttrl+(m.l'il:_or-lilledopt_xy rosin, ,qIl'o.qs
ratio, R, (I, !0 Io (1,1,1,1

(a) Speclltmn design 4 (b) Stud ut+nfigtlrltll.n 5,

Tesi M_txlnlttm Cycles Test Mttxlnltlm Cycles

tOltll'lt_r/dltlro, hind, lo lelnl_el'Mtlro, hmtl, t_
*1,' Ib I'ldlUl'e *I: Ib fltlhire

12(1 60 000 264 12(I 6{) I)O0 604

120 50 O(X) 125 120 50 (IO(I I 603

I(K) 50 000 1332 I(X) 50 (X)O 2 437

ICX) 35 (XX) 8 703 I(X) 35 ()(X) 50 044

I(X) ,67 1(XI I IO0 "108600 I
....... ,.....

atUllhtml,,'hmd ltml,

AD!It!S1VI! RIiGRESSION E(_UAI I ON

CARBO!t-FIIIER- L " 125 337 N"0'0710q
FILLED RE,qlN

[3 ASBESIOS-FII_I.ED[ :'1011857 N-0,08110

80X103 RESIN

-- 0 I S[ANDARD1UII'.CKIlIREAD, DESI(INli

[]
$

"-.J_" & MOI)IFIFI)MARK11 ZUTECKIIIREAI), DE,t;IGNIIA
60 " "

ii0 " "_' " "" "" " "" R"" " = 0,1

_3 Ka) ''-R = 0,11_

_0- I 1 I I I
o 100x103

--'--O---- CARBON-FIBER- t = 19ii 751 N-0'09187

80 FILLED RESIN
--"-{D--- ASIIESIOS-FILL.ED1. = 170 058 N-0'09q51

RESIN
6O

40

"'"""',..._R_ '_0,1

" " "" I( = 0,111

(b)

_o ......I I t I I
03 10h 105 10L 107 108

CYCLESI0 FAILURE, N

(lt) Design 4 with two thread c(mllguratioim (sue tl_.., 7.1_2).

(b) l)esig|| 5 (stt_ll(r iis design 4 except differenl taper and w.od wits mlgmerlted with clu'l_(m fibers between verleors I(, hs(:ro_t._cstill'hess mtd thus lnll}r(we
strain cimqmtihtlity with stud),

t:"Jgurc 7.2.- l.---TezlSiOli..tenshm I'£itigtic strength tests (R = O, 1 and O, 14) o1' tw(_ metal stud designs elZfl_etldetl in I+llllllllltetl i)otlghts fir/el)t_xy spt_chnells
with carbon-fiber- mid asbestus-thickent:d adhesive (reshl) Ior htmdlng stutl:_ to wood, Ro(ml-tcrtipermurc tests,
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- 100xI0,3 DESION RI'.GRE_'._SIONEOUAIION

-80 "" ...
",,, ,.,,

_".-..._"_,.,, _ _ !_ [. = 91 67; j N ''0'0]15q7

-60 -- ..._'_'L2"__[]----.._,_ ----0---- II L _ 155loll N'0'09223

ta)

-20 I .__. I I ,I I
-100,o2

---'E_-'- 5 L - 150887N-0'_573
-80 ".-,....,.... "'--....._._ ----0"--- Ii t. = fig 582 N"0'051130

-
-60 - - "" "0 _ ...._,_'_

_ R-- _() 0 _"-,---..._

-40 _ ...........

103 10q 105 106 107 108
CYCLESTOFAILURE,N

la) Simulatedreverseaxial len,sioli.compre.,,,si(mfatigue,('I'en,si(mcyclesli,sled,)"l'estsrun irl hh_cKs()I' len,sion-lensiun(P = O,l) undblocks ()I cornpressi(m-
c'(mH)resshm(R = 10)cycles, at slre,ssratlasR of O.I and l(J,

(b) C,.)lnprossltm-COml_re,ssh)nfatiguestrength(R = lO).

Figure 7,2-2,-C()mpre,s,slon-ctmlpro,ssionflltiglle and simulatedreverseaxlul leash.m-el)repros,shinfldigue slre|lglh o[' lwo l_)olal̀studtest specimendesigns,
R()(m)-tomperatureto,sls,Studsbondedwith curbori-l]ber-fillodepoxy re,sln,

design 5. Such data might have shown whether a crossover 7.3 Conclusions Drawn Front Fatigue Testing of Studs

was realistic. Static data were not used in calculating any of
Metal studs can be used to attach htminated-wood structure:,;

the regression lines for metal stud fatigue test specimens, Use
to metal structures, The studs can be embedded and bonded

of such data would have increased regression line slope in to the wood in such a manner that fatigue loads of 20 (gO0Ib
nearly all cases and would have resulted in a much poorer fit
of the fatigue data, or more can be applied to each stud for I(X) million cycles

7,2,2 Fatigue strength at 100 to 120 "/,",-.Figure 7,2-3 or less at room ternperaturc, Increasing the ternperature to

shows the effect of modestly increasing the temperature level I(X.) "la` reduced these permissible loads by a factor o1'2 or

on the fatigue thilure load for designs 4 and 5, Data fl:_r more, The data also show that the stud design should

temperature,; of both 100 and 120 °F emphasize strain compatibility between the stud and the
', were combined in wooden structure, The specimens exhibiting the best fatigue

calculating the regression lines, There appears to be little life were those that improved compatibility through reduced

difference in fatigue strength lyetween th'e I(X) und 120 °F data, stud modulus. These specimens had titanium studs, had thin

but there is a significant reduction in fatigue failure load stud walls achieved by counterdrilling and using a nonlinear

relative to the strength at roorn temperature, The fatigue failure wall thickness, or had stiffer wooden structures augmented
loads tbr temperatures (_[ 100 to 12(.) °F were one-half or less with carbon fiber between the wood veneers,
of the rt.,_m/-temperature failure loads at 1 milli(m cycles,

Design 5 was still slightly stronger than design 4 at the higher

test ternperatures,
i
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I00xI0_
ll!t;lII:t,II'I:+II^IURE,lql;(Jlff,%lOHl!(+lJ/_llOt+

F f}t:

| "" -._ _ {0 12,0 t. _' 92 I]olt N"°' )_JW.G

I- "_'- ----lo 1oo
GO_,.... 0 '_...,_, .... I(OOM L = 125 551 N-O'!)/lOq

(a_ l . =o,1[o o,'1,_
.3

_ lOOXlO_,_

_,l+80F "''" "" -. .____Io[] 12010o,.+1_,,oo?,-o,.11++'_ I)9181
"_'-_,,_ ------ I,tOOH L _ ltJII 151 11.0.

_ '_ .+., '_'_.._ (FIG, 7,2-+1(b))

' ,._,

. _',_ ,,
_'_ ,

iio '_"" I1 = O,1

(b) _R ='0,1 I00,lq

,+o [ _.t I L ._ I
102 103 10q 105' 106 101

CYCt.[!SI0 l^ILtJlff,_I

(a)Dcslgn4.

(b) l.)esigrl 5,

Figure 7.2--3,-,-Te.sion-tensio. fatigue strength at elevated temperature of two metal stud test specimen desiglm fur .,+tressrtr los R of 0,10 to 0,14,
Studs bonded with earbon-llber-filled epoxy resin,

8.0 Concluding Remarks thousand square feet of double glue line ,,,asused for nearly
ali of the data presented,

This chapter has attempted to provide a collection of" Most of the data presented have been cc_rrectedto 6 percent
unpublished data available on laminated Douglas fir/epoxy laminate mt)isturecontent by using an eqlmtion and c(:mstants
material, The test restllts reported herein arc the work of that appear reasonable, Uncorrected dal_aare also listed in

several organizations, which are listed in chapter I, The tables throughout the chapter to permit re vorking of the data,

laminates were 0,1 in, thick and the grainofall laminates was The highlights of this chapter plus t_aedevelopment oforiented in the same direction, Several grades of Douglas fir mathematical models to represent strengtl data are presented
were investigated. Epoxy glue applied at 60 pounds per in chapter !II,
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