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EFFECT OF MANUFACTURING TEMPERATURE OF LAMINATED

VENEER LUMBER ON DURATION OF LOAD BEHAVIOR

ABSTRACT

By Melissa Ann Verwest, M.S.
Washington State University
May 2002

Chair: Kenneth J. Fridley

The structural properties of laminated veneer lumber (LVL) are influenced by several
factors of the manufacturing process. While the effects of veneer quality and placement have
been studied extensively, other manufacturing parameters have not been given adequate
attention. The effect of manufacturing temperature on mechanical and duration of |oad
properties of 38 mm by 89 mm by 2.44 m (nominal 2 in. by 4 in. by 8 ft) Douglas-fir laminated
veneer lumber was investigated. Manufacturing temperatures common to the LVL production
industry (149°C (300°F)), dightly higher than industry (171°C (340°F)), and much higher than
industry (193°C (380°F)) were used for this study. It was found that the static |oad-displacement
behavior was indeed affected by manufacturing temperature. Although affected, mechanical
properties were not overly sensitive to manufacturing temperature differences.

Wood exhibits two separate yet related phenomena, which are creep and creep-rupture.
Both phenomena define the time dependent behavior of wood. Over time, a sustained load
causes an increase in deformation. This increase in deformation is known as creep. Creep-

rupture, the eventual failure of the wood material, occurs because of the failure of the specimen



to sustain constant load over time due to increased deformation during that time (creep). Dueto
safety concerns, creep-rupture behavior is of more interest to code officials as well as building
designers.

For load-duration behavior, no statistical significance was found with the duration of load
deflections (initial, failure, and survival deflections) compared between temperature categories.
Also, the exponential damage rate model (EDRM) was successfully used to model the behavior.
Temperature effects were apparent but moderate between the low temperature and the higher
temperatures. Calculated design adjustment factors from this study, based on the individual
EDRM curves, were different than those from the Madison curve and thus different from current

|oad-duration design adjustment factors used for solid sawn lumber.
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CHAPTER ONE

INTRODUCTION AND BACKGROUND

INTRODUCTION

As the timber industry changes, the demand for new products increases. Timber
available nowadays is both smaller in diameter and lower in quality than in the past (McKeever,
1997). Thisfact, however, has not changed the increasing demand for wood seen year after year.
To meet the demand and to combat the lower quality solid sawn lumber available, engineered
wood products have become increasingly popular.

One such engineered wood product is laminated veneer lumber. This product is
manufactured purposely to compete with solid sawn lumber (McKeever, 1997). Vlosky et al.
(1994) reported that in 1992, North American production of structural LVL was 649 x 10° m®
(275 million board feet). Production was expected to increase rapidly and projected production
in 2002 was 2.34 x 10° m® (1000 million board feet) (Vlosky et al., 1994). The reported figure
by McKeever (1997) for 1996 was 1.327 x 10° m* (565 million board feet). The increase had
more than doubled in only four years. Clearly, laminated veneer lumber was gaining popularity
and continues to do so.

AsLVL gains popularity, the behavior of the product must be better understood.
Currently, while general process is common knowledge, the details of the manufacturing process
of laminated veneer lumber are proprietary. ASTM D5456 (1993), a standard for the evaluation
of structural composite lumber products, specifically notes, “There is some potential for
manufacturing variables to affect the properties of members that are loaded for sustained periods

of time.” Within the commentary of the standard (X1.2.2.1) it is stated,



Generally, it is expected that composites as defined in this specification will

perform similarly to other wood structural members when subjected to load for

sustained periods. It is possible, however, that manufacturing procedures will

adversely affect this performance.

Two of the manufacturing parameters that are suspected of causing adverse affects are low
adhesive spread and improperly controlled time/temperature cycles.

Temperatures used during the manufacturing process surpass mere dehydration of the
wood. In fact, common LVL production temperatures, 145°C to 160°C (293°F to 320°F), are
relatively near the temperature associated with pyrolytic processes (200°C). Thisis significant
since, if wood is heated for prolonged periods of time, the elevated temperature changes may
cause permanent damage. Theresult isalossin weight and strength, and an actual degradation
of the wood substance. Understanding how manufacturing temperature affects the duration of
load response of LVL will help to refine the manufacturing process and further knowledge of
laminated veneer lumber response performance under duration of load.

Time dependant behavior of structural composites is important because like many
materials, wood is affected by two separate yet related phenomena, which are creep and creep-
rupture. Both phenomena define the time dependant behavior of wood. Over time, a sustained
load causes an increase in deformation. Thisincrease in deformation is known as creep. Creep
rupture, the eventual failure of the wood material, occurs because of the failure of the specimen
to sustain constant load over time due to increased deformation during that time (creep). Dueto
safety concerns, creep-rupture behavior is of more interest to code officials as well as building
designers.

The research and analysis within this thesis passes through several stages before the main

objective is addressed. Conclusions made after each stage further the knowledge needed for the

succeeding stages. First, amanufacturing process is developed and analyzed. Second,



nondestructive techniques are examined to determine the best technique to predict mechanical
properties. Third, full sized solid sawn lumber is subjected to the conditions of the
manufacturing process with afocus on temperature. The solid sawn lumber is evaluated for both
mechanical properties and load-duration behavior. Fourth, full sized laminated veneer lumber,
manufactured with different temperatures, is evaluated for effects on mechanical properties.
Fifth, the main objective, effects of elevated manufacturing temperature on load-duration

behavior is addressed.

BACKGROUND

The multistage format of this research warranted research in several areas of study. This

section is separated into subsections to provide attention to each pertinent area of study.

NONDESTRUCTIVE TESTING

Research involving vibrations in wood started as early as the mid seventeen hundreds due
to the investigation of their use in musical instruments (Pellerin, 1965). A major initiation of
nondestructive techniques for wood analysis was made by Jayne (1959). Jayne hypothesized that
the mechanisms that controlled static behavior were the same as those that could be measured
nondestructively in the form of energy storage and dissipation within wood. In the study, Jayne
used transverse vibration on small clear wood specimens to verify the hypothesis of the relation
between static properties and energy storage and dissipation. The result was a verification of the
relationship between the static and the dynamic modulus of elasticity (Egynamic). The hypothesis
has prompted much research in the area of nondestructive techniques for testing strength and

stiffness of wood members. Currently, there are three common techniques for nondestructive



assessment: low load static bending (technique used for MSR lumber), transverse vibration, and
stress wave propagation (Ross and Pellerin 1994).

The use of alongitudinal stress wave in wood evaluation has been investigated for over
forty years (Gerhards, 1982). The mgority of this research has involved the comparison of the
dynamic modulus of elasticity to the static bending elasticity (Esaic) in lumber specimens. The
results have proven a strong correlation between the two moduli. For lumber, with a moisture
content of twelve percent, Bell et al. (1954) reported a correlation coefficient of 0.98, with the
dynamic modulus obtained from resonant frequency. Also using resonant frequency (Equation
1-1), Pellerin (1965) found the same correlation coefficient for construction lumber (numerous
grades) with combined moisture contents of six and nine percent.

o XvoL>

CoHix

(1-1)

Eq = dynamic modulus of elasticity

C = constant (dependant upon the support conditions)

fn = resonant frequency

w = beam weight

L = beam length

| = moment of inertia

g = acceleration due to gravity
Porter et al. (1972) had similar findings using a digital computer for determining a dynamic
modulus. However, with alarger sample size and moisture content of ten percent, the correlation

was lower at 0.90.



Simplification of the differential equation for wave propagation (Equation 1-2), has
become a common way to determine the dynamic modulus of elasticity through the use of
impact stress waves.

Egynamic = I C° 1-2

Edynamic = calculated dynamic modulus of elasticity

r =densty

C = average longitudinal stress wave speed (three readings for this research)

Using this approach, Lanius et al. (1981) reported an even lower correlation coefficient of 0.824
for No. 1 and No. 2 Douglas-fir 50 mm by 150 mm (2 in. by 6 in.) with a seven percent moisture
content. Gerhards (1982) summarized results of this relationship from severa studies. The
overall trend was a very high correlation of the two moduli (coefficients between 0.87 and 0.99).
It was also noted that the correspondence between the moduli was not one-to-one. For Bell et al.
(1954), the ratio of the dynamic to static modulus was 1.23, and for Porter et a. (1972), theratio
was 1.04. Thistrend of higher dynamic modulus values was also seen in the Pellerin (1965) and
Lanius (1981) studies. In addition, Gerhards (1982) noted that the type of longitudinal stress
wave, impact or ultrasonic instrumentation, did not yield different stress wave speeds.

Stress wave time techniques have been used to evaluate the same relationships for veneer
sheets and more recently, laminated veneer lumber. Using the equation 1-2, Koch and Woodson,
(1968) and Jung (1982) determined the Egynamic Of individual veneer sheets. Koch and Woodson
(1968) found a high correlation coefficient (0.94) between the stress wave modulus of elasticity
and the static tension modulus of elasticity. Kimmel and Janowiak (1995) did not go as far asto
calculate an Egynamic for veneer sheets but instead suggested that the ultrasonic propagation time

was adequate to separate veneers for better mechanica performance of yellow-poplar and red



maple LVL. Research done by Pu and Tang (1997) reported good correlation for solid sawn
southern pine lumber but less accurate predictions for LVL of the same species. Their results
also followed the solid sawn trend of nondestructive values being higher than static destructive
bending values.

A difficulty in predicting beam stiffness in laminated veneer lumber is that the laminates
will inherently have different properties. One technique to examine laminated sectionsis to use
transformed sections analysis. This method involves transforming the geometry of the
composite so that the new section has a constant stiffness. However, the calculation process is
extensive. Another approach is to use the laminated beam theory (Timoshenko and Goodier,
1970). Thistheory makes a distinction between both horizontal and vertical laminates. The

apparent bending modulus of elasticity is defined as the following (Equation 1-3 and 1-4):

12 1-3
Ecomposite = DX—3 (1-3)
bx
g e 2 tis(.)
where D= a b|>E|>Qt| i *—~ (1 - 4)
=1 e 12¢g
i =

D = bending stiffness
E; = dynamic modulus of elasticity for individual veneer sheets

Vertica (edgewise) Orientation Horizonta (flatwise) Orientation

b = thickness of the section b = by = width of the beam

by = thickness of the individual veneers t = thickness of the section

t = t; = width of the beam t; = thickness of the individual veneers
d=0 d; = distance from composite neutral axisto

laminate neutral axis



The individual modulus of elasticity values for the veneer sheets, E;, are found using longitudinal
stresswaves. An attempt at predicting the mechanical properties for parallel-laminated veneer
members in edgewise bending was made by Jung (1982). The method was to predict the
members modulus of easticity by averaging the dynamic moduli of the veneer sheets.
Although robust and reportedly well correlated, this method neglects the contribution of both
veneer and section dimensions. The overall trend also deviated from other findings in that the
dynamic modulus of elasticity values were lower than the mechanical modulus of elasticity
values.

Much consideration has also been given to the relationship between the modulus of
elasticity (MOE) and the modulus of rupture (MOR). The aim has been to be able to predict the
strength of a member by correlation of its dynamic modulus of elasticity. James (1964) provided
regression analysis between modulus of rupture and both Egynamic and Esaic. The correlation
coefficients for clear Douglas-fir specimens, at a moisture content of twelve percent, were 0.908
and 0.926, respectively. For construction lumber, Pellerin (1965) found high correlation between
the modulus of rupture and Egynamic. FOr moisture contents of six and nine percent, the
correlation coefficients were 0.89 and 0.90, respectively. In contrast, Jung (1982) found poor
correlation between strength and stiffness for coast Douglas-fir parallel-laminated veneer. For
edgewise bending, the mechanical MOE and the stress wave time predicted MOE had correlation
coefficients of 0.609 and 0.553, respectively.

Predicting the mechanical properties of laminated veneer lumber could be done using any

of the methods discussed above. Since there is uncertainty as to which method would best



predict actual mechanical properties, experimentation was done to determine the predictive

capability of the two methods.

TEMPERATURE EFFECTS

The strength of wood depends on its physical and chemical constitution. Chemically,
wood is made up of three basic components. cellulose, hemicellulose, and lignin (Panshin and
de Zeeuw, 1980). Heating causes these components to undergo changes such as shrinkage,
expansion, dehydration, thermal degradation, and phase change. Schaffer (1973) summarized

these changes in wood caused by thermal effectsin Table 1-1.

Table 1-1: Thermally Induced Changesin Dry Wood in an Inert Atmosphere (adapted from Schaffer 1973)

Temperature Thermal Induced Change
OC OF

55 131  Natura lignin structure is atered. Hemicelluloses begin to soften.

70 158  Transverse shrinkage of wood begins.

110 230 Lignin slowly begins weight loss.

120 248 Hemicellulose content begins to decrease, a-cellulose begins to increase.
Lignins begin to soften.

140 284 Bound water isfree.

160 320 Ligninismelted and begins to reharden.

180 356 Hemicelluloses begin rapid weight loss after losing 4 percent.
Lignin in torous flows.

200 392 Wood beginsto lose weight rapidly. Phenolic resin begins to form.
Cellulose dehydrates above this temperature.

210 410 Lignin hardens, resembles coke. Cellulose softens and depolymerizes.
Endothermic reaction changes to exothermic.

225 437 Cdlulose crystalinity decreases and recovers.

280 536 Lignin hasreached 10 percent weight loss. Cellulose begins to lose weight.

288 550  Assumed wood charring temperature.

300 572 Hardboard softensirrecoverably.

320 608 Hemicelluloses have completed degradation.

370 698 Cellulose has lost 83 percent of initial weight.

400 752 Wood is completely carbonized.




Shape and size of the member and type of loading need to be considered simultaneously.
Thisis because for short time exposures, the inner material of alarge specimen would not be
heated to the temperature of the surrounding medium (Wood Handbook, 1999). Therefore, itis
possible that the immediate effect on the strength of the inner material is less than the surface
material. However, the type of loading isimportant in determining if size may be of
consequence. In the case of bending, the greatest stress is experienced by the outer fibers. This
usually governs ultimate strength. Therefore, the fact the inner material may have experienced a
lower temperature than the surface material due to short-term exposure is of little concern as far

as temperature effect on member performance.

TEMPERATURE EFFECTSON MECHANICAL PROPERTIES. GENERAL AND SOLID SAWN LUMBER

There are two kinds of temperature effects; reversible and irreversible. For atemperature
effect to be reversible, the temperature must be below 100°C (212°F) and temperature change
must be immediate and quick. The Wood Handbook (1999) terms an immediate effect as “the
change in properties that occurs when wood is quickly heated or cooled and then tested at that
condition.” Immediate effects have been shown to reduce both the modulus of elasticity and
modulus of rupture with alinear relation to temperature (Gerhards, 1982; Wood Handbook,
1999). However, these effects tend to be reversible if the material is allowed to return to room
temperature conditions and then tested.

Irreversible effects occur when wood is heated for a prolonged period of time. Thislong-
term heating causes degradation of the wood and thus permanent damage. Theresultisalossin
weight and strength and alevel of degradation of the wood substance. The degree of degradation
and strength loss depends on factors including, but not limited to, heating medium, temperature,

duration of exposure, and, species, size, and moisture content of the member involved. To test



for permanent effects, the specimens must be conditioned back to room temperature conditions
otherwise results are influenced by immediate effects. However, as Green and Evans (1994)
noted, there is alack of guidance to render a precise time at which to expect permanent strength
loss. Thisisto say thetime frames of “quick” and “prolonged” are not clearly defined.

There have been several studies on the effect of environmental conditions on mechanical
properties of solid sawn lumber. Many of these studies center on the premise of manipulating
environmental parameters for both conditioning of the specimens and for the duration of the tests
being performed. For example, James (1961), tested the effect of elevated temperature and
moisture content on the speed of sound and on the Y oungs' s modulus (using longitudinal
vibration) of Douglas-fir. The testing procedure followed the conditions of immediate
temperature effects. He found that arise in temperature or moisture content caused a decreasein
the speed of sound in the wood and a decrease in the modulus of elasticity. The Wood
Handbook (1999) also cites increased moisture content or temperature as a source of decreased
structural properties.

Schaffer (1973) studied the immediate effects on compressive and tensile strength (both
parallel-to-the-grain) of Douglas-fir. Specimens, 25.4mm (1 in.) radia by 3.2 mm (0.125 in.)
tangential and 254 mm (10 in.) long, were brought to equilibrium at the elevated temperatures
within two minutes. The equilibrium temperature range tested was 25°C to 275°C (77°F to
527°F). Schaffer found that the immediate tensile strength was relatively insensitive to
temperature until 170°C (340°F) while thermally induced changes had a more pronounced
uniformed effect on compressive strength. For tensile strain at failure, an increase was apparent
from 140°C to 200°C (284°F to 392°F) before a decrease at higher temperatures. Schaffer (1973)

attributed this behavior to the softening and rehardening of the lignin that occurs at that

10



temperature range (Table 5-1). The compressive strain at failure was found to decrease
uniformly.

Gerhards (1982) presented a summary of all pertinent studies on the immediate effects on
the mechanical properties of wood. From all the studies that dated back to 1936, only five
studies involved extreme temperatures, that is, greater than environmental temperatures. None
of these five studies examined the temperature effects on bending strength. Four of these studies
examined the effects on modulus of easticity but the largest specimen only had cross sectional
dimensions of 20.1 mm by 20.1 mm (0.79 in. by 0.79 in.). For modulus of elasticity parallel to
the grain with a moisture content of zero percent, only the study by Schaffer (1973) had data
beyond 150°C (302°F). Although the overall data was represented by a decreasing linear
relationship, the curve generated by passing through the average data showed no changein
modulus of elasticity for the temperature range of 150°C to 200°C (302°F to 392°F). The relative
modulus of elasticity, for this range, was less than a twenty-five percent decrease with 25°C
(77°F) being the base temperature modulus of elasticity.

Gerhards (1982) also presented modulus of elasticity data involving extreme
temperatures from Preusser (1968) but noted that the conditioning temperatures, sustained for an
hour, were applied to specimens previously conditioned to twelve percent moisture content.
Thus, moisture effects most likely compounded the data, especially at the higher temperatures.

According to Gerhards' (1982) comprehensive study, available data for bending strength
was restricted to 125°C (257°F) for zero percent moisture content and 75°C (167°F) for equal or
greater than eleven percent moisture content. All of the relationships support decreasing linear
trends for both moisture content conditions. However, Gerhards (1982) concluded that bending

strength, compressive strength parallel-to-the-grain (Schaffer, 1973), and tensile strength
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perpendicul ar-to-the-grain appear to experience the same immediate temperature effect. He also
concluded that the temperature effects were greater at higher moisture contents.

In amore recent study, Fridley et al. (1992a) examined hygrothermal effects on the
mechanical properties of select structural Douglas-fir 38 mm by 89 mm (nominal 2 in. by 4in.).
The specimens were conditioned to environmental conditions of varied relative humidity levels
and temperature. Strong axis bending was performed at temperatures of 23°C, 38°C, and 54°C
(73°F, 100°F, and 130°F). The results of this study showed that the modulus of rupture and the
modulus of elasticity were affected by environmental hygrothermal conditions. At the same
relative humidity, arise in temperature caused a noticeable decrease in modulus of rupture.
However, the modulus of elasticity showed very little change due to temperature increase.
Models were devel oped but cautioned for use only with conditions of the study.

Irreversible effects, that is those associated with long-term temperature exposure and
permanent damage, have been the focus of more recent studies. However, the temperature
ranges of the published studies again do not reflect extreme temperatures. The main focus of
these studies remains high end environmental temperatures.

Inastudy by LeVan et a. (1990), the bending properties of wood treated with fire
retardant chemicals were examined at elevated temperatures. The research provided a control
group of 305 mm (12 in.) long untreated Southern Pine with a cross-section of 15.9 mm (0.625
in.) tangential by 35 mm (1.375in.) radial. The highest temperature of exposure was only 82°C
(180°F). Permanent effects were of interest at varied times of exposure, the smallest of which
was three days. After the time of exposure had elapsed, the specimens were reconditioned
before testing at 23°C (73°F) with a moisture content of twelve percent. Since no baseline of

zero exposure time was established for individual groups based on static tests (only the average

12



of al groups being noted found from stress wave time), the shortest time that could be used for
relative comparison was the three day exposure. Between the three and seven day exposures, it
was concluded that the modulus of elasticity and the modulus of rupture showed no change.
However, actual datarecorded for this exposure range shows a 3.8 percent and 5.1 percent
increase, respectively.

The study by LeVan et a. (1990) also gave insight to the mechanism that controls the
degradation of wood. Through analysis of the chemical composition of the thermally exposed
wood, she found that degradation of hemicelluloses was the major contributor to reduction of
strength.

Green and Evans (1994) published the two-year results from afour-year study on the
effects of ambient temperatures on flexural properties of lumber (nomina 2in. by 4in.). They
tested MSR graded Spruce-Pine-Fir (SPF) and LVL of the species Douglas-fir, Southern Pine,
and Y ellow-poplar. The conditioning temperature was 66°C (150°F) and the shortest time of
exposure tested was six months. Since Green and Evans (1994) were interested in permanent
effects, before static tests were performed, all specimens were removed from the elevated
temperature environment and reconditioned to 20°C (68°F). The results reported for SPF 1650F-
1.5E revealed that although the mean modulus of elasticity decreased overal for the two year
period, it actually increased 7.8 percent from zero to six months. SPF 2100F-1.8E hardly
exhibited any change in modulus of elasticity mean value for the two year period and also
increased from zero to six months (1.4 percent). Green and Evans (1994) concluded that for
modulus of elasticity, the rate of degradation was independent of the first two year exposure. For
modulus of rupture, both grades were reported to decrease (between five and nine percent) over

the first six month period.
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TEMPERATURE EFFECTSON MECHANICAL PROPERTIES. SPECIFIC FOR LAMINATED VENEER LUMBER

Specific data on immediate temperature effects of LVL is not readily available. Most of
the research of LVL hasinvolved lay-up practices, veneer quality, speciestype, relative
humidity, and nondestructive evaluation. ASTM D5456 (1993), a standard for evaluating
structural composite lumber products, states that materials predicted to be exposed for sustained
periods to temperatures not within the range of — 34°C to 65°F (-30°F to 150°F) should be
evaluated for the effect of temperature. Asof now, quality control for temperature is assured by
the manufactures of the engineered wood product.

There have been several studies on the effect of environmental conditions on mechanical
properties of solid sawn lumber (see section above). However, there exists little published
research concerning this topic for laminated veneer lumber. The temperature ranges of the few
published studies that do exist do not reflect manufacturing temperatures. The focus of these
studies were high end environmental temperatures and char rates (near 300°C (572°F)).

In astudy by Winandy (1991), the bending properties of plywood (veneer composed
panels) treated with fire retardant chemicals were examined at elevated temperatures. The
research provided a control group of 1.22 m by 2.44 m (4 ft by 8 ft) untreated Southern Pine N-
grade plywood panel. The highest temperature of exposure was only 77°C (170°F). Permanent
effects were of interest at varied times of exposure, the smallest of which was seven days. After
the time of exposure had elapsed, the specimens were reconditioned before testing at 23°C (74°F)
with arelative humidity (RH) of 65 percent (twelve percent moisture content). Since no baseline
of zero exposure time with the same relative humidity was established for individual groups
based on static bending tests, the shortest time that could be used for relative comparison was the

seven day exposure. Actual data recorded for the exposure range of seven to fourteen days
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shows an increase in both modulus of elasticity and modulus of rupture values for different
relative humidities of the temperature category 77°C (170°F). For an RH of 50 percent, a6.7
percent increase for modulus of elasticity and a 4.9 percent increase for modulus of rupture was
observed. For an RH of 79 percent, 4.6 percent and 4.9 percent increases, of the respective
moduli, were observed.

As mentioned earlier, Green and Evans (1994) published the two-year results from a
four-year study on the effects of ambient temperatures on flexural properties of LVL (nomina 2
in. by 4in.). Theresultsreported for all LVL species revealed that both the mean modulus of
elasticity and mean modulus of rupture decreased overall for the two year period, and likewise
decreased from zero to six months. However, both MOE and MOR, of all LVL species, showed
an unexplained increase from six monthsto ayear. For Douglas-fir LVL it was 6.2 percent and
3.0 percent, respectively. Green and Evans (1994) concluded that for modulus of elasticity, the
rate of degradation was independent of the first two year exposure for both solid sawn lumber
and LVL. For modulus of rupture, the amount of thermal degradation (over the two year period)
for solid sawn lumber and LVL was concluded to be similar. Green and Evans (1994) suggested
that a single mechanism might be responsible for the degradation of both solid sawn lumber and
laminated veneer lumber. If the implications from Green and Evans (1994) are true, then the
solid sawn lumber and LVL should exhibit similar behavior under the same thermal conditions.
Since veneer is heated to high temperatures during the LV L production process, the effects of
temperature increases would logically have a direct effect on the mechanical properties of the
veneer, and ultimately, the LVL. In an unpublished study by Verwest (2000), Douglas-fir and
Hemlock veneer coupons, 25.4 mm by 254 mm (1 in. by 10 in.), were subjected to elevated

temperatures of 145°C (293°F) and 200°C (392°F). Room temperature, 25.4°C (77.7°F), was
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used as a control. The coupons were heated for thirty minutes (air circulation) in a Fisher
Scientific oven and then allowed to return to equilibrium conditions. They were then tested for
tensile fracture strength. The results of both species supported earlier findings on temperature
effects, that is, the load and extension decreased as temperature increased.

White (2000) researched the rate of charring of laminated veneer lumber of severa
species. A standard fire endurance test was conducted at a temperature of 300°C (572°F). He
related it to earlier studies of charring of solid sawn lumber by Schaffer (1967) and White
(1988). Specimens were constructed with either five LVL members at 50 mm (1.97 in.) thick or
six LVL members at 44 mm (1.73 in.) thick. Thus, specimens were either 250 mm or 264 mm
(9.8 1in. or 10.4in.) high and 510 mm (20 in.) wide by 89 mm (3.5 in.) deep. White (2000)
concluded that the charring of LVL may be considered comparable with solid sawn lumber. This
research furthers the implication that the thermal effects experienced by solid sawn lumber are

similar to those experienced by laminated veneer lumber.

DURATION OF LOAD

Numerous predictive models have been developed in relation to creep rupture, or
duration of load (DOL) behavior, of wood. Such models include damage accumulation, strain
energy (Fridley et al., 1992b), and fracture mechanics (Nielsen and Kousholt, 1980). The
damage accumulation (DA) approach is the most popular modeling technique (Rosowsky and
Fridley, 1995) and the model used in this research. Hence, the emphasis of thisreview is placed
on previous research involving or relating to damage accumulation.

The first model related to the relationship between applied stress level and time-to-
failure was developed by Wood (1951). Wood used constant bending loads located at the center

span. These loads ranged from sixty to ninety-five percent of the strength found through static
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bending. The testing of the Douglas-fir small clear specimens resulted in data that was fitted to
an empirical hyperbolic model curve. The model assumed a stress threshold of 18.3 percent. It
was assumed that failure of a specimen would not occur below this threshold. The genera form
of the model is given in Equation 1-5a. Equation 1-5b presents the model calibrated by Wood
(1951). Wood's (1951) model (Equation 1-5b) is commonly referred to as the “Madison curve.”
It isthis curve that is the basis for the load-duration adjustment factors outlined in the National

Design Specifications (NDS) for Wood Construction (AF & PA, 1997).

=+ (1- 5a)
B
1.084
= 10 h1e3 (1- 5b)
0.04635

&

t 1 = timeto failure in seconds

A, B = model constants determined from experimental data

S = ratio of applied stress to ultimate stress (static test strength)

S, = stress threshold

The Madison curve can aso be written in the format of damage accumulation. The

definitions of the parameters A, B, s, and s, defined above aso apply to Equation 1-5c.

(jj_il = A(S - SO)B (1-5c)

a = parameter of damage ranging from zero (no damage) to one (failure)
da/dt = time rate of damage accumulation

Based on the Madison curve data of small clear Douglas-fir specimens under a constant

bending load, Barrett and Foschi (1978a, 1978b) devel oped two damage accumulation models.
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Each model assumed a stress threshold. The main difference from the Madison curve was the

addition of athird model constant, C. The difference between the two new models was how the

additional model constant was incorporated. All other parameters are previousy defined.
Barrett and Foschi (1978b) concluded that model 11 better represented the data.

Model | (Barrett and Foschi, 19784)

d .
—a=A(s-so) -~ ifs>s,
dt

@ o s <o
dt

Modél Il (Barrett and Foschi, 1978b)

d .
—a=A(s-so)B+Ca ifs>s,
dt

da _, ifs<s,
dt

Around the same time, Gerhards (1977, 1979) had also developed a damage

accumulation model. The data used to derive the model came from tests on small clear

(1-6a)

(1 - 6b)

(1-7a)

(1-7b)

specimens. Gerhards assumed that the lifetime of the member was an exponential function of the

applied stresslevel. From thisidea of exponential decay, Gerhards devel oped the Exponential

Damage Rate Model (EDRM) given in Equation 1-8.

(fj_? = exp(- A +Bs)

(1-8)

Foschi and Y ao (1986) developed a DA model similar to model Il from Barrett and

Foschi (1978b). However, instead of expressing damage accumulation in terms of a stressratio,

it was expressed as afunction of actual applied stress. Also, an additional model constant, D,
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was added. An expression for their model is given in Equation 1-9. Foschi and Y ao (1986)
concluded that compared to the Barrett and Foschi (1978b) model 11, the new model was a more

accurate representation of the duration of load behavior of lumber.

%=A(t-to)B+Ca(t-to)D (1-9)

t = applied stress

t, = stress threshold

All other model parameters were defined previously
Gerhards and Link (1987) used full-sized 38 mm by 89 mm (2 in. by 4 in.) Douglas-fir lumber
specimens to calibrate the EDRM. They concluded that the model also applied to full-sized
lumber. Gerhards (1988) did further testing with the full-sized specimens in order to determine
the effect of lumber grade on the duration of load behavior of Douglas-fir lumber. In direct
disagreement of previous DA models developed by Wood (1951), Barrett and Foschi (19783,
1978b), and Foschi and Y ao (1986), Gerhards (1988) concluded that no evidence existed that
would support a stress level threshold. He also noted that for loading at the same fraction of
static strength, lower grades of lumber had lower load-durations. In addition, however, he stated
that these differences might not be statistically significant. Finally, Gerhards (1988) found that
for design loads that really exist for the design duration, the current allowable bending properties
for lumber were nonconservative. Using calculated |oad-duration equations and the methods
used to determine NDS adjustment factors, he proposed modifications to the factors. The
resulting factors would consequentially lower design values for all design load-durations.

A study by Cai et al. (2000) compared the predictive capabilities of these four DA models

(Wood, 1951; model 11 from Barrett and Foschi, 1978b; Gerhards, 1979; and Foschi and Y ao,
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1986). Small clear Southern Pine specimens were subjected to a five-day load sequence which
varied stress levels daily. It was concluded that all of the DA models failed to consistently
predict the time-to-failure. Thiswas even more pronounced for lower stress levels and longer
duration. Ultimately, it was concluded that, “the four DA models were about equal in their

ability to simulate time-to-failure distribution” (Cai et a., 2000).

TEMPERATURE EFFECTSON DURATION OF LOAD BEHAVIOR

There have been several studies on the effect of environmental conditions on creep-
rupture of wood, both small clear and full-sized specimens. Similar to the conditions of
mechanical testing, most of these studies center on the premise of manipulating environmental
parameters for both conditioning of the specimens and for the duration of the tests being
performed. Justifiably, environmental conditions simulated for testing have never been over
80°C (176°F). Although the testing temperatures were within the range for reversible effects, the
long exposure time involved in creep-rupture testing would inevitably result in the temperature
effects being classified as permanent.

Schniewind (1967) subjected small clear 10 mm by 20 mm by 220 mm (0.39 in. by 0.79
in. by 8.66 in.) Douglas-fir specimens to environmental conditions in order to determine the
effects on creep-rupture. Both constant and cyclical temperature exposure environments were
examined for the duration of the tests. It was concluded that the environmental effects on creep-
rupture significantly reduced the life duration of the wood specimens. However, it was also
noted that changes in size could alter the significance and change the results.

Building on thisidea, Schniewind and Lyon (1973) tested larger specimens, athough still
clear, of 50.8 mm by 50.8 mm by 1.02 m (2 in. by 2 in. by 40 in.). The results showed that

environmental effects were still present. However, it was concluded that as specimen sizeis
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increased, creep-rupture life during environmental changes would be similar to that of specimens
in a constant environment.

In astudy by Schaffer (1973), discussed earlier in this review, additional creep testing
was performed for atwo hour period. This study actually went beyond mere environmental
temperatures and subjected specimens to temperature ranges of 25°C to 275°C (77°F to 527°F).
The results showed that the compressive strength actually improved with duration of exposure, at
aconstant load, for the temperature range of 100°C to 288°C (212°F to 550°F). Consequentially,
thisis the temperature range starting after reversible temperature effects and ending before
assumed wood charring temperature. The tensile strength showed no significant change in
strength until 140°C (284°F) after which increased temperatures caused a decrease during
exposure. Schaffer (1973) concluded that the increase seen in the long-term compression
strength was credited to “the phenol-resin production of additional bonds with duration heating.”
For tensile strength, the decrease was caused by “the depolymerization of cellulose with duration
of heating.”

Aswas discussed previously, environmental changes in temperature and moisture content
are known to affect mechanical properties, that is, short-term strength and stiffness. Fridley et al.
(1989, 1990, 1991, 1992c, and 1992d) conducted several studiesto determine the effect of
environmental conditions on structural lumber. Again, “environmental” only included a
temperature range of 23°C to 54°C (73°F to 130°F). Environmental conditions under
consideration were constant and cyclical thermal effects and constant and cyclical moisture
effects. Specimens, 38 mm by 89 mm by 2.44 m (nominal 2 in. by 4 in. by 8 ft), were Select
Structural and No. 2 grade Douglas-fir. Fridley et a. (1989) concluded that for equal stress

ratios, atrend of shorter time-to-failure for higher temperatures was observed. He also noted that
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the observed temperature effects were independent of relative humidity or moisture content
effects. Further research by Fridley et a. (1992d) indicated that the effects brought on by
constant hygrothermal conditioning could be predicted if the effects on short-term strength were
accurately predicted.

No published data was available regarding the effect of temperature of any sort on
duration of load behavior of laminated veneer lumber. However, if the implications from Green
and Evans (1994) are true, that is similar degradation mechanism brought on by thermal changes,
then the solid sawn lumber and LVL should exhibit ssimilar behavior under the same thermal
conditions.

Although much attention has been given to effects due to environmental conditions, there
exists little research with respect to extreme temperatures. Since the manufacturing process of
laminated veneer lumber demands the use of such temperatures, experimentation was performed
in order to examine the mechanical and duration of load behavior of manufacturing temperature

varied LVL.
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OBJECTIVES
The main objective of this research was to determine how altered manufacturing temperature
effects the duration of load response of laminated veneer lumber. Specific objectives are as

follows:
1) Utilize different methods of experimental investigation to evaluate the structural
properties of laminated veneer lumber,
2) Compare static and load-duration behaviors of laminated veneer lumber to those of solid
sawn lumber subjected to the same manufacturing process, and
3) Assess the benefit or detriment of using higher manufacturing temperatures of laminated

veneer lumber in industry.
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CHAPTER TWO

EXPERIMENTAL PROCEDURES

INTRODUCTION

The methodology for testing the duration of load behavior of wood and wood composites
does not come from a published standard. Rather, experimental procedures used to evaluate
duration of load behavior have been developed through numerous research studies on the topic.
The generalized approach is as follows: First, the material to be tested is sorted into similar
groups using modulus of elasticity as the primary sorting parameter. Static bending tests are then
performed on alimited number of groups to determine bending strength and a governing
statistical distribution. A predetermined percentage of the ultimate stress is then applied to the
groups tested for load-duration via a constant load. Finally, deflections are monitored and time
to fallureisrecorded. The research presented in this thesis follows this methodology and

specific details regarding the approach are outlined in this chapter.

MATERIALS

Boise Cascade of Boise, Idaho provided al veneer and solid sawn lumber. All provided
veneer was Douglas-fir (Pseudotsuga menziesii) and solid sawn lumber was Standard Douglas-
fir larch. The veneer was rotary peeled and was cut into six hundred and sixty 1.25 m by 2.55 m
(generous 4 ft x 8 ft) sheets. The average thickness of the veneer was 3.68 mm (0.145in.). After
arrival to Washington State University’s Wood Materials and Engineering Laboratory, the
veneer had to be cut in half lengthwise to 610 mm (2 ft) for processing purposes. The veneer
was sorted using nondestructive longitudinal stress wave time techniques (Figure 2-1) and hot

pressed at three predetermined temperatures to produce fifteen eleven-ply billets for each
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manufacturing temperature. Each billet was cut into six 2.44 m (8 ft) long, 38 mm by 89 mm
(nominal 2 in. by 4 in.) laminated veneer lumber members. The Standard grade for the one
hundred and eighty members of 38 mm by 89 mm (nominal 2 in. by 4 in.) solid sawn was chosen
for the wide range in structural properties, that is, a high coefficient of variation (COV) of the

material. Each member was 2.44 m (8 ft) in length.

MATERIAL SORT

NONDESTRUCTIVE TESTING

Nondestructive testing (NDT) was used to evaluate all the material. Figure 2-1 shows the
typical setup for the nondestructive tests. Sonic propagation time was used to determine the
dynamic modulus of elasticity (Egynamic). Although sorting can be done using stress wave time
alone, where alonger travel time indicates alesser quality member, the calculation for dynamic
modulus of elasticity also accounts for the density of the member. For wood and wood
composites, the dynamic modulus of elasticity has been proven to correlate well to a static
modulus of elasticity (Esaic) from bending tests (Bell et al., 1954; James, 1964; Pellerin, 1965;

Koch and Woodson, 1968; Lanius, 1981; Gerhards, 1982; Jung, 1982; Pu and Tang, 1997).

Figure 2-1: Typical Nondestructive Test Setup (seen here for veneer sheet)
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To verify the nondestructive test calibration, the stress wave time testing was first
performed on a 616 mm by 2.16 m (approximately 2 ft by 7 ft) by 1.19 mm (0.047 in.) thin steel
plate. The steel was clamped down along its width. Accelerometers, containing piezoel ectric
material, were firmly attached to the clamps. A separate test was performed at each fifth point of
the width. A sonic longitudinal stress wave was introduced into the stedl viaimpact of a swung
metal ball. A portable digital FLUKE oscilloscope displayed the excitation functions of the
accelerometers. Since the stress-induced position was fixed, it was up to the operator to
determine the signaled excitation of the receiving accelerometer. The difference in the excitation
times was recorded as the time of flight of the stress wave in microseconds. Several sonic
longitudinal waves were introduced per location to verify a consistent stress wave flight time.
The stress wave times along the different width locations were averaged to obtain a
representative stress wave time of the entire specimen. Keeping the wave propagation distance
constant, the average longitudinal stress wave speed, C, was calculated. Specific measurements
of width and thickness were taken in several locations with a caliper. The length and weight of
the specimen were also recorded in order to determine specimen density. Knowing the specimen
density and the wave speed, the following relationship was used to cal culate the dynamic
modulus of elasticity.

Edynamic = C° (2-1)

Edynamic = calculated dynamic modulus of elasticity

r =densty

C = average longitudinal stress wave speed (three readings)
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Further explanation of this equation can be found in Appendix B. The calculated values of
Eaynamic for the steel plate were very close to the reference values (Table 2-1). Thelow percent

difference of 0.6 percent gives strong indication that the test procedure was sound.

Table 2-1:  Egynaminc Of Thin Seel Plate

STEEL PLATE Calculated | Reference* | % Difference**
Average C (m/s) 5235 5190 1.03
Average C (in./s) 206102 204000

Average C’r (GPa) 202.8 207

Average Cr (10° psi) 20.4 206 0.6038

*Reference value from Bray and Stanley, 1997
** 04 Difference calculated from unrounded psi values

SOLID SAWN

All solid sawn members were tested nondestructively to obtain an Egynamic for each
specimen. The members were weighed and measured (one length, average of three widths, and
average of three thicknesses). Each member was clamped down perpendicular to the width, that
is, in aflatwise horizontal plank position. Stress waves were only introduced in one location,
along the center of the width. An average of three stress wave times was taken.

The members were then sorted in order of ascending Egynamic. Each Egynamic Was assigned
arandom number. Because it was desired to keep the distributions the same for all temperature
categories, every four ascending Egynamic Values were arranged in ascending order of the random
number and put into a temperature category based on the assigned random number. For
example, the category no temperature received the Egynamic With the lowest random number,
149°C (300°F) received the Egynamic With the next ascending random number and so on for each
set of four. Because the desired categories were not equal in sample size, every ninth Egynamic
from the 193°C (380°F) group was picked off and randomly given to one of the other categories.

The end result from this technique was forty-eight members each for the no temperature, 149°C
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(300°F), and 171°C (340°F) categories and thirty-six members for the 193°C (380°F) category.
An analysis of variance (ANOV A) was performed on the Egynamic Values between the
temperatures (Appendix E). The analysis showed no significant difference between the
temperature categories. Figure 2-2 graphically supports the success of the distribution method.
Within the four temperature categories, it was necessary to separate each category into
two equally distributed groups. One group was to be tested statically and the other group was to
be tested under load-duration. The same technique for sorting into categories was employed for
sorting into groups. However, in order to ensure the same distribution for each group, the first
two Egynamic Values were randomly distributed and then the next two values and so on until all
categories were split into two even groups. Thisfinal sorting provided the sample sizes that
were used in the tests [MOE-MOR/DOL]: no temperature [24/24], 149°C (300°F) [24/24],

171°C (340°F) [24/24], and 193°C (380°F) [18/18)].
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Figure 2-2: Cumulative Distribution of Sorted Solid Figure 2-3: Cumulative Distribution of Egynanic Of
Sawn Lumber Sorted for Heated Solid Sawn Lumber and Veneer
VENEER

All veneers used in the production of laminated veneer lumber were tested
nondestructively to obtain an Egynamic for each veneer sheet. The members were weighed and

measured (average of three lengths, average of three widths, and average of four
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thicknesses). Each member was clamped down perpendicular to the width (flatwise). Stress
waves were introduced to the third point locations aong the width. The average of the three
stress wave times at those locations was determined the stress wave time for the entire veneer
sheet. It was desired that the veneer distribution mimic the solid sawn distribution. Asis
seen in Figure 2-3, the distributions are very similar. As afurther check, an ANOVA was
run on the two data sets and proved that no significant statistical difference existed between
the two materias (Appendix E).

Severa veneer sheets were needed for practice billets. These practice billets were
needed to help establish additional manufacturing parameters. Sixty-nine sheets were
randomly taken from the 660 sheets available. Additional practice sheets were selected
based on the standard deviation of the stress wave times within each sheet. The material that
was kept for manufacturing test specimens had the lowest standard deviations. The standard
deviation of the retained veneer sheets (495 sheets) ranged from 0.00 nsto 27.71 ns.

The veneers were divided into groups of eleven based on ascending Egynamic values.
The group with the lowest Egynamic Was assigned to the temperature category of 149°C
(300°F), the next ascending group of eleven was assigned to the next temperature and so on
until all temperature categories had fifteen sets of eleven veneers. This sorting is not the
common practice of the LVL industry, but the aim was to mimic the distribution of the solid
sawn lumber for direct comparison of behavior. The unconventional sorting technique
proved valid after ANOVA results suggested there was no significant statistical difference

between the Egynamic Values of all the temperature categories (Appendix E).
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LVL BILLET PRODUCTION

All of the laminated veneer lumber (LVL) were manufactured at the Washington
State University’s Wood Materials and Engineering Laboratory. The LVL billets were
produced with eleven piles. Each veneer was manually fed through aroller resin spreader to
apply asingle glueline (film) with aresin spread of 180.65 kg / 1000 m? (37 b / 1000 ft%).
The adhesive for the fabrication was a liquid phenol-formaldehyde resin. A William &
White Pressman hydraulic 1.22 m by 2.44 m (4 ft by 8 ft) platen hot press was used for
making the 38 mm by 610 mm by 2.44 m (1.5in. by 2 ft by 8 ft) billets. The pressing
process was thickness controlled. Other parameters, such as time and pressure cycle, were
experimentally determined. Because the manufacturing process, mainly temperature, was a
key element of this research, pressing procedures are described in further detail in Chapter

Three.

SPECIMEN SORT

After the billets were made, they were cut to dimension (nominal 2 in. by 4in., 8 ft
long). Six LVL specimens (nominal 2in. by 4 in., 8 ft long) were cut from each billet. The
specimens were labeled according to manufacturing temperature, billet number (1 through 15
where ascending number corresponds with ascending veneer Egynamic values), and letter a
through f for location of specimen within the billet (a and f consisting of the edge-most billet
material). All 269 LVL specimens were tested nondestructively, that is, the same as the solid
sawn lumber were tested. However, because of the nature of the induced longitudinal stress
wave, and the long travel distance, it was not possible to detect localized LVL

manufacturing-induced failures such as delaminations. Because of this, each LVL was



visually inspected as well and labeled as good, minor delaminations, or major delaminations.
The location and extense of the delaminations was also recorded.

The sorting of the veneers ensured that the make-up of the LVL would be statistically
the same. However, it was still necessary to sort the category temperatures into testing
groups. Thiswas done the same as the sorting of the solid sawn members. This final sorting
provided the sample sizes that were used in the tests [MOE-MOR/DOL]: 149°C (300°F)
[24/24], 171°C (340°F) [24/48], and 193°C (380°F) [19/19]. Since the production process
had led to a high yield of LVL samples from the 171°C (340°F) category, the sample size of
the duration of load test was doubled and split into two subcategories of the temperature (1
and 2). The addition of an entire DOL set of the same temperature would aid in determining
the validity of the trends of load-duration behavior of the different temperatures.

Laminated beam theory was explored as another method to govern sorting values.
The laminated beam theory was applied to both vertical and horizontal laminate orientations.
Although this theory provided similar modulus of elasticity values as the nondestructive
values, ultimately, sorting was performed based on the Egynamic Of the LVL member. This

ensured that all material sorting was done using values obtained from the same technique.

TEMPERATURE TREATED SOLID SAWN

To obtain comparison data, the solid sawn lumber was subjected to the same
manufacturing temperatures that the LVL was produced with. In each temperature category,
the members were sorted by ascending thicknesses. Twelve members were pressed
simultaneously. The press schedule for the solid sawn was exactly the same as for the LVL
billets except, instead of pressing to athickness of 38 mm (1.5 in.), the press thickness was

controlled by the maximum thickness of the solid sawn members for every group of twelve.
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Thickness sorting was done to minimize the gap of air between the members and the top
press platen and to ensure that no compression force was introduced to the solid sawn
members. After the solid sawn lumber had been heat treated, the members were once again

subjected to nondestructive testing.

STATIC BENDING TESTS

Static edgewise bending tests were performed to find a mechanical modulus of
elasticity and modulus of rupture for all specimen categories. The modulus of elasticity,
Esaic, Was used to compare to the nondestructive methods of determining stiffness: impact
longitudinal stress wave time and laminated beam theory. The modulus of rupture was found
to determine an ultimate flexural strength distribution for each test category. All of the test
groups consisted of twenty-four members except the 193°C (380°F) temperature group which
consisted of eighteen for solid sawn lumber and nineteen for LVL.

An Instron 4400R screw-driven test machine was used to perform all static edgewise
bending tests on the simply supported beams. The procedures from ASTM D198 (1998), the
standard test for determining structural lumber properties, were followed and the load-
displacement data, time to failure, and maximum load were recorded by a computer data
acquisition system (Labview, 1997). The ASTM standard states that the failure rate should
be one that achieves maximum load in ten minutes but in no less than six minutes and no
more than twenty minutes. A load rate of 3.3 mm/min (0.13 in./min) was determined to meet
the provisions of the standard. All of the specimens were tested to failure. The displacement
was measured at center span using alinear variable differential transformer (LVDT)
(Appendix A). Using a spreader beam, the single point ramp load applied from the testing

machine was evenly distributed into two point loads. The dimensions of the spreader beam
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were such that the two point loads were applied at third points, 610 mm (24 in.), in relation to
the end reactions. This type of loading was consistent with the loading of the duration of

load testing frames (see the section Load-Duration Tests in this Chapter). Findly, lateral
bracing was applied in accordance with the ASTM standard to eliminate the concern of
lateral-torsional buckling effects. The equations used for calculating Ega4ic and modulus of
rupture are 2-2 and 2-3, respectively: Further explanation of these equationsisfound in
Appendix B. The actual static bending setup can be seen in Figure 2-4. A schematic of the

testing setup can be seen in Figure 2-5.

P

Estatic = : {312- axd) 2-2)
AbhSD
M max

5 = max (2-23)

I
Esaic = apparent (no shear correction) modulus of elasticity found from static bending
P = load applied by the testing machine
a = distance from reaction point to the point load = 610 mm (24 in.)
b = cross sectional width
h = cross sectional height
L = span length
D = deflection measured at midspan
S = bending strength
Mmax = moment at midpoint
¢ = distance from neutral axisto outer fiber

| = moment of inertia about the axis of interest
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The solid sawn lumber without temperature treatment was considered the baseline
material and used to validate the static bending test procedure results. ASTM D2915 (1994),
a standard for evaluating structural lumber allowable properties, was followed. Using the
baseline results, the modulus of elasticity and flexural bending design values were cal culated.
The design values calculated for the Standard & Better grade Douglas-fir Larch were higher
but comparable to the NDS published design values: MOE = 9.81 GPa (1422881 psi) and
parametric analysis F, = 8.22 MPa (1193 psi). The higher values were expected because
there are six other visually graded categories that are “ better” than Standard grade. The
closeness of these values to the design values confirms that the test procedure and
calculations are sound. All equations used to determine both design values are found in

Appendix B.

DETERMINATION OF LOADS

Using the maximum load obtained from the static bending tests, the modulus of
rupture was calculated and used to determine loads for the load-duration tests. For the solid
sawn members, since the members being tested were heat treated, the cross-sectional
dimensions used in calculating the modulus of rupture were the dimensions found after
heating. As expected, these cross-sectional dimensions were smaller than those before
heating. For both LVL and solid sawn lumber, each temperature category was evaluated
separately.

Several methods were used to determine which statistical distribution best represented
the modulus of rupture data. The distributions analyzed were normal, lognormal, and 2-P
Weibull. The first method was plotting the distributions on probability paper (Figure 2-7).

This method was based on visual inspection for goodness of fit. The next method was to
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compare the coefficient of determination (r®) values of the plots (Figure 2-7). Thisgavea
quantitative result of goodness of fit, that is, the strength of the straight-line relationship of
the data. Finally, the inverse CDF method was used (Figure 2-8). Both visua inspection and
the standard error estimate of these inverse CDF plots were performed. After reviewing all
of the above methods, it was clear that alognormal distribution best represented the modulus
of rupture datafor all temperature categories of both solid sawn lumber and LVL. Examples
of the probability plots and the inverse CDF plots are shown for the solid sawn no
temperature category. All distribution fitting plots are found in Appendix B.
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Once alognormal distribution was determined as the best fitting distribution, the
theoretical design values were found in accordance with ASTM D2915 (1994). Thiswas
done to compare temperature categories in the same manor that is done in practice. The
genera increase in Fy, as temperature increased was a notable trend that was seen both for the
solid sawn lumber and the laminated veneer lumber (Table 2-2). However, because it was
desired to move beyond the lower tail data that governs the design values, the fifteenth
percentile modulus of rupture was calculated from the lognormally distributed data. This
value would be considered the applied stress used for the duration of load tests. Using the
same equation that was used to calculate modulus of rupture from the static bending tests, the
applied loads were back calculated out of the equation (Equation 2-4) using the applied stress

values.

(255 4y
ax

P= (2 - 4)

P = calculated applied load

s, = lognormally distributed 15" percentile modulus of rupture

Ix = moment of inertial for strong axis bending

a = distance from reaction point to the point load = 610 mm (24 in.)

¢ = distance from neutral axis to outer fiber

The actual values of modulus of rupture were obtained using the cross-sectional
dimensions of the groups tested statically. When the |oads were back calculated, the cross-
sectional dimensions of the groups tested for load-duration behavior were used. This applied
actual geometric properties of the group to the applied loads. This also explained the dlight
differencein applied loads for the two 171°C (340°F) load-duration groups. Two groups of

171°C (340°F) were used in order to provide a check within the duration of load testing. This
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isto say that essentially two groups from a similar population, one temperature category,

should behave similarly under the same conditions of long-term testing.

Table 2-2: Design Stress and Applied Stress

Member & Fn (MPa) MOR (MPa) | Calculated
Temperature (°C) Nonparametric Parametric 15" percentile | Loads (N)
SSNo Temp 8.58 8.22 25.61 4061
SS 149 8.59 8.68 28.01 4451
SS171 7.94 9.67 30.56 4832
SS193 12.52 10.90 34.02 5325
LVL 149 18.03 17.25 43.89 7172
LVL 171-1 8253
LVL 171- 2 16.92 19.35 49.65 8051
LVL 193 19.32 19.15 50.08 8266

LOAD-DURATION TESTS

The second set of groups, one group per temperature category, was subjected to long-
term loading to determine the load-duration response. All of the test groups consisted of
twenty-four members, except the 193°C (380°F) temperature group which consisted of
eighteen for solid sawn lumber and nineteen for LVL. The solid sawn lumber and laminated
veneer lumber were both subjected to the constant load for forty-two days, when the last
deflection data was obtained (except for the solid sawn 149°C (300°F) and 171°C (340°F)
which had its last deflection data taken at thirty days). Although no more deflection data was
taken, the laminated veneer lumber was observed for an additional forty-eight days for time-

to-failure data (total of ninety days).

TEST FRAMES

Four sets of testing frames were used. Each set consisted of twelve frames and each

frame was designed to test two specimens at once (Figure 2-9 and Figure 2-10). The frames



were specifically designed for strong axis bending load-duration tests. In asimilar
configuration as the static test setup, using a spreader beam, the single point load applied via
apulley and cable system was evenly distributed into two point loads. The dimensions of the
spreader beam were such that the two point loads were applied at third points, 610 mm (24
in.), in relation to the supports. Lateral bracing was provided and the applied weights, made
of steel and/or concrete, were hung from a406.4 mm (16 in.) diameter pulley. Each pulley
was individually calibrated by using a small load cell and applying known loads to the
system (Appendix A). The actual mechanical advantage for each pulley was calculated by
averaging the results from four known loads for each pulley. The minimum and maximum
calculated mechanical advantages of the pulleys were 7.72:1 and 7.97:1, respectively. Belt

friction of the pulleys was also calculated but was negligible so it was ignored.

45



Figure 2-9: Duration of Load Test Frames
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Figure 2-10: Schematic of Duration of Load Test Frame
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DEFLECTION MEASUREMENTS

Only one set of testing frames was wired for measuring deflections via a data
acquisition system. This allowed the center span deflection to be measured using voltage
changes registered through a linear position transducer. However, because all frames were
needed to test simultaneously, an alternative method for measuring deflections was used. A
caliper was modified (Figure 2-11) so that it could easily be used to measure the distance

from center span to the testing frame (Figure 2-12).

Figure 2-11: Modified Caliper Figure 2-12: easuring Long-Term Deflection

Because it was not possible to collect continuous data using the caliper, deflections were
recorded at specific times relating to time of loading. These times were as follows: one minute,
half hour (only for solid sawn), one hour, two hours, four hours, one day, four days, seven days,
fourteen days, twenty-two days, thirty days (last collection for the solid sawn 149°C (300°F) and
171°C (340°F)), and forty-two days.

To verify the measurements obtained using the modified caliper, the linear position
transducers were used. The collection rate for the transducers depended on the specimens being

tested. For the solid sawn lumber, data was collected continuously for an hour and then every
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fifteen minutes but then reduced in order to compare to the caliper measurements. Data kept was
collected continuously until one hour, then every fifteen minutes until twelve hours, then every
hour until twenty-four hours, and then stop collection near eleven days. All of the important
points of deflection were also kept, that is, points near specimen failure. For the laminated
veneer lumber, the collection rate was altered during the actual data collection. For the first three
days, the data was collected every thirty minutes, then every hour until six days, and finally
every five hours until the end of data collection near sixteen days. The use of the data
acquisition system allowed for examination of the trend of the early portion of the load-duration

tests, the area that shows the most change. Expectedly, little difference was observed in the

values collected from both methods (Figure 2-13).
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Figure 2-13: Comparison of Deflection Collection Methods (FRAME 2, Channel 19 ( No Temp Member # 97)

RANK ORDER STATISTICS

Since the members used for the load-duration tests failed under sustained load, it was not

possible to also retest the members for ultimate bending stress. In order to obtain an ultimate

48



bending stress for the failed members, the rank order statistic method was used. This method
uses the strength values found from the distribution fitting. Each specimen was ranked
according to time of faillure. The specimens were then assigned alognormally distributed
ultimate bending strength according to this ranking. That isto say, the first member to fail,
considered the weakest, is assigned the lowest lognormal ultimate stress and so on. Thisranking
process was followed as the members broke until the end of testing, which was before al
members had failed.

Nondestructive testing was done on all the members so there was information relating the
load-duration specimens to each other but through modulus of elasticity, not bending strength.
However, based on assumption that there is a positive correlation between stiffness and strength,
the failure order of the members could be predicted relatively well. This proved useful in

evaluating the load-duration behavior of the surviving members.

ENVIRONMENTAL TEMPERATURE AND RELATIVE HUMIDITY

Unlike past studies, the temperature variation considered herein was in the manufacturing
process, not the test environment. The temperature of the respective testing environment was
held relatively constant.

Static bending tests were performed in a temperature controlled room where the
temperature range fluctuated between 21°C (70°F) and 23°C (73°F). Because the room was
enclosed and environmentally controlled, the relative humidity was assumed to be constant (from
the Wood Handbook (1999) page 12-5, near 30 percent to 40 percent for interior applications).

The testing room where the load-duration tests were performed was thermostat controlled
at 21°C (70°F) with heating and cooling systems. Duration of load testing was primarily

conducted during summer months so constant cooling was applied to the room and minimal
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heating was used to balance the environmental temperature. The relative humidity of the room
was checked periodically with a Physio-Dyne heat stress meter. The average dry bulb reading
was 23°C (73°F) and the average wet bulb reading was 13°C (55°F). This equatesto arelative

humidity of about 30 percent. There was very little fluctuation with these readings.

MoOISTURE CONTENT

To obtain the moisture content of the veneer, sample 152.2 mm by 152.2 mm (6 in. by 6
in.) squares were cut from random veneer sheets. The specimens were oven-dried until an
equilibrium weight was reached, per ASTM D4442 (1992). The average moisture content was
calculated to be 5.52 percent with the maximum moisture content equaling 7 percent. For hot
pressing, it isideal to have the veneer moisture content range between 3 and 5 percent (Wood
Handbook, 1999). To achieve alower moisture content, the veneer was introduced to a
temperature control room to reduce the moisture content. The room was conditioned at 100°F
and 14 percent relative humidity. These conditions drove down the equilibrium moisture content
of the veneer to 3.3 percent.

It was not feasible to cut samples from the solid sawn members or the manufactured
LVL. The solid sawn lumber had been surfaced dried at the mill and therefore was considered
dry, that is, less than or equal to 19 percent moisture content. A Wagner capacitance type
moisture meter was used to obtain a more accurate measure of 10 percent. No conditioning
needed to be done since this moisture content was determined not to affect the stress wave time
readings (Pellerin, 1965). After the solid sawn members were heated, moisture was noticeably
driven out of the specimens. However, because the effects of the short-term heating were of
interest, the specimens were allowed to return back to equilibrium of the testing facility before

tests were performed. The moisture meter was aso used to determine the moisture content of the
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LVL. After being pressed at different temperatures and conditioned in the testing facility, the
equilibrium moisture content of 10 percent was the same for all LVL members.

The nondestructive and static bending tests were performed at the same testing facility.
However, the duration of load tests were performed at a different location at Washington State
University. Because of this, the solid sawn and LVL specimens to be used for |oad-duration tests
were conditioned in the new facility for at least a month before tests were run. The values for
moisture content showed no appreciable difference from the 10 percent previously recorded.
Confirmation of a consistent moisture content was made by again testing the specimens after

failure.
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CHAPTER THREE

PRESSING PROCEDURE

INTRODUCTION

The general process of manufacturing laminated veneer lumber is well known. However,
the specifics of the manufacturing process are left up to individual companies. Through trial and
error, engineered wood manufacturing companies determine the details of the manufacturing
process schedule and fine-tune them to optimize and improve their product. Products are then
tested in accordance with ASTM D5456 (1993). Because most of the information is proprietary,
only ranges of utilized pressing parameters are known.

Like in industry, practice attempts were made when manufacturing the billets.
Parameters such as glue spread level, press time, pressure cycle, and temperature all had to be
experimentally fine-tuned through trial and error. The end result was a press schedul e that held
time and thickness constant, regulated pressure cycles, and varied manufacturing temperature

(Appendix C).

VENEER LAY-UP

Veneer quality is a processing variable that has been proven to affect laminated veneer
lumber product. Quality control, such as visual grading or stress wave time, of the veneers
allows for the manipulation and betterment of the development of an end product. This
manipulation has led to a more uniform product with limited variation as compared to solid sawn
lumber. However, other veneer parameters other than veneer quality also influence the LVL end
properties. Among these are wood species, number of piles, veneer dimensions, and veneer

location within the composite. Thus far, LVL studies have been very diversein billet
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configurations (Laufenberg, 1983), involving species types, numbers of piles, lay-up techniques,
and sorting schemes.

The current industry practice isto place higher grade veneer on the outside and lower
quality veneer in the core of the billet. Studies from several researchers (Pu and Tang, 1997,
Harding and Orange, 1998) have found this practice to vastly improve the quality of the LVL by
increasing the modulus of elasticity. However, because it was desired to mimic the distribution
of the solid sawn lumber, this practice was only followed within each billet. Because the sorting
technique grouped the veneer in ascending order, the eleven dynamic modulus of elasticity
(Eaynamic) values found within the billet (each veneer sheet) were arranged according to current
industrial practice.

The very nature of rotary cutting causes checking in the veneer. The checked sideis
referred to as the loose side and the opposite, the tight side. The Wood Handbook (1999)
suggests that the loose side be bonded to the tight side. In industry, thisis followed so that the
loose and tight faces are alternated from the core out with bottom and top faces exposing the

tight side. Thiswas the lay-up configuration of the veneers for this research.

ADHESIVE

It is important to choose the correct adhesive for the manufacturing of any wood product.
Douglas-fir is known to “bond well with afairly wide range of adhesives under a moderately
wide range of bonding conditions’ (Wood Handbook, 1999). The species type did not govern
adhesive selection, so other factors were to determine the adhesive. Since the goa of this
research was to compare manufacturing temperatures, a thermosetting adhesive, which would
undergo irreversible chemical change, was needed. Because the application of thisresearch is

structural, it was desired for the adhesive to contribute to both stiffness and strength. A Phenolic



adhesive was chosen. Thisisatypical adhesive used for softwood LVL production. A Phenolic
adhesive s cured in a hot press with temperatures ranging 120°C to 150°C (250°F to 300°F)
(Wood Handbook, 1999). Georgia-Pacific Resins, Inc. supplied the liquid phenol-formal dehyde

resin (Appendix C).

VENEER MOISTURE CONTROL

The effectiveness of an adhesive does not depend on the adhesive alone. The wood being
bonded must aso be conditioned to maximize bonding with the adhesive. Because the adhesive
was liquid, the wettability of the veneer was crucial. A simple drop test was done to examine the
angle of the drop to the wood surface. Before the veneer had been dried (average moisture
content (MC) = 5.5 percent), the wettability was moderate (about a 45° drop angle). After the
veneer had been conditioned to 3.3 percent MC, the wettability was improved, reducing the
interface angle. Had the moisture been reduced any farther, there would not have been sufficient

water within the wood to form intermolecular attraction with the water from the adhesive.

BILLET PRODUCTION

Billets were assembled one at atime. Each veneer was manually fed through aroller
resin spreader (Figure 3-1) to apply asingle glueline (film) with aresin spread of 180.65 kg /
1000 m? (37 Ib / 1000 ft?). The glue spread level was tested before each production day of LVL.
A sguare 303.8 mm (1 ft) veneer section was sent through the glue spreader and weighed. The
tolerance range for the resin was 16.7 grams to 16.8 grams. Approximate time from lay-up start-

up to press start-up was ten minutes.
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Figure 3-1: Roller Resin Spreader Figure 3-2: Williams & White Pressman
Hydraulic Press

PRESS SCHEDULE

LAMINATED VENEER LUMBER

A William & White Pressman hydraulic 1.22 m by 2.44 m (4 ft by 8 ft) platen hot press
(Figure 3-2) was used for making the 38 mm by 610 mm by 2.44 m (1.5in. by 2 ft by 8 ft)
billets. However, before the billets could be pressed, a press schedule had to be developed. As
stated earlier, practice billets were used to determine severa of the parameters through
experimentation. Upon investigation, a common range of temperatures was found to be 145°C to
160°C (293°F to 320°F) for thistype of adhesive. The goal wasto target temperatures near,
greater, and much greater than common industrial practice. The only known parameters were the
research driven temperatures of 149°C (300°F), 171°C (340°F), and 193°C (380°F) and thickness
of 38 mm (1.5 in.). By knowing the temperatures, the first parameter that was determined was
time. Thiswas done by an analysis of the phenol-formaldehyde resin at the above specified

temperatures. Using the resin characteristic charts (Appendix C), the point at which the resin
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properties reached equilibrium was found. This time was near twenty minutes for all
temperatures.

Under the conditions stated earlier, the type of adhesive was chosen. The single glueline
method and resin spread level were determined from experience in LVL manufacturing. In order
to determine a press cycle, thermocouples were used in two locations on practice billets: the core
and between the second and third veneers from the surface. From their locations, the
thermocouples provided data about the temperatures and gas pressures. From this information, a
press schedule, common for all temperatures (except, of coarse, for temperature) was developed
(Appendix C). The press cycle was based on athickness cycle, which was based on atime cycle.
After twenty-nine seconds, the end condition pressure was 6897 kPa (1000 psi) and then reduced
to 1382 kPa (200 psi) after forty-four seconds and held constant until the end of the cycle at
twenty minutes. It should be noted that the core temperature never reached the desired
manufacturing temperature. It should also be noted that the actual averages billet thickness were

larger than 38 mm (1.5in.).

SOLID SAWN LUMBER

The solid sawn lumber was subjected to the same press schedule as the laminated veneer
lumber except for thickness control, which was altered according to lumber thicknesses. Twelve
members were placed on the platen at atime. The thickness of the press was determined by the
maximum thickness of each set of twelve. Moisture content was not a concern because the width
of the member was small enough to allow the escape of steam during pressing. Also, the sorting
of the lumber (by thickness) prevented the members from being subjected to any pressure from
the platens. It was observed that the higher the temperature, the more moisture was driven out

onto the surface of the member. It was also observed that for all temperatures, heavy bleeding
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about the knots occurred. The severity also increased as temperature increased. Finally, color
change was also noted, that is, as the temperature increased, the surface of the wood became

darker.

BILLET FAILURE

When using thermosetting adhesive, excess moisture can cause many problems, that
essentially damage the wood product. One of these problemsis termed “blow,” which isthe
separation aong the bondline due to the release of pressure. This happens because the excess
water, which has been sustained in liquid form due to the pressure, turns into steam upon release
of that pressure and causes an explosion. Since the billet was over 910 mm (3 feet) square, full
pressure was developed at the core of the billet (Norris, 1942). Because of this, even after what
was learned with the experimental billets, blows were still a source of damage for many billets.
In fact, it was the existence of multiple blows that limited the final sample size of the highest
temperature category. What is unique is the observation that the type of blow was specific, yet

different, between the temperatures at which the billet was pressed. The different blow failures

can be seen in Figure 3-3.

B C
Figure 3-3: LVL Manufacturing Blow Failures: (A) member 6e of 149°C (300°F); (B) member 4a of 171°C
(340°F); (C) member 5b of 193°C (380°F).
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For manufacturing at 149°C (300°F), the blow failure was purely delamination (Figure
3-3A), where the adhesive and the wood did not bond properly. The blow failure for 171°C
(340°F) (Figure 3-3B) was a combination of failures: clear delamination along the bond line and
wood failure. The manufacturing temperature of 193°C (380°F) experienced the most blows.

All of the blows at this temperature were pure wood failure that transcended bondlines (Figure
3-3C). Thistrend suggests that the adhesive did properly bond. However, the moisture from the
manufacturing process was soaked into the wood causing the steam to blow the wood apart.
Since billets manufactured at all temperatures experienced some sort of blow failure, the ratio of
good and useable LVL tototal LVL produced was calculated. “Good” LVL was defined as
specimens with no blow failure and “useable” LVL included good LVL and minor failures
determined not to affect the performance of the LVL. The resultsin Table 3-1 suggest that the

best yield resulted from a manufacturing temperature of 171°C (340°F).

Table 3-1: Manufacturing LVL Yield

. BilletsMade | LVL / Billet | Total LVL
Total Expected 15 5 %0
Temperature 149°C 171°C 193°C
(300°F) (340°F) (380°F)
Tota "good" LVL 49 71 30
Additional "useable" LVL** 8 2 10
Optimistic "useable" Total 57 73 40
Percent of "good" LVL 54.44% 78.89% 33.33%
Percent of "useable" LVL 63.33% 81.11% 44.44%

*pertains to all temperatures
**only minor delaminations

59



REFERENCES

ASTM (1993). Standard specification for evaluation of structural composite lumber products,
D5456-93. American Society of Testing and Materials, Philadelphia, PA

Forest Products Laboratory (U.S.). (1999). Wood handbook: wood as an engineering material.
Madison, WI (One Gifford Pinchot Dr., Madison 53705-2398). Washington, D.C. Supt. of Docs.,
U.S. G.P.O., distributor,: The Forest Products Laboratory.

Harding, O. V., and Orange, R. P. (1998). "The effect of juvenile wood and lay-up practices on
various properties of radiata pine laminated veneer lumber." Forest Products Journal, 48(7/8),
63-70.

Laufenberg, T. L. (1983). "Paralel-laminated veneer: processing and performance research
review." Forest Products Journal, 33(9), 21-28.

Norris, C. B. (1942). Technique of Plywood. I. F. Laucks, Inc., Seattle, U.S.A. 138-141.
Pu, J.,, and Tang, R. C. (1997). "Nondestructive evaluation of modulus of elasticity of southern

pine LVL.: effect of veneer grade and relative humidity." Wood and Fiber Science, 29(3), 249-
263.

60



CHAPTER FOUR
EVALUATING PREDICTION METHODSFOR STIFFNESSAND STRENGTH: A COMPARISON OF

NONDESTRUCTIVE EVALUATION AND LAMINATED BEAM THEORY FOR DOUGLAS-FIRLVL

ABSTRACT

The predictive capability of nondestructive stress wave testing for mechanical properties
has been studied extensively. However, the laminated beam theory, based on stress wave time
testing of individual veneers, has been given less attention. An experimental investigation was
performed to assess the predictive capabilities of these two methods for modulus of elasticity and
modulus of rupture. For Douglas-fir Larch Standard grade lumber, the dynamic modulus of
elasticity showed good correlation with the static modulus of elasticity while correlation with
modulus of rupture was poor. For Douglas-fir laminated veneer lumber, the nondestructive
technique of calculating a dynamic modulus of elasticity proved to be the best predictive method
overal. However, the laminated beam theory, which could be used to predict laminated veneer

mechanical properties before manufacturing, aso proved to be a good indicator.

INTRODUCTION

Nondestructive testing of wood products is unique from the testing of nonwood materials.
This is because homogeneous isotropic materials, such as steel, are manufactured to specific
material properties with practically no variance. Therefore, rather than testing for mechanical
properties, nondestructive testing is used to detect localized defects in the material. In wood,
however, “defects’ are expected since the materia is“manufactured”’ naturally. Because of this,
nondestructive techniques are used to evaluate the mechanical properties of the naturally

irregular wood.
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Machine stress rating (MSR) is the most commonly used form of nondestructive testing
for evaluating lumber. Longitudinal and transverse wave propagation can also be used to assess
the structural properties of lumber. These methods, however, are not limited to solid sawn
lumber alone. For laminated veneer lumber, the veneer sheets can be tested individually, before
manufacture, in order to assess their mechanical properties. This can is done either visually or
via stress wave propagation. The veneer sheets are then sorted according to their stiffness. The
goadl isto arrange the veneer sheets in such a way that the properties of the manufactured
laminated veneer lumber are less variable (lower coefficient of variation, COV) and more
predictable.

The veneer lay up is not the only factor that can affect the mechanical properties of the
final product. Other factorsinclude, but are not limited to, number of veneer piles, veneer
quality, veneer dimensions, wood species, manufacturing variables, and end product dimensions.
Examples of manufacturing variables are time, temperature, thickness, and pressure cycle. The
development of these parametersis mainly proprietary, that is, not standardized, rather, defined
by individual companies through experience. Because of this, the processing variables are not
altered once end products meet standards. However, there is a potential to improve production if
these variables can be further maximized. The variable examined in this research is processing
temperature, however the actual effects of manufacturing temperature are discussed in later
chapters. The reader is cautioned against drawing conclusions about the effects of
manufacturing temperature from data presented in this chapter. This chapter serves only to
establish a method that best predicts mechanical properties of the materials in question.

In order to determine the success of the predictability of the structural properties of the

laminated veneer lumber manufactured at different temperatures, several techniques can be used,
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afew of which are atraditional static bending test, longitudinal stress wave propagation on the
end product, and laminated beam theory. While there have been many studies relating modulus
of elasticity from stress wave time to static bending, the effectiveness of the laminated beam
theory has had little focus. This, no doubt, isin part because the latter technique is more
rigorous and time consuming thus not as attractive to industrial applications. However, the
technique does require the use of stress wave propagation of the veneer sheets and would provide
a possible method for prediction of laminated veneer properties before processing. The
following research examines the three above techniques and how their resultant modulus of
elasticity values compare to each other. The correlation between these moduli of elasticity

values and their respective moduli of rupture values was also examined.

BACKGROUND

A major initiation of nondestructive techniques for wood was made by Jayne (1959).
Although research involving vibrations in wood had started as early as the mid seventeen
hundreds (Pellerin, 1965), Jayne hypothesized that the mechanisms that controlled static
behavior were the same as those that could be measured nondestructively in the form of energy
storage and dissipation within wood. In the study, Jayne used transverse vibration on small clear
wood specimens to verify the hypothesis of the relation between static properties and energy
storage and dissipation. The result was a verification of the relationship between the static and
the dynamic modulus of elasticity (Eaynamic). The hypothesis has prompted much research in the
area of nondestructive techniques for testing strength and stiffness of wood members. Currently,
there are three common techniques for nondestructive assessment: low load static bending
(technique used for M SR lumber), transverse vibration, and stress wave propagation (Ross and

Pellerin, 1994).
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The use of alongitudinal stress wave in wood evaluation has been investigated for over
forty years (Gerhards, 1982). The majority of this research has involved the comparison of the
dynamic modulus of elasticity (Egynamic) to the static bending elasticity (Esaic) in lumber
specimens. The results have proven a strong correlation between the two moduli. For lumber,
moisture content of twelve percent, Bell et al. (1954) reported a correlation coefficient of 0.98,
with the dynamic modulus obtained from resonant frequency. Also using resonant frequency
(Equation 4-1), Pellerin (1965) found the same correlation coefficient for construction lumber

(numerous grades) with combined moisture contents of six and nine percent.

fr,2>w>t_3
By= — (4-1)
Ciyg

Eq = dynamic modulus of elasticity

C = constant (dependant upon the support conditions)

n = resonant frequency

w = beam weight

L = beam length

| = moment of inertia

g = acceleration due to gravity
Porter et al. (1972) had similar findings using a digital computer for determining a dynamic
modulus. However, with alarger sample size and moisture content of 10 percent, the correlation
was lower at 0.90.

Simplification of the differential equation for wave propagation (Equation 4-2), has
become a common way to determine the dynamic modulus of elasticity through the use of

impact stress waves.



Egynamic = I C° (4-2)

Edynamic = calculated dynamic modulus of elasticity

r =densty

C = average longitudinal stress wave speed (three readings)

Using this approach, Lanius et al. (1981) reported an even lower correlation coefficient of 0.824
for No. 1 and No. 2 Douglas-fir 50 mm by 150 mm (2 in. by 6 in.) with a seven percent moisture
content. Gerhards (1982) summarized results of this relationship from several studies. The
overal trend was a very high correlation of the two moduli (coefficients between 0.87 and 0.99).
It was also noted that the correspondence between the moduli was not one-to-one. For Bell et al.
(1954), the ratio of the dynamic to static modulus was 1.23, and for Porter et a. (1972), theratio
was 1.04. Thistrend of higher dynamic modulus values was also seen in the Pellerin (1965) and
Lanius (1981) studies. In addition, Gerhards (1982) noted that the type of longitudinal stress
wave, impact or ultrasonic instrumentation, did not yield different stress wave speeds.

Stress wave time techniques have been used to evaluate the same relationships for veneer
sheets and more recently, laminated veneer lumber. Using the equation 4-2, Koch and Woodson,
(1968) and Jung (1982) determined the Egynamic Of individual veneer sheets. Koch and Woodson
(1968) found a high correlation coefficient (0.94) between the stress wave modulus of elasticity
and the static tension modulus of elasticity. Kimmel and Janowiak (1995) did not go as far asto
calculate an Egynamic for veneer sheets but instead suggested that the ultrasonic propagation time
was adeguate to separate veneers for better mechanica performance of yellow-poplar and red
maple LVL. Research done by Pu and Tang (1997) reported good correlation for solid sawn

southern pine lumber but less accurate predictions for LVL of the same species. Their results
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also followed the solid sawn trend of nondestructive values being higher than static destructive
bending values.

A difficulty in predicting beam stiffness in laminated veneer lumber is that the laminates
will inherently have different properties. One technique to examine laminated sectionsis to use
transformed sections analysis. This method involves transforming the geometry of the
composite so that the new section has a constant stiffness. However, the calculation process is
extensive. Another approach isto use the laminated beam theory (Timoshenko and Goodier,
1970). Thistheory makes a distinction between both horizontal and vertical laminates. The

apparent bending modulus of elasticity is defined as the following (Equation 4-3 and 4-4):

12
Ecomposite = DX_S (4-3
bx
o & 30
LI
where D= @ bpELtpd x—+ (4-4)
e 12 g

i=1
Since the variables of the bending stiffness, D, changes depending on the orientation of the
laminates, the variables for both orientations are discussed in detail later in the chapter and
defined in Appendix B. The individual modulus of elasticity values for the veneer sheets, E;, are
found using longitudinal stress waves. An attempt at predicting the mechanical properties for
parallel-laminated veneer members in edgewise bending was made by Jung (1982). The method
was to predict the members’ modulus of elasticity by averaging the dynamic moduli of the
veneer sheets. Although robust and reportedly well correlated, this method neglects the
contribution of both veneer and section dimensions. The overall trend also deviated from other
findings in that the dynamic modulus of elasticity values were lower than the mechanical

modulus of elasticity values
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Much consideration has also been given to the relationship between the modulus of
elasticity (MOE) and the modulus of rupture (MOR). The aim has been to be able to predict the
strength of a member by correlation of its dynamic modulus of elasticity. James (1964) provided
regression analysis between modulus of rupture and both Egynamic and Esaic. The correlation
coefficients for clear Douglas-fir specimens, at a moisture content of twelve percent, were 0.908
and 0.926, respectively. For construction lumber, Pellerin (1965) found high correlation between
the modulus of rupture and Egynamic. FOr moisture contents of six and nine percent, the
correlation coefficients were 0.89 and 0.90, respectively. In contrast, Jung (1982) found poor
correlation between strength and stiffness for coast Douglas-fir parallel-laminated veneer. For
edgewise bending, the mechanical MOE and the stress wave time predicted MOE had correlation
coefficients of 0.609 and 0.553, respectively.

Predicting the mechanical properties of laminated veneer lumber could be done using
either of the methods discussed above. Since there is uncertainty as to which method would best
predict actual mechanical properties, experimentation was done to determine the predictive

capability of the two methods.

MATERIALS

The laminated veneer lumber (LVL) was made from Douglas-fir (Pseudotsuga menziesii)
veneer sheets and the solid sawn lumber was Standard Douglas-fir larch. The veneer was rotary
peeled and was cut into six hundred and sixty 1.25 m by 2.55 m (generous 4 ft x 8 ft) sheets.

The average thickness of the veneer was 3.68 mm (0.145in.). After manufacture, each billet was
cut into six 2.44 m (8 ft) long, 38 mm by 89 mm (nominal 2 in. by 4 in.) laminated veneer

lumber members. The Standard grade for the one hundred and eighty members of 38 mm by 89
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mm (nominal 2 in. by 4 in.) solid sawn was chosen for the wide range in structural properties,

that is, ahigh COV of the material. Each member was 2.44 m (8 ft) in length.

METHODS

The objective was to determine the most effective method of predicting the mechanical
properties of Douglas-fir LVL and Douglas-fir larch solid sawn lumber. Since the main goal
centered on manufacturing temperatures, material had to be sorted into various temperature
categories. Upon investigation, a common range of manufacturing temperatures was found to be
145°C to 160°C (293°F to 320°F). The goal wasto target temperatures near, greater, and much
greater than common industrial practice. The chosen temperatures were 149°C (300°F), 171°C
(340°F), and 193°C (380°F). As abaseline, solid sawn members of the same species were
subjected to the same press cycle as was used to manufacture the LVL.

First, the unheated solid sawn lumber and the veneer sheets had to be sorted. Laminated
beam theory did not apply to this material so al nondestructive sorting was first done by impact
longitudinal stress wave propagation. Once this was done, the solid sawn lumber was heat
treated and the veneers were pressed into billets. The press schedule had to be established by
using practice billets (Chapter Three). The processing variables were as follows:

LVL specific:
1. Resin: liquid phenol-formaldehyde;
2. Spread Level: single glueline of 180.65 kg / 1000 m? (37 Ib / 1000 ft?) viaaroller
Spreader;
LVL and solid sawn lumber:
3. Press. hot platen hydraulic;

4. Press Temperatures: 149°C (300°F), 171°C (340°F), and 193°C (380°F);
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5. Press Schedule: thickness controlled: 38 mm (1.5in.), eleven pilesfor LVL and

maximum thickness for every twelve solid sawn members,

6. PressTime: twenty minutes; and

7. Pressure Cycle: after twenty-nine seconds, the end condition pressure was 6897 kPa

(1000 psi) and then reduced to 1382 kPa (200 psi) after forty-four seconds and held
constant until the end of the cycle at twenty minutes.

After the laminated veneer lumber was manufactured, and the solid sawn lumber was
heated, the modulus of elasticity was evaluated using longitudinal stress wave propagation and
static edgewise bending. The laminated veneer lumber was also evaluated using the laminated
beam theory. The static bending tests were also used to determine the modulus of rupture. All
nondestructive and destructive testing was done at ten percent moisture content. Cumulative
distributions were compared (Appendix D), correlation coefficients were found between the
methods, and ANOV A’ s were performed on all relationships (Appendix E). The overall

effectiveness of the different methods was determined.

MATERIAL SORT

The sorting of the materia was crucial for examining the effect of manufacturing
temperature on the mechanical properties of the laminated veneer lumber. Solid sawn members
and veneer had to be sorted. All initial sorting techniques were based on the dynamic modulus
of elasticity. Because of additional duration of |oad testing, supplementary sorting (using the
method determined through this study) was performed but is not discussed here. Therefore, not

all material was used for this study.
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SOLID SAWN

All unheated solid sawn members were tested nondestructively to obtain an Egynamic (from
Equation 4-2) for each specimen. The members were weighed and measured (one length,
average of three widths, and average of three thicknesses). Each member was clamped down
perpendicular to the width, that is, in a flatwise horizontal plank position. Impact longitudinal
stress waves were only introduced in one location along the width, the center. An average of
three stress wave times was taken.

The members were then sorted in order of ascending Egynamic. A pseudo random sort
(Chapter Two) was used to divide the members into the four temperature categories (one of the
categories being no temperature). An analysis of variance (ANOVA) was performed on the
Eaynamic vValues between the temperatures (Appendix E). The analysis showed no statistical

difference between the temperature categories.

VENEER

All veneers used in the production of laminated veneer lumber were tested
nondestructively to obtain an Egynamic (from Equation 4-2) for each veneer sheet. The members
were weighed and measured (average of three lengths, average of three widths, and average of
four thicknesses). Each member was clamped down perpendicular to the width (flatwise).
Impact longitudinal stress waves were introduced to the third point locations along the width.
The average of the three stress wave times at those locations was determined as the stress wave
time for the entire veneer sheet. The veneers were divided into groups of eleven based on
ascending Egynamic Values. The group with the lowest Egynamic Was assigned to the temperature
category of 149°C (300°F), the next ascending group of eleven was assigned to the next

temperature and so on until al temperature categories had fifteen sets of eleven veneers. This
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sorting is not the common practice in industry but the aim here was to mimic the distribution of
the solid sawn lumber. The unconventional sorting technique proved valid after ANOVA results
suggested there was no significant statistical difference between the Egynamic Values of &l the
temperature categories (Appendix E). The validity of thistechniqueis graphically represented in

Figure 4-1.
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Figure4-1: Cumulative Distribution of Egynamic Of Sorted Veneers and Solid Sawn Lumber

DETERMINATION OF MODULUS OF ELASTICITY

The materials evaluated for modulus of elasticity, through various techniques, were the
unheated solid sawn lumber, heat treated solid sawn lumber, veneer sheets, and manufactured
laminated veneer lumber. Because of the nature of some of the materials, not all materials were
evaluated with all techniques. Table 4-1 presents atest matrix for the study of correlation
between modulus of elasticity values determined using the different methods. When testing
correlation between the nondestructive methods and static bending, only the specimens that were
destructively tested were included in the compared nondestructive population. However, with

the laminated beam theory, some methods required all useable data to be considered.
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Table4-1: Test Matrix for Obtaining Modulus for Elasticity Values

Test Type
Material Temg)er;ature Lollgi)l?gitn a Laminated Statig
(O Beam | Edgewise
Stress Theory | Bending
Waves
No Temp 48 NA 24
Unheated Solid 149 48 NA
Sawn Lumber 171 48 NA
193 36 NA
Heated Solid 149 48 NA 24
Sawn Lumber 171 48 NA 24
193 36 NA 18
Veneer No Temp 495 NA NA
149 57 57 24
LVL 171 73 73 24
193 40 40 19

*temperatures in °F are 300, 340, and 380

IMPACT LONGITUDINAL STRESSWAVES

The nondestructive technique used to evaluate al test material was impact longitudinal
stress wave propagation (Equation 4-2). The solid sawn lumber was nondestructively tested
before it was heat treated. Sorting before the applied heat ensured that the temperature
categories had similar distributions before alterations. After heating, the new Egynamic Of the heat
treated solid sawn lumber was calculated. The veneer sheets were also tested to obtain an
Edynamic. This value was the basis for sorting and would also be used for the laminated beam
theory application. The Egynamic Value is an apparent modulus of elasticity, that is, not corrected
for shear contributions.

After the billets were made at the three manufacturing temperatures, they were cut to
dimension (nominal 2 in. by 4in., 8 ft long). Six LVL specimens of such dimensions were cut
from each billet. The specimens were labeled according to manufacturing temperature, billet

number (1 through 15 where ascending number corresponds with ascending veneer Egynamic

72



values), and letter a through f for location of specimen within the billet (a and f consisting of the
edge-most billet material). All 269 LVL specimens were tested nondestructively. However,
because of the nature of the induced longitudina stress wave, and the long travel distance, it was
not possible to detect localized LV L manufacturing induced failures such as delaminations.
Because of this, each LVL was visually inspected as well and labeled as good, minor
delaminations, or mgjor delaminations. The location and amount of delamination was aso
recorded. The sorting of the veneers ensured that the make-up of the LVL would be statistically

not different.

LAMINATED BEAM THEORY

Since this theory deals with laminates that have different modulus of elasticity values, it
did not apply to the solid sawn members. The laminated beam theory was calculated for both
horizontal and vertical laminate orientations (Appendix B). The modulus of elasticity values that
were calculated were apparent values, that is not corrected for shear. The Egynamic Of the
individual veneer sheets, E;, had already been found through sorting practices.

For horizontal laminates, the modulus of elasticity changes with respect to the depth of
the beam because of the varying veneer Egynamic Values. This orientation would simulate flatwise
bending. Applying Equation 4-4 for this orientation, the width of the beam was termed b.
Because the LVL is cut to dimension, the width of the individual veneer sheets, b, was equal to
the section width, b. Also, d;, the distance from the composite neutral axis to the laminate
neutral axis, was applicable for the horizontal orientation. The individual veneer thicknesses
were termed t. However, the depth of the beam, or thickness, varied according to what is
considered the “section” thickness. It is assumed that “section” refers to the actual cross section

of the laminated veneer member. Calculations using the average thickness of the LVL member
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as the definition for section were termed Ecomposite-norz. HOWever, the laminated veneer lumber
was cut from larger “sections,” that is the billets. The laminated beam theory was applied to
reflect average billet dimensions of thickness. The calculations using the average thicknesses
from all useable LVL members that came from the same billet, essentially, average billet
thickness, were termed Eyjjie-norz. Finally, the most simplistic approach was to use the anticipated
press thickness of 38 mm (1.5 in.) as the section thickness. This was examined because the
actual press thickness was 38.6 mm (1.52 in.), which was dlightly greater than the expected
thickness of 38 mm (1.5in.). This approach was termed Eexpected-horz. BeCause the last two
approaches use dimensions of the entire billet, only one value per billet was obtained leading to
the assumption that all of the LVL cut from that billet would possess the same properties.
Because of this, the LVL actually used in the static bending tests could not be differentiated,
therefore, the last two approaches encompass al “useable” LVL data rather than just the
members being tested statically.

A similar analysis of the vertical laminate orientation was also done. This orientation
would simulate edgewise bending. In this case, because the laminates were vertical, there was
no change in modulus of elasticity with respect to the depth of the beam and therefore, d; was
equal to zero. The width of the beam was now the depth and therefore termed t. Because the
individual veneer widths were cut to dimension of the section, t; equaled t. The thicknesses of
the individual veneers were now termed b; and the thickness of the section wastermed b. The

simplified equation for this orientation became Equation 4-5.

o
aA bE
=1

b

E= (4-5)
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The same three options for “section” thickness were explored. The nomenclature for the vertical

laminate orientation was then Ecomposite-verts Enillet-vert, @Nd Eexpected-vert.

STATIC BENDING TESTS

Static edgewise bending tests were performed to find an actual modulus of elasticity and
modulus of rupture for al specimen categories. The static modulus of elasticity was used to
compare to the nondestructive methods of determining stiffness: impact longitudinal stress wave
time and laminated beam theory.

An Instron 4400R screw-driven test machine was used to perform all static bending tests
on the smply supported beams. The procedures from ASTM D198 (1998), the standard test for
determining structural lumber properties, were followed and the |oad-displacement data, time to
failure, and maximum load were recorded by a computer data acquisition system (Labview,
1997). The ASTM standard states that the failure rate should be one that achieves maximum
load in ten minutes but in no less than six minutes and no more than twenty minutes. A load rate
of 3.3 mm/min (0.13 in./min) was determined to meet the provisions of the standard. All of the
specimens were tested to failure. The displacement was measured at center span using alinear
variable differential transformer (LVDT) (Appendix A). Using a spreader beam, the single point
ramp load applied from the testing machine was evenly distributed into two point loads. The
dimensions of the spreader beam were such that the two point loads were applied at third points,
610 mm (24 in.), in relation to the end reactions. Finaly, lateral bracing was applied in
accordance with the ASTM standard to eliminate the concern of lateral-torsional buckling
effects. The actual static bending setup can be seen in Chapter Two. The equation used for

static bending modulus of elasticity was (Equation 4-6):
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For the solid sawn members, since the members being tested were heat treated, the cross-
sectional dimensions used in calculating both moduli were the altered dimensions found after
heating. As expected, these cross-sectional dimensions were smaller than those before heating.

The solid sawn lumber without temperature treatment was considered the baseline
material and used to validate the static bending test procedure results. ASTM D2915 (1994), the
standard for evaluating structural lumber allowable properties, was followed. Using the baseline
results, the modulus of elasticity was calculated. The design value calculated for the Standard &
Better grade Douglas-fir Larch was Egaic = 9.81 GPa (1422881 psi). Thiswas higher but very
comparable to the NDS (AF & PA, 1997) published design value of 9.65 GPa (1400000 psi).
The higher value was expected because there are six other visually graded categories that are
“better” than Standard grade. All equations used to determine the apparent modulus of elasticity

are found in Appendix B.

DETERMINATION OF MODULUS OF RUPTURE

Using the same static bending technique described in the above section, the modulus of
rupture was found to determine an ultimate flexural strength distribution for each test category.
The equation used (Equation 4-7) was derived from Equation 2-3, where all variables are defined

(Appendix B).

- T, B 4-7)
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Again, the solid sawn lumber without temperature treatment was considered the baseline
material. ASTM D2915 (1994), the standard for evaluating structural lumber alowable
properties, was followed. Using the baseline results, the flexural bending design value was
calculated. The design value calculated using a parametric approach, F, = 8.22 MPa (1193 psi),
for the Standard & Better grade Douglas-fir Larch was higher than the NDS published design
value of 3.96 MPa (575 psi). Again, the higher values were expected. All equations used to

determine the modulus of rupture are found in Appendix B.

RESULTS

EFFECT OF TESTING TECHNIQUESFOR MODULUSOF ELASTICITY

The first step was to evaluate the results from the various methods. One way this was
done was through analysis of variation (ANOVA) tests with a equal to 0.05. This determined if
there existed any statistical difference between the distributions of the methods of evaluating
modulus of easticity (Appendix E). Cumulative distributions were also visually analyzed for
comparison of curve shape (Appendix D). In conjunction with these distributions was the
comparing of the mean values. Finally, the correlation coefficients, between methods, were
found. Aswas seen in Table 4-1, the solid sawn lumber was limited to just one nondestructive
test method. Therefore, the analysis was simplified to just testing the predictive capability of the
wave propagation for the static modulus of elasticity. The four temperature categories were
examined independently. The ANOVA tests revealed that all categories, except 193°C (380°F)
which had a P-value of 0.07 (a = 0.05), were statistically different (Appendix E). From the
cumulative distribution graph (Figure 4-2), it can be seen that the high temperature distribution

curves for Egaic and Egynamic are closest and best parallel each other. Graphical comparison of the
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mean values (Figure 4-3), shows that the Egynamic Value (only specimens tested statically) was

always larger than the Egaic value. This supports the earlier published findings on this

relationship, that is alack of one-to-one correspondence. The range of ratios of dynamic to static

modulus of elasticity valueswas 1.11 to 1.27. Although it was now established that the majority

of the distributions were different, it was still necessary to analyze their correlation since that

would be most helpful for predictions. As seen in Figure 4-4, the correlation coefficients for all

categories were high with arange of 0.795 to 0.926. Although no specific discussion about the

difference between temperatures is presented here, it is surprising that the correlation coefficient

found for the unheated sample set was notably lower (0.795) than previously published values.
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Evaluation of the different techniques for laminated veneer lumber was much more
involved. Because of this, only samples of graphical representation are shown here. All other
graphical results (CDF s and correlations) can be found in Appendix D. First, ANOVA tests
were performed. When comparing nondestructive methods to Egaic, only the members that made
up the static population were used, except for Epije and Eexpected, Which included all useable
members. As expected, the vertical (edgewise) and horizontal (flatwise) values were statistically
different from each other for all methods and all temperatures, with higher horizontal values. All
ANOVA results arein Appendix E. It isimportant to note that the values obtained from the
static bending tests for the LV L manufactured at 149°C (300°F) were unusualy high. Thisis
because there was not a distinct linear elastic region on the load-displacement curves from the
static testing. Because of this, results for this temperature are cautioned for use in determining a
superior predictive method. For example, the ANOV A results reveaed that all predictive
MOE’ s were statistically different from Egaic. However, for the higher two temperatures, al
values were statistically not different. Because of the large discrepancy, the temperature
category 149°C (300°C) is excluded from the following discussion comparisons to Egaic
(however, it is still included in the graphical results). Presented in Figure 4-5 are two of the
better methods of prediction according to the ANOVA results. Upon investigation of the
cumulative distribution curves for all methods, it was seen that the Egynamic Curve shapes were

closest to and best paralleled the Egaic curves.
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Investigation of the mean values (Figure 4-6) for each method revealed that the Egynamic

value (members of the static tests only) and all horizontal orientation MOE values were always

larger than the Egaic value. In the case of Egynamic, this follows both the response of the solid

sawn lumber and published findings. However, the ratios of dynamic to static modulus of

elasticity values, 1.002 and 1.063, were much closer to a one-to-one relationship between the

mean values than were the ratios of the solid sawn lumber. The horizontal MOE also provided

good estimates and were expected to be overestimates because they should predict flatwise

bending. All the MOE values from the vertical |laminated beam theory were lower than the Egaic

values but still provided good estimates. All dynamic to static modulus of elasticity ratios are

found in Table 4-2. Because al of the methods were not statistically different and the ratios

were near one, it was necessary to analyze the correlation of the data within the populations.
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Table 4-2: Modulus of Elasticity Mean Ratios

Ecomposi te-vert Ebi llet-horz Eexpected-horz
Temp. Estatlc Estatic Estatic Estatic
149°C 16.60 0.737 0.784 0.793
171°C 14.30 0.920 0.922 0.938
193°C 14.52 0.986 0.921 0.935
Temp. Edynami c Ecomposi te-horz Ebi llet-horz Eexpected-horz
Estatic Estatic Estatic Estatic
149°C 0.789 0.807 0.862 0.894
171°C 1.002 1.011 1.017 1.090
193°C 1.063 1.083 1.016 1.061
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To examine the distributions on a micro level, the correlation between specimen’s
destructive and nondestructive modulus of elasticity values was analyzed. The distributions
were graphed (Figure 4-7) and the correlation coefficients (r) were found (Table 4-3). Overal,
correlation coefficient values were lower than those found for the solid sawn lumber. Thiswas
the same trend as was reported by Pu and Tang (1997) for the southern pine species. To
determine the best overall correlation, each method was ranked from 1 to 3 per temperature, with
1 being the best correlation. From this, the overall rank was then determined. Overall (not
including 149°C) the Egynamic and vertical MOE valuesprovided the best correlations to Egac.
The major difference was that Egynamic Was an overestimate and vertical MOE’s were

underestimates.

Table 4-3: Correlation Coefficients of MOE Methods for LVL

Temp , Edynami c Ecomposi te-vert Ebi llet-vert E@(pected-vert
Tor r rank | r° rrank| r? rrank| r? r|rank
149°C|0.1756|0.4190, 4 [0.1604/0.4005| 7 |0.1627|0.4034| 6 [0.1633|0.4041 5
171°C|0.4203|0.6483] 1 |0.3427|0.5854| 6 |0.3479|0.5898 5 |0.35260.5938| 3
193°C|0.8508/0.9224| 2 |0.8562|0.9253| 1 | 0.85 |0.9220| 3 |0.8416 0.9174| 4
overall 1 2b 3 2a
2 = coefficient of Temp. 2Ecompositehorz , Ebillet-horz , E@(pected-horz
determination r R |rank| r r rank| r r rank
149°C (0.1779/0.4218) 3 |0.1862|0.4315| 2 [0.1892/0.4350, 1
r = correlation coefficient | 171°C |0.3335 0.5775| 7 |0.3525/0.5937, 4 |0.3631/0.6026 2
193°C |0.8366/0.9147) 5 |0.8247/0.9081| 6 |0.7982/0.8934| 7
overall 6 5 4
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Continuing the investigation on a member by member basis, because of the sorting
technique used with the veneer and the unconventional lay-up practice of ascending veneer
Eaynamic Values, the usefulness of veneer sorting based on modulus of elasticity could be assessed.
Recalling that for each temperature, the lowest veneer Egynamic values made up billet one and the
highest values made up billet fifteen, the properties of the LVL from the billets should mimic
this ascending behavior no matter what method was used to determine modulus of elasticity.
Table 4-4 uses the 171°C (340°F members of static and DOL set one) temperature as an example

to show that this was indeed the case for all temperatures.

Table 4-4: Influence of Veneer Sorting Technique on LVL Properties

MOR | Egn | Esaic | Ecomph Ebilleh  Eeqph | Ecompv  Ebillev  Eexpv
(MPQ) | (GPa) | (GPa) | (GPa) (GPa) (GPa) | (GPa) (GPa) (GPa)
1b 43.86 | 1143 | 1359 | 11.72 1182 1252 | 1042 1045 10.65
2d 3553 | 11.70 | 11.22 | 11.76 11.74 1244 | 10.82 10.81 11.02
2f 4363 | 1166 | 10.31 | 11.49 11.74 12.44 | 10.73 10.81 11.02
3c 5248 | 12.28 | 11.10 | 12.72 12.69 13.30| 11.37 11.36 11.54
3d 60.34 | 12.78 | 1480 | 1254 1269 13.30| 11.32 11.36 1154
4c 5251 | 1345 | 16.85| 1349 1360 1420 1191 1194 1211
5d 55.69 | 1257 | 12.25 | 13.18 13.11 1368 | 12.12 1210 12.22
5e 5417 | 13.17 | 1213 | 12.77 1311 1368 | 11.99 1210 1222
6a 51.28 | 13.78 | 12.10 | 14.18 14.00 1455 | 12.64 1259 12.75
6e 57.34 | 1396 | 12.81 | 13.82 14.00 1455 | 1254 1259 12.75
7c 66.64 | 14.33 | 14.27 | 1413 1406 1487 | 1284 12.82 13.07
8c 66.20 | 14.17 | 1354 | 1431 1444 1481 | 13.13 13.17 13.28
10a 61.83 | 1429 | 13.76 | 1569 1547 16.11 | 1391 13.84 14.03
10b 5850 | 1546 | 1453 | 1540 1547 16.11 | 13.82 13.84 14.03
10e 65.89 | 15.06 | 14.20 | 15.21 1547 16.11 | 13.76 13.84 14.03
10f 61.31 | 14.61 | 13.13 | 1543 1547 16.11 | 13.83 13.84 14.03
11a 61.19 | 14.88 | 14.13 | 1548 1544 16.21 | 14.08 14.07 14.30
11c 5094 | 15.19 | 21.18 | 15.31 1544 16.21 | 14.03 14.07 14.30
12d 7551 | 16.18 | 18.72 | 1532 1548 1645 | 14.26 14.31 14.60
13c 87.66 | 16.13 | 15.84 | 15.77 16.00 17.04 | 14.71 14.78 15.09
13d 7216 | 16.00 | 15.01 | 1564 16.00 17.04 | 1466 14.78 15.09
13e 71.87 | 1590 | 15.33 | 16.04 16.00 17.04 | 1479 1478 15.09
14a 76.15| 16.71 | 15.75 | 17.02 1693 17.84 | 1550 1547 15.75
15a | 77.31 | 18.32 | 16.66 | 18.63 18.77 20.08 | 16.67 16.72 17.10

Number
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EFFECT OF TESTING TECHNIQUESFOR MODULUSOF RUPTURE

There is a known correlation between modulus of rupture and modulus of elasticity for

lumber. All methods that consisted of all specimens that were tested destructively (this excludes

the Epiller aNd Eexpected data Sets) were analyzed to assess the correlation of stiffness and strength.

For the solid sawn [lumber, the Esaic and Egynamic Values were compared with the modulus

of rupture. Some correlation was seen with the Egqaic (Figure 4-8) but very low values were

found with the Egynamic (Table 4-5). Correlation was strongest at low to moderate strengths and

much more dispersed at the higher strengths. All the values found were considerably lower than

the cited published correlations from James (1964) and Pellerin (1965).
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Figure 4-8: Correlation of Egaic and MOR for Solid Sawn Lumber

Table 4-5: Corrdation Coefficients of MOR and MOE for Solid Sawn Lumber

Estati c Edynami c
Temp. re r re r
No Temp| 0.5881 | 0.7669 | 0.2331 | 0.4828
149°C | 0.4411 | 0.6642 | 0.3006 | 0.5483
171°C | 0.1862 | 0.4315 | 0.0847 | 0.2910
193°C | 0.3470 | 0.5891 | 0.2953 | 0.5434
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For laminated veneer lumber, the MOR correlation was examined with Egaic, Edynamic,
Ecomposit-horz, @Nd Ecompositevert: EaCh temperature was examined independently. Because al MOR
values seemed reasonable for all temperatures, all temperature categories were included in the
determination of correlation. Overall, the correlations for the LVL were much better than those
of the solid sawn lumber. They were also notably better than those found by Jung (1982), who
had obtained a predictive MOE from averaging the stress wave time MOE'’ s from the veneer
sheets. For all temperatures, Egaic had the worst correlation. Two of the best methods of
predicting modulus of elasticity also had the best correlations to modulus of rupture. Figure 4-9
shows one of these methods, Egynamic. The range of correlation coefficients for these methods,

Edynamic and Ecompsite.vert, Wel’e 0852 tO 0943 (Table 4'6)
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Figure 4-9: Correlation of Egynamic and MOR for LVL

Table 4-6: Corréation Coefficients of MOR and MOE for LVL

Estatic Edynamic Ecompositevert Ecompositehorz
Temp. —p rJrank| r? R rank| r° r|rank| r? r rank
149°C | 0.117 10.3418 4 |0.7920.8900| 1 |0.767|0.8758 2 |0.695|0.8339 3
171°C [ 0.326 |0.5712 4 |0.7600.8717| 1 |0.726|0.8522 2 |0.662|0.8138 3
193°C [ 0.777 /0.8816 4 |0.855/0.9249 3 |0.890|0.9432 1 |0.872|0.9338 2
overal 4 1 2 3
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CONCLUSIONS

Again, the reader is cautioned against drawing conclusions about the effects of
manufacturing temperature from data presented in this chapter. Neither enough data nor
discussion is presented to draw such conclusions. This chapter serves only to establish a method
that best predicts mechanical properties of the materials in question.

The results, which examine the nondestructive techniques for determining modulus of
elasticity, provided several conclusions regarding the predicting stiffness and strength.
Although specific reasonability of these predictions varied, many of the conclusions were the
same for both solid sawn lumber and laminated veneer lumber.

It is concluded that the mechanical modulus of easticity of clear Douglas-fir larch and
Douglas-fir LVL can be predicted with reasonable accuracy using the nondestructive evaluation
of the modulus of easticity, Egynamic. Although the predictive Egynamic Values were overestimates
of Egaic, that isalack of a one-to-onerelationship for both materials, the correlation coefficients
were high and were within an acceptable range.

Specificaly, for the solid sawn lumber, the ANOV A results showed that for each
temperature, except for the 193°C (380°F), Egynamic Was statistically different from Egaic.
However, there was still a very high correlation between the two. The statistical difference was
merely registering the fact that the Egynamic Was overestimating the Egaic.

The ANOVA results for the LVL showed that al of the methods for predicting modulus
of elasticity were statistically not different from Egaic, except for the 149°C (300°F) temperature.
This concludes that there is a closer one-to-one relationship between nondestructive and

destructive MOE values for LVL than for the solid sawn lumber. There was also a high
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correlation between all of the methods and Egaic. However, overall, the correlations were much
broader than the solid sawn lumber.

For the laminated beam theory, it can be concluded that the vertical laminate orientation
does better predict the static edgewise bending over the horizontal 1aminate orientation.
Although the distributions were similar, the higher predicted values and the lower correlation
coefficients of the horizontal laminate orientation lead to the conclusion that it would better
predict flatwise bending.

Breaking down the different approaches for assessing the section thickness for
application of the laminated beam theory (composite, billet, and expected) leads to the
conclusion that dlight changes in geometric thickness do have an effect on the predictive
modulus of elasticity. However, these changes are small. Eexpected-vert WaS a very good prediction
for Esaic. Thisisimportant because unlike all of the other nondestructive evaluations, this value
does not need dimensions found after manufacturing, if pressing is thickness controlled. This
leads to the conclusion that the modulus of elasticity of the LVL can be predicted reasonably
accurately before manufacturing, provided the individual veneer Egynamic Values were calculated,
and the LVL dimensions are true to those of the prediction.

For the LVL, the sorting techniques had been based on the Egynamic Of the individual
veneers. It can be concluded that the LVL, a product of nondestructive sorting of veneers
according to modulus of easticity, will reflect the sorting procedure of the veneer for destructive
and nondestructive MOE evaluation and for modulus of rupture. Therefore, because of the
predictive accuracy of Eeqpected and because the mechanical properties reflect the segregation of

the veneer groups, producers of LVL can easily design products with particular properties.
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For solid sawn lumber, the correlation between Egynamic and modulus of rupture was fairly
poor. However, the correlation for LVL was high for all nondestructive methods. Thisleadsto
the conclusion that nondestructive modulus of elasticity is a good indicator of strength for
laminated veneer lumber.

Finally, through experimentation and statistical analysis, it was concluded that overall,
the best method for predicting the modulus of elasticity of LVL was Egynamic. This method also
provided the best overall correlation with modulus of rupture. However, the laminated beam
theory should not be discounted because of distribution similarity and a relatively high observed

correlation.
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CHAPTER FIVE
EFFECT OF EXTREME ELEVATED TEMPERATURE ON STRUCTURAL PROPERTIESAND

DURATION OF LOAD BEHAVIOR OF DOUGLAS-FIR LARCH SOLID SAWN LUMBER

ABSTRACT

Wood material is subjected to extreme elevated temperatures during the manufacturing
of wood composites, such as laminated veneer lumber. Despite this fact, there has been very
little published research with regard to the effects of temperatures, exceeding mere
environmental conditions, for a short duration of time. An investigation was performed on full-
sized Douglas-fir Larch Standard grade lumber specimens to determine such effects on
mechanical properties and duration of load behavior. It was found that the mechanical properties
dlightly increased as temperature increased. However, the increases were not statistically
significant.

For load-duration behavior, some statistical significance was found for the differences of
both initial and survival deflections compared between temperature categories. Also, the
exponential damage rate model (EDRM) was successfully used to model the load-duration
behavior. Such behavior was only severely affected for short-term load durations (less than five
years). Calculated load-duration adjustment factors from this study, based on the individual
EDRM curves, were different than those from the Madison curve and thus different from current

|load-duration design adjustment factors used for solid sawn lumber.

INTRODUCTION

Wood is subjected to elevated temperatures in several service situations. Such situations

are commercial attics and special industrial applications such as wooden structures above ovens
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or dryers. Because of this, the effect of varied temperature on both solid sawn lumber and
composite lumber has been given some attention. Recently, there has been interest in long-term
effects of elevated environmental temperature. Effects of extended exposure time for both
mechanical properties and load-duration behavior have been studied. Both water and air heating
mediums have been used for these studies. Generadly, results have supported a decrease in
mechanical properties and load-duration performance as the result of elevated temperatures.

However, in the manufacturing of laminated veneer lumber, wood material is subjected to
higher temperature extremes than the mere environmental conditions. Although previous tests
have focused on both immediate and permanent temperature effects, the test procedures used
were very much unlike the conditions that wood is subjected to during the pressing procedure.
First, the exposure time is much less than most tests done to determine elevated environmental
effects. Second, the temperatures used in the pressing cycle are much more elevated than
environmental exposure temperatures. Third, after pressed specimens are exposed to the
elevated temperatures of the manufacturing process they return to equilibrium conditions and
will go into service where temperatures are much less, even if elevated environmental
temperatures are present. Therefore, the short time high temperature exposure becomes part of
the history of the solid sawn member.

Thereis alack of understanding of the effect of temperature exposure much higher than
environmental conditions. In conjunction with this, thereis alack of research regarding short-
term (less than an hour) exposure of wood material to any temperature increase where the
specimens are reconditioned to room temperature conditions. Understanding of elevated
temperature effects on wood material is crucia for the manufacturing of composite material.

Despite this, LVL manufacturing temperature itself has been given little attention. The
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temperature range in industry is based on the cure temperature of the adhesive and experiencein
laminated veneer manufacturing. Thus, the focus if this research was to focus on the mechanical

and durational effects of short-term extreme temperature exposure of solid wood material.

BACKGROUND

It was necessary to do extensive research into several aspects of this study. This section
is broken down into subsections in order to differentiate and compare previous published
research. The following subsections are temperature effects, temperature effects on mechanical

properties, duration of load, and temperature effects on duration of load behavior.

TEMPERATURE EFFECTS

The strength of wood depends on its physical and chemical constitution. Chemically,
wood is made up of three basic components. cellulose, hemicellulose, and lignin (Panshin and
de Zeeuw, 1980). Heating causes these components to undergo changes such as shrinkage,
expansion, dehydration, thermal degradation, and phase change. Schaffer (1973) summarized

these changes in wood caused by thermal effectsin Table 5-1.
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Table5-1: Thermally Induced Changesin Dry Wood in an Inert Atmosphere (adapted from Schaffer 1973)

Temperature Thermal Induced Change
OC OF

55 131  Natural lignin structure is altered. Hemicelluloses begin to soften.

70 158  Transverse shrinkage of wood begins.

110 230 Lignin slowly begins weight loss.

120 248 Hemicellulose content begins to decrease, a-cellulose begins to increase.
Lignins begin to soften.

140 284 Bound water isfree.

160 320 Ligninismelted and begins to reharden.

180 356 Hemicelluloses begin rapid weight loss after losing 4 percent.
Lignin in torous flows.

200 392 Wood beginsto lose weight rapidly. Phenolic resin begins to form.
Cellulose dehydrates above this temperature.

210 410 Lignin hardens, resembles coke. Cellulose softens and depolymerizes.
Endothermic reaction changes to exothermic.

225 437 Cdlulose crystalinity decreases and recovers.

280 536 Lignin hasreached 10 percent weight loss. Cellulose begins to lose weight.

288 550  Assumed wood charring temperature.

300 572 Hardboard softensirrecoverably.

320 608 Hemicelluloses have completed degradation.

370 698 Cedlulose haslost 83 percent of initial weight.

400 752 Wood iscompletely carbonized.

Shape and size of the member and type of loading need to be considered simultaneously.
This is because for short time exposures, the inner material of alarge specimen would not be
heated to the temperature of the surrounding medium (Wood Handbook, 1999). Therefore, itis
possible that the immediate effect on the strength of the inner material is less than the surface
material. However, the type of loading isimportant in determining if size may be of
consequence. In the case of bending, the greatest stress is experienced by the outer fibers. This
usually governs ultimate strength. Therefore, the fact the inner material may have experienced a
lower temperature than the surface material due to short-term exposure is of little concern as far

as temperature effect on member performance.
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TEMPERATURE EFFECTSON MECHANICAL PROPERTIES

There are two kinds of temperature effects; reversible and irreversible. For atemperature
effect to be reversible, the temperature must be below 100°C (212°F) and temperature change
must be immediate and quick. The Wood Handbook (1999) terms an immediate effect as “the
change in properties that occurs when wood is quickly heated or cooled and then tested at that
condition.” Immediate effects have been shown to reduce both the modulus of elasticity and
modulus of rupture with alinear relation to temperature (Gerhards, 1982; Wood Handbook,
1999). However, these effects tend to be reversible if the material is allowed to return to room
temperature conditions and then tested.

Irreversible effects occur when wood is heated for a prolonged period of time. Thislong-
term heating causes degradation of the wood and thus permanent damage. Theresultisalossin
weight and strength and alevel of degradation of the wood substance. The degree of degradation
and strength loss depends on factors including, but not limited to, heating medium, temperature,
duration of exposure, and, species, size, and moisture content of the member involved. To test
for permanent effects, the specimens must be conditioned back to room temperature conditions
otherwise results are influenced by immediate effects. However, as Green and Evans (1994)
noted, thereis alack of guidance to render a precise time at which to expect permanent strength
loss. Thisisto say thetime frames of “quick” and “prolonged” are not clearly defined.

There have been several studies on the effect of environmental conditions on mechanical
properties of solid sawn lumber. Many of these studies center on premise of manipulating
environmental parameters for both conditioning of the specimens and for the duration of the tests
being performed. For example, James (1961), tested the effect of elevated temperature and

moisture content on the speed of sound and on the Y oungs' s modulus (using longitudinal
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vibration) of Douglas-fir. The testing procedure followed the conditions of immediate
temperature effects. He found that arise in temperature or moisture content caused a decrease in
the speed of sound in the wood and a decrease in the modulus of elasticity. The Wood
Handbook (1999) also cites increased moisture content or temperature as a source of decreased
structural properties.

Schaffer (1973) studied the immediate effects on compressive and tensile strength (both
parallel-to-the-grain) of Douglas-fir. Specimens, 25.4mm (1 in.) radia by 3.2 mm (0.125 in.)
tangential and 254 mm (10 in.) long, were brought to equilibrium at the elevated temperatures
within two minutes. The equilibrium temperature range tested was 25°C to 275°C (77°F to
527°F). Schaffer found that the immediate tensile strength was relatively insensitive to
temperature until 170°C (340°F) while thermally induced changes had a more pronounced
uniformed effect on compressive strength. For tensile strain at failure, an increase was apparent
from 140°C to 200°C (284°F to 392°F) before a decrease at higher temperatures. Schaffer
attributed this behavior to the softening and rehardening of the lignin that occurs at that
temperature range (Table 5-1). The compressive strain at failure was found to decrease
uniformly.

Gerhards (1982) presented a summary of all pertinent studies on the immediate effects on
the mechanical properties of wood. From all the studies that dated back to 1936, only five
studies involved extreme temperatures, that is, greater than environmental temperatures. None
of these five studies examined the temperature effects on bending strength. Four of these studies
examined the effects on modulus of easticity but the largest specimen only had cross sectional
dimensions of 20.1 mm by 20.1 mm (0.79in. by 0.79 in.). For modulus of elasticity parallel to

the grain with a moisture content of zero percent, only the study by Schaffer (1973) had data
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beyond 150°C (302°F). Although the overall data was represented by a decreasing linear
relationship, the curve generated by passing through the average data showed no changein
modulus of elasticity for the temperature range of 150°C to 200°C (302°F to 392°F). The relative
modulus of elasticity, for this range, was less than a twenty-five percent decrease with 25°C
(77°F) being the base temperature modulus of elasticity.

Gerhards (1982) also presented modulus of elasticity data involving extreme
temperatures from Preusser (1968) but noted that the conditioning temperatures, sustained for an
hour, were applied to specimens previously conditioned to twelve percent moisture content.
Thus, moisture effects most likely compounded the data, especially at the higher temperatures.

According to Gerhards' (1982) comprehensive study, available data for bending strength
was restricted to 125°C (257°F) for zero percent moisture content and 75°C (167°F) for equal or
greater than eleven percent moisture content. All of the relationships support decreasing linear
trends for both moisture content conditions. However, Gerhards concluded that bending
strength, compressive strength parallel-to-the-grain (Schaffer, 1973), and tensile strength
perpendicul ar-to-the-grain appear to experience the same immediate temperature effect. He also
concluded that the temperature effects were greater at higher moisture contents.

In amore recent study, Fridley et al. (1992b) examined hygrothermal effects on the
mechanical properties of select structural Douglas-fir 38 mm by 89 mm (nominal 2 in. by 4 in.).
The specimens were conditioned to environmental conditions of varied relative humidity levels
and temperature. Strong axis bending was performed at temperatures of 23°C, 38°C, and 54°C
(73°F, 100°F, and 130°F). The results of this study showed that the modulus of rupture and the
modulus of elasticity were affected by environmental hygrothermal conditions. At the same

relative humidity, arise in temperature caused a noticeable decrease in modulus of rupture.
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However, the modulus of elasticity showed very little change due to temperature increase.
Models were developed but cautioned for use only with conditions of the study.

Irreversible effects, that is those associated with long-term temperature exposure and
permanent damage, have been the focus of more recent studies. However, the temperature
ranges of the published studies again do not reflect extreme temperatures. The main focus of
these studies remains high end environmental temperatures.

Inastudy by LeVan et a. (1990), the bending properties of wood treated with fire
retardant chemicals were examined at elevated temperatures. The research provided a control
group of 305 mm (12 in.) long untreated Southern Pine with a cross-section of 15.9 mm (0.625
in.) tangential by 35 mm (1.375in.) radial. The highest temperature of exposure was only 82°C
(180°F). Permanent effects were of interest at varied times of exposure, the smallest of which
was three days. After the time of exposure had elapsed, the specimens were reconditioned
before testing at 23°C (73°F) with a moisture content of twelve percent. Since no baseline of
zero exposure time was established for individual groups based on static tests (only the average
of al groups being noted found from stress wave time), the shortest time that could be used for
relative comparison was the three day exposure. Between the three and seven day exposures, it
was concluded that the modulus of elasticity and the modulus of rupture showed no change.
However, actual datarecorded for this exposure range shows a 3.8 percent and 5.1 percent
increase, respectively.

The study by LeVan et a. (1990) also gave insight to the mechanism that controls the
degradation of wood. Through analysis of the chemical composition of the thermally exposed
wood, they found that degradation of hemicelluloses was the major contributor to reduction of

strength.
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Green and Evans (1994) published the two-year results from afour-year study on the
effects of ambient temperatures on flexural properties of lumber (nomina 2in. by 4in.). They
tested MSR graded Spruce-Pine-Fir (SPF) and LVL of the species Douglas-fir, Southern Pine,
and Y ellow-poplar. The conditioning temperature was 66°C (150°F) and the shortest time of
exposure tested was six months. Since Green and Evans (1994) were interested in permanent
effects, before static tests were performed, all specimens were removed from the elevated
temperature environment and reconditioned to 20°C (68°F). The results reported for SPF 1650F-
1.5E revealed that although the mean modulus of elasticity decreased overal for the two year
period, it actually increased 7.8 percent from zero to six months. SPF 2100F-1.8E hardly
exhibited any change in modulus of elasticity mean value for the two year period and also
increased from zero to six months (1.4 percent). Green and Evans (1994) concluded that for
modulus of elasticity, the rate of degradation was independent of the first two year exposure. For
modulus of rupture, both grades were reported to decrease (between five and nine percent) over
the first six month period.

The nonexistence of research reflecting the conditions of the manufacturing process,
extremely short exposure times of extremely high exposure temperatures, warrants the
investigation of such conditions. Also, full size members subjected to extreme temperatures
needs to be studied. Thus, research was conducted to determine the effects of the manufacturing

process conditions on full size wood material.

DURATION OF LOAD

Numerous predictive models have been developed in relation to creep rupture, or
duration of load (DOL) behavior, of wood. Such models include damage accumulation, strain

energy (Fridley et a., 1992c), and fracture mechanics (Nielsen and Kousholt, 1980). The
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damage accumulation (DA) approach is the most popular modeling technique (Rosowsky and
Fridley, 1995) and is the model used in this research. Hence, the emphasis of thisreview is
placed on previous research involving or relating to damage accumulation.

The first model related to the relationship between applied stress level and time-to-
failure was developed by Wood (1951). Wood used constant bending loads located at the center
span. These loads ranged from sixty to ninety-five percent of the strength found through static
bending. The testing of the Douglas-fir small clear specimens resulted in data that was fitted to
an empirical hyperbolic model curve. The model assumed a stress threshold of 18.3 percent. It
was assumed that failure of a specimen would not occur below this threshold. The genera form
of the model is given in Equation 5-1a. Equation 5-1b presents the model calibrated by Wood.
Wood's (1951) model (Equation 5-1b) is commonly referred to as the “Madison curve.” Itisthis
curvethat is the basis for the load-duration adjustment factors outlined in the National Design

Specifications (NDS) for Wood Construction (AF & PA, 1997).

te= ;B (5- 1a)
Als - so)
1.084
- 5-1b
s o T 0-183 ( )

t 1 = timeto failure in seconds

A, B = model constants determined from experimental data

S = ratio of applied stress to ultimate stress (static test strength)

S, = stress threshold

The Madison curve can aso be written in the format of damage accumulation. The

definitions of the parameters A, B, s, and s, defined above aso apply to Equation 5-1c.

102



Z—? = A(s - SO)B (5-1c)

a = parameter of damage ranging from zero (no damage) to one (failure)

da/dt = time rate of damage accumulation

Based on the Madison curve data of small clear Douglas-fir specimens under a constant
bending load, Barrett and Foschi (1978a, 1978b) devel oped two damage accumulation models.
Each model assumed a stress threshold. The main difference from the Madison curve was the
addition of athird model constant, C. The difference between the two new models was how the
additional model constant was incorporated. All other parameters are previousy defined.
Barrett and Foschi (1978b) concluded that model 11 better represented the data.

Model | (Barrett and Foschi, 19784)

Z—? = A(s - so) a ifs>s, (5-29)
da _, ifs<s, (5- 2b)
dt
Model Il (Barrett and Foschi, 1978b)

da _ B .

E—A(s-so) +Ca Iifs>sgg (5-39)
da _, ifs<s, (5- 3b)
dt

Around the same time, Gerhards (1977, 1979) had also developed a damage
accumulation model. The data used to derive the model came from tests on small clear

specimens. Gerhards assumed that the lifetime of the member was an exponential function of the
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applied stresslevel. From thisidea of exponential decay, Gerhards devel oped the Exponential

Damage Rate Model (EDRM) given in Equation 5-4.

da

ot = exp(-A+Bs) (5-49

Foschi and Y ao (1986) developed a DA model similar to model Il from Barrett and
Foschi (1978b). However, instead of expressing damage accumulation in terms of a stressratio,
it was expressed as afunction of actual applied stress. Also, an additional model constant, D,
was added. An expression for their model is given in Equation 5-5. Foschi and Y ao (1986)
concluded that compared to the Barrett and Foschi (1978b) model 11, the new model was a more

accurate representation of the duration of load behavior of lumber.

d—?=A(t-to)B+Ca(t-to)D (5-5)

t = applied stress

t, = stress threshold

All other model parameters were defined previously

Gerhards and Link (1987) used full-sized 38 mm by 89 mm (2 in. by 4 in.) Douglas-fir
lumber specimens to calibrate the EDRM. They concluded that the model also applied to full-
sized lumber. Gerhards (1988) did further testing with the full-sized specimensin order to
determine the effect of lumber grade on the duration of load behavior of Douglas-fir lumber. In
direct disagreement of previous DA models developed by Wood (1951), Barrett and Foschi
(19784, 1978b), and Foschi and Y ao (1986), Gerhards (1988) concluded that no evidence existed
that would support a stress level threshold. He also noted that for loading at the same fraction of

static strength, lower grades of lumber had lower load-durations. 1n addition, however, he stated
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that these differences might not be statistically significant. The EDRM regression equations for

the different grades tested are given in Equations 5-5a, 5-5b, and 5-5c.

LN(t ;) = 27.4382 - 24.7090SL (5 - 63)
LN(t 1) = 25.9539 - 24.0309sL (5 - 6b)
LN(ts) = 23.6222 - 21.7119sL (5 - 60)

t + = time to failure in minutes

SL =ratio of applied stress to ultimate stress (static test strength)

Finally, Gerhards (1988) found that for design loads that really exist for the design duration, the
current allowable bending properties for lumber were nonconservative. Using these load-
duration equations and the methods used to determine NDS adjustment factors he proposed
modifications to the factors. The resulting factors would consequentially lower design values for
al design load-durations.

A study by Cai et al. (2000) compared the predictive capabilities of these four DA models
(Wood, 1951; model 11 from Barrett and Foschi, 1978b; Gerhards, 1979; and Foschi and Y ao,
1986). Small clear Southern Pine specimens were subjected to a five-day load sequence which
varied stress levels daily. It was concluded that all of the DA models failed to consistently
predict the time-to-failure. Thiswas even more pronounced for lower stress levels and longer
duration. Ultimately, it was concluded that, “the four DA models were about equal in their

ability to simulate time-to-failure distribution” (Cai et a., 2000).

TEMPERATURE EFFECTSON DURATION OF LOAD BEHAVIOR

There have been several studies on the effect of environmental conditions on creep-
rupture of wood, both small clear and full-sized specimens. Similar to the conditions of

mechanical testing, most of these studies center on the premise of manipulating environmental
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parameters for both conditioning of the specimens and for the duration of the tests being
performed. Justifiably, environmental conditions simulated for testing have never been over
80°C (176°F). Although the testing temperatures were within the range for reversible effects, the
long exposure time involved in creep-rupture testing would inevitably result in the temperature
effects being classified as permanent.

Schniewind (1967) subjected small clear 10 mm by 20 mm by 220 mm (0.39 in. by 0.79
in. by 8.66 in.) Douglas-fir specimens to environmental conditions in order to determine the
effects on creep-rupture. Both constant and cyclical temperature exposure environments were
examined for the duration of the tests. It was concluded that the environmental effects on creep-
rupture significantly reduced the life duration of the wood specimens. However, it was also
noted that changes in size could alter the significance and change the results.

Building on thisidea, Schniewind and Lyon (1973) tested larger specimens, athough still
clear, of 50.8 mm by 50.8 mm by 1.02 m (2 in. by 2 in. by 40 in.). The results showed that
environmental effects were still present. However, it was concluded that as specimen sizeis
increased, creep-rupture life during environmental changes would be similar to that of specimens
in a constant environment.

In astudy by Schaffer (1973), discussed earlier in this review, additional creep testing
was performed for atwo hour period. This study actually went beyond mere environmental
temperatures and subjected specimens to temperature ranges of 25°C to 275°C (77°F to 527°F).
The results showed that the compressive strength actually improved with duration of exposure, at
aconstant load, for the temperature range of 100°C to 288°C (212°F to 550°F). Thetensile
strength showed no significant change in strength until 140°C (284°F) after which increased

temperatures caused a decrease during exposure. Schaffer (1973) concluded that the increase
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seen in the long-term compression strength was credited to “the phenol-resin production of
additional bonds with duration heating.” For tensile strength, the decrease was caused by “the
depolymerization of cellulose with duration of heating.”

Aswas discussed previously, environmental changes in temperature and moisture content
are known to affect mechanical properties, that is, short-term strength and stiffness. Fridley et al.
(1989, 1990, 1991, 1992d and 1992¢) conducted severa studies to determine the effect of
environmental conditions on structural lumber. Again, “environmental” only included a
temperature range of 23°C to 54°C (73°F to 130°F). Environmental conditions under
consideration were constant and cyclical thermal effects and constant and cyclical moisture
effects. Specimens, 38 mm by 89 mm by 2.44 m (nominal 2 in. by 4 in. by 8 ft), were Select
Structural and No. 2 grade Douglas-fir. Fridley et a. (1989) concluded that for equal stress
ratios, atrend of shorter time-to-failure for higher temperatures was observed. He also noted that
the observed temperature effects were independent of relative humidity or moisture content
effects. Further research by Fridley et a. (1992e) indicated that the effects brought on by
constant hygrothermal conditioning could be predicted if the effects on short-term strength were
accurately predicted.

The lack of research on the load-duration behavior of wood material with a history of
exposure to any extreme condition leads to uncertainty of performance. Therefore, research was
conducted to evaluate the load-duration behavior of wood material possessing a history of short-

term exposure to extreme temperatures.

MATERIALS

Boise Cascade of Boise, Idaho provided all solid sawn lumber. All lumber was Standard

grade Douglas-fir Larch. The Standard grade for the one hundred and eighty members of 38 mm
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by 89 mm (nominal 2 in. by 4 in.) solid sawn was chosen for the wide range in structural
properties, that is, a high coefficient of variation (COV) of the material. Each member was 2.44

m (8 ft) in length.

METHODS

The objective was two fold: To determine the effect of LVL manufacturing temperature
on the mechanical properties and duration of load (DOL) behavior of solid sawn Douglas-fir
Larch. The temperature effects of the processing procedure would, by definition, not be
reversible. Thisis because athough the exposure timeis “short,” the exposure temperature is
above 100°C (212°F). Also, these effects would not technically be immediate because, although
“guick,” extreme temperature exposure was not the condition at the time of testing. Specimens
were reconditioned back to room temperature conditions. Therefore, the conditions of the
manufacturing process are more of a measure of permanent effects. Although solid sawn lumber
is not normally subjected to such conditions, it was important to determine the effect on such
material for the sake of comparison to LVL. Thus, the solid sawn lumber would serve as a
comparison material. Since the main goal centered on manufacturing temperatures, material had
to be sorted into various temperature categories. Upon investigation, a common range of LVL
manufacturing temperatures was found to be 145°C to 160°C (293°F to 320°F). The goal wasto
target temperatures near, greater, and much greater than common industrial practice. The chosen
temperatures were 149°C (300°F), 171°C (340°F), and 193°C (380°F).

First, the unheated solid sawn lumber had to be sorted. Nondestructive sorting was done
by impact longitudinal stress wave propagation. After this was done, the solid sawn lumber was

heat treated. The press schedule had to be established according to several factors and by using
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practice billets (Chapter Three). The processing variables for solid sawn lumber were as
follows:

1. Press. hot platen hydraulic;

2. Press Temperatures. 149°C (300°F), 171°C (340°F), and 193°C (380°F);

3. Press Schedule: thickness controlled for maximum thickness of every twelve solid

sawn members;

4. PressTime: twenty minutes; and

5. Pressure Cycle: after twenty-nine seconds, the end condition pressure was 6897 kPa

(1000 psi) and then reduced to 1382 kPa (200 psi) after forty-four seconds and held
constant until the end of the cycle at twenty minutes.

After the solid sawn lumber was heated, the material was allowed to return to equilibrium
conditions (moisture content (MC) = 10%) before further testing was done. The modulus of
elasticity was again evaluated using longitudinal stress wave propagation and also, static
edgewise bending. The static bending tests were also used to determine the modulus of rupture.
The effectiveness of the predictive capability of Egynamic Values was evaluated (Chapter Four) and
the effect of the manufacturing temperature on the mechanical properties was analyzed.

For the second phase, the solid sawn lumber was tested using long-term loading. A
known stress was applied to each specimen. Stress ratios were assigned on a member by
member basis and time to failure and deflection data were recorded. The effect of manufacturing

temperature on the duration of load behavior was analyzed.

SPECIMEN SORT

All unheated solid sawn members were tested nondestructively to obtain an Egynamic (from

Equation 2-1) for each specimen. The members were weighed and measured (one length,
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average of three widths, and average of three thicknesses). Impact longitudinal stress waves
were only introduced in one location along the width, the center. An average of three stress
wave times was taken.

The members were then sorted in order of ascending Egynamic. A pseudo random sort
(Chapter Two) was used to divide the members into the four temperature categories (one of the
categories being no temperature). All categories consisted of forty-eight members, except for the
high temperature category, which only had thirty-six members. An analysis of variance
(ANOVA) was performed on the Egynamic Values between the temperatures (Appendix E). The
analysis showed no statistical difference between the temperature categories.

Within the temperature categories, it was necessary to separate the members into two
equally distributed groups. One group was to be tested statically and the other group was to be
tested under load-duration. The same technique for sorting into categories was employed for
sorting into groups (Chapter Two). Thisfinal sorting provided the sample sizes that were used in
the tests [MOE-MOR/DOL]: no temperature [24/24], 149°C (300°F) [24/24], 171°C (340°F)
[24/24], and 193°C (380°F) [18/18].

Each category was heated to the determined temperature and nondestructive stress wave
time was again used to determine Egynmic. ANOVA results (Appendix E) showed no significant

statistical difference between the newly determined Egynamic Values of the temperature categories.

STATIC BENDING TESTS

Static edgewise bending tests were performed to find actual modulus of elasticity and
modulus of rupture values for al specimen categories. The static modulus of elasticity, Egaic,
was used to monitor temperature effects on stiffness and to compare to the nondestructive

method, Eayamic, Which had been used for sorting. Twenty-four members of each temperature
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category, except the 193°C (380°F), were tested for mechanical properties. The high temperature
category only contained eighteen members.

An Instron 4400R screw-driven test machine was used to perform all static bending tests
on the smply supported beams. The procedures from ASTM D198 (1998), the standard test for
determining structural lumber properties, were followed and the |oad-displacement data, time to
failure, and maximum load were recorded by a computer data acquisition system (Labview,
1997). A load rate of 3.3 mm/min (0.13 in./min) was determined to meet the provisions of the
standard. All of the specimens were tested to failure. The displacement was measured at center
span using alinear variable differential transformer (LVDT) (Appendix A). Using a spreader
beam, the single point ramp load applied from the testing machine was evenly distributed into
two point loads. The dimensions of the spreader beam were such that the two point loads were
applied at third points, 610 mm (24 in.), in relation to the end reactions. Finaly, lateral bracing
was applied in accordance with the ASTM standard to eliminate the concern of |ateral-torsional
buckling effects. The actual static bending setup can be seen in Chapter Two. The equation
used for static bending modulus of elasticity was Equation 2-2.

For the solid sawn members, since the members being tested were heat treated, the cross-
sectional dimensions used in calculating Egaic were the altered dimensions found after heating
and reconditioning. These cross-sectional dimensions were, for the most part, smaller than those
before heating (Table 5-2). Since moisture content was essentially returned to the conditions
before heating, the loss in dimension and in mass may not be from shrinkage due to simple

moisture loss alone. Thisis explained later in this chapter.
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Table 5-2: Cross-Section Dimension Changes from Temper ature Effects

dimensionsin mm Unheated Heated Percent Difference
Temperature |Width| Thick | Mass (g) | Width| Thick| Mass (g) | Width | Thick| Mass
149°C (300°F) | 88.16 | 37.72| 9.21 |87.95|37.66] 9.08 |-0.23 |-0.16| -1.45
171°C (340°F) | 87.90 | 37.59 | 9.27 |87.44 /3762 9.04 |-0.53|0.10 | -2.43
193°C (380°F) | 87.82 | 37.64 | 9.39 |87.22|37.56] 9.09 |-0.69 |-0.23| -3.15

Static bending tests were performed in a temperature controlled room where the
temperature range fluctuated between 21°C (70°F) and 23°C (73°F). The relative humidity was

determined to be in the proximity range of thirty percent to forty percent.

DETERMINATION OF LOADS

Using the maximum load obtained from the static bending tests, the modulus of rupture
was calculated and used to determine loads for the load-duration tests. Again, the cross-sectional
dimensions used in calculating the modulus of rupture were the dimensions found after heating.
Each temperature category was evaluated separately.

Several methods were used to determine which statistical distribution best represented the
modulus of rupture data. The distributions analyzed were normal, lognormal, and 2-P Weibull.
The first methods were plotting the distributions on probability paper and comparing the
coefficients of determination (r?) (Figure 5-1A). These methods were based on visual inspection
and quantitative results for goodness of fit. Also, the inverse cumulative distribution function
(CDF) method was used (Figure 5-1B). Both visual inspection and the standard error estimate of
these plots were performed. After reviewing al of the above methods, it was clear that a
lognormal distribution best represented the modulus of rupture datafor all temperature categories
of the solid sawn lumber. Examples of the lognormal probability plots and the lognormal inverse
CDF plots are shown for the solid sawn no temperature category (Figure 5-1). Distribution

fitting plots for all temperatures are found in Appendix B.
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Figure 5-1: MOR Best Fit Lognormal Distribution: (A) Probability Plot and r% (B) Inverse CDF

Once alognormal distribution was determined as the best fitting distribution, the
theoretical design values, Fy,, were found in accordance with ASTM D2915 (1994) (Table 5-3).
This was done to compare temperature categories in the same manor that is done in practice.

However, because it was desired to move beyond the lower tail data that governs the design
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values, the fifteenth percentile modulus of rupture was calculated from the lognormally
distributed data. This value would be considered the applied stress used for DOL testing. Using
the same equation that was used to calculate modulus of rupture from the static bending tests, the
applied loads were back calculated out of the equation (Equation 2-4) using the applied stress

values.

Table 5-3: Design Stress and Applied Stress for Solid Sawn Lumber

Temperature Fn (MPa) MOR (MPa) | Calculated

°C(°F)  |Nonparametric/ Parametric | 15" percentile | Loads (N)
No Temp 8.58 8.22 25.61 4061
149 (300) 8.59 8.68 28.01 4451
171 (340) 7.94 9.67 30.56 4832
193 (380) 12.52 10.90 34.02 5325

The actual values of modulus of rupture were obtained using the cross-sectional
dimensions of the groups tested statically. When the loads were back calculated, the cross-
sectional dimensions of the groups tested for load-duration behavior were used. This applied

actual geometric properties of the group to the applied loads.

LOAD-DURATION TESTS

The second set of groups, one group per temperature category, was subjected to long-
term loading to determine the response. The sample size was the same as that of the static tests,
that is, al of the test groups consisted of twenty-four members except the 193°C (380°F)
temperature group which consisted of eighteen members. The solid sawn lumber was subjected
to a constant load for forty-two days, when the last deflection data was obtained (except for the
solid sawn 149°C (300°F) and 171°C (340°F) which had its last deflection data taken at thirty
days). Because of time constraints, the members had to be unloaded before the magjority of the

members had failed.
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Four sets of testing frames were used. Each set consisted of twelve frames and each
frame was designed to test two specimens at once. The frames were specifically designed for
strong axis bending load-duration tests. The actual |oad-duration setup can be seen in Chapter
Two. Inasimilar configuration as the static test setup, using a spreader beam, the single point
load applied viaa pulley and cable system was evenly distributed into two point loads. The
dimensions of the spreader beam were such that the two point loads were applied at third points,
610 mm (24 in.), in relation to the supports. Lateral bracing was provided and the applied
weights, made of steel and/or concrete, were hung from a 406.4 mm (16 in.) diameter pulley.
Each pulley was individually calibrated by using a small load cell and applying known loads to
the system (Appendix A). The actual mechanical advantage for each pulley was calculated by
averaging the results from four known loads for each pulley. The minimum and maximum
calculated mechanical advantages of the pulleys were 7.72:1 and 7.97:1, respectively.

A modified caliper was used to collect deflection data. Because it was not possible to
collect continuous data using the caliper, deflections were recorded at specific times relating to
time of loading. These times were as follows. one minute, half hour, one hour, two hours, four
hours, one day, four days, seven days, fourteen days, twenty-two days, thirty days (last collection
for the solid sawn 149°C (300°F) and 171°C (340°F)), and forty-two days.

Since the members used for the |oad-duration tests failed under sustained load, it was not
possible to also retest the members for ultimate bending stress. In order to obtain an ultimate
bending stress for the failed members, the rank order statistic method was used. This method
uses the strength values found from the distribution fitting. Each specimen was ranked
according to time of failure. The specimens were then assigned alognormally distributed

ultimate bending strength according to this ranking. That isto say, the first member to fail,
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considered the weakest, is assigned the lowest lognormal ultimate stress and so on. This ranking
process was followed as the members broke until the end of testing, which was before all
members had failed.

Nondestructive testing was done on all the members so there was information relating the
load-duration specimens to each other but, through modulus of elasticity, not bending strength.
However, based on assumption that there is a positive correlation between stiffness and strength,
the failure order of the members could be predicted relatively well. This proved useful in
evaluating the load-duration behavior of the surviving members.

The testing room where the load-duration tests were performed was thermostat controlled
at 21°C (70°F) with heating and cooling systems. Duration of load testing was primarily
conducted during summer months so constant cooling was applied to the room and minimal
heating was used to balance the environmental temperature. The relative humidity was

monitored and essentially remained at a constant thirty percent.

RESULTS

THERMALLY INDUCED DEGRADATION

Since the decrease in specimen cross-sectional dimension and in mass were permanent
and above the temperature range for reversible effects, it is possible that a chemical change of
the wood involving degradation of the wood substances caused a permanent loss of dimension
and mass (Table 5-1). Thisresulted in decreased density (calculated mass divided by volume) of
the material. Since pressure was not applied to the solid sawn lumber, the decrease was purely
thermally induced (degradation and moisture reduction). Examination of the percent difference

of the average values of the densities, Table 5-4, shows an increase of average density loss as
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temperature increases. However, ANOV A results found no significant statistical difference
between the temperature categories (unheated or heated) or between the unheated and heated
densities within each temperature group (Appendix E). Although the densities were found to be
statistically similar, the practicality of the loss of over two percent being solely attributed to
thermal degradation is questionable, especialy since the exposure time was very short. Moisture

effects may be playing aroll in the differences.

Table 5-4: Densities of Unheated and Heated Solid Sawn Lumber

r (kg/m°) UNHEATED HEATED % Difference
Temperature | Minimum| Average | Maximum |Minimum| Average | Maximum| of Average

No Temp 405.58 | 51347 | 699.52 405.58 | 513.47 @ 699.52 0.00
149°C (300°F) | 409.74 | 51545 | 621.64 | 402.84 @ 509.28 | 616.40 -1.21
171°C (340°F) | 424.00 | 519.62 | 628.99 41482 | 509.58 @ 613.71 -1.97
193°C (380°F) | 41291 | 527.72 | 644.78 | 402.31 | 51532 | 623.50 -2.41

LOAD-DISPLACEMENT CURVES

The data acquisition system continuously recorded both loads and deflections for each
statically tested solid sawn member. This data was used to plot aload-displacement curve for
each specimen (Appendix F). The shapes of the load-displacement curves were typical within
each temperature category but sightly different between categories. Asis shown in Figure 5-2A,
the no temperature members had a very linear relationship between load and displacement for all
load levels. For the 149°C (300°F), low level loads were distinctly not linearly related to
deflections (Figure 5-2B). The rise in manufacturing temperature to 171°C (340°F) shows the
load-displacement curve had become more linear again in the low load region (Figure 5-2C).
Finally, the curve became fully linear again for members of the 193°C (380°F) temperature

category (Figure 5-2D).
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Figure 5-2: Typical Load-Displacement Curves for Solid Sawn Lumber: (A) No Temperature; (B) 149°C (300°F);
(C) 171°C (340°F); (D) 193°C (380°F)

Determination of deflection at peak load became a problem with the two higher
temperature categories. Thisis because afew of the specimens in these categories deflected
more than the range of the LVDT (past two inches). Deflection summary datais provided in
Table 5-5. From thistable it can be seen that on average, as temperature increases, deflection
increases. The range, however, isrelatively small. Using the better estimate, the difference of
the range values was dightly lessthan 5 mm (0.20 in.). The ANOVA results (Appendix E)
showed no statistically significant difference between the maximum static deflections of the

different temperature groups. Also provided in Table 5-5, are the average peak loads for al
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temperature categories. Like deflection, as the temperature increased, the peak |oad increased.

The difference from no temperature to 193°C (380°F) is aimost 1.55 kN (350 Ibf).

Table 5-5: Average Satic Deflections and Peak Loads for Solid Sawn Lumber

Accurate | Deflection |Surpassed| Better Peak

Reading | At Peak Load| LVDT |Estimate*| Load

Temperature n D (mm) NA D (mm) (KN)
No Temp 24 35.42 o | ---- 6.346
149°C (300°F) 24 36.85 o | ---- 7.326
171°C (340°F) 20 34.48 4 38.03 7.663
193°C (380°F) 15 37.28 3 40.40 7.885

* Better Estimate includes the maximum deflections recorded for those members that surpassed the LVDT

MECHANICAL PROPERTIES

From the load-displacement curves, it was evident that temperature history was having an
effect on the response of the solid sawn lumber and, ultimately, lumber’s mechanical properties.

After the solid sawn lumber had been heated and reconditioned to equilibrium conditions,
the members were again tested using impact longitudinal stress wave. The results showed a
dight decrease from original unheated Egynamic Values (including values from specimens tested
both statically and long-term). The decrease in Egynamic Values was small but became greater as
temperature increased (0.32%, 1.05%, and 1.21 %). Using the load and deflection data of the
low load linear region, Egaic Wwas computed. The average values are found in Table 5-6 and
graphically shown in Figure 5-3. The solid sawn lumber without temperature treatment was
considered the baseline material and used to validate the results from the static bending test
procedure. ASTM D2915 (1994), the standard for evaluating structural lumber allowable
properties, was followed. The design value calculated for the Standard & Better grade Douglas-
fir Larch was Egaic = 9.81 GPa (1422881 psi). Thiswas higher but very comparable to the NDS

(AF & PA, 1997) published design value of 9.65 GPa (1400000 psi). The higher value was
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expected because there are six other visually graded categories that are “ better” than Standard

grade. All equations used to determine the apparent modulus of elasticity are located in

Appendix B.

Table 5-6: Mean Values and Coefficient of Variation for Moduli of Solid Sawn Lumber

Heated Solid Sawn Lumber
MOR (MPa)

Unheated SSL

Edynamic* (GP&)

Edynami c* (GP&)

Estatic (GP&)

Temperature

Mean

COV % (n)

Mean

COV % (n)

Mean

COV % (n)

Mean

COV % (n)

No Temp

12.46

16.70 (48)

12.46

16.70 (48)

9.81

22.76 (24)

40.11

38.95 (24)

149°C (300°F)

12.40

15.71 (48)

12.36

15.45 (48)

10.57

20.98 (24)

46.05

44.00 (24)

171°C (340°F)

12.42

16.01 (48)

12.29

15.92 (48)

11.01

21.55 (24)

48.79

40.45 (24)

193°C (380°F)

12.39

1551 (36)

12.24

15.37 (36)

11.05

19.02 (24)

50.72

37.30 (24)

* Egynamic Values include specimens tested both statically and long-term
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Figure 5-3: Comparison of Means of MOE for Solid Sawn Lumber

12.24

It was observed that as the manufacturing temperature increased the mechanical modulus

of elasticity increased. The difference of range values was 1.24 GPa (180000 psi). ANOVA

results (Appendix E), however, showed that there was no significant statistical difference

between the Eqaic of the temperature categories. However, between both the no temperature -

171°C (340°F) and no temperature - 193°C (380°F) temperature categories, a P-value (a = 0.05)
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of near 0.08 was observed. This suggests there may be atrend towards these data sets being
statistically different.

The same observation, an increase in temperature yields an increase in moduli, was made

for modulus of rupture data (Table 5-6). The difference in range values was 10.61 MPa (1540
ps). Again, ANOVA results showed no significant statistical difference between modulus of
rupture values for different temperature categories. However, the P-value for the comparison of
no temperature to 193°C (380°F) was 0.053, which indicates that there may be a trend toward
these temperatures being significantly different.

To further investigate these trends, the static deflections at peak load (Better Estimate)
were compared with their respective strength. Correlation coefficients were found for this
relationship for each temperature. Overall, the correlation was fairly good (Figure 5-4). The
slopes off the trendlines were similar (except for 149°C (300°F) and they had a similar elevation

location. This suggests that the correlation trend between the deflection and strength is similar

for al temperatures.
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Figure 5-4: Correlation of Static Deflection and Modulus of Rupture for Solid Sawn Lumber

121



Using the no temperature value as the base value for al properties (similar to Gerhards
1982), the relative values per property per temperature were cal culated based on the average
values (Table 5-7). The relationships between temperature and their respective percent increase
for all properties, maximum static deflection, maximum load, Egaic anhd modulus of rupture, were
represented with both alinear and a second order polynomial trendline. These relationships are
shown in Figure 5-5. Because the values of Egynamic (heated) did not show much fluctuation, they
were not included in Figure 5-5.

Table 5-7: Relative Solid Sawn Lumber Properties Based on No Temperature (%)

Temperature | Egynamic® | Deflection| Load Egtatic MOR

No Temp 100.0 100.0 100.0 100.0 100.0
149°C (300°F) | 99.2 104.0 1154 107.8 114.8
171°C (340°F) | 98.6 107.4 120.8 112.3 121.7

193°C (380°F) 098.2 114.1 124.2 112.7 126.5
* Egynamic Values include specimens tested both statically and long-term
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Figure 5-5: Relative Mechanical Properties of Solid Sawn Lumber due to Elevated Temperature Exposure of
Twenty Minutes (Tested at Room Temperature Conditions): (A) Linear Fit; (B) Second Order Polynomial Fit

The obvious cause of increased mechanical properties would be that short-term heating to
higher temperatures causes a loss in moisture content. However, this possibility was minimized
because the testing of all specimens was done at equilibrium room temperature conditions with

all specimens having been reconditioned to ten percent moisture content. Published literature
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supports a linear decrease in mechanical properties for immediate temperature effects. However,
because the temperatures used were above 100°C (212°F), the conditions of reversible effects,
and thus immediate effects, are violated. The data might be better compared with permanent
effects.

The shortest time exposure for comparison was the three to seven day exposure from the
research by LeVan (1990). The 3.8 percent and 5.1 percent increase in modulus of elasticity and
modulus of rupture, respectively, had been concluded to be inconsequential. However, the
higher percent increase in modulus of rupture follows the trends seen in Figure 5-5. The percent
increases for the 82°C (180°F) also fit relatively well to the linear model and very well to the
second order polynomial model. Thisisinteresting given that the time of exposure of the
published data was longer than for the data of Figure 5-5. The second order polynomial curve fit
for the deflection data actually falls below 100 percent from 22°C (72°F) until about 130°C
(266°F). It isdoubtful that thisis valid. More data for the temperatures that fall within this
range given the short exposure time are needed to properly fit the curve. Essentialy, thisistrue

for all of the property curves.

DURATION OF LOAD BEHAVIOR

The phenomenon known as creep rupture, or load-duration behavior, was the focus of the
research. Of specific interest were the effects of laminated veneer lumber manufacturing
temperature on the load-duration behavior of solid sawn lumber. Specific analysis of the related
phenomenon creep was not performed, however, DOL deflection behavior was examined.

By definition, creep rupture occurs because of the failure of the specimen to sustain
constant load over time due to increased deformation during that time. In order to examine

duration of load behavior, the modulus of rupture values were used to determine the sustained
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loads. These MOR values, found from static testing, showed an increase with increase of
temperature. Logicaly, the lognormal distributions, used to determine the applied loads for the
|load-duration tests, reflected thistrend. ANOVA results showed no significant statistical
difference between modulus of rupture values between different temperature categories, except
for the comparison of no temperature and 193°C (380°F). Also, the P-value (a = 0.05) for the
comparison of no temperature and 171°C (340°F) was 0.08, which indicates that there may be a
trend toward these temperatures being significantly different. In order to avoid the lower tail
region of the strength distribution, applied stress levels were based on the 15™ percentile. Using
the 15" percentile lognormal modulus of rupture values, the applied loads were calculated (Table

5-8) and adjusted using the mechanical advantages of the pulleys of the test frames.

Table 5-8: Applied Loads for Solid Sawn Lumber

Temperature |No Temp| 149°C | 171°C | 193°C
FRAME 2 3 4 1
Appl ('Ii“'l@) load | 061 | ass1 | 4832 | 5325
PULLY MECHANICAL ADVANTAGE RANGE
Maximum 7.94 7.95 7.97 7.96
Minimum 7.75 7.74 7.76 1.72

DURATION OF LOAD BEHAVIOR: DEFLECTION ANALYS'S

Although specific analysis of creep was not performed, deflection measurements were
taken with adigital caliper. From these measurements, displacement-time curves were generated
for each specimen tested. Examination of this graphical representation of creep behavior
provides insight into the overall load-duration behavior of the specimens. Figure 5-6 illustrates a
typical curve for all temperatures. The arrow near the last deflection measurement represents

survival past the duration of the test. An example depicting a non-failing member was shown
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because survival after six weeks was the most typical case for al solid sawn lumber temperature

categories. Deflection-time plots for all specimens are presented in Appendix G.

rgsg § & g E

35; Py ® 7~
30 fo & ° ?

T Tt

E 25+

c =

S 20 ¢

3 -

= 15E

° 10—
5 * FRAME 2 #3 (No Temp #48)
0 3 I \} 1

0 10000 20000 30000 40000 50000 60000 70000

Time (min)
Figure 5-6: Typical Displacement-Time Curve for All Temperatures

The shapes of the deflection-time curves were similar to those of other Douglas-fir solid
sawn lumber trends found by Fridley et al. (1992a). Similar meaning that there was an initial
elastic deflection region followed by a primary creep phase region followed by a secondary creep
phase region. The duration of these regions was comparable to those previously reported.
However, for al temperature categories, there was a high number of surviving specimens after
six weeks. Because of this and because deflection data was collected manually, the trend for the
final stage of creep, tertiary, could not be obtained. A summary of the number of failures and
survivals for each temperature is provided in Table 5-9. The reason for a high number of ramp

failures for the 171°C (340°F) temperature group was unexplained.
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Table 5-9: Number of Failures and Survivals for Each Temperature Category for Solid Sawn Lumber (after six
weeks of observation)

Temperature | Ramp Failure | DOL Failure | Survivor | Total
No Temp 5 5 14 24
149°C (300°F) 2 6 16 24
171°C (340°F) 9 3 12 24
193°C (380°F) 5 4 9 18

Three DOL deflection stages were examined: initial, failure (less than 43200 min), and
survival (equal to 43200 min). Initial deflection data, obtained at one minute after load was
applied, has the sample size of the total number of specimens minus those lost due to ramp
failures. ANOVA was performed to compare the distribution of deflections. For each
temperature category, each DOL deflection stage was compared to the respective maximum
static deflection. For all temperatures, the static deflection and the failure DOL deflection were
not statistically significantly different. Contrarily, the static deflection and initial DOL
deflection were statistically different for all temperatures. Survival results varied depending
upon temperature (Appendix E). For the no temperature and 149°C (300°F) categories, the static
deflection was statistically significantly different from the survival DOL deflections. For the
higher temperature categories, 171°C (340°F) and 193°C (380°F), the opposite was true.

ANOVA was aso performed for the three DOL deflection stages compared between
temperature categories. Results between failure deflections of different temperature categories
showed no statistically significant difference suggesting that the failure DOL deflection behavior
was similar for all temperature categories. The results for initial and survival deflections
between temperature groups showed no difference except when the high temperature, 193°C
(380°F), was involved (Appendix E). Expanding on the ANOVA results, mean deflection values
were compared to detect possible trends (Table 5-10 and Figure 5-7). Although the high

temperature, 193°C (380°F) had the highest deflection average for all DOL deflection stages,
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there was not a definite trend for either the initial or failure deflections. However, there was a
dight increase for the survival deflections. Recall that this stage contained the most samples for
al temperatures. An increase between range values was about 7 mm (0.28 in.). Thetrend,

although increasing, was not similar to that of the static deflections.

Table5-10: Average DOL Deflection Values ;‘(’5) i -
Temperature | Initial D| Failure D|Survival D| € 2 77 =[] .
NoTemp | 24.04 | 3310 | 2607 | 925 = n
2 20 —
149°C | 2313 | 27.84 | 2650 | € 15 |
> E
171°C 2446 | 2830 | 2856 | < 1 ]
193°C | 2857 | 39.04 | 33.24 0+
All deflection values arein mm No Temp 149 171 193
Temperature (°C)
O Static O Initia
[ Failure (< 43200 min) I Survia (= 43200 min)

Figure 5-7: Bar Graph of Average DOL Deflection Values

To investigate possible correlation, the DOL deflections were compared with their
respective strength. Correlation coefficients were found for this relationship for each
temperature. Because alarge number of data points were survivals, their assigned strength had
to be predicted. Thiswas done using the dynamic modulus of elasticity (Egynamic). However, as
was seen in Chapter Four, the correlation between Egynamic and modulus of rupture was not very
strong. Therefore, the predictive capability of the Egynamic for the rank order of the assigned
modulus of rupture was only moderately reliable. Figure 5-8 shows the combined data of the
ranked modulus of rupture and the predicted modulus of rupture according to the respective
Eaynamic. Overall, there was evidence of some correlation (Table 5-11) with the no temperature
category having the best correlation. The slopes off the trendlines were similar. This suggests

that the correlation trend is similar for all temperature categories.
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Figure 5-8: Correlation of Eynamic and Rank Order Modulus of Rupture for Solid Sawn Lumber

Table 5-11: Coefficients of Determination and Correlation Coefficients for Assigned Modulus of Rupture

Initial D Surviva D Edynamic
Temperature|  r° r ré r ré r
NoTemp | 0.6903 | 0.8308 | 0.5832 | 0.7637 | 0.6179 | 0.7861
149°C 0.2472 | 0.4972 | 0.3653 | 0.6044 | 0.2795 | 0.5287
171°C 0.5210 | 0.7218 | 0.5439 | 0.7375 | 0.5037 | 0.7097
193°C 0.3914 | 0.6256 | 0.6316 | 0.7947 | 0.4651 | 0.6820

The correlations between the modulus of rupture and the DOL deflections were not as

strong as were the MOR correlations with the static deflections. In fact, the low correlation

coefficients of 149°C (300°F) suggest there may be very little correlation at all. The MOR

correlation trends with the initial (Figure 5-9) and combined survival deflections (Figure 5-10)

are decreasing trends. The data points are connected in order to track increasing MOR.

Although thisis the opposite as what was seen for static deflections, it stands to reason. Since

theinitial and survival DOL deflections are the result of a constant sustained load, at any given
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time, the stronger members would deflect less than would the weaker members, which were
closer to faillure. Because of the lack of failure DOL deflection data, no conclusions could be
made as to the overall correlation behavior. Consequently, these deflections were not

graphically represented.
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Figure 5-9: Correlation of Initial DOL Deflection and Modulus of Rupture for Solid Sawn Lumber
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Figure 5-10: Correlation of Qurvival DOL Deflections and Modulus of Rupture for Solid Sawn Lumber
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As stated earlier, the predictive capabilities of the Egynamic Values were not proven to be as
reliable as desired. Even though some correlation existed with the survival DOL deflections,
since most of the correlation findings were predicted, possible observations, such as some slope

similarity, were not substantiated.

DURATION OF LOAD BEHAVIOR: DAMAGE ACCUMULATION

There are several methods to assess the duration of load behavior of wood. The damage
accumulation (DA) approach is the most popular (Rosowsky and Fridley, 1995) and the
approach of greater confidence (Fridley, 1992) sinceit is so widely used. The damage
accumulation is related to the applied stress level. The approach for evaluation of duration of
load behavior isto plot the applied stress ratio (SR) versus the time to failure. For this research,
the SR was determined using the lognoramally distributed modulus of rupture values as the
ultimate stresses (as the denominator), assigned to specimens using rank order statistics. The
15™ percentile value of the distribution was the applied stress and used as the numerator of the
stress ratio.

The focus of the study was to determine the effect of manufacturing temperature on
duration of load behavior. Since it was not of interest to compare the performance of the
different DA models, only one model was used to analyze the DOL behavior of the solid sawn
lumber. Some support of this reasoning was found from Cai et a. (2000). It had been found that
four common DA models were similar in their predictive capabilities for small clear specimens
tested at high stress ratios applied for short durations. Selection of the DA model was based on
similarities between the test specimens used to develop the model and those of this research.

The Exponential Damage Rate Model (EDRM) developed by Gerhards (1977, 1979) was

amodel based on small clear Douglas-fir specimens. However, using data from 38 mm by 89
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mm by 2.44 m (nomina 2in. by 4 in., 8 ft long) Douglas-fir lumber, the model was later
calibrated by Gerhards and Link (1987). Expanding on this study, Gerhards (1988) provided
calibrated models for several grades conditioned at and tested in an environment of 23°C (73°F)
and 50 percent relative humidity. Since the test specimens and testing conditions of the studies
by Gerhards were similar to some aspects of this research, Gerhards EDRM (Equation 5-4) was
used to model the |oad-duration behavior.

Least squares regression fit of the datato Gerhards EDRM was performed on each
temperature category only for the data points obtained for failures under sustained load (Table
5-9). Excluding both the large amount of survivals, after six weeks, and the expected ramp
failures, only alimited amount of data points were left available for regression analysis. Model
constants are provided in Table 5-12A. The goodness of fit of the model was evaluated from
calculated coefficient of determination and standard error of the estimate (Table 5-12B) and

visual inspection of Figure 5-11.

Table5-12: EDRM: (A) Model Constants; (B) Coefficient of Determination and Sandard Error

Temperature A B Temperature] r° |Standard Error
NoTemp | 47.8650 | 48.7163 No Temp |0.819 1.595
149°C 32.8310 | 26.5253 149°C | 0.908 1.047
171°C 77.4847 | 95.5857 171°C 0.986 0.490
193°C 60.5772 | 69.0393 193°C | 0.900 1.492
A B
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Figure 5-11; Time-to-Failure Plot for All Temperature Categories of Solid Sawn Lumber

The resultsin Table 5-12B, high coefficients of determination and low standard errors,
show that the linear fit, on the natural log scale, of the Gerhards EDRM model is good. Figure
5-11 provides visua verification of the goodness of fit. It isalso apparent that, for the overall
behavior, the limited data does not follow the shape characteristic of a hyperbolic model, such as
that of Wood (1951).

To compare the regression lines of the temperature categories, methods for testing the
hypothesis of equality for population regression coefficients and elevations were performed (Zar,
1996). Each test involved the use of thet distribution in a manor analogous to the testing for
difference between two mean populations. The validity of thet test assumes two basic
theoretical assumptions of the sample populations; both are randomly obtained from a normal
distribution and there are equal variances between both populations. However, thet test has
been proven to be quite robust and can withstand considerabl e departures from the theoretical

assumptions (Zar, 1996). Thisisespecidly trueif the sample sizes are equal or nearly equal.
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This was important because the nearly equal small sample sizes, for al temperature categories,
of the regression data make determining normality difficult. Nonetheless, cumulative
distributions were graphed, to determine normality, and variances were calculated. Visualy, it
was determined that the trend of the samples (ssigmoid curve) was reasonably close enough to
normality. Also, the variance values, although not equal, were close in value. Because of the
robustness of the test and because violation of the theoretical assumptions was not apparent, the t
test was deemed reliable for the hypothesis tests of slope and elevation equality.

All regression analysis was performed at a 95 percent confidence level (a = 0.05). Only
two temperature regression lines were compared at atime. All regression analysisis provided in
Appendix H. These sets of comparisons of all temperature EDRM regression lines indicated that
the hypothesis of slope equality was rejected. This suggests that the data of the sample
populations do not represent a common population. Since the specimens involved were indeed
al originally from a common population, the manufacturing temperature exposure clearly has an
effect on the duration of load performance of solid sawn lumber. However, examination of
Figure 5-11 indicates that the EDRM regression lines converge as time increases. Because of
this, it is necessary to evaluate for what time frame the manufacturing temperature is most
affecting the load-duration behavior.

For reference, the Douglas-fir No.3 EDRM developed by Gerhards (1988) and the
Madison curve (Wood, 1951) were graphed with the EDRM curves for all temperature categories
(Figure 5-12). The Madison curve was included because the derived values are the basis for the
load-duration design factors of the National Design Specification (NDS) for Wood Construction
(AF&PA, 1997). Thetimeto failure span was only meant to be representative of the actual time

for the duration of load tests, which was about six weeks (11 on a natural log scale).
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Figure 5-12: EDRM Comparison for Solid Sawn Lumber (Duration of Testing)

Examination of Figure 5-12 reveadls that the EDRM curves of the different temperature
categories were not very similar to the Gerhards (1988) No.3 model. However, the Madison
curve (Wood, 1951), although not representative of the entire data set (discussed earlier), seemed
to provide a good fit for the long-term tail region of all temperature categories. This suggests
that the effects of short-term exposure to manufacturing temperatures may be minimal, if any, for
long-term duration of load. However, it was already determined that the EDRM curves were
different. This suggests that the manufacturing temperature exposure had more of an affect for
the shorter load-durations. Also, it is necessary to extrapolate and examine the long-term
behavior used in design, such as ten and fifty years.

Upon examination of the two reference EDRM curves, it is apparent that they both cross
the 100 percent stress ratio line near seven minutes. Thiswould correspond to aredlistic failure

time for the static ramp load tests. Contrarily, the EDRM curves of the temperature categories
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found through least squares regressions did not cross the 100 percent stress ratio at failure times
reflective of their respective ramp loading static tests, which averaged between 10.7 and 12.8
minutes. In fact, for the temperature of 149°C (300°F), the intersection was unrealistically
located at a high failure time for the static ramp failure time while the other temperature
categories started below the 100 percent line, which is also unrealistic. However, similar
discrepancies can be seen in data presented by Fridley et al. (1989 and 1991). These unredlistic
results for the short duration of time suggest that the Gerhards EDRM does not accurately
model the values of this response. However, thisinaccuracy should not discount the EDRM as a
viable model for long-term behavior. The short-term behavior of the material can be determined
using static testing methods. It is reasonable to accept these discrepancies because the damage
accumulation is different for ramp loading than for a constant applied load. For aramp load, the
DA increases exponentially with stress level and culminates near the ultimate stress. Contrarily,
for a constant applied stress, there is a constant rate of DA.

In order to better assess the differences between temperature categories, stress levels
were predicted for common load-durations (Table 5-13). There was no detectable trend from
one temperature category to the next. However, the 149°C (300°F) had the highest stress levels
for durations less than ten years. The 171°C (340°F) category had all but one of the lowest
predicted stress levels. Although the validity of the actual stress level along the EDRM
regression is questionable for the short-term durations (discussed earlier), the actual load-
duration data supports the relationship seen between the temperature categories. For
extrapolated long-term behavior (five, ten, and fifty years), the stress levels of al temperature
categories were very comparable to each other and to the NDS values. This supports the earlier

suggestion that the effect of short-term manufacturing temperature exposure is minor for long-
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term loads. The decreasing trend between the difference of maximum and minimum stress levels
(for temperature categories only) as constant load-duration increases is represented as
percentages in Table 5-13. Figure 5-13 graphically demonstrates the extrapolated EDRM

regressions.

Table 5-13: Predicted Stress Levels for Heat Treated Solid Sawn Lumber

Constant Load | Madison | Standard Grade Heat Treated Douglas-fir [Max. - Min.

Duration Curve [NoTemp| 149°C | 171°C | 193°C | Difference
Ten Minutes | 0.989 0.935 1.151 0.787 0.844 36.4%
One Day 0.823 0.833 0.964 0.735 0.772 22.9%
One Week 0.768 0.793 0.890 0.714 0.744 17.6%
Two Months | 0.712 0.749 0.808 0.691 0.712 11.7%
Five Years 0.635 0.679 0.680 0.656 0.663 2.4%
Ten Years 0.621 0.665 0.654 0.649 0.653 1.6%
Fifty Years 0.589 0.632 0.594 0.632 0.630 3.8%

Lowest Temperature Category Values
Highest Temperature Category Values
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Figure 5-13: EDRM Comparisons for Solid Sawn Lumber (Extrapolated Design Duration)
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Current load-duration design factors of the NDS are the result of the procedures of
ASTM D245 (1993), the standard for establishing allowable properties for visually graded
lumber. The equation used to determine the published value for the allowable bending strength

is Equation 5-6.
Fo= — (5-7)

F, = allowable bending strength

Xos = parametric or nonparametric (commonly 5™ percent exclusion) strength value
Example calculations are provided in Appendix B. The denominator factor of 2.1 is the product
of a 1.6 load-duration factor (based on ten years) and a 1.3 end use factor. Since the alowable
bending strength equation is based on ten years, the load-duration adjustment factor for ten years
is1.0. Stressratios are found via interpolation along the model curve and then normalized per
temperature category by the respective ten year stressratio (Table 5-13). The resulting values
are the respective adjustment factors.

L oad-duration adjustment factors were calculated for all of the EDRM curves of the
temperature categories. Table 5-14 contains the current |oad-duration adjustment factors (AF &
PA 1997) from the Madison curve and the calculated |oad-duration adjustment factors for each

temperature category. These factors are also presented graphically in Figure 5-14.

Table 5-14: Calculated Load-Duration Adjustment Factors (Normalized to 10 Year Duration)

Constant Load |Madison Curve| Standard Grade Heat Treated Douglas-fir

Duration (NDS) [NoTemp| 149°C | 171°C 193°C
Ten Minutes |1.59 (1.60)| 141 1.76 121 1.29
One Day 1.33 1.25 147 1.13 1.18
One Week 1.24 (1.25)| 1.19 1.36 1.10 114
Two Months 115 1.13 1.23 1.07 1.09
FiveYears 1.02 1.02 1.04 1.01 1.02
Ten Years 1.00 1.00 1.00 1.00 1.00
Fifty Years [0.95(0.90)|] 0.95 0.91 0.97 0.96
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Figure 5-14: Calculated Load-Duration Adjustment Factors

It is apparent that the Madison curve load-duration adjustment factors are not appropriate
for representation of the EDRM curves found for all temperature categories, including the
control (no temperature). It should be noted that the majority of the temperature categories, save
the 149°C (300°F) category, had calculated |oad-duration adjustment factors lower than those of
the Madison curve. Also, the differencesin predicted stress ratio and consequently load-duration

adjustment factors were most severe for the short-term load-durations (less than five years).

CONCLUSIONS

The experimental results of this research gave insight to the mechanical and duration of
load behavior of solid sawn wood material after short-term exposure to extreme temperatures.
The trend of degradation of wood material increased as temperature increased. Although not

shown to be statistically significant, the degradation was attributed to the thermally induced
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chemical change of the wood substance that is associated with the temperature range used in the
research and possible moisture content influence.

It was observed that short-term extreme temperature exposure caused changes in the
load-displacement relationship. This was most apparent for the 149°C (300°F) temperature
category. Deflection and failure load both increased as temperature increased. However, it was
determined that the differences in maximum static deflection were statistically not significant.

The dynamic modulus of elasticity, found vialongitudinal stress wave time, was
determined to be the same before and after heating for all temperature categories. It was also
determined to be the same between all temperature categories. The static modulus of elasticity,
while still shown to be statistically not different, showed atrend of an increased modulus as
temperature increased. Although there is evidence of atrend, and a second order polynomial fit
can be well applied to the trend, statistically it can be concluded that the modulus of elasticity is
not effected by short-term (twenty minutes) extreme temperatures. The observations and
conclusions made for static modulus of elasticity can also be applied to modulus of rupture. It
can also be concluded that short-term extreme temperature exposure does not affect the
correlation between strength and static deflection.

Although analysis was performed on the duration of load deflections (initial, failure, and
survival), there was not enough data to substantiate any conclusions.

It was concluded that the exponential damage rate model (EDRM) was a good fit to all
temperature categories. Regression analysis of equality of slope and elevation revealed that all
temperature category EDRM curves were not the same. It was observed that the slope of the
curves were different from existing EDRM curves (Gerhards 1988) for solid sawn lumber. The

short-term duration showed the most difference in load-duration behavior for all temperature
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categories. It was concluded that the |oad-duration adjustment factors of the Madison curve
(Wood, 1951) did not adequately represent the EDRM curves of this research overall. However,
the Madison curve represented long duration periods, five to fifty years, well for al temperature
categories. Essentialy, it can be concluded that the short-term exposure to extreme elevated

temperatures has virtually no effect on duration of load behavior of solid sawn lumber.
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CHAPTER SIX
EFFECT OF MANUFACTURING TEMPERATURE ON STRUCTURAL PROPERTIES OF DOUGLAS-FIR

LAMINATED VENEER LUMBER

ABSTRACT

The structural properties of laminated veneer lumber (LVL) are influenced by several
factors of the manufacturing process. While the effects of veneer quality and placement have
been studied extensively, other parameters have not been given adequate attention. The effect of
manufacturing temperatures on mechanical properties of Douglas-fir laminated veneer lumber
were investigated. Manufacturing temperature common to the LV L production industry (149°C
(300°F)), dlightly higher than industry (171°C (340°F)), and much higher than industry (193°C
(380°F)) were used. It was found that the static |oad-displacement behavior was indeed affected
by manufacturing temperature. Although affected, mechanical properties were not overly

sensitive to manufacturing temperature differences.

INTRODUCTION

How a material performs under static loading conditions determines the design values of
that material. In the case of wood composite materials, more than just the material itself can
affect the overall performance. Thisis aconcern because during the manufacturing of wood
composites, wood material is subjected to many processing parameters such as increased
pressure, exposure to and bonding with adhesives, and rapid temperature and moisture changes.
The effects of these processing parameters become a part of the wood composites history and
could potentially effect the wood composites’ static performance thus affecting the design

values.
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In the case of laminated veneer lumber, processing parameters are determined by LVL
manufacturing companies based on the cure temperature of the adhesive and experience in
laminated veneer manufacturing. The products are produced and mechanically evaluated for
quality control. In order to better understand the mechanical behavior and response of the LVL,
it isimportant to evaluate the actual effects of the variation of these parameters as opposed to
simply determining design values. Understanding such effects would aid in product refinement.
Given the many parameters that exist for LV L manufacturing, this research targeted only the
effects of manufacturing temperatures. Published data, involving short-term exposures of
extreme temperatures, is very limited for wood material so subsequent testing on solid sawn
lumber (Chapter Five) was performed to provide insight involving such effects. In order to study

these effects, full-sized laminated veneer lumber was statically tested.

BACKGROUND

TEMPERATURE

The strength of wood depends on its physical and chemical constitution. Chemically,
wood is made up of three basic components: cellulose, hemicellulose, and lignin (Panshin and
de Zeeuw, 1980). Heating causes these components to undergo changes such as shrinkage,
expansion, dehydration, thermal degradation, and phase change. Schaffer (1973) summarized

these changes in wood caused by thermal effectsin Table 6-1.
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Table 6-1: Thermally Induced Changesin Dry Wood in an Inert Atmosphere (adapted from Schaffer 1973)

Temperature Thermal Induced Change
OC OF

55 131  Natural lignin structure is altered. Hemicelluloses begin to soften.

70 158  Transverse shrinkage of wood begins.

110 230 Lignin slowly begins weight loss.

120 248 Hemicellulose content begins to decrease, a-cellulose begins to increase.
Lignins begin to soften.

140 284 Bound water isfree.

160 320 Ligninismelted and begins to reharden.

180 356 Hemicelluloses begin rapid weight loss after losing 4 percent.
Lignin in torous flows.

200 392 Wood beginsto lose weight rapidly. Phenolic resin begins to form.
Cellulose dehydrates above this temperature.

210 410 Lignin hardens, resembles coke. Cellulose softens and depolymerizes.
Endothermic reaction changes to exothermic.

225 437 Cdlulose crystalinity decreases and recovers.

280 536 Lignin hasreached 10 percent weight loss. Cellulose begins to lose weight.

288 550  Assumed wood charring temperature.

300 572 Hardboard softensirrecoverably.

320 608 Hemicelluloses have completed degradation.

370 698 Cellulose has lost 83 percent of initial weight.

400 752 Wood iscompletely carbonized.

Shape and size of the member and type of loading need to be considered simultaneously.
This is because for short time exposures, the inner material of alarge specimen would not be
heated to the temperature of the surrounding medium (Wood Handbook, 1999). Therefore, itis
possible that the immediate effect on the strength of the inner material is less than the surface
material. However, the type of loading isimportant in determining if size may be of
consequence. In the case of bending, the greatest stress is experienced by the outer fibers. This
usually governs ultimate strength. Therefore, the fact the inner material may have experienced a
lower temperature than the surface material due to short-term exposure is of little concern as far

as temperature effect on member performance, but is still an issue with LVL production.
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TEMPERATURE EFFECTSON MECHANICAL PROPERTIES

There are two kinds of temperature effects; reversible and irreversible. For atemperature
effect to be reversible, the temperature must be below 100°C (212°F) and temperature change
must be immediate and quick. The Wood Handbook (1999) terms an immediate effect as “the
change in properties that occurs when wood is quickly heated or cooled and then tested at that
condition.” Immediate effects have been shown to reduce both the modulus of elasticity and
modulus of rupture of solid sawn lumber with alinear relation to temperature (Gerhards, 1982;
Wood Handbook, 1999). However, these effects tend to be reversible if the material is allowed
to return to room temperature conditions and then tested.

Immediate temperature effects on solid sawn lumber have been well studied. Most of
these studies center on the premise of manipulating environmental parameters for both
conditioning of the specimens and for the duration of the tests being performed. According to a
comprehensive study by Gerhards' (1982) on immediate effects on solid sawn lumber, available
data for bending strength was restricted to 125°C (257°F) for zero percent moisture content and
75°C (167°F) for equal or greater than eleven percent moisture content. All of the relationships
support decreasing linear trends for both moisture content conditions. Gerhards concluded that
bending strength, compressive strength parallel-to-the-grain (Schaffer, 1973), and tensile
strength perpendicul ar-to-the-grain appear to experience the same immediate temperature effect.
He also concluded that the temperature effects were greater at higher moisture contents.

Specific data on immediate temperature effects of LVL is not readily available. Most of
the research of LVL hasinvolved lay-up practices, veneer quality, speciestype, relative
humidity, and nondestructive evaluation. ASTM D5456 (1993), a standard for evaluating

structural composite lumber products, states that materials predicted to be exposed for sustained
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periods to temperatures not within the range of -34°C to 65°F (-30°F to 150°F) should be
evaluated for the effect of temperature. As of now, quality control for temperature is assured by
the manufactures of the engineered wood product.

Irreversible effects occur when wood is heated for a prolonged period of time. Thislong-
term heating causes degradation of the wood and thus permanent damage. Theresultisalossin
weight and strength and alevel of degradation of the wood substance. The degree of degradation
and strength loss depends on factors including, but not limited to, heating medium, temperature,
duration of exposure, and, species, size, and moisture content of the member involved. To test
for permanent effects, the specimens must be conditioned back to room temperature conditions
otherwise results are influenced by immediate effects. However, as Green and Evans (1994)
noted, there is alack of guidance to render a precise time at which to expect permanent strength
loss. Thisisto say the time frames of “quick” and “prolonged” are not clearly defined.

There have been several studies on the effect of environmental conditions on mechanical
properties of solid sawn lumber. However, there exists little published research concerning this
topic for laminated veneer lumber. The temperature ranges of the few published studies that do
exist do not reflect manufacturing temperatures. The focus of these studies were high end
environmental temperatures and char rates (near 300°C (572°F)).

In astudy by Winandy (1991), the bending properties of plywood (veneer composed
panels) treated with fire retardant chemicals were examined at elevated temperatures. The
research provided a control group of 1.22 m by 2.44 m (4 ft by 8 ft) untreated Southern Pine N-
grade plywood panel. The highest temperature of exposure was only 77°C (170°F). Permanent
effects were of interest at varied times of exposure, the smallest of which was seven days. After

the time of exposure had elapsed, the specimens were reconditioned before testing at 23°C (74°F)
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with arelative humidity (RH) of 65 percent (twelve percent moisture content). Since no baseline
of zero exposure time with the same relative humidity was established for individual groups
based on static bending tests, the shortest time that could be used for relative comparison was the
seven day exposure. Actual data recorded for the exposure range of seven to fourteen days
shows an increase in both modulus of elasticity and modulus of rupture values for different
relative humidities of the temperature category 77°C (170°F). For an RH of 50 percent, a6.7
percent increase for modulus of elasticity and a 4.9 percent increase for modulus of rupture was
observed. For an RH of 79 percent, 4.6 percent and 4.9 percent increases, of the respective
moduli, were observed.

Green and Evans (1994) published the two-year results from afour-year study on the
effects of ambient temperatures on flexural properties of lumber (nomina 2in. by 4in.). They
tested MSR graded Spruce-Pine-Fir (SPF) and LVL 2.0E of the species Douglas-fir, Southern
Pine, and Y ellow-poplar. The conditioning temperature was 66°C (150°F) and the shortest time
of exposure tested was six months. Since Green and Evans (1994) were interested in permanent
effects, before static bending tests were performed, all specimens were removed from the
elevated temperature environment and reconditioned to 20°C (68°F). The results reported for all
LVL speciesrevealed that both the mean modulus of easticity and mean modulus of rupture
decreased overall for the two year period, and likewise decreased from zero to six months.
However, both MOE and MOR, of all LVL species, showed an unexplained increase from six
monthsto ayear. For Douglas-fir LVL it was 6.2 percent and 3.0 percent, respectively. Green
and Evans (1994) concluded that for modulus of elasticity, the rate of degradation was
independent of the first two year exposure for both solid sawn lumber and LVL. For modulus of

rupture, the amount of thermal degradation (over the two year period) for solid sawn lumber and
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LVL was concluded to be similar. Green and Evans (1994) suggested that a single mechanism
might be responsible for the degradation of both solid sawn lumber and laminated veneer
[lumber.

A previous study by LeVan et a. (1990) had given insight to the mechanism that controls
the degradation of wood. Through analysis of the chemical composition of the thermally
exposed wood, they found that degradation of hemicelluloses was the maor contributor to
reduction of strength. If the implications from Green and Evans (1994) are true, then the solid
sawn lumber and LVL should exhibit similar behavior under the same thermal conditions.

Since veneer is heated to high temperatures during the LV L production process, the
effects of temperature increases would logically have a direct effect on the mechanical properties
of the veneer, and ultimately, the LVL. In an unpublished study by Verwest (2000), Douglas-fir
and Hemlock veneer coupons, 25.4 mm by 254 mm (1 in. by 10 in.), were subjected to elevated
temperatures of 145°C (293°F) and 200°C (392°F). Room temperature, 25.4°C (77.7°F), was
used as a control. The coupons were heated for thirty minutes (air circulation) in a Fisher
Scientific oven and then allowed to return to equilibrium conditions. They were then tested for
tensile fracture strength. The results of both species supported earlier findings on temperature
effects, that is the load and extension decreased as temperature increased. Table 6-2 summarizes
the results. Both species exhibited a very linear relationship between tensile fracture strength

and temperature.

Table 6-2: Average Fracture Strength and Extension of Heat Treated Veneer Coupons

Douglasfir Hemlock
Temperaiure [°C CF)]| 25.4 (77.7) | 145 (293) | 200 (392) | 25.4 (77.7) | 145 (293)] 200 (392)
Average Fracture 45679 | 33135 | 22406 | 27508 | 18420 | 1380.7
Srength [N (Ibf)] | (1026.9) | (744.9) | (503.7) | (6184) | (414.1) | (310.4)
_ . 2.49 198 | 132 | 160 | 100 | 0914
Extenson[mm (in)] | 6008) | (0.078) | (0.052) | (0.063) | (0.043) | (0.036)
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White (2000) researched the rate of charring of laminated veneer lumber of several
species. A standard fire endurance test was conducted at a temperature of 300°C (572°F). He
related it to earlier studies of charring of solid sawn lumber by Schaffer (1967) and White
(1988). Specimens were constructed with either five LVL members at 50 mm (1.97 in.) thick or
six LVL members at 44 mm (1.73in.) thick. Thus, specimens were either 250 mm or 264 mm
(9.8in. or 10.4in.) high and 510 mm (20 in.) wide by 89 mm (3.5 in.) deep. White (2000)
concluded that the charring of LVL may be considered comparable with solid sawn lumber. This
research furthers the implication that the thermal effects experienced by solid sawn lumber are
similar to those experienced by laminated veneer lumber.

The nonexistence of research reflecting the conditions of the manufacturing process,
extremely short exposure times of extremely high exposure temperatures, warrants the
investigation of such conditions. Also, full size members subjected to extreme temperatures
needs to be studied. Thus, research was conducted to determine the effects of the LVL
manufacturing process temperature on mechanical properties of full size laminated veneer

lumber material.

MATERIALS

Boise Cascade of Boise, Idaho provided al veneer used for this research. All provided
veneer was Douglas-fir (Pseudotsuga menziesii). The veneer was rotary peeled and was cut into
six hundred and sixty 1.25 m by 2.55 m (generous 4 ft x 8 ft) sheets. The average thickness of
the veneer was 3.68 mm (0.145 in.). After arrival to Washington State University’s Wood
Materials and Engineering Laboratory, the veneer had to be cut in half lengthwise to 610 mm
(2 ft) for processing purposes. The veneer was sorted using nondestructive longitudinal stress

wave time techniques and hot pressed at three predetermined temperatures to produce fifteen
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eleven-ply billets for each temperature. Each billet was cut into six 2.44 m (8 ft) long, 38 mm by

89 mm (nominal 2 in. by 4 in.) laminated veneer lumber members.

METHODS

The objective was two fold: To determine the effect of LV L manufacturing temperature
on the mechanical properties and duration of load behavior of Douglas-fir LVL. Only the effects
on the mechanical properties are addressed in this chapter. The effects on DOL behavior are
discussed in Chapter Seven. The temperature effects of the processing procedure would, by
definition, not be reversible. Thisis because although the exposure time is *short,” the exposure
temperature is above 100°C (212°F). Also, these effects would not technically be immediate
because, although “quick,” extreme temperature exposure was not the condition at the time of
testing. Specimens were reconditioned back to room temperature conditions. Therefore, the
conditions of the manufacturing process are more of a measure of permanent effects. Since the
main goal centered on manufacturing temperatures, the veneer material had to be sorted into
various temperature categories. Upon investigation, a common range of LV L manufacturing
temperatures was found to be 145°C to 160°C (293°F to 320°F). The goal wasto target
temperatures near, greater, and much greater than common industrial practice. The chosen
temperatures were 149°C (300°F), 171°C (340°F), and 193°C (380°F).

First, the veneer had to be sorted. Nondestructive sorting was done by impact
longitudinal stress wave propagation. After this was done, veneers were pressed with aliquid
resin into billets. The press schedule had to be established according to several factors and by
using practice billets (Chapter Three). The processing variables for the laminated veneer lumber
were as follows:

1. Resin: liquid phenol-formaldehyde;
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2. Spread Level: single glueline of 180.65 kg / 1000 m? (37 Ib / 1000 ft?) viaaroller
Spreader;

3. Press. hot platen hydraulic;

4. Press Temperatures: 149°C (300°F), 171°C (340°F), and 193°C (380°F);

5. Press Schedule: thickness controlled to 38 mm (1.5 in.) utilizes eleven piles;

6. PressTime: twenty minutes; and

7. Pressure Cycle: after twenty-nine seconds, the end condition pressure was 6897 kPa

(1000 psi) and then reduced to 1382 kPa (200 psi) after forty-four seconds and held
constant until the end of the cycle at twenty minutes.

After the laminated veneer lumber was manufactured, the material was allowed to return
to equilibrium conditions (moisture content (MC) = 10%) before further testing was done. The
modulus of elasticity was evaluated using longitudinal stress wave propagation (Egynamic) and
also, static edgewise bending (Esaic). The static bending tests were aso used to determine the
modulus of rupture. The effectiveness of the predictive capability of the dynamic modulus of
elasticity and of the MOE determined form the laminated beam theory values was evaluated
(Chapter Four). It had been concluded that Egynamic provided the best predictive values to Egaic.
This also ensured that all material sorting was done using values obtained from the same
technique, Egynamic. The effect of the LVL manufacturing process temperature on the mechanical

properties of laminated veneer lumber was analyzed.
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SPECIMEN SORT

VENEER

All veneers used in the production of laminated veneer lumber were tested
nondestructively to obtain an Egynamic (from Equation 2-1) for each veneer sheet. The members
were weighed and measured (average of three lengths, average of three widths, and average of
four thicknesses). Each member was clamped down perpendicular to the width (flatwise).
Impact longitudinal stress waves were introduced to the third point locations along the width.
The average of the three stress wave times at those locations was determined as the stress wave
time for the entire veneer sheet. The veneers were divided into groups of eleven based on
ascending Egynamic Values. The group with the lowest Egynamic Was assigned to the temperature
category of 149°C (300°F), the next ascending group of eleven was assigned to the next
temperature and so on until al temperature categories had fifteen sets of eleven veneers. This
sorting is not the common practice by the LVL industry, but the aim here was to mimic the
distribution of the solid sawn lumber. The unconventional sorting technique proved valid after
ANOVA results suggested there was no significant statistical difference between the Egynamic
values of all the temperature categories (Appendix E). The validity of thistechniqueis

graphically represented in Figure 6-1.
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Figure 6-1: Cumulative Distribution of Eqnamic Of Sorted Veneers and Solid Sawn Lumber
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LAMINATED VENEER LUMBER

After the billets were made, they were cut to dimension (nominal 2 in. by 4in., 8 ft long)
into six LVL specimens per hillet. The specimens were labeled according to manufacturing
temperature, billet number (1 through 15 where ascending number corresponds with ascending
veneer Egnamic Values), and letter a through f for location of specimen within the billet (a and f
consisting of the edge-most billet material). All 269 LVL specimens were tested
nondestructively. However, because of the nature of the induced longitudinal stress wave, and
the long travel distance, it was not possible to detect localized LVL manufacturing-induced
failures such as delaminations. Because of this, each LVL was visually inspected as well and
labeled as good, minor delaminations, or major delaminations. The location and extense of the
delaminations was al so recorded.

The sorting of the veneer assured similar property dispersion among all temperatures.
However, because of manufacturing blow failures for al temperatures, this assurance was
compromised. Discussion of the effect of manufacturing temperature on specimen sorting is
provided later in this Chapter. Despite manufacturing failures, it was still necessary to sort the
category temperatures into two equally distributed testing groups. One group was to be tested
statically and the other group was to be tested under load-duration. In order to ensure the same
distribution for each group, a pseudo random sort (Chapter Two) was used to divide the members
into the testing groups. Each temperature category was ordered according to ascending Egynamic.
The first two Egynamic values (three value increments of random sorting for 171°C (340°F)), from
the ascending data, were randomly distributed and then the next two values and so on until the
entire temperature category was split into two even groups (three even groups for 171°C

(340°F)). An analysis of variance (ANOVA) was performed on the Egynamic Val ues between the
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groups (Appendix E). The analysis showed no statistical difference between the MOE-MOR and
DOL groups. Thisfinal sorting provided the sample sizes that were used in the tests [MOE-
MOR/DOL]: 149°C (300°F) [24/24], 171°C (340°F) [24/48], and 193°C (380°F) [19/19]. Since
the production process had led to a high yield of LVL samples from the 171°C (340°F) category,
the sample size of the duration of load test was doubled and split into two subcategories of the
temperature (1 and 2). The addition of an entire DOL set of the same temperature would aid in

determining the validity of the trends of 1oad-duration behavior of the different temperatures.

STATIC BENDING TESTS

Static edgewise bending tests were performed to find an actual modulus of elasticity and
modulus of rupture values for all specimen categories. The static modulus of elasticity, Egaic,
was used to monitor temperature effects on stiffness and to compare to the nondestructive
method, Eayamic, Which had been used for sorting. Twenty-four members of each temperature
category, except the 193°C (380°F) which had nineteen members, were tested for mechanical
properties.

An Instron 4400R screw-driven test machine was used to perform all static bending tests
on the smply supported beams. The procedures from ASTM D198 (1998), the standard test for
determining structural lumber properties, were followed and the |oad-displacement data, time to
failure, and maximum load were recorded by a computer data acquisition system (Labview,
1997). A load rate of 3.3 mm/min (0.13 in./min) was determined to meet the provisions of the
standard. All of the specimens were tested to failure. The displacement was measured at center
gpan using alinear variable differential transformer (LVDT) (Appendix A). Using a spreader
beam, the single point ramp load applied from the testing machine was evenly distributed into

two point loads. The dimensions of the spreader beam were such that the two point loads were
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applied at third points, 610 mm (24 in.), in relation to the end reactions. Finally, lateral bracing
was applied in accordance with the ASTM standard to eliminate the concern of lateral-torsional
buckling effects. The actual static bending setup can be seen in Chapter Two. The equation
used for static bending modulus of elasticity was Equation 2-2.

Static bending tests were performed in a temperature controlled room where the
temperature range fluctuated between 21°C (70°F) and 23°C (73°F). The relative humidity was

determined to be in the proximity range of thirty percent to forty percent.

RESULTS

TEMPERATURE EFFECTSON THE MANUFACTURING PROCESS

Sorting of the veneers ensured that the make-up of the LVL would be statistically similar.
However, billets manufactured at al temperatures experienced various types of “blow failures”
that resulted in the loss of material. The ratio of good and useable LVL to total LVL produced
was calculated. “Good” LVL was defined as data with no blow failure and “useable” LVL
included good LVL and minor failures determined not to affect the performance of the LVL.

Results from Table 6-3 suggest that atemperature of 171°C (340°F) provided the best yield.

Table 6-3: Manufacturing LVL Yield

. BilletsMade | LVL / Billet | Total LVL
Total Expected 15 5 %0
Temperature 149°C 171°C 193°C
(300°F) (340°F) (380°F)
Tota "good" LVL 49 71 30
Additional "useable" LVL** 8 2 10
Optimistic "useable" Total 57 73 40
Percent of "good" LVL 54.44% 78.89% 33.33%
Percent of "useable" LVL 63.33% 81.11% 44.44%

*pertains to all temperatures
**only minor delaminations
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For manufacturing at 149°C (300°F), the blow failure was purely delamination, where the

adhesive and the wood did not properly bond. The blow failure for 171°C (340°F) was a

combination of failures: clear delamination along the bond line and wood failure. The

manufacturing temperature of 193°C (380°F) experienced the most blows. All of the blows at

this temperature were pure wood failure that transcended bondlines.

Further investigation shows that blow failure types were not the only entities unique to

manufacturing temperature. It was quite apparent that veneer quality was a factor for

temperature dependant manufacturing failures. Figure 6-2 demonstrates this finding through the

use of cumulative percent of frequency. Frequency, in this case, refers to the number of

members used from a given billet for both static and duration of load testing.

Cumulative Per cent

100 o

90

80 /
70 =

60
oo 7
40 _—

30
20 o ,,//

10 S ~
O T T T T T T T T T T T T T T T

6 1 2 3 4 5 6 v 8 9 10 11 12 13 14 15 16

Increased Veneer

Billet Number Quality

149 C (300 F) 171 C(340F) —+ 193 C (380 F)

Figure 6-2: Cumulative Percent of Frequency of Billet Number Used for Testing

Through examination of the cumulative percentage curves for each temperature (Figure

6-2), it is clear that although the laminated veneer lumber had been manufactured to possess

similar distributions, the manufacturing failures clearly compromised this deliberation. Ideally,

the curves should be straight lines. Such aline would represent equal member selection from all
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billets. The 171°C (340°F) temperature category was very close to an ideal representation of the
billets. Thiswas adirect result of alarge yield from all the billets. The shape of the 149°C
(300°F) curve indicates that most of the members used for testing came from the lower billet
numbers while none of the middle billet numbers were represented. An even more sever case
was seen for the 193°C (380°F) temperature category, that is, alarge portion of the material came
from higher billet numbers and thus, better quality veneers.

Unfortunately, this was a situation that could not be controlled. Despite the adverse
effects on similar property distribution for all temperatures, the trend of the failures did provide
someinsight. For a 149°C (300°F) manufacturing temperature, blows were more prevaent in the
billets made of higher quality veneers. Because these blow failures were pure delamination, the
adhesive was not able to bond properly to the higher grade veneers, that is those with less voids,
checks, and general imperfections. Since a poor bond was present, usually in the middle layers,
the steam pressure was able to blow the billet apart along the poor bondline. For the highest
temperature of 193°C (380°F), the billet failures were very concentrated for those made up of
lower veneer quality. The billet failure type was pure wood failure. Billets made of lower
quality veneer did not posses the strength to withstand the greater amount of steam pressure
associated with higher temperatures and thus the wood was blown apart. All temperatures had
relatively low yields from billets six and seven. This suggests that this is the turning point from
low quality to high quality where delaminations and wood failures are both actively occurring.

For the laminated veneer members, a greater amount of densification as temperature was
increased was a concern, especially after knowing that the veneer make-up of the members to be
tested from the temperature categories was varied. Examination of all manufactured members

showed that densification of the material was not very temperature dependant (Table 6-4). An
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ANOVA was performed and indicated significant statistical difference between only the

densities of the 171°C (340°F) and 193°C (380°F) temperature categories (Appendix E).

However, examination of only the members to be tested showed that density was more of an

issue (Table 6-4). Thiswas supported by ANOVA results that showed opposite findings from

the tests run with all manufactured members. Figure 6-3 shows the pattern of densities as billet

numbersincrease. It also shows where the concentrations of selected members for testing for the

low and high temperatures are located.

Table 6-4: Densities of Laminated Veneer Lumber

r (kg/m’) TESTED MEMBERS ALL MEMBERS
Temperature | n |Minimum| Average Maximum| n | Minimum | Average| Maximum
149°C (300°F) | 89| 473.69 | 540.66 | 604.00 |48 | 473.69 | 524.12 | 590.46
171°C (340°F) | 90 | 494.30 | 549.78 | 629.04 |48 | 494.30 | 551.31 | 629.04
193°C (380°F) | 90 | 483.92 | 537.98 | 606.39 |38 494.74 | 557.49 | 606.39
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Figure 6-3: Density Chart for Laminated Veneer Lumber
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LOAD-DISPLACEMENT CURVES

The data acquisition system (Labview, 1997) continuously recorded both loads and
deflections for each statically tested laminated veneer lumber. This data was used to plot aload-
displacement curve for each specimen (Appendix F). The shapes of the |oad-displacement
curves were typical within each temperature category but dightly different between categories.
Asisseen in Figure 6-4A, for the 149°C (300°F) temperature category, low level loads were
distinctly not linearly related to deflections. The rise in manufacturing temperature to 171°C
(340°F) shows the load-displacement curve had become practically linear in the low load region

(Figure 6-4B). Finally, the curve was fully linear for members of the 193°C (380°F) temperature

category (Figure 6-4C).
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Figure 6-4: Typical Load-Displacement Curves for Laminated Veneer Lumber: (A) 149°C (300°F); (B) 171°C
(340°F); (C) 193°C (380°F)
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Deflection at peak load was determined for each temperature. Deflection summary data
isprovided in Table 6-5. There was no trend in the deflection data. However, the ANOVA
results (Appendix E) showed a statistically significant difference between the maximum static
deflections of 149°C (300°F) and 171°C (340°F) temperature groups. Also provided in Table
6-5, are the average peak loads for all temperature categories. It was observed that as the
temperature increased, the peak load increased. The difference from 149°C (300°F) to 193°C
(380°F) is 1.38 kN (310 Ibf). However, because of the sorting issues, the validity of the increase

is cautioned.

Table 6-5: Average Satic Deflections and Peak Loads for Laminated Veneer Lumber

Sample | Deflection Peak

Size |AtPeak Load| Load

Temperature n D (mm) (kN)
149°C (300°F) 24 35.60 8.839
171°C (340°F) 24 39.87 10.199
193°C (380°F) 19 37.24 10.218

MECHANICAL PROPERTIES

From the load-displacement curves, it was evident that temperature history was having an
effect on the response of the laminated veneer lumber and, ultimately, lumber’ s mechanical
properties.

After the laminated veneer lumber had been manufactured and reconditioned to
equilibrium conditions, the members were tested using impact longitudinal stress waves to obtain
adynamic modulus of elasticity (Egynamic). The laminated beam theory was also explored as an
option to predict mechanical modulus of elasticity but it was found that overall, Egynamic best
represented the Eqaic values (Chapter Four). The average values are found in Table 6-6 and

graphically shown in Figure 6-5. A comparison of all LVL produced revealed a dight increase

162



in Egynamic vValue as temperature increased. ANOVA results (Appendix E) showed a significant

statistical difference between the low and high temperature categories. As expected, due to the

influence of failures during manufacture, the Egynamic Value increase was greater for the members

actually used for static and duration of load testing. For these members, the ANOVA results

showed significant statistical difference between all temperature categories.

Table 6-6: Mean Values and Coefficient of Variation for Moduli of Laminated Veneer Lumber

ALL MEMBERS TESTED MEMBERS
Edynamic (GPa) Edynamic* (Gpa.) Es[atic (GPa) MOR (M Pa)

Temperature] Mean | COV (n) | Mean | COV (n) | Mean | COV (n) | Mean | COV (n)
0,

(:13330% 13.85 |11.37 (89)| 13.09 11144 (48)| 16.60 |14.20 (24)| 53.67 |20.15 (24)
0,

(:1;%0% 1427 |12.43 (90)| 14.32 12.08 (72)| 14.30 17.23 (24)| 61.21 19.63 (24)
0,

(:13?3?50% 1453 |11.70 (90)| 15.48 11091 (38)| 14.52 |11.83 (19)| 61.74 |20.02 (19)

* Egynamic Values include specimens tested both statically and long-term
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Figure 6-5: Comparison of Means of MOE for Laminated Veneer Lumber
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Using the load and deflection data of the low load linear region, Egaic was computed.
ASTM D2915 (1994), a standard for evaluating structural lumber allowable properties, was
followed. Design values were calculated for all temperature categories of Douglas-fir LVL and
conseguentially were the same as Egaic (Table 6-6). All equations used to determine the
apparent modulus of elasticity (not shear corrected) are found in Appendix B. The design values
found were all higher than those usually associated with LVL products, that is arange of 12.41
GPato 13.79 GPa (1800000 psi to 2000000 psi). However, because of the nonlinear region for
the low loads for the 149°C (300°F) temperature category, the calculated Egaic is unrealistically
high. The valueisalso very different from the respective Egynamic Value.

The same observation, an increase in temperature yields an increase in moduli (Egynamic),
was made for modulus of rupture (MOR) data (Table 6-6). The difference in range values was
8.08 MPa (1172 psi). ANOVA results showed significant statistical difference between modulus
of rupture values involving the temperature category 149°C (300°F).

The modulus of rupture was needed for the duration of load analysis. Because of this,
probability methods were used to determine the statistical distribution that best represented the
actual MOR values. Once alognormal distribution was determined as the best fitting
distribution, the theoretical design values, F,, were found in accordance with ASTM D2915
(1994) (Table 6-7). Since adistribution was known, both parametric and nonparametric
approaches could be used (sample calculations found in Appendix B). Thiswas done to compare
temperature categories in the same manor that is done in practice. The calculated parametric
design values compared well with the design value range that is commonly associated with LVL;

17.92 MPato 20.68 MPa (2600 ps to 3000 psi).
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Table 6-7: Design Stress for Laminated Veneer Lumber

Temperature F, (MPa)
°C(°F) |Nonparametric| Parametric
149 (300) 18.03 17.25
171 (340) 16.92 19.35
193 (380) 190.32 19.15

To further investigate these possible trends, the static deflections at peak |oad were
compared with their respective strength. Correlation coefficients were found for this relationship
for each temperature. Overall, the correlation was good (Figure 6-6). The slopes off the
trendlines were similar and they had a similar elevation location. This suggests that the

correlation trend between the deflection and strength is similar for all temperatures.
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Figure 6-6: Correlation of Static Deflection and Modulus of Rupture for Laminated Veneer Lumber
Using the 149°C (300°F) temperature category value as the base value for all properties,
the relative values per property per temperature were calculated based on the average values
(except for the allowable stress, F,). These relative values are found in Table 6-8. The low

temperature was chosen as the reference value because the temperature is similar to what is
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currently used in industry. The relative relationships between temperatures for al properties,
Edynamic (tested members and all members), maximum static deflection, maximum load, modulus
of rupture, and, allowable strength show that the temperature categories of 171°C (340°F) and
193°C (380°F) were very similar relative to the base temperature. Because of the unrealistic high

Egaic value for 149°C (300°F), relative values were not found for the property Egaic.

Table 6-8: Relative Laminated Veneer Lumber Properties Based on 149°C (300°F) Temperature (%)

TESTED MEMBERS ALL MEMBERS
Temperature | Egynamic® | Deflection| Load MOR | F, (parametric) Edynamic
149°C (300°F) | 100.0 100.0 100.0 100.0 100.0 100.0
171°C (340°F) | 109.4 112.0 1154 1141 112.2 103.0
193°C (380°F) | 118.2 104.6 1156 | 115.1 111.0 104.9

* Egynamic Values include specimens tested both statically and long-term

It should be noted that the percent increase from the base temperature to the higher
temperatures was, in most cases, significant. However, the skew on sorting similarity is quite
apparent when the two Egynamic Values are compared (Table 6-8). Although increasing, the
Edynamic average values found from all the members that were stress wave time tested had much
smaller percent increases when compared to the Eqgynamic average values found from the “useable”
members which made up the specimens for static and duration of load testing. Because of this,
specific conclusions regarding the type of relationship between the manufacturing temperature
and the mechanical properties can not be drawn with confidence.

Despite these shortcomings, the fact remains that overall, mechanical properties appear to
improve as manufacturing temperature increases, if only dightly. The obvious cause of
increased mechanical properties would be that short-term heating to higher temperatures causes a
loss in moisture content. However, this possibility of moisture loss was minimized because the
testing of all specimens was done at equilibrium room temperature conditions with all specimens

having been reconditioned to ten percent moisture content. Published literature supports a linear
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decrease in mechanical properties for immediate temperature effects. However, because the
temperatures used were above 100°C (212°F), the conditions of reversible effects, and thus

immediate effects, are violated. The data might be better compared with permanent effects.

CONCLUSIONS

The experimental results of this research gave insight to the mechanical behavior of
laminated veneer lumber (LVL) produced at different manufacturing temperatures.

It was observed that all manufacturing temperature categories experienced billet failures.
However, the types of billet failures (delamination, wood failure, and a combination of the two)
were concluded to be temperature dependent. The veneer quality was found to be a factor for
temperature dependant manufacturing failures. It was concluded that lower quality veneers
experienced less billet failures when manufactured at 149°C (300°F), while higher quality
veneers experienced less billet failure when manufactured at the 193°C (380°F). Asfar as
material yield, a manufacturing temperature of 171°C (340°F) was concluded to be superior.

Manufacturing temperature caused changes in the |oad-displacement relationship of the
laminated veneer lumber. This was most apparent for the 149°C (300°F) temperature category.
Ultimate load increased as temperature increased. Although some significant difference was
found between temperature categories, no trend was observed for static deflection. However,
because of the skew of material yield, interpretation of the results are cautioned.

The dynamic modulus of elasticity, found vialongitudinal stress wave time, was
determined to be statistically different for all tested temperature categories. However, only a
difference was observed between the low and high temperature categories when all members
were compared. Hence, it was concluded that the skew of material yield had an affect on the

material used for testing.
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The static modulus of elasticity and modulus of rupture were both found to be statistically
different between temperature categories except between 171°C (340°F) and 193°C (380°F). For
the tested members, it was concluded that the two high temperature categories were similar with
regard to mechanical properties and both were different from the low temperature category. This
conclusion also held true for parametric allowable strength design values.

The correlation between strength and static deflection was relatively high and increased
as temperature increased. Through observation of the slopes of the best-fit lines, it was
concluded, for the tested members, that the trend of correlation was similar for all temperature
categories.

Since there exists a material skew, specific conclusions regarding the type of relationship
between the manufacturing temperature and the mechanical properties can not be drawn with full
confidence. However, because the material skew was indeed a product of manufacturing at
different temperatures, general conclusions could be drawn. One such conclusion is that the
optimal manufacturing temperature, which is not as sensitive to veneer quality, is higher than
what is currently used in industry. Also, if indeed the trends (seen with tested members) of
increased mechanical properties with increased manufacturing temperatures is valid, the sacrifice

in material yield is not worth the slight mechanical property gain.
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CHAPTER SEVEN
EFFECT OF M ANUFACTURING TEMPERATURE ON DURATION OF L OAD OF DOUGLAS-FIR

LAMINATED VENEER LUMBER

ABSTRACT

Severa factors of the laminated veneer lumber (LVL) manufacturing process influence
the behavior of the final product. While the effects of veneer quality and placement on
mechanical properties have been studied extensively, the effects of processing parameters on
duration of load behavior have not been explored. Manufacturing temperature effects on load-
duration behavior of Douglas-fir laminated veneer lumber were investigated. Temperature
common to the LVL industry (149°C (300°F)), dightly higher than industry (171°C (340°F)), and
much higher than industry (193°C (380°F)) were used. For load-duration behavior, no statistical
significance was found between duration of load deflections (initial, failure, and survival). Also,
the exponential damage rate model (EDRM) was successfully used to model the behavior.
Temperature effects were apparent but moderate between the low temperature and the higher
temperatures. Calculated design adjustment factors from this study, based on the individual
EDRM curves, were different than those from the Madison curve and thus different from current

|oad-duration design adjustment factors used for solid sawn lumber.

INTRODUCTION

Wood exhibits two separate yet related phenomena, which are creep and creep-rupture.
Both phenomena define the time dependant behavior of wood. Over time, a sustained load
causes an increase in deformation. Thisincrease in deformation is known as creep. Creep

rupture, the eventual failure of the wood material, occurs because of the failure of the specimen
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to sustain constant load over time due to increased deformation during that time (creep). Dueto
safety concerns, creep-rupture behavior is of more interest to code officials and building
designers.

Among other things, material make-up is a factor that affects creep-rupture. Asthe
timber resource changes, the materials available for consumption changes. These wood
materials are being maximized by the production of wood composite materials. Laminated
veneer lumber is one such wood composite product. In the case of wood composite material,
more than just the wood material itself can affect the overall performance. Thisisaconcern
because during the manufacturing of wood composites, wood material is subjected to many
processing parameters such as increased pressure, exposure to and bonding with adhesives, and
rapid temperature and moisture changes. The effects of these processing parameters become a
part of the wood composites’ history and could potentially affect the wood composites' duration
of load performance.

In the case of laminated veneer lumber, processing parameters are determined by LVL
manufacturing companies based on the cure temperature of the adhesive and experience in
laminated veneer manufacturing. The products are produced and mechanically evaluated for
quality control. In order understand the load-duration behavior and response of the LVL, itis
important to evaluate the actual effects of the variation of these parameters. Understanding such
effects would aid in product refinement. Given the many parameters that exist for LVL
manufacturing, this research targeted only the effects of manufacturing temperatures. Published
material, involving short-term exposures of extreme temperatures, is very limited for wood
material so subsequent testing on solid sawn lumber (Chapter Five) was performed to provide

insight involving such effects. Mechanical testing of laminated veneer lumber, crucia for
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determining load-duration testing parameters, was presented in Chapter Six. In order to study

manufacturing temperature effects, full-sized laminated veneer lumber was tested long-term.

BACKGROUND

TEMPERATURE

The strength of wood depends on its physical and chemical constitution. Chemically,
wood is made up of three basic components. cellulose, hemicellulose, and lignin (Panshin and
de Zeeuw, 1980). Heating causes these components to undergo changes such as shrinkage,
expansion, dehydration, thermal degradation, and phase change. Schaffer (1973) summarized

these changes in wood caused by thermal effectsin Table 7-1.

Table 7-1: Thermally Induced Changesin Dry Wood in an Inert Atmosphere (adapted from Schaffer 1973)

Temperature Thermal Induced Change
OC OF

55 131  Natural lignin structure is altered. Hemicelluloses begin to soften.

70 158  Transverse shrinkage of wood begins.

110 230 Lignin slowly begins weight loss.

120 248 Hemicellulose content begins to decrease, a-cellulose begins to increase.
Lignins begin to soften.

140 284 Bound water isfree.

160 320 Ligninismelted and begins to reharden.

180 356 Hemicelluloses begin rapid weight loss after losing 4 percent.
Lignin in torous flows.

200 392 Wood beginsto lose weight rapidly. Phenolic resin begins to form.
Cellulose dehydrates above this temperature.

210 410 Lignin hardens, resembles coke. Cellulose softens and depolymerizes.
Endothermic reaction changes to exothermic.

225 437 Cdlulose crystalinity decreases and recovers.

280 536 Ligninhasreached 10 percent weight loss. Cellulose begins to lose weight.

288 550  Assumed wood charring temperature.

300 572 Hardboard softensirrecoverably.

320 608 Hemicelluloses have completed degradation.

370 698 Cellulose has lost 83 percent of initial weight.

400 752 Wood is completely carbonized.
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Shape and size of the member and type of loading need to be considered simultaneously.
Thisis because for short time exposures, the inner material of alarge specimen would not be
heated to the temperature of the surrounding medium (Wood Handbook, 1999). Therefore, itis
possible that the immediate effect on the strength of the inner material is less than the surface
material. However, the type of loading is important in determining if size may be of
consequence. In the case of bending, the greatest stress is experienced by the outer fibers. This
usually governs ultimate strength. Therefore, the fact the inner material may have experienced a
lower temperature than the surface material due to short-term exposure is of little concern as far

as temperature effect on member performance, but is still an issue with LVL production.

DURATION OF LOAD

Numerous predictive models have been developed in relation to creep rupture, or
duration of load (DOL) behavior, of wood. Such models include damage accumulation, strain
energy (Fridley et al., 1992b), and fracture mechanics (Nielsen and Kousholt, 1980). The
damage accumulation (DA) approach is the most popular modeling technique (Rosowsky and
Fridley, 1995) and the model used in this research. Hence, the emphasis of thisreview is placed
on previous research involving or relating to damage accumulation.

The first model related to the relationship between applied stress level and time-to-
failure was developed by Wood (1951). Wood used constant bending loads located at the center
span. These loads ranged from sixty to ninety-five percent of the strength found through static
bending. The testing of the Douglas-fir small clear specimens resulted in data that was fitted to
an empirical hyperbolic model curve. The model assumed a stress threshold of 18.3 percent. It
was assumed that failure of a specimen would not occur below this threshold. The genera form

of the model is given in Equation 7-1a. Equation 7-1b presents the model calibrated by Wood.
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Wood's (1951) model (Equation 7-1b) is commonly referred to as the “Madison curve.” Itisthis
curve that is the basis for the load-duration adjustment factors outlined in the National Design

Specifications (NDS) for Wood Construction (AF & PA, 1997).

ty= ; (7- 18
Als - sq)°
1.084

s= =% 0183 (7 - 1b)
0.04635

t 1 = timeto failure in seconds

A, B = model constants determined from experimental data

S = ratio of applied stress to ultimate stress (static test strength)

S, = stress threshold

The Madison curve can aso be written in the format of damage accumulation. The

definitions of the parameters A, B, s, and s, defined above aso apply to Equation 7-1c.

d_"Jt‘ = As - so)° (7-10)

a = parameter of damage ranging from zero (no damage) to one (failure)

da/dt = time rate of damage accumulation

Based on the Madison curve data of small clear Douglas-fir specimens under a constant
bending load, Barrett and Foschi (1978a, 1978b) devel oped two damage accumulation models.
Each model assumed a stress threshold. The main difference from the Madison curve was the
addition of athird model constant, C. The difference between the two models was how the
additional model constant was incorporated. All other parameters are previoudy defined.

Barrett and Foschi (1978b) concluded that model 11 better represented the data.
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Model | (Barrett and Foschi, 19784)

d .

?e: = A(s - sO)B>aC ifs>s, (7-29)
da _, ifs <so (7 - 2b)
dt

Model Il (Barrett and Foschi, 1978b)

d .

?etl = A(s - SO)B+ Ca Iifs>gg (7-33)
da _, ifs <so (7 - 3b)
dt

Around the same time, Gerhards (1977, 1979) had also developed a damage
accumulation model. The data used to derive the model came from tests on small clear
specimens. Gerhards assumed that the lifetime of the member was an exponential function of the
applied stresslevel. From thisidea of exponential decay, Gerhards devel oped the Exponential

Damage Rate Model (EDRM) given in Equation 7-4.

(jj—? = exp(-A + Bs) (7-4)

Foschi and Y ao (1986) developed a DA model similar to model Il from Barrett and
Foschi (1978b). However, instead of expressing damage accumulation in terms of a stressratio,
it was expressed as afunction of actual applied stress. Also, an additional model constant, D,
was added. An expression for their model is given in Equation 7-5. Foschi and Y ao (1986)
concluded that compared to the Barrett and Foschi (1978b) model 11, the new model was a more

accurate representation of the duration of load behavior of lumber.
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O(IJI—?=A(t-t0)B+Ca(t-t0)D (7-9)

t = applied stress

t, = stress threshold

All other model parameters were defined previously

Gerhards and Link (1987) used full-sized 38 mm by 89 mm (2 in. by 4 in.) Douglas-fir
lumber specimens to calibrate the EDRM. They concluded that the model also applied to full-
sized lumber. Gerhards (1988) did further testing with the full-sized specimens in order to
determine the effect of lumber grade on the duration of load behavior of Douglas-fir lumber. In
direct disagreement of previous DA models developed by Wood (1951), Barrett and Foschi
(19784, 1978b), and Foschi and Y ao (1986), Gerhards (1988) concluded that no evidence existed
that would support a stress level threshold. He also noted that for loading at the same fraction of
static strength, lower grades of lumber had lower load-durations. In addition, however, he stated
that these differences might not be statistically significant. The EDRM regression equations for

the different grades tested are given in Equations 7-5a, 7-5b, and 7-5c.

LN(t 1) = 27.4382 - 24.7090SL (7 - 63)
LN(t 1) = 25.9539 - 24.0309SL (7 - 6b)
LN(t ;) = 23.6222 - 21.7119SL (7 - 60)

t + = time to failure in minutes

SL = ratio of applied stressto ultimate stress (static test strength)
Finally, Gerhards (1988) found that for design loads that really exist for the design duration, the
current alowable bending properties for lumber were nonconservative. Using these |oad-

duration equations and the methods used to determine NDS adjustment factors he proposed
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modifications to the factors. The resulting factors would consequentially lower design values for
al design load-durations.

A study by Cai et al. (2000) compared the predictive capabilities of these four DA models
(Wood, 1951; model 11 from Barrett and Foschi, 1978b; Gerhards, 1979; and Foschi and Y ao,
1986). Small clear Southern Pine specimens were subjected to a five-day load sequence which
varied stress levels daily. It was concluded that all of the DA models failed to consistently
predict the time-to-failure. Thiswas even more pronounced for lower stress levels and longer
duration. Ultimately, it was concluded that, “the four DA models were about equal in their

ability to simulate time-to-failure distribution” (Cai et a., 2000).

TEMPERATURE EFFECTSON DURATION OF LOAD BEHAVIOR

There have been several studies on the effect of environmental conditions on creep-
rupture of wood, both small clear and full-sized specimens. Similar to the conditions of
mechanical testing, most of these studies center on the premise of manipulating environmental
parameters for both conditioning of the specimens and for the duration of the tests being
performed. Justifiably, environmental conditions simulated for testing have never been over
80°C (176°F). Although the testing temperatures were within the range for reversible effects, the
long exposure time involved in creep-rupture testing would inevitably result in the temperature
effects being classified as permanent.

Schniewind (1967) subjected small clear 10 mm by 20 mm by 220 mm (0.39 in. by 0.79
in. by 8.66 in.) Douglas-fir specimens to environmental conditions in order to determine the
effects on creep-rupture. Both constant and cyclical temperature exposure environments were

examined for the duration of the tests. It was concluded that the environmental effects on creep-
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rupture significantly reduced the life duration of the wood specimens. However, it was also
noted that changes in size could alter the significance and change the results.

Building on thisidea, Schniewind and Lyon (1973) tested larger specimens, athough still
clear, of 50.8 mm by 50.8 mm by 1.02 m (2 in. by 2 in. by 40 in.). The results showed that
environmental effects were still present. However, it was concluded that as specimen sizeis
increased, creep-rupture life during environmental changes would be similar to that of specimens
in a constant environment.

In astudy by Schaffer (1973), discussed earlier in this review, additional creep testing
was performed for atwo hour period. This study actually went beyond mere environmental
temperatures and subjected specimens to temperature ranges of 25°C to 275°C (77°F to 527°F).
The results showed that the compressive strength actually improved with duration of exposure, at
aconstant load, for the temperature range of 100°C to 288°C (212°F to 550°F). Consequentially,
thisis the temperature range starting after reversible temperature effects and ending before
assumed wood charring temperature. The tensile strength showed no significant change in
strength until 140°C (284°F) after which increased temperatures caused a decrease during
exposure. Schaffer (1973) concluded that the increase seen in the long-term compression
strength was credited to “the phenol-resin production of additional bonds with duration heating.”
For tensile strength, the decrease was caused by “the depolymerization of cellulose with duration
of heating.”

Aswas discussed previously, environmental changes in temperature and moisture content
are known to affect mechanical properties, that is, short-term strength and stiffness. Fridley et al.
(1989, 1990, 1991, 1992c and 1992d) conducted severa studies to determine the effect of

environmental conditions on structural lumber. Again, “environmental” only included a
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temperature range of 23°C to 54°C (73°F to 130°F). Environmental conditions under
consideration were constant and cyclical thermal effects and constant and cyclical moisture
effects. Specimens, 38 mm by 89 mm by 2.44 m (nominal 2 in. by 4 in. by 8 ft), were Select
Structural and No. 2 grade Douglas-fir. Fridley et a. (1989) concluded that for equal stress
ratios, atrend of shorter time-to-failure for higher temperatures was observed. He also noted that
the observed temperature effects were independent of relative humidity or moisture content
effects. Further research by Fridley et a. (1992d) indicated that the effects brought on by
constant hygrothermal conditioning could be predicted if the effects on short-term strength were
accurately predicted.

No published data was available regarding the effect of temperature of any sort on
duration of load behavior of laminated veneer lumber. However, if the implications from Green
and Evans (1994) are true, that is similar degradation mechanism brought on by thermal changes,
then the solid sawn lumber and LVL should exhibit similar behavior under the same thermal
conditions.

While veneer lay-up has been given much attention, the lack of research of other
manufacturing parameters, such as manufacturing temperature, of LVL could lead to uncertainty
of performance. Therefore, research was conducted to evaluate the load-duration behavior of

laminated veneer lumber at varied manufacturing temperatures.

MATERIALS

Boise Cascade of Boise, Idaho provided all veneer used for this research. All provided
veneer was Douglas-fir (Pseudotsuga menziesii). The veneer was rotary peeled and was cut into

six hundred and sixty 1.25 m by 2.55 m (generous 4 ft x 8 ft) sheets. The average thickness of
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the veneer was 3.68 mm (0.145 in.). After arrival to Washington State University’s Wood
Materials and Engineering Laboratory, the veneer had to be cut in half lengthwise to 610 mm

(2 ft) for processing purposes. The veneer was sorted using nondestructive longitudinal stress
wave time techniques and hot pressed at three predetermined temperatures to produce fifteen
eleven-ply billets for each temperature. Each billet was cut into six 2.44 m (8 ft) long, 38 mm by

89 mm (nominal 2 in. by 4 in.) laminated veneer lumber members.

METHODS

The objective was two fold: To determine the effect of LVL manufacturing
temperature on the mechanical properties and duration of load behavior of Douglas-fir LVL.
The effects on the mechanical properties were addressed earlier in Chapter Six. The effectson
DOL behavior are discussed in this chapter. The temperature effects of the processing procedure
would, by definition, not be reversible. Thisis because athough the exposure timeis “short,”
the exposure temperature is above 100°C (212°F). Also, these effects would not technically be
immediate because, although “quick,” extreme temperature exposure was not the condition at the
time of testing. Specimens were conditioned back to room temperature conditions. Therefore,
the conditions of the manufacturing process are more of a measure of permanent effects. Since
the main goal centered on manufacturing temperatures, the veneer material had to be sorted into
various temperature categories. Upon investigation, a common range of LV L manufacturing
temperatures was found to be 145°C to 160°C (293°F to 320°F). The goal wasto target
temperatures near, greater, and much greater than common industrial practice. The chosen
temperatures were 149°C (300°F), 171°C (340°F), and 193°C (380°F).

First, the veneer had to be sorted. Nondestructive sorting was done by impact

longitudinal stress wave propagation. After this was done, veneers were pressed with aliquid
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resin into billets. The press schedule had to be established according to several factors and by
using practice billets (Chapter Three). The processing variables for the laminated veneer lumber
were as follows:

1. Resin: liquid phenol-formaldehyde;

2. Spread Level: single glueline of 180.65 kg / 1000 m? (37 Ib / 1000 ft?) viaaroller

Spreader;

3. Press: hot platen hydraulic;

4. Press Temperatures: 149°C (300°F), 171°C (340°F), and 193°C (380°F);

5. Press Schedule: thickness controlled to 38 mm (1.5 in.) utilizes eleven piles;

6. PressTime: twenty minutes; and

7. Pressure Cycle: after twenty-nine seconds, the end condition pressure was 6897 kPa

(1000 psi) and then reduced to 1382 kPa (200 psi) after forty-four seconds and held
constant until the end of the cycle at twenty minutes.

After the laminated veneer lumber was manufactured, the material was allowed to return
to equilibrium conditions (moisture content (MC) = 10%) before further testing was done. The
dynamic modulus of elasticity (Egynamic) was evaluated using longitudinal stress wave
propagation and also, static edgewise bending (Esaic). The static bending tests were also used to
determine the modulus of rupture.

For the second phase, the solid sawn lumber was tested using long-term loading. A
known stress was applied to each specimen. Stress ratios were assigned on a member by
member basis and time to failure and deflection data were recorded. The effect of LVL

manufacturing temperature on the duration of load behavior was analyzed.
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SPECIMEN SORT

VENEER

All veneers used in the production of laminated veneer lumber were tested
nondestructively to obtain an Egynamic (from Equation 2-1) for each veneer sheet. The members
were weighed and measured (average of three lengths, average of three widths, and average of
four thicknesses). Each member was clamped down perpendicular to the width (flatwise).
Impact longitudinal stress waves were introduced to the third point locations along the width.
The average of the three stress wave times at those locations was determined as the stress wave
time for the entire veneer sheet. The veneers were divided into groups of eleven based on
ascending Egynamic Values. The group with the lowest Egynamic Was assigned to the temperature
category of 149°C (300°F), the next ascending group of eleven was assigned to the next
temperature and so on until al temperature categories had fifteen sets of eleven veneers. This
sorting is not the common practice in industry but the aim here was to mimic the distribution of
the solid sawn lumber. The unconventional sorting technique proved valid after ANOV A results
suggested there was no significant statistical difference between the Egynamic Values of &l the

temperature categories (Appendix E). The validity of this techniqueis graphically represented in

Figure 7-1.
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Figure 7-1: Cumulative Distribution of Eqnanmic Of Sorted Veneers and Solid Sawn Lumber
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LAMINATED VENEER LUMBER

After the billets were made, they were cut to dimension (nominal 2 in. by 4in., 8 ft long)
into six LVL specimens per hillet. The specimens were labeled according to manufacturing
temperature, billet number (1 through 15 where ascending number corresponds with ascending
veneer Egnamic Values), and letter a through f for location of specimen within the billet (a and f
consisting of the edge-most billet material). All 269 LVL specimens were tested
nondestructively. However, because of the nature of the induced longitudinal stress wave, and
the long travel distance, it was not possible to detect localized LVL manufacturing-induced
failures such as delaminations. Because of this, each LVL was visually inspected as well and
labeled as good, minor delaminations, or major delaminations. The location and extent of the
delaminations was al so recorded.

The sorting of the veneer assured similar property dispersion among all temperatures.
However, because of manufacturing blow failures for al temperatures, this assurance was
compromised. Discussion of the effect of manufacturing temperature on specimen sorting is
provided later in this Chapter. Despite manufacturing failures, it was still necessary to sort the
category temperatures into two equally distributed testing groups. One group was to be tested
statically and the other group was to be tested under load-duration. In order to ensure the same
distribution for each group, a pseudo random sort (Chapter Two) was used to divide the members
into the testing groups. Each temperature category was ordered according to ascending Egynamic.
The first two Egynamic values (three value increments of random sorting for 171°C (340°F)), from
the ascending data, were randomly distributed and then the next two values and so on until the
entire temperature category was split into two even groups (three even groups for 171°C

(340°F)). An analysis of variance (ANOVA) was performed on the Egynamic Val ues between the
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groups (Appendix E). The analysis showed no statistical difference between the MOE-MOR and
DOL groups. Thisfinal sorting provided the sample sizes that were used in the tests [MOE-
MOR/DOL]: 149°C (300°F) [24/24], 171°C (340°F) [24/48], and 193°C (380°F) [19/19]. Since
the production process had led to a high yield of LVL samples from the 171°C (340°F) category,
the sample size of the duration of load test was doubled and split into two subcategories of the
temperature (1 and 2). The addition of an entire DOL set of the same temperature would aid in

determining the validity of the trends of 1oad-duration behavior of the different temperatures.

STATIC BENDING TESTS

Static edgewise bending tests were performed to find an actual modulus of elasticity and
modulus of rupture values for all specimen categories. The static modulus of elasticity, Egaic,
was used to monitor temperature effects on stiffness and to compare to the nondestructive
method, Eayamic, Which had been used for sorting. Twenty-four members of each temperature
category, except the 193°C (380°F) which had nineteen members, were tested for mechanical
properties.

An Instron 4400R screw-driven test machine was used to perform all static bending tests
on the smply supported beams. The procedures from ASTM D198 (1998), the standard test for
determining structural lumber properties, were followed and the |oad-displacement data, time to
failure, and maximum load were recorded by a computer data acquisition system (Labview,
1997). A load rate of 3.3 mm/min (0.13 in./min) was determined to meet the provisions of the
standard. All of the specimens were tested to failure. The displacement was measured at center
gpan using alinear variable differential transformer (LVDT) (Appendix A). Using a spreader
beam, the single point ramp load applied from the testing machine was evenly distributed into

two point loads. The dimensions of the spreader beam were such that the two point loads were
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applied at third points, 610 mm (24 in.), in relation to the end reactions. Finaly, lateral bracing
was applied in accordance with the ASTM standard to eliminate the concern of lateral-torsional
buckling effects. The actual static bending setup can be seen in Chapter Two. The equation
used for static bending modulus of elasticity was Equation 2-2.

Static bending tests were performed in a temperature controlled room where the
temperature range fluctuated between 21°C (70°F) and 23°C (73°F). The relative humidity was

determined to be in the proximity range of thirty percent to forty percent.

DETERMINATION OF LOADS

Using the maximum load obtained from the static bending tests, the modulus of rupture
was calculated and used to determine loads for the load-duration tests. Each temperature
category was evaluated separately.

Severa methods were used to determine which statistical distribution best represented the
modulus of rupture data. The distributions analyzed were normal, lognormal, and 2-P Weibull.
The first methods were plotting the distributions on probability paper and comparing the
coefficients of determination (r?) (Figure 7-2A). These methods were based on visual inspection
and quantitative results for goodness of fit. Also, the inverse cumulative distribution function
(CDF) method was used (Figure 7-2B). Both visual inspection and the standard error estimate of
these plots were performed. After reviewing al of the above methods, it was clear that a
lognormal distribution best represented the modulus of rupture datafor all temperature categories
of the laminated veneer lumber. Examples of the lognormal probability plots and the lognormal
inverse CDF plots are shown for the laminated veneer lumber 149°C (300°F) temperature

category (Figure 7-2). Distribution fitting plots for al temperatures are found in Appendix B.

186



| y = 4.5082x - 17.87
R? = 0.9654 .

Probability
L
1 ]
[ ]
\
o
Standard Normal Variate

° e L aminated Veneer Lumber -2
149 C (300 F)
4 -3
- 1 1 —— - 1 1 -4
3.6 3.7 3.8 3.9 4 4.1 4.2 4.3 4.4

LN [MOR (MPa)]

A
80 -
75 =
—
T 65 - e
=3 60§ /
LL E
o 55 ——
o oy
R 50 — /
o 45
c =
- 40 ——Lognormal Inv
35 & —1-tol
30 7\\\\{\\\\{\\\\{\\\\{\\\\{\\\\{\\\\{\\\\{\\\\{\\\\{
30 35 40 45 50 55 60 65 70 75 80

Actual M OR (M Pa)
B
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Once alognormal distribution was determined as the best fitting distribution, the
theoretical design values, Fy,, were found in accordance with ASTM D2915 (1994) (Table 5-3).

This was done to compare temperature categories in the same manor that is done in practice.

187



However, because it was desired to move beyond the lower tail data that governs the design
values, the fifteenth percentile modulus of rupture was calculated from the lognormally
distributed data. This value would be considered the applied stress used for the duration of load
tests. Using the same equation that was used to cal culate modulus of rupture from the static
bending tests, the applied loads were back calculated out of the equation (Equation 2-4) using the

applied stress values.

Table 7-2: Design Stress and Applied Sress for Laminated Veneer Lumber

Temperature F, (MPa) MOR (MPa) | Calculated
(°C) Nonparametric]  Parametric | 15" percentile | Loads (N)
LVL 149 18.03 17.25 43.89 7172
LVL 171-1 8253
LVL 171 - 2 16.92 19.35 49.65 8251
LVL 193 19.32 19.15 50.08 8266

The actual values of modulus of rupture were obtained using the cross-sectional
dimensions of the groups tested statically. When the |oads were back calculated, the cross-
sectional dimensions of the groups tested for load-duration behavior were used. This applied

actual geometric properties of the group to the applied loads.

LOAD-DURATION TESTS

The second set of groups, one group per temperature category, was subjected to long-
term loading to determine the response. The sample size was the same as that of the static tests,
that is, al of the test groups consisted of twenty-four members except the 193°C (380°F)
temperature group which consisted of nineteen members. The laminated veneer lumber was
subjected to a constant load for forty-two days, when the last deflection data was obtained.
Although no more deflection data was taken, the laminated veneer lumber was observed for an

additional forty-eight days for time-to-failure data (total of ninety days).
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Four sets of testing frames were used. Each set consisted of twelve frames and each
frame was designed to test two specimens at once. The frames were specifically designed for
strong axis bending load-duration tests. The actual |oad-duration setup can be seen in Chapter
Two. Inasimilar configuration as the static test setup, using a spreader beam, the single point
load applied viaa pulley and cable system was evenly distributed into two point loads. The
dimensions of the spreader beam were such that the two point loads were applied at third points,
610 mm (24 in.), in relation to the supports. Lateral bracing was provided and the applied
weights, made of steel and/or concrete, were hung from a 406.4 mm (16 in.) diameter pulley.
Each pulley was individually calibrated by using a small load cell and applying known loads to
the system (Appendix A). The actual mechanical advantage for each pulley was calculated by
averaging the results from four known loads for each pulley. The minimum and maximum
calculated mechanical advantages of the pulleys were 7.72:1 and 7.97:1, respectively.

A modified caliper was used to collect deflection data. Because it was not possible to
collect continuous data using the caliper, deflections were recorded at specific times relating to
time of loading. These times were as follows. one minute, one hour, two hours, four hours, one
day, four days, seven days, fourteen days, twenty-two days, thirty days, and forty-two days.

Since the members used for the |oad-duration tests failed under sustained load, it was not
possible to also retest the members for ultimate bending stress. In order to obtain an ultimate
bending stress for the failed members, the rank order statistic method was used. This method
uses the strength values found from the distribution fitting. Each specimen was ranked
according to time of failure. The specimens were then assigned alognormally distributed
ultimate bending strength according to this ranking. That isto say, the first member to fail,

considered the weakest, is assigned the lowest lognormal ultimate stress and so on. This ranking
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process was followed as the members broke until the end of testing, which was before al
members had failed.

Nondestructive testing was done on all the members so there was information relating the
load-duration specimens to each other but through modulus of elasticity, not bending strength.
However, based on assumption that there is a positive correlation between stiffness and strength,
the failure order of the members could be predicted relatively well. This proved useful in
evaluating the load-duration behavior of the surviving members.

The testing room where the load-duration tests were performed was thermostat controlled
at 21°C (70°F) with heating and cooling systems. Duration of load testing was primarily
conducted during summer months so constant cooling was applied to the room and minimal
heating was used to balance the environmental temperature. The relative humidity was

monitored and essentially remained at a constant thirty percent.

RESULTS

The sorting of the veneers ensured that the make-up of the LVL would be statistically the
same. However, billets manufactured at all temperatures experienced various types of “blow
faillures’ that resulted in the loss of material. The ratio of good and useable LVL to total LVL
produced was calculated. “Good” LVL was defined as data with no blow failure and “ useable”
LVL included good LVL and minor failures determined not to affect the performance of the
LVL. Theresultsin Table 7-3 suggest that the best yield resulted from a manufacturing

temperature of 171°C (340°F).
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Table 7-3: Manufacturing LVL Yield

. BilletsMade | LVL / Billet | Total LVL
Total Expected 15 5 0
Temperature 149°C 171°C 193°C
(300°F) (340°F) (380°F)
Tota "good" LVL 49 71 30
Additional "useable" LVL** 8 2 10
Optimistic "useable" Total 57 73 40
Percent of "good" LVL 54.44% 78.89% 33.33%
Percent of "useable" LVL 63.33% 81.11% 44.44%

*pertains to all temperatures
**only minor delaminations

Veneer quality was found to be a factor for temperature dependant manufacturing
failures. An in depth discussion about this finding is provided in Chapter Six. Although sorting
of the veneer had been used to manufacture LVL with similar distributions per temperature, the
manufacturing failures compromised this deliberation. Ideally, LVL selection should represent
equal member selection from all billets. However, because the manufacturing failures were
temperature dependent, LV L selection was only equal for the 171°C (340°F) temperature
category. The members that made up the testing temperature category of 149°C (300°F) were
comprised of LVL pulled mainly from billets 1 through 5. Contrarily, LVL mainly from billets
9 through 15 was pulled for testing for the 193°C (380°F) temperature category. Unfortunately,
this was a situation that could not be controlled. Consequently, because of the sorting issues, the
validity of the increases seen for mechanical properties and in modulus of rupture was cautioned
(Chapter Six). However, for the duration of load tests, the increase in the 15" percentile
modulus of rupture, and thus applied stress, isinconsequential since analysis was done in terms

of stressratios.
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DURATION OF LOAD BEHAVIOR

The phenomenon known as creep rupture, or load-duration behavior, was the focus of the
research. Of specific interest were the effects of manufacturing temperature on the load-duration
behavior of laminated veneer lumber. Specific analysis of the related phenomenon creep was not
performed, however, DOL deflection behavior was examined.

By definition, creep rupture occurs because of the failure of the specimen to sustain
constant load over time due to increased deformation during that time. 1n order to examine
duration of load behavior, the lognormal modulus of rupture values were used to determine the
sustained loads. ANOV A results showed significant statistical difference between modulus of
rupture values when compared to the temperature category of 149°C (300°F). As stated above,
however, the validity of thisincrease is questionable but inconsequential. In order to avoid the
lower tail region of the strength distribution, applied stress levels were based on the 15"
percentile. Using the 15" percentile lognormal modulus of rupture values, the applied loads
were calculated (Table 7-4) and adjusted using the mechanical advantages of the pulleys of the

test frames.

Table 7-4: Applied Loads for Laminated Veneer Lumber

Temperature| 149°C [171°C - 1|171°C - 2| 193°C
FRAME 2 3 3& 4 4

Applied
load (N) 7172 8253 8251 8266

PULLY MECHANICAL ADVANTAGE RANGE
Maximum | 7.94 7.95 7.97 7.96
Minimum | 7.75 7.74 7.76 7.72

A summary of the number of failures and survivals for each temperature is provided in
Table 7-5. The performance of the members for all temperatures was very similar for ninety

days of observation. This confirms the fact that the trend seen in manufacturing failures did not
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affect the outcome of the load-duration tests. Figure 7-3 indicates which billet numbers made up
the failure and survivor categories. The billet numbers are represented by the space between the
horizontal gridlines. Those data points occupying that space are from said billet. Clearly, the
unconventional method of billet lay-up had an impact on how the LVL members from the
respective billet performed under a sustained load. The significance of such performanceis

discussed later in this chapter.

Table 7-5: Number of Failures and Survivals for Each Temperature Category for Laminated Veneer Lumber (after
ninety days of observation)

Temperature| Ramp Failure| DOL Failure| Survivor | Totd
149°C 7 13 4 24
171°C-1 7 14 3 24
171°C- 2 7 14 3 24
193°C 4 10 5 19
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Figure 7-3: Relationship Between Billet Number and Duration of Load Behavior
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DURATION OF LOAD BEHAVIOR: DEFLECTION ANALYS'S
Although specific analysis of creep was not performed, deflection measurements were
taken with adigital caliper. From these measurements, displacement-time curves were generated
for each specimen tested. Examination of this graphical representation of creep behavior
provides insight into the overall load-duration behavior of the specimens. Figure 7-4 illustrates a
typical curve for all temperatures. The arrow near the last deflection measurement represents

survival past the duration of the test. Deflection-time plots for al specimens are presented in

Appendix G.
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Figure 7-4: Typical Displacement-Time Curve for All Temperatures
The shapes of the deflection-time curves were similar to those of Douglas-fir solid sawn
lumber trends found by Fridley et al. (19924). Similar meaning that there was an initial elastic
deflection region followed by a primary creep phase region followed by a secondary creep phase

region. The duration of these regions was comparable to those previoudy reported for solid
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sawn lumber. Most members failed within the six week time period. However, since deflection
datawas collected manually, the trend for the final stage of creep, tertiary, could not be obtained.

Three DOL deflection stages were examined: initia, failure (less than 60480 min), and
survival (equal to 60480 min). Initial deflection data, obtained at one minute after load was
applied, has the sample size of the total number of specimens minus those lost due to ramp
failures (Table 7-5). ANOVA was performed to compare the distribution of deflections. For
each temperature category, each DOL deflection stage was compared to the respective maximum
static deflection. For all temperatures, the static deflections were not statistically significantly
different from neither the failure nor the survival DOL deflections. Contrarily, the static
deflection and initial DOL deflection were statistically different for all temperatures.

ANOVA was aso performed for the three DOL deflection stages compared between
temperature groups. Results between all temperature categories for all DOL deflections showed
no statistical significant difference for all DOL deflections (except failure DOL deflection
between 171°C (340°F) - 1 and 193°C (380°F) temperature categories). These results suggested
that DOL deflection behavior was similar for al temperature categories. Expanding on the
ANOVA results, mean deflection values were compared (Table 7-6 and Figure 7-5). There was

no indication of a manufacturing temperature effect on any of the DOL deflections.
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Table 7-6: Average DOL Deflection Values 45 -

Temperature| Initial D | Failure D| Survival D B — = B— -

30 — — — m

14°C | 3363 | 3843 | 3642 25 ] - - - i

171°C-1 | 3376 | 40.70 | 37.36 28 ] ] ] i

Average D (mm)

171°C-2 | 32.88 36.64 37.74 10 - - - n

193°C | 3318 | 37.32 | 37.13 5 — — - |

All deflection values arein mm

149 171-1 171-2 193
Temperature ( oC)
O Static Onitial

O Failure (< 60480 min) @ Survival (= 60480 min)

Figure 7-5: Bar Graph of Average DOL Deflection Values

To investigate possible correlation, the DOL deflections were compared with their
respective strength. Correlation coefficients were found for this relationship for each
temperature. For the few members that were survivals, their assigned strength had to be
predicted. Thiswas done using the dynamic modulus of elasticity (Egynamic). ASwasseenin
Chapter Four, the correlation between Egynamic and modulus of rupture was strong. Therefore, the
predictive capability of the Egynamic for the rank order of the assigned modulus of rupture was
respectively reliable. There was strong correlation for all temperature categories (Table 7-7)
with the 149°C (300°F) category having the best correlation. Figure 7-6 shows the combined
data of the ranked modulus of rupture and the predicted modulus of rupture according to the
respective Egynamic. The slopes off the trendlines were similar. This suggests that the correlation

trend is similar for all temperature categories.
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Table 7-7: Coefficients of Determination and Correlation Coefficients for Eqnarmic

Assigned MOR Timeto Failure
Temperature|  r? r r? r
149°C 0.8893 | 0.9430 | 0.7763 | 0.8811
171°C-1 | 0.8042 | 0.8968 | 0.6568 | 0.8104
171°C-2 | 0.7832 | 0.8850 | 0.7235 | 0.8506

193°C 0.8767 | 0.9363 | 0.6005 | 0.7749
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Figure 7-6: Correlation of Eynamic and Rank Order Modulus of Rupture for Laminated Veneer Lumber

Since the Egynamic Values were so well correlated to the assigned modulus of rupture
values, the predictive capability of the Eqynamic Values was taken one step further to time to
failure. Table 7-7 showsthat overall, the correlations were good. Because of the known positive
correlation between modulus of rupture and modulus of elasticity, this relationship was
anticipated. However, the fact that the predictive modulus of elasticity, Egynamic, Was able to
correlate so well to failure times was rather significant. This insinuates that time to failure could
be reasonably predicted using nondestructive techniques. Figure 7-7 graphically displays the

relationship.
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To continue on with the examination of the DOL deflections, the concept of the good
predictive capabilities of Eqgynamic Was utilized. Because correlations had been proven to be good
for both assigned MOR and time to failure, the predicted behavior of the members allowed the

initial DOL deflections of surviving members to be included in the deflection analysis.

Table 7-8: Coefficients of Determination and Correlation Coefficients for Assigned Modulus of Rupture

Initial D Failure D
Temperature| r? r r? r

149°C 0.7327 | 0.8560 | 0.0195 | 0.1396
171°C- 1 0.6222 | 0.7888 | 0.0537 | 0.2317
171°C - 2 0.4134 | 0.6430 | 0.2065 | 0.4544

193°C 0.6676 | 0.8171 | 0.4158 | 0.6448
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Overdl, there was evidence of some correlation between the modulus of rupture and the
initial DOL deflections (Table 7-8). However, the coefficients of determination for failure DOL
deflections are all low. This suggested that there was no correlation at all. Figure 7-8 and Figure
7-9 graphically display the MOR correlation with the initial and failure DOL deflections,
respectively. The data points are connected in order to track increasing MOR. For theinitial
deflection, although the decreasing trend was the opposite as what was seen for static deflections,
it standsto reason. Sincethe initial DOL deflections are the result of a constant sustained load,
at any given time, the stronger members would deflect less than would the weaker members,
which were closer to failure. Since amost all members failed, no conclusions could be made as

to the overall correlation behavior for survival DOL deflections. Consequently, these deflections

were not graphically represented.
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Figure 7-8: Correation of Initial DOL Deflection and Modulus of Rupture for Laminated Veneer Lumber

199



50

45

40

35

30

Deflection (mm)

25

20

15 I I I I | I I L | I I I I | L L I | I I I I | L I I | I I I I
40 45 50 55 60 65 70 75

MOR (M Pa)

149 C 171C-1 171 C-2 —+-193C
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The dopes of the best fit lines for all temperatures were similar for the MOR correlation
with theinitial DOL deflections. Also, with the exception of afew outliers for the 171°C
(340°F) - 2 category, most failure deflections were similar to the mean values, that is, low
standard deviation. These findings suggest that LV L manufacturing temperature does not have

any effect on the duration of load initial and failure deflections.

DURATION OF LOAD BEHAVIOR: DAMAGE ACCUMULATION

There are several methods to assess the duration of load behavior of wood. The damage
accumulation (DA) approach is the most popular (Rosowsky and Fridley, 1995) and the
approach of greater confidence (Fridley, 1992) sinceit is so widely used. The damage
accumulation is related to the applied stress level. The approach for evaluation of duration of
load behavior isto plot the applied stress ratio (SR) versus the time to failure. For this research,

the SR was determined using the lognoramally distributed modulus of rupture values as the
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ultimate stresses (as the denominator), assigned to specimens using rank order statistics. The
15™ percentile value of the distribution was the applied stress and used as the numerator of the
stress ratio.

The focus of the study was to determine the effect of manufacturing temperature on
duration of load behavior of laminated veneer lumber. Since it was not of interest to compare the
performance of the different DA models, only one model was used to analyze the DOL behavior
of the solid sawn lumber. Some support of this reasoning was found from Cai et a. (2000). It
had been found that four common DA models were similar in their predictive capabilities for
small clear specimens tested at high stress ratios applied for short durations. However, since all
DA models have been developed using small clear and or full sized solid sawn lumber, selection
of the DA model could not be based on similarities between the test specimens used to develop
the model and those of this research. However, subsequent testing with solid sawn Douglas-fir
Larch lumber had led to the choice of the Exponential Damage Rate Model (EDRM) developed
by Gerhards (1977, 1979) (Chapter Five). For congruency with the analysis, Gerhards EDRM
was used.

Least squares regression fit of the datato Gerhards EDRM was performed on each
temperature category only for the data points obtained for failures under sustained load (Table
7-5). Excluding both the expected ramp failures and the few survivors, over half of all
specimens for each temperature were available for regression analysis. Model constants are
provided in Table 7-9A. The goodness of fit of the model was evaluated from calcul ated
coefficient of determination and standard error of the estimate (Table 7-9B) and visual inspection

of Figure 7-10.
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Table 7-9: EDRM: (A) Model Constants; (B) Coefficient of Determination and Sandard Error

Temperature A B Temperature]  r° Standard Error
149°C 51.0229 55.0124 149°C 0.956 0.814
171°C-1 | 42.3376 44.5307 171°C-1 | 0.931 0.931
171°C -2 42.4134 454511 171°C -2 0.964 0.674
193°C 42.4753 42.4343 193°C 0.964 0.615
A B
12 7
149 C EDRM 149 C
114 171C-1 EDRM 171C-1
i 171C-2 EDRM 171 C-2
I 1 193C — EDRM 193 C
1.0
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g |
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Figure 7-10; Time-to-Failure Plot for All Temperature Categories of Laminated Veneer Lumber

The resultsin Table 7-9B, high coefficients of determination and low standard errors,
show that the linear fit, on the natural log scale, of the Gerhards EDRM model is good. Figure
7-10 provides visual verification of the goodness of fit. It isalso apparent that, for the overall
behavior, the limited data does not follow the shape characteristic of a hyperbolic model, such as
that of Wood (1951).

To compare the regression lines of the temperature categories, methods for testing the

hypothesis of equality for population regression coefficients and elevations were performed (Zar,
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1996). Each test involved the use of thet distribution in a manor analogous to the testing for
difference between two mean populations. The validity of thet test assumes two basic
theoretical assumptions of the sample populations; both are randomly obtained from a normal
distribution and there are equal variances between both populations. However, thet test has
been proven to be quite robust and can withstand considerable departures from the theoretical
assumptions (Zar, 1996). Thisis especialy trueif the sample sizes are equal or nearly equal.
Sample sizes were indeed nearly equal. Nonetheless, cumulative distributions were graphed, to
determine normality, and variances were calculated. Visualy, it was determined that the trend of
the samples (sigmoid curve) was reasonably close enough to normality. Also, the variance
values, although not equal, were close in value. Because of the robustness of the test and
because violation of the theoretical assumptions was not apparent, the t test was deemed reliable
for the hypothesis tests of slope and elevation equality.

All regression analysis was performed at a 95 percent confidence level (a = 0.05). Only
two temperature regression lines were compared at atime. All regression analysisis provided in
Appendix H. Aswas expected, the two 171°C (340°F) temperature subcategories had both equal
slopes and equal elevations. Their close equality heightened confidence in the other temperature
EDRM models. The hypothesis of both slope and elevation equality was also accepted between
the temperature categories 171°C (340°F) - 1 and 193°C (380°F) and 171°C (340°F) - 2 and
193°C (380°F). However, when the temperature category 149°C (300°F) was involved in these
sets of comparisons of EDRM regression lines, the hypothesis of slope equality was rejected.
This suggests that the data of the sample population of 149°C (300°F) dose not represent a
common population with the other temperature categories. However, because of the

compromised sorting due to the manufacture failures, ANOV A results comparing the Egaic of al
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temperatures had shown significant statistical difference between populations when the 149°C
(300°F) temperature category was involved. Yet, it should be noted that the ANOVA results
comparing the Egynamic Of al manufactured LVL did show a difference between temperature
categories 149°C (300°F) and 193°C (380°F). This was significant because all manufactured
LVL did indeed come from a common population of veneer. Thus, it is possible that the
manufacturing temperature exposure may have an effect on the duration of load performance of
laminated veneer lumber.

Since the EDRM regressions of the 171°C (340°F) - 1 & 2 and 193°C (380°F) represented
a common population, EDRM constants were found using multi regression analysis. In equation
form the “Common” EDRM was:

LN(t 1) = 42.3776 - 44.2581SL (7-7)
t ¢ = time to failure in minutes
SL =ratio of applied stressto ultimate stress

Figure 7-11 shows where the Common EDRM is located in relation to the populations that it

embodied.
1.2 ¢
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Figure 7-11: Common EDRM Representing 171°C (340°F) - 1 & 2 and 193°C (380°F)
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For reference, the Douglas-fir Select Structural EDRM developed by Gerhards (1988)
and the Madison curve (Wood, 1951) were graphed with the EDRM curves for al temperature
categories (Figure 7-12). The Madison curve was included because the derived values are the
basis for the load-duration design factors of the National Design Specification (NDS) for Wood
Construction (AF & PA, 1997). The time to failure span was only meant to be representative of

the actual time for the duration of load tests, which was about six weeks (11 on a natural log

scale).
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Figure 7-12: EDRM Comparison for Laminated Veneer Lumber (Duration of Testing)

Examination of Figure 7-12 revedls that the EDRM curves of the different temperature
categories were not very similar to the Gerhards (1988) SS model. However, the Madison curve
(Wood, 1951), although not representative of the entire data set (discussed earlier), seemed to
provide agood fit for the long-term tail region of all temperature categories. This suggests that

the effects of short-term exposure to manufacturing temperatures may be minimal, if any, for
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long-term duration of load. This made it necessary to extrapolate and examine the long-term
behavior used in design, such as ten and fifty years.

Upon examination of the two reference EDRM curves, it is seen that they cross the 100
percent stress ratio line between seven and sixteen minutes. Thiswould correspond to afairly
reaistic failure time for the static ramp load tests. Contrarily, the EDRM curves of the
temperature categories found through least squares regressions did not cross the 100 percent
stressratio at failure times reflective of their respective ramp loading static tests, which averaged
between 10.9 and 11.8 minutes. In fact, the 193°C (380°F) temperature category started at 100
percent and all other temperature categories started below the 100 percent line, which is
unrealistic. However, similar discrepancies can be seen in data presented by Fridley et a. (1989
and 1991). These unrealistic results for the short duration of time suggest that Gerhards' EDRM
does not accurately model the values of this response. However, this inaccuracy should not
discount the EDRM as a viable model for long-term behavior. The short-term behavior of the
material can be determined using static testing methods. It is reasonable to accept these
discrepancies because the damage accumulation is different for ramp loading than for a constant
applied load. For aramp load, the DA increases exponentially with stress level and culminates
near the ultimate stress. Contrarily, for a constant applied stress, there is a constant rate of DA.

In order to better assess the differences between temperature categories, stress levels
were predicted for common load-durations (Table 7-10). There was no detectable trend from
one temperature category to the next. However, the 193°C (380°F) contained all of the highest
stress levels for the short-term duration and the 149°C (300°F) had the highest stress levels for
durations five years and greater. The 171°C (340°F) - 2 category contained all of the lowest

predicted stress levels. Although the validity of the actual stress level along the EDRM
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regression is questionable for the short-term durations (discussed earlier), the actual load-
duration data supports the relationship seen between the temperature categories. Stress levels for
all temperatures are comparable to each other for the entire duration. For extrapolated long-term
behavior (5, 10, and 50 years), the stress levels of all temperature categories were very
comparable to the NDS values. The fall and rise difference of maximum and minimum stress
levels (for temperature categories only) as constant load-duration increases is represented as
percentages in Table 7-10. Figure 7-13A graphically demonstrates the extrapolated EDRM
regressions for all temperatures. Figure 7-13B represents the data using the Common EDRM

regression.

Table 7-10: Predicted Stress Levels for Laminated Veneer Lumber

Constant Load| Madison Douglas-fir Laminated Veneer Lumber Max. - Min.

Duration Curve | 149°C |171°C-1(171°C-2| 193°C | Common | Difference
Ten Minutes | 0.989 0.886 0.899 0.883 0.947 0.905 6.4%
One Day 0.823 0.795 0.787 0.773 0.830 0.793 5.6%
One Week 0.768 0.760 0.744 0.730 0.784 0.749 5.3%
Two Months | 0.712 0.720 0.695 0.682 0.732 0.700 5.0%
FiveYears | 0.635 0.659 0.619 0.608 0.653 0.624 5.1%
Ten Years 0.621 0.646 0.603 0.593 0.636 0.608 5.3%
Fifty Years | 0.589 0.617 0.567 0.557 0.598 0.571 6.0%

Lowest Temperature Category Values
Highest Temperature Category Values
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Figure 7-13: EDRM Comparison for Laminated Veneer Lumber (Extrapolated Design Duration): (A) All
Temperatures; (B) 149°C (300°F) and Common Regression
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Current load-duration design factors of the NDS are the result of the procedures of
ASTM D245 (1993), a standard for establishing alowable properties for visually graded lumber.
The equation used to determine the published value for the alowable bending strength is given

in Equation 7-8.
(7-9)

F, = allowable bending strength

Xos = parametric or nonparametric (commonly 5™ percent exclusion) strength value
Example calculations are provided in Appendix B. The denominator factor of 2.1 is the product
of a 1.6 load-duration factor (based on ten years) and a 1.3 end use factor. Since the alowable
bending strength equation is based on ten years, the load-duration adjustment factor for ten years
is1.0. Stressratios are found viainterpolation along the model curve and then normalized by the
ten year stressratio (Table 7-10). The resulting values are the respective adjustment factors.

L oad-duration factors were calculated for all the EDRM curves of the temperature
categories. Table 7-11 contains the current load-duration adjustment factors (AF & PA 1997)
from the Madison curve and the calculated |oad-duration adjustment factors for each temperature

category. These factors are also presented graphically in Figure 7-14.

Table 7-11: Calculated Load-Duration Adjustment Factors (Normalized to 10 Year Duration)

Constant L oad|Madison Curve Douglas-fir Laminated Veneer Lumber
Duration (NDS) 149°C [171°C - 1{171°C- 2| 193°C | Common
Ten Minutes |1.59 (1.60)| 1.371 1.490 1.489 1.488 1.490
One Day 1.33 1.231 1.305 1.305 1.304 1.305
OneWeek [1.24 (1.25)| 1.176 1.233 1.232 1.232 1.233
Two Months 1.15 1.115 1.152 1.151 1.151 1.152
FiveYears 1.02 1.019 1.026 1.026 1.026 1.026
Ten Years 1.00 1.000 | 1.000 | 1.000 | 1.000 1.000
Fifty Years [0.95(0.90)] 0.955 | 0.940 | 0.940 | 0.940 0.940
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L oad Duration Design Factor, Cp
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Figure 7-14: Calculated Load-Duration Adjustment Factors

The Madison curve load-duration adjustment factors are not appropriate for

representation of the EDRM curves found for all temperature categories. It should be noted that
during the duration of less than two months, all of the temperature categories had calculated

|load-duration adjustment factors lower than those of the Madison curve. However, the Madison

curve did provide good representation of the duration periods greater than two months.

Therefore, the differences in predicted stress ratio and consequently |oad-duration adjustment

factors were most severe for the short-term load-durations (less than two months).

CONCLUSIONS

The experimental results of this research gave insight to the duration of load behavior of

laminated veneer lumber (LVL) produced at different manufacturing temperatures.
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It was observed that all manufacturing temperature categories experienced billet failures.
However, the types of billet failures (delamination, wood failure, and a combination of the two)
were concluded to be temperature dependent. The veneer quality was found to be a factor for
temperature dependant manufacturing failures. It was concluded that lower quality veneers
experienced less billet failures when manufactured at 149°C (300°F), while higher quality
veneers experienced less billet failure when manufactured at the 193°C (380°F). Asfar as
material yield, a manufacturing temperature of 171°C (340°F) was concluded to be superior.

The dynamic modulus of elasticity, found vialongitudinal stress wave time, was
determined to be statistically different for al tested temperature categories. However, only a
difference was observed between the low and high temperature categories when all members
were compared. Hence, it was concluded that the skew of materia yield had an affect on the
material used for testing. However, for duration of load testing, this skew was determined to be
inconsequential because ratios of stress were used for comparison.

Analysis was performed on the duration of load (DOL) deflections (initial, failure, and
survival). It was concluded that manufacturing temperature of LVL had no effect on the DOL
deflections.

Veneer quality was found to have a substantial impact on when aLVL member would
fail. Because of thisfact, the predictive dynamic modulus of elasticity was able to correlate
rather well to faillure times. Thisinsinuates that time to failure could be reasonably predicted
using nondestructive techniques.

It was concluded that the exponential damage rate model (EDRM) was avery good fit to
al temperature categories. Regression analysis of equality of slope and elevation revealed that

the two high temperature categories had both similar slopes and elevations of their respective
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EDRM curves. It was observed that the slope of all of the temperature EDRM curves were not
similar to existing EDRM curves (Gerhards, 1988) for solid sawn lumber. 1t was concluded that
the load-duration adjustment factors of the Madison curve (Wood, 1951) did not adequately
represent the EDRM curves of this research overall. However, the Madison curve (Wood, 1951)
represented long durational periods, roughly two months to fifty years, well for all temperature
categories. Essentially, it can be concluded that the manufacturing temperature in the range of
149°C to 193°C (300°F to 380°F) has no effect on the duration of load behavior of laminated

veneer lumber.
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CHAPTER EIGHT

CONCLUSIONSAND RECOMMENDATIONS

The conclusions from the research effort detailed in proceeding chapters are presented
here. Conclusions are broken into sections based on the focus as follows. Nondestructive
Testing, Solid Sawn Lumber, and Laminated Veneer Lumber. Recommendations for future

research are given following the presentation of the conclusions.

NONDESTRUCTIVE TESTING CONCLUSIONS

The results, which examine the nondestructive techniques for determining modulus of
elasticity, provided several conclusions regarding the prediction of stiffness and strength.
Although levels of reasonability of these predictions varied, many of the conclusions were the
same for both solid sawn lumber and laminated veneer lumber.

It is concluded that the mechanical modulus of elasticity of clear Douglas-fir Larch and
Douglas-fir LVL can be predicted with reasonable accuracy using the nondestructive evaluation
of the modulus of elasticity, Egynamic. Although the predictive Egynamic Values were overestimates
of Egaic, that isalack of a one-to-onerelationship for both materials, the correlation coefficients
were high and were within an acceptable range.

Specificaly, for the solid sawn lumber, the ANOV A results showed that for each
temperature, except for the 193°C (380°F), Egynamic Was statistically different from Egaic.
However, there was still a very high correlation between the two. The statistical difference was

merely registering the fact that the Egynamic Was overestimating the Egaic.
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The ANOVA results for the LVL showed that al of the methods for predicting modulus
of elasticity were statistically not different from Egaic, €xcept for the 149°C (300°F) temperature.
This concludes that there is a closer one-to-one relationship between nondestructive and
destructive MOE values for LVL than for the solid sawn lumber. There was also a high
correlation between all of the methods and Egaic. However, overall, the correlations were much
broader than the solid sawn lumber.

For the laminated beam theory, it can be concluded that the vertical laminate orientation
does better predict the static edgewise bending over the horizontal 1aminate orientation.
Although the distributions were similar, the higher predicted values and the lower correlation
coefficients of the horizontal laminate orientation lead to the conclusion that it would better
predict flatwise bending.

Breaking down the different approaches for assessing the section thickness for
application of the laminated beam theory (composite, billet, and expected) leads to the
conclusion that dlight changes in geometric thickness do have an effect on the predictive
modulus of elasticity. However, these changes are small. Eexpected-vert WaS a very good prediction
for Esaic. Thisisimportant because unlike all of the other nondestructive evaluations, this value
does not need dimensions found after manufacturing, if pressing is thickness controlled. This
leads to the conclusion that the modulus of elasticity of the LVL can be predicted reasonably
accurately before manufacturing, provided the individual veneer Egynamic Values were calculated,
and the LVL dimensions are true to those of the prediction.

For the LVL, the sorting techniques had been based on the Egynamic Of the individual
veneers. It can be concluded that the LVL, a product of nondestructive sorting of veneers

according to modulus of elasticity, will reflect the sorting procedure of the veneer for destructive
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and nondestructive MOE evaluation and for modulus of rupture. Therefore, because of the
predictive accuracy of Eeqpected and because the mechanical properties reflect the segregation of
the veneer groups, producers of LVL can easily design products with particular properties.

For solid sawn lumber, the correlation between Egynamic and modulus of rupture was fairly
poor. However, the correlation for LVL was high for all nondestructive methods. Thisleadsto
the conclusion that nondestructive modulus of elasticity is a good indicator of strength for
laminated veneer lumber.

Finally, through experimentation and statistical anaysis, it was concluded that overall,
the best method for predicting the modulus of elasticity of LVL was Egynamic. This method also
provided the best overall correlation with modulus of rupture. However, the laminated beam
theory should not be discounted because of distribution similarity and arelatively high

correlation was observed.

SOLID SAWN LUMBER CONCLUSIONS

The experimental results of this research gave insight to the mechanical and duration of
load behavior of solid sawn wood material after short-term exposure to extreme temperatures.
Conclusions found were somewhat contradictory to other traditional temperature studies, which
suggest decrease in structural properties and in time to failure. However, other studies were
done at much lower environmental temperatures. These environmental temperatures, at highest,

merely approached the beginning of degradation of wood, i.e. chemical alteration.

MECHANICAL PROPERTIES CONCLUSIONS

The trend of degradation of wood material increased as temperature increased. Although

not shown to be statistically significant, the degradation was attributed to the thermally induced
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chemical change of the wood substance that is associated with the temperature range used in the
research and possible moisture content influence.

It was observed that short-term extreme temperature exposure caused changes in the
load-displacement relationship. This was most apparent for the 149°C (300°F) temperature
category. Deflection and failure load both increased as temperature increased. However, it was
determined that the differences in maximum static deflection were statistically not significant.

The dynamic modulus of elasticity, found vialongitudinal stress wave time, was
determined to be the same before and after heating for all temperature categories. It was also
determined to be the same between all temperature categories. The static modulus of elasticity,
while still shown to be statistically not different, showed atrend of an increased modulus as
temperature increased. Although there is evidence of atrend, and a second order polynomial fit
can be well applied to the trend, statistically it can be concluded that the modulus of elasticity is
not effected by short-term (twenty minutes) extreme temperatures. The observations and
conclusions made for static modulus of elasticity can also be applied to modulus of rupture. It
can also be concluded that short-term extreme temperature exposure does not affect the

correlation between strength and static deflection.

LoAD-DURATION CONCLUSIONS

It was concluded that the exponential damage rate model (EDRM) was a good fit to all
temperature categories. Regression analysis of equality of slope and elevation revealed that all
temperature category EDRM curves were not the same. It was observed that the slope of the
curves were different from existing EDRM curves (Gerhards 1988) for solid sawn lumber. The
short-term duration showed the most difference in load-duration behavior for all temperature

categories. It was concluded that the load-duration adjustment factors of the Madison curve
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(Wood, 1951) did not adequately represent the EDRM curves of this research overall. However,
the Madison curve represented long duration periods, five to fifty years, well for all temperature
categories. Essentialy, it can be concluded that the short-term exposure to extreme elevated

temperatures has virtually no effect on duration of load behavior of solid sawn lumber.

LAMINATED VENEER LUMBER CONCLUSIONS

LVL has proven to be “stronger” than it’s solid sawn counterparts. The main reasons this
istrueis due to practical elimination of localized weak spots such as knots and also due to the
adhesives used. No beneficial or detrimental reasoning has been given to the actual chemical
ateration of the wood. If the implications from Green (1994) are true, that is a common
mechanism controlling degradation spurred on by thermal changes, then the solid sawn lumber
and LVL should exhibit similar behavior under the same thermal conditions. While this was not
entirely seen to be true, several similarities did exist. It istrue that not all wood composite
products are produced through heating, a major cause of chemical ateration. However, in the
case of LVL, hot pressing is the common practice. Raising the temperature does not necessarily
have a detrimental effect on the LVL product. The experimental results of this research gave
insight to the mechanical behavior and duration of load behavior of laminated veneer lumber

(LVL) produced at different manufacturing temperatures.

PRESSING CONCLUSIONS

It was observed that all manufacturing temperature categories experienced billet failures.
However, the types of billet failures, delamination, wood failure, and a combination of the two,
were concluded to be temperature dependent. The veneer quality was found to be a factor for

temperature dependant manufacturing failures. It was concluded that lower quality veneers
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experienced less billet failures when manufactured at 149°C (300°F), while higher quality
veneers experienced less billet failure when manufactured at the 193°C (380°F). Asfar as

material yield, a manufacturing temperature of 171°C (340°F) was concluded to be superior.

MECHANICAL PROPERTIES CONCLUSIONS

Manufacturing temperature caused changes in the |oad-displacement relationship of the
laminated veneer lumber. This was most apparent for the 149°C (300°F) temperature category.
Load increased as temperature increased. Although some significant difference was found
between temperature categories, no trend was observed for static deflection. However, because
of the skew of materia yield, results were cautioned.

The dynamic modulus of elasticity, found vialongitudinal stress wave time, was
determined to be statistically different for all tested temperature categories. However, only a
difference was observed between the low and high temperature categories when all members
were compared. Hence, it was concluded that the skew of material yield had an affect on the
material used for testing.

The static modulus of elasticity and modulus of rupture were both found to be statistically
different between temperature categories except between 171°C (340°F) and 193°C (380°F). For
the tested members, it was concluded that the two high temperature categories were similar with
regard to mechanical properties and both were different from the low temperature category. This
conclusion also held true for parametric allowable strength design values.

The correlation between strength and static deflection was relatively high and increased

as temperature increased. Through observation of the slopes of the best-fit lines, it was
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concluded, for the tested members, that the trend of correlation was similar for all temperature
categories.

Since there exists a material skew, specific conclusions regarding the type of relationship
between the manufacturing temperature and the mechanical properties can not be drawn with
confidence. However, because the material skew was indeed a product of manufacturing at
different temperatures, general conclusions could be drawn. One such conclusion is that the
optimal manufacturing temperature, which is not as sensitive to veneer quality, is higher than
what is currently used in industry. Also, if indeed the trends (seen with tested members) of
increased mechanical properties with increased manufacturing temperatures is valid, the sacrifice

in material yield is not worth the slight mechanical property gain.

LoAD-DURATION CONCLUSIONS

For duration of load testing, the testing material skew was determined to be
inconsequential because ratios of stress were used for comparison. Analysis was performed on
the duration of load (DOL) deflections (initial, failure, and survival). It was concluded that
manufacturing temperature of LVL had no effect on the DOL deflections.

Veneer quality was found to have a substantial impact on when aLVL member would
fail. Because of thisfact, the predictive dynamic modulus of elasticity was able to correlate
rather well to faillure times. Thisinsinuates that time to failure could be reasonably predicted
using nondestructive techniques.

It was concluded that the exponential damage rate model (EDRM) was avery good fit to
all temperature categories. Regression analysis of equality of slope and elevation revealed that
the two high temperature categories had both ssimilar slopes and elevations of their respective

EDRM curves. It was observed that the slope of all of the temperature EDRM curves were not

222



similar to existing EDRM curves (Gerhards, 1988) for solid sawn lumber. It was concluded that
the load-duration adjustment factors of the Madison curve (Wood, 1951) did not adequately
represent the EDRM curves of this research overall. However, the Madison curve (Wood, 1951)
represented long durational periods, roughly two months to fifty years, well for all temperature
categories. Essentially, it can be concluded that the manufacturing temperature in the range of
149°C to 193°C (300°F to 380°F) has no effect on the duration of load behavior of laminated

veneer lumber.
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RECOMMENDATIONS

The focus time period for this research was ninety days. Since actual design periods are
longer that ninety days, the data was extrapolated. It was within this extrapolated time period
that the temperature effects were determined to be negligible. It isrecommended that actual
longer test periods should be implemented in order to validate the extrapolated data.

For the modeling of the long-term behavior, the exponential damage rate model (EDRM)
was found to be a very good fit for both solid sawn and laminated veneer lumber. Although the
model was a good fit, it failed to represent the actual short-term behavior observed during static
testing. Thisis not the only research that has encountered thisissue. Therefore, itis
recommended that an effort be made to refine the model to better represent the short-term
duration behavior so that it coincides with actual tested short-term behavior.

Results of the experiments only pertained to the temperatures tested. Although an effort
was made to create a model involving a broader temperature range, it is recommend that an
effort be made to test more temperatures in order to fill in missing data and refine the presented
model. Not only isit imperative to test more temperatures, the overwhelming lack of research
involving extreme temperatures makes it necessary to test higher than environmental
temperatures. Thermally induced chemical changes within the wood material make the
knowledge of wood behavior when exposed to high temperatures invaluable to the wood
composite industry.

Expanding upon this, it is recommended that the exploration of chemical changes within

the wood material be looked at in greater detail. Thus far, only strong speculation has been made
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asto what controls thermal degradation. Also, it is recommended that the exploration of
chemical occurrences within the resin be studied in relation with the wood material.

The aim of thisinvestigation was to target a specific stresslevel. However, it is
important to designers to have further knowledge of behavior at other stress levels. Therefore, it
is recommended that a wider range of stress levels be used to further define the load-duration
behavior of the manufactured laminated veneer lumber.

Experimentation was done to determine the effect of a manufacturing parameter on the
performance of laminated veneer lumber. It has aready been shown that veneer quality isan
important parameter and this study portrayed the effects of manufacturing temperature. There
are, however, more parameters that need attention, such astime and pressure. It is recommended
that other manufacturing parameters, such as these, are studied in order to determine both the
mechanical and durational effects. Further testing could help provide more refined products and

improve the product economically if more manufacturing parameters are streamlined.
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APPENDIX A

Additional Equipment List



INTRODUCTION

Not al the equipment used was depicted within the main document. This appendix
servesto list the relevant equipment used for this research. Pictures are provided for pertinent

test set-ups.
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E QUIPMENT USED FOR T ESTING
(visuals are provided for some devices not pictured in the main document)

ltem*" Purpose M anufacturer Model |Serial #{WSU # Other
Portable Digital Oscilloscope NDT FLUKE 97 50MHz NA 324814 |A 50V AC  10:1PROBE
Stress Wave Time SCOPEMETER 100mus/DIV SINGLE Trig:A
B 50mV AC 10:1 PROBE
Accelerometer: | mpact side Stress Wave Time Columbia 3021 1283 NA |Hexagonal Width: 0.630in
Accelerometer: Receiver side Stress Wave Time Columbia 302-S 4332 NA |Hexagonal Width: 0.630in
Electronic digital caliper Dimensions Fowler & NSK MAX-CAL 398345 NA |Precision=0.001in
Contractor Grade tape measure Dimension (length) Stanley NA 33-445 NA
Scale Weights Mettler PC 24 NA 259415 |Calibrated until 12/2001
Capacitance Moisture meter M oisture content Wagner NA NA NA [Less accurate below 5%
Oven Moisture content Fisher Scientific NA NA 355291 [Temp. range: 20°C - 220°C
Williams & White Press (4' x 8') LVL manufacture Pressman NA NA NA  [Hydraulic platens: max=400"F
Roller Glue Spreader LVL manufacture | National Standards NA NA NA |Single or doubleline
Screw machine Static Bending Instron # 4400R P2118 | 370139
Load Cell Static Bending Instron NA NA NA |Static Rating +/- 150 kN
Weight 17,5 kg
LVDT Static Bending SENSORTEC # 060-3618-02 |L2573200f NA |Range +/-1.00 inches
EXC VAC @ 5kHz
S-Load Cell Pulley Calibration Interface SSM-AJ500 | C99233 NA  |Capacity = 500 Ibf
Micron Smart Meter MM 50 Pulley Calibration | National Standards | 47170 (BR.A) NA NA |Last calibrated 3/22/2000
PHY SIO-DY NE Heat Stress Meter | Relative Humidity | Environment Tectonics RP 250 NA NA  |wet-dry bulb chart provided
Electronic digital caliper (modified) | DOL Deflections NA NA NA NA |Precision =0.001in
Linear Position Transducer DOL Deflections UniMeasure LX-PA 10 NA NA |Accurate +/- 0.05in (for 10in)

*jtemsin bold italics are pictured here in Appendix A

"itemsinitalics are pictured in the main document




E QUIPMENT FOR N ONDESTRUCTIVE T ESTS

A. Clamp System & Accelerometer: Receiver Sde
B. Clamp System & Accelerometer: Impact Sde

E QUIPMENT FOR STATIC BENDING T ESTS

C. Load Cdll

D. LVDT

E. Pin Support
F. Roller Support



E QUIPMENT FOR PULLEY CALIBRATION

(three used) !

G. SLoad Cdl
H. Micron Smart Box MM50

E QUIPMENT FOR L OAD-D URATION D EFLECTION

|. Linear Position Transducer




APPENDIX B

METHODS EQUATIONS



I NTRODUCTION

The main document presents several equations and graphical representation pertaining to
methodology. However, most of these equations require a more detailed understanding for
application. The methods equations are presented in order of appearance within the main
document. Presentation of example equations for calculation of equivalent published valuesis

also provided within this appendix.
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STRESS WAVE TIME

Mass conversions:

All weights were measured in grams:

weightgn == gm  Dgm = 2.204622622° 10° °Ib

(all specimen masses (gm) were multiplied by 2.204622622 x 10%)
: . . a3

weightp := waghtgm>(2.204622622 10 )

weight;p = 4.86° 10" °Ib

Density conversions:

length := in width := in thickness := in

Volume := lengthxvidth»thickness Volume = 1in3
weightlp  |b .

r.= — (NOT atrue measure of density)
Volume ;3

However, because density is a mass to volume calculation NOT weight to volume, it
was necessary to convert the "density” calculated into aforce relation. In doing so,
Modulus of Elasticity can be determined from equations that relate propagation speed

with density.
F = mass x acceleration

ass = 0 acceleration := g acceleration = 386.089%
S

Combining these equations will yield a measure of force in pounds. However, itis
necessary to keep the density denominator units as per inches cubed. The

conversion factor used is then:
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Ibs®  1oft
X

conversion := -
ft>82.2 12%n

;a6 2

4.86" 10 . , . -8lbs

Volume int

2
. o e . r , .-glbs
Essentidly, divide "density” by gravity: — =1.26" 10 —  Torce
g9 in

(gravity in inches/second?)

MODULUS OF ELASTICITY FOUND FOR ROD (PLANE) WAVE SPEED
Stress Wave Time isin microseconds: m:= 10" °
SWT = nrs
Wave speed, C,, is measured with relation to a fixed distance from a source
accelerometer to a receiving accelerometer in which the wave travels in a finite amount

of time;

distance := ft L= distance
SWT

Modulus of Elasticity is denoted as Egyynamic and is afunction of stress wave time and

density:

2 .
Edynamic = CL ¥ force Edynamic := pg
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STATIC BENDING TESTS

Simple Beam - Two equal concentrated loads symmetrically placed

p

=

N T

A ! O
s > e
b
p L Y
|
+ location of bending stress
a:= 244n L ;== 724n h:=354in b:= 154n

(nominal)

Modulus of Rupture: The maximum load carrying capacity of a beam.

Mmax>€
I

Sy =

M nax = Moment at midpoint (and theoretically between load points)

P
M i = %xa (P.nax dependent on the test) (where Pisin Ib)

¢ = distance of outer fiber from neutral axis c:= 2
bh°
| = moment of inertiafor the cross section (I,) Iy := E
Pmax
—C
2
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Modulus of Elasticity: Because of the availability of deflection and load, evauate by use of

the beam deflection theory.

DP

2

{342 - ad)
20,

Dy:

rearrangeto solvefor E. ..

E= Pu @ J312- 46d) (wherePisinlbandy isininches)
Dy 484y

Thus, E (apparent) can be calculated using the slope of the linear portion of the P-y curve.

To verify the Two-Point Loading Rectangular Beam equation found in the ASTM D198,

substitute in equation for Iy:

Eapparent = i>(3>1_2 - 4>a2) Two-Point Loading Rectangular Beam
bHh ™D

Because a=1/;L, the equation may be reduced to. . .

3
Eapparent = M Third-Point Loading Rectangular Beam

4700

The equation for two-point loading was used to reduce rounding error (constant = 4.7)

For numerical evaluation, average increments taken in the lower load range to ensure
increments were in the elastic region.

For graphical evaluation, the specific data points were plotted over the P-y curves. R2 was
calculated for the portion said to be linear. Linear region was confirmed if R2 > 0.9897 (the

lowest value encountered - LVL 300°F).
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COMPARISON TO PUBLISHED VALUE

This check was done to compare the Modulus of Elasticity found through static bending

for the Solid Sawn (Standard) No Temperature to the published value.

To standardize the apparent Modulus of Elasticity found through third-point static bending to
the conditions governing the published design values, use the conversion equation in
ASTM D2915:

aehlo
1+ Kpeet? )QEEO

L1y Gy
ellg i

aehzo
1+ K2 )QEEO

eLZg eGg

Ba2 =

E, = apparent MOE (not shear corrected)

h = depth of beam

L = gpan of beam

E = Shear free MOE

G = Modulus of Rigidity

K; = tabulated factors for adjusting apparent MOE of simply supported beams

Epublished 1S based on auniformly distributed load and a“/, ratio of 21:1
Historically, for solid sawn wood, it is assumed that G is Y/, of E.

K1 = 0.939 for load concentrated at third points

K5 = 0.960 for uniformly distributed |oad

2
1+0. 939>é'2821 2 x16)
Eai2 = Epublished = € zz Egatic Epublished = 0.999E gtic
16
1+ 0'960>§z; 1(16) No adjustment required
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As explained by the standard, the uniform load configuration may be closely approximated

by applying loads at the third points of the span. This only appliesif the '-/h ratio is the same.

Therefore, the apparent Modulus of Elasticity found through static bending for the Solid
Sawn (Standard) No Temperature does not require adjustment in order to compare it to the

published value.

b~ b
EsaticavG = 1422881%—  ~ Epublished := 1400000%—  Published values based on
in2 in average apparent MOE

DERIVATION OF SHEAR ADJUSTMENT

Apparent values of MOE are of primary concern. The apparent MOE attributes all
deflection to moment. Because of this, all comparisons of MOE are comparisons of the
apparent MOE. However, if shear had been considered, an adjustment factor would have

been applied . . .

For a ssimply-supported beam with two symmetric point loads (P/2) at a distance a

(wherea = afraction < 1/2) from the supports

3 8 24>$SE9>$€E9 u
D= = f3a- 4a)1+ eG”ezL”.“.
A é (3- 4>a) a




e 2 N
wlp) 8 AR
D= P 2 €1+ eC253zeLg a
$h° 0 é a
1296>Etruexéa) -
e 12 g
For Douglas Fir, an 5/ = 16 isassumed ~ Span to depth ratio = 21:1 ;?n = 20.57143
5%n
e 2 N
e 1 o) u
3 & 2161808 =2 |
D= P 81+ e2lg a
108 3) & 23 Q
2B elohd)
23 true
3 3
D= P S [1034  OR  Eye- LS [1.034]
4. 7l bh’) 4. 74bh%)0

Comparing back to ASTM D198. ..

P>

Eapparent = 3
4.70%h D

Therefore, for the loading condition . . .

Etrue = Eapparentx.l.034

Again, this adjustment was not applied to any of the MOE values. Therefore, all the MOE

values analyzed were apparent MOE values.
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MobuLUs oF RUPTURE DISTRIBUTION DETERMINATION

PROBABILITY PLOTS
Estimate the distribution parameters - plotting the data on probability scales and using

the least squares method to estimate the best fit parameters (ALL CALCULATIONS

DEMONSTRATED ARE FOR SOLID SAWN NO TEMPERATURE).

Normal Distribution Lognormal Distribution
x-axis: yield strength data, x x-axis. y = In(x) o= [

i =
y-axis. FX(p) y-axis F(p,) e

y = 0.0004x - 2.2642 (from graph) y =2.2082x - 18976 (from graph)
2-p Weibull Distribution
A transformation of the Fy(x) equation must be performed in order to obtain an appropriate

set of plotting scales

@0

Fy()= 1- e €2
x
In{1- Fx(x) - 0=
( ) o

In(-In(1- Fx(x))) bAn(x) - bain(k)

x-axis y =In(x) y-axis: z=In(-In(1- Fx(x))) = - biin(K)
z=by+b ---- > y=26957x - 23.694 (from graph) therefore. b := 2.6957
aso, b = -23.694 = -bin(k)

- 23.694

ki=e b therefore. k = 6.565° 10

3

Although these values are reasonable, a more numerical approach can beused . . .
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2-P Weibull beta - K solver

Determining the scale and shape parameters for the 2-P Weibull Distribution:

My = 5817.472 Sy, = 2265.990

Using asolving block . . .

Start with seed values where k is marginally greater than b and both values are > one

b:=2 k:=100 [guess values]
Given
16 .
Muy = K*GaL + =2 [Eqn. 2.71a] (Nowak and Collins,2000)
e [}

e 2\
SMu = / KeGH +20. &% 180 1 [Eqn. 2.710] (Nowak and Collins, 2000)
6 & bg e & bgga

e 2776792 &
Find(b k) = ¢ -
86535217 10° 5

If either of the above values had been negative, the "guess values' would have been changed.

Cosfficient of Determination

Which distribution(s) best represent the data - based on resulting R2 values?
Normal Distribution: R2=0.9523
Lognormal Distribution: R2=0.9726

2-p Weibull Distribution:  R2=0.9610

Based on the above vaues, the lognormal distribution best fits the data set, that isits R2 value
isnearest to 1. It may be helpful to check another method as well.
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Plots

Visua examination of goodness of fit and comparison of the coefficients of
determination were both used to determine the best fitting distribution. Plots are provided for all
tested distributions for each temperature category.

The scale on the left is a probability scale. The gridlines of the standard normal variate

scale should coincide with the rightmost hash marks of the probability scale.

(.99949 [T7]
0.9990 FH —‘
(1.0u%0

0.9900

00800 B —] € Rightmost Hash Marks

09500 [T

(SO0

0.8000 FH
0.7000 =
(L6000
0,5000 F= —
0.4000 =
00,3000

(. 2000

0.1000 =5

0.0500 11

0.0200 =
00100 =
0.0050 7

0.0020 HH
0.0010 ==

0.0005 55

0.0001 =
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SOLID SAWN LUMBER:

Probability

Probability

Probability

NO TEMPERATURE

Normal Distribution

y = 0.0004x - 2.2642

R2=0.9523

- Solid Sawn No

Temperature
2000 4000 6000 8000 10000 12000
M OR (psi)
Lognormal Distribution
y =2.2082x - 18.976
R%=10.9726
/
| e Solid Sawn No
Temperature
7.5 8.0 8.5 9.0 9.5
LN [MOR (psi)]
2-P W eibull Distribution
y = 2.6957x - 23.694
R?=10.9610
//-
i - - Solid Sawn No
° Temperature
7.5 8.0 8.5 9.0 9.5

LN [MOR (psi)]
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SoLID SAWN LUMBER: 300°F

Probability

Probability

Probability

Normal Distribution

y = 0.0003x - 1.9861 :
R?=0.9351 - 5
/ 1
/ 0
,7/ -1
-2
_ - -3
L e Solid Sawn 300 F |,
2000 4000 6000 8000 1000 1200 1400 1600
0 0 0 0
M OR (psi)
Lognormal Distribution
4
y =2.0457x - 17.83 3
R%=0.9899
2
/ 1
/ 0

/ 1

-2
- Solid Sawn 300 F -3
1 1 1 1 I -4

7.5 8.0 8.5 9.0 9.5 10.0

LN [MOR (psi)]
2-P W eibull Distribution

4

y = 2.4849x - 22.187 3

R?=0.9685 )

/ 1

/ 0

// -1

-2
- Solid Sawn 300 F| -3
; ; ; ; | -4
7.5 8.0 8.5 9.0 9.5 10.0
LN [MOR (psi)]
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SOLID SAWN LUMBER: 340°F

Probability

Probability

Probability

Normal Distribution

y = 0.0003x - 2.1746
R?=0.9472
/ =
/-'r
= Solid Sawn 340 FL
2000 7000 12000

M OR (psi)

Lognormal Distribution

y =2.1261x - 18.675
R%2=0.9703

= Solid Sawn 340 F

7.5 8.0 8.5 9.0 9.5

LN [MOR (psi)]

2-P W eibull Distribution

y = 2.6001x - 23.368
R?=0.9622

p—
2

J /--

7.5 8.0 8.5 9.0 9.5
LN [MOR (psi)]

= Solid Sawn 340 F
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SoLID SAWN LUMBER: 380°F

Probability

Probability

Probability

Normal Distribution

y = 0.0003x - 2.3009
R?=0.9435

O R, N W >

/ .
-2
< Solid Sawn 380 F L -3

\\\\}\\\\}\\\\}\ \\}\\\\}\\\\} _4
2000 4000 6000 8000 10000 12000 14000

MOR (psi)

Lognormal Distribution

4
y = 2.3289x - 20.582 3
R?=0.9722
. 2
— 1
/ 0
— -1
-2
- v Solid Sawn 380 F| -3
1 % 1 -4
8.0 8.5 9.0 9.5
LN [MOR (psi)]
2-P W eibull Distribution
4
y = 2.7875x - 25.155 3
R?=0.9346
2
- .A 1
.0 * 0
/ 1
=7 * -2
! < Solid Sawn 380 F -3
1 1 | -4
8.0 8.5 9.0 9.5

LN [MOR (psi)]
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LAMINATED VENEER LUMBER: 300°F

Probability

Probability

Probability

Normal Distribution

4
y = 0.0006x - 4.3576 3
R?=0.9441
2
// 1
%y 0
— & -1
= -2
s Laminated Veneer
Lumber 300 F -3
} } L L L L } L L } _4
4000 6000 8000 10000 12000
M OR (psi)
Lognormal Distribution
4
y = 4.5082x - 40.308 3
R? = 0.9654 )
A/r 1
M)AJ/A//E/ 0
ﬂ _1
= -2
a Laminated Veneer
i Lumber 300 F -3
{ { | | | | { | | | -4
8.5 8.7 8.9 9.1 9.3
LN [MOR (psi)]
2-P W eibull Distribution
4
y =5.3518x - 48.38 3
R?=0.9021
2
/f 1
a4 = 0
e
e !
= -2
: - Laminated Veneer 3
a Lumber 300 F
| } N N N N } N N - |
8.5 8.7 8.9 9.1 9.3

LN [MOR (psi)]
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LAMINATED VENEER LUMBER: 340°F

Probability

Probability

Probability

Normal Distribution

y = 0.0005x - 4.5551
R?=0.9794

—

/
/ -1
/ -2

Laminated Veneer

O R, N W >

Lumber 340 F -3
} } L L L L } L L } _4
4000 6000 8000 10000 12000
M OR (psi)
Lognormal Distribution
4
y = 4.3113x - 39.111 3
R?=0.9587 )
/ 1
/ 0

/ 1

—_ -2
Laminated Veneer
Lumber 340 F -3
1 1 B B { -4
8.5 8.7 8.9 9.1 9.3 9.5
LN [MOR (psi)]
2-P W eibull Distribution
4
y = 5.3439x - 49.009 3
R%2=0.9767
2
/ 1
0

// -1
-2
/ Laminated Veneer 3
Lumber 340 F
| | ) -4
8.5 8.7 8.9 9.1 9.3 9.5
LN [MOR (psi)]
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LAMINATED VENEER LUMBER: 380°F

Probability

Probability

Probability

Normal Distribution

4
y = 0.0005x - 4.3792 3
R?=0.9757 )
. / 1
/ 0
/ -1
-2
« Laminated Veneer
Lumber 380 F - -3
1 ] -4
5500 7500 9500 11500
M OR (psi)
Lognormal Distribution
4
y =4.1219x - 37.426 3
R? = 0.9543
s 2
- 1
: / 0
2 hd -1
— ,
<« Laminated Veneer
1 Lumber 380 F -3
1 1 B B | -4
8.5 8.7 8.9 9.1 9.3 9.5
LN [MOR (psi)]
2-P W eibull Distribution
4
y = 5.0829x - 46.674 3
R?=0.9715
2
/A !
/ 0
— -1
/ I -2
« Laminated Veneer
. Lumber 380 F -3
1 1 B B | -4
8.5 8.7 8.9 9.1 9.3 9.5

LN [MOR (psi)]
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INVERSE CDF

The inverse CDF method allows the comparison between the actual data and the estimated

data. Thus, the ideal distribution would have an inverse CDF that follows a 1-to-1 relationship.

: 121 0
Fx (R (X)) = F* & -
entlg

The inverse CDF was estimated (y-axis vaues) using the following . . .

Normal Distribution (from excel)
NORMINV (p;, M, S,)

Lognormal Distribution (from excel)
LOGINV (p;, m, sy)

2-p Weibull Distribution (solving for x from F(x))
X = k(-In(2-Fy (x)))V>

1

x = 6535.2174- In(1- p))*""’

Regression analysis performed between the actual data and the distribution data. The

Intercept and X-Variable Standard Error were compared . . .

Normal Distribution  Lognormal Distribution 2-p Weibull Distribution

Intercept 316.9 234.9 271.7
X-Variable 0.052 0.038 0.452
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(1- r2)>(n- 1)
(n-2)

Also, the standard error estimate was calculated: ]

Normal Distribution

/ (1- 0.9503%)%24- 1)

=0.312
(24- 2)
Lognormal Distribution
2
(1- 0.9718 )>(24- 1) _ 0241
(24- 2)
2-p Weibull Distribution
(1- 0.9629)%24- 1)
=0.279
(24- 2)

Based on the above values, the lognormal distribution best fits the data set, that is the
standard error values are the lowest. In fact, alognormal distribution proved to be the

best fit for all test categories.

USE A LOGNORMAL DISTRIBUTION

Plots

Inverse CDF plots are provided for al tested distributions for all temperature categories.

251



SOLID SAWN LUMBER: NO TEMPERATURE

Estimated MOR (psi) Estimated MOR (ps)

Estimated MOR (psi)
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SoLID SAWN LUMBER: 300°F
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SOLID SAWN LUMBER: 340°F
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SoLID SAWN LUMBER: 380°F
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LAMINATED VENEER LUMBER: 300°F
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LAMINATED VENEER LUMBER: 340°F

Normal Inverse CDF
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LAMINATED VENEER LUMBER: 380°F

Normal Inverse CDF
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ALLOWABLE BENDING STRESS

Wood design values are based on the fifth percentile value rather than mean values. Because
of this, it is necessary to determine afive percent tolerance limit with 75% confidence for

strength properties.

For the MOR values obtained from static testing, the above three distributions were used to
try and fit the data. It was found that the lognormal distribution best represented the MOR
data. Since the distribution is known, a parametric approach can be used. A

nonparametric approach was also performed for comparison.

Parametric Approach

5% exclusion limit with a parametric tolerance limit at 75% confidence for bending strength

data (lognormal distribution assumed):

Samplesize =24 Xpar := 8.593382904 s = 0403611178
Find the sample size, n, in TABLE 3 from ASTM D2915

For a 5% tolerance limit (exclusion), use 1-p = 0.95

Find the appropriate K value: K :=1.901

Use the equation: MORg575 := Xpar - K8 MORgs575 = 7.826

. ) _ MORgs75 _
Convert the value into a non-log value: X05 := € Xo5 = 2505.185

For a design value, the end use factor (1.3) and the load duration factor (1.6) are

taken into account:

X05 . .
Fp = 1 Fp = 1192.945 % for edgewise bending

n
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Nonparametric Approach

5% exclusion limit with a nonparametric tolerance limit at 75% confidence for bending

strength data (no distribution assumed):

Find the sample size, n, in TABLE 2 from ASTM D2915

Samplesize =24 Xpar := 5817.472 S 1= 2265.990

Since N < 28, the order statistic 1, the lowest value, must beused MORpp := 2614.726

For a design value, the end use factor (1.3) and the load duration factor (1.6) are taken

into account: MORNp b | |
Fp = Fp = 1245108 —  for edgewise bending
2.1 in2
NDS design value for Standard grade dimension lumber: F, := 575><|—b2
in

The design value found using the parametric approach was lower than that of the
nonparametric approach. Thiswas not expected since the reverse is usually true, that

is, the nonparametric approach is usually more conservative. However, both values
were larger than the NDS design value for Standard grade dimension lumber. Thisis not
surprising because the lumber was graded as Standard or Better and because Standard
gradeisinclusive of awide range of material which drives down the published design
values. However, there are six visually graded categories that are "better" that Standard
grade. Thiscould potentially increase experimentally found design values. A larger
sample size of Standard grade would provide calculated design values closer to the

published design vaues.
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LAMINATED BEAM THEORY

Use the bending stiffness (D) to compute the apparent Bending Modulus of Elasticity:

E= Dx£

bt®
E = Apparent Bending Modulus of Elasticity

D = bending stiffness (a product of material and geometric properties)
b = width of the section (depending on orientation)

t = thickness of the section (depending on orientation)

where D is computed for the composite with respect to the neutral axis:

n
Y

o (0]
D= 0o bEx¥dy

=, Oy

I =1

) é U0
_ 2 2 U
D=a b|>Ei’gi’(Y|'YO) Eld

n ..
_ 2 e, 0
D= a bi>Ei>(e"ti>di +12é
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HORIZONTAL LAMINATES - there exists a change in E with respect to depth in the beam

Y
1
2
3 Center of Laminate
t : JA( d;
=3 - Y. - NA of composite
d ) (di=0)
i
: ¥
11
I( }l f X
I b=b, |

b, = width of individua veneers (cut to dimension so constant) = b
E; = Modulus of Elasticity for individua veneers
t; = thickness of individua veneers

t = thickness of composite section

d, = distance between the composite neutral axis and the individual laminate

Substituting the equation for bending stiffness for horizontal laminates into the equation

for apparent Bending Modulus of Elasticity (flatwise bending):

n 3.
12 & ti 0

E= =@ b’ +—=
bt® e Lo
=1
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Since b = bi, section width does not have an effect on the apparent E:

n 3.

12 o & 2 t| O

E= Z=x St T+ — T

t2 a - ét|>dl 12g
i=1

where severa options for t, to represent "section” thickness, were used:
Ecomposite-horz 1 = average thickness of the LVL member (caliper measurements)
Epilerhor: T = average thickness of the entire billet (caliper measurements)

Eexpected-norz- £ = €xpected press controlled thickness of 1.5 inches (assumed dimension)

VERTICAL LAMINATES - there exists NO change in E with respect to depth in the beam

b, —> <€—

A\

e X

b

b; = thickness of individual veneers

b = thickness of composite section

E, = Modulus of Elasticity for individua veneers

t; = width of individual veneers (cut to dimension so constant) = t
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Because the laminates are vertical, there is no change in E with respect to the depth of the

beamsod =0:
D= 2 bit3
- 12

_ £ o
D_l_zxa b; E;

=1

Substituting the equation for bending stiffness for vertical laminates into the equation for

apparent Bending Modulus of Elasticity (edgewise bending):

where severa options for b, to represent section edgewise width ("section” thickness),
were used:

Ecomposite: 0 = average thickness of the LVL member (caliper measurements)
Euiee: b = average thickness of the entire billet (caliper measurements)

Eexpected: 0 = €Xpected press controlled thickness of 1.5 inches (assumed dimension)
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APPENDIX C

RESIN SPECIFICATIONSAND PRESSING PLOTS



INTRODUCTION

The Williams & White Press from Pressman has the capability of monitoring several
variables of the manufacturing process. When thermocouples are used, that isin the case of a
practice billet, core temperature and core gas pressure per thermocouple can be monitored.
Typicaly, one thermocouple was placed in the center of the billet and another was positioned
near the surface veneers. Thermocouples #1 and #2 were not necessarily located in the same
respective position for each practice billet. Mat pressure and mat thickness were two parameters
that were monitored for both practice and test billets.

Resin specifications are provided. The phenol-formaldehyde resin was analyzed for cure
time. From thisanaysis, plots were produced. The results depicted on these plots aided in the

determination of the press time for the veneer billets.
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PRESS SCHEDULE

" PressMAN v7.8 Press Control rel. 06/14/2000 SK Software Copyright laaﬁ-zﬂnu]

Proj. Ref.: Temp All Date......: 11-17-2000 Time. w41 12158:13
Prod. Ref.: Panel ID..: All File Name MEL-LVL2.REG
Pregss ID..: WSUWW Mat Length: 101.5 in. Mat Width.: 24.0 in.
Density...: 40.00 1lb/ft3 Thickness.: 1.500 in. Caul Thick: 0.000 in.
Unite.....: IMPERIAL FPressure..: MAT Position..: THICKNESS
SEG. | CONTROL SETPOINT SEG. TIME|END CONDITICN EVENTS
1 FASTPOSH -2.000 in./s 21 = POSITION <= 2.250 in. 1 1
2 POSITION 50.00 % 1= 2
! POSITION 50.00 % L - | 2
4 POSITION 1.750 in. 2 8 PRESSURE >= 1000.4 psi
£ | POSITION 1.540 in. 15 & | PRESSURE >= 200.4 psi
6 POSITION 1.530 in. 120 8
7 POSITION 1.500 in. 240 B
g POSITION 1.485 in. 240 s
9 FOSITION 1.470 in. 515 =8
10 PRESSURE 0.0 pei 70 8
Ji FASTPOSH 32.767 in. 30 s 1
12
13
14
15
1e
17
18
19
20
EVENT Listing: ;
EVENT 1: Fast Position Control EVENT 2: Not Used
EVENT 3: FPollow Density Rate Profile EVENT 4: Not Used
EVENT 5: Begin Steam Injection Program EVENT 6: Run Steam Injection Program
EVENT 7: Not Used EVENT B: Not Used
EVENT 9: Decelerate from Set Rate to 0 EVENT 10: Accelerate from 0 to Set Rate
EVENT 11: Setpoint is Given as Rate EVENT 12: FID Control ia Manual
PRESS PRESSURE/POSITION LOOP 1 LOOP 2 LOOP 3 LOCP 4
FID PARAMETERS FRESSURE POSITION |FAST POSTN| NOT USED
Gain 3.00 % 40.00 % 15.00 % N/A
Resset 0.20 % 2.00 % 0.00 % N/R
Rate 0.00 % 0.00 % 0.00 % N/L
Bias 50.00 % 50.00 % 50.00 % N/R
Dead Band 0.00 ¥ 0.00 % 0.00 % N/A
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SOLID SAWN LUMBER

149°C (300°F)
Day Heated:
Number of Plots:

Appendix Pages:

171°C (340°F)

Day Heated:

Number of Plots:

Appendix Pages:

193°C (380°F)

Day Heated:

Number of Plots:

Appendix Pages:

February 22, 2001

4

270 and 271

February 28, 2001

4

272 and 273

February 27, 2001

3

274 and 275
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Washington State University
Williams & White Press

09:38:32, February 22, 2001
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Mat Prassura (psi)

Mat Pressure (psi)

Washington State University

Williams & White Press
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Washington State University
Williams & White Press

09:21:25, February 28, 2001
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Mat Prezsure (psai)

Mat Pressure (pai)

Washington State University
Williams & White Press

10:08:11, February 28, 2001
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Mat Prassura (psai)

Mat Pressure (psi)

Washington State University
Williams & White Press
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Washington State University
Williams & White Press

10:14:30, February 27, 2001
Run MELLVLLT, LVL

350 | 2.5
anu_i._i ............ :
e 250‘? e, PP EE . [  PT IR, e e 2.0
£ g
@ 200 | .......................................... [ o
7 ] VYV = 1.5 @
S R U, S Fee :
=

1.0

Time {min)

Mat Pressure  —— Mat Thicknass

Prosafdth  MELLVLLT D2-25-2001



PHENOL-FORMALDEHYDE RESIN

Georgia-Pacific & e

Georgia-Pacific Resins, Inc. 0 N
A wholly owned subsidiary of Heaith 0"0 Reactivity
Georgia-Pacific Corporation

Material Safety Data Sheet Speao

GP® 275A39 RESI-MIX® Engineered Wood Adhesive
Section 1. Chemical Product and Company Identification . . o R

3R i3y i 2

=

Product/ Trade Name  GP® 275439 RESI-MIX® Engineered Wood Adhasive

Synonyms RPMX 275439

Chemical Family Phenol-Formaldehyde Resin
Chemical Formula {CeHsO . CH:O), . xNa
Manufacturer Georgia-Pacific Resins, Inc.

2883 Miller Road
Decatur, GA 30035
(770) 593-6874  (Mon-Emergency Phaone)

Emergency Phone (24 hours): CHEMTREC 1-800-424-9300

Hazardous Components CAS & e by Weight ACGIH TLV ™ OSHA PEL
e
Formaldehyde 50-00-0 <01 CEIL: 0.3 ppm TwA: (.75 qgm
STEL: 2 ppm

TWAs are 8 hour exposures unless otherwise noted.  STELs are 15 minute exposures unless otherwise noted.

Section 3. Hazards Identification - s

HMIS Health Hazard MNota: Personal protactive equipment (FPE) is related to

Fire Hazard conditions of use. Determination of PPE is the

= e g responsibility of the employver. Refer to Section 8

(Exposure Controls [ Personal Protection) of this
MSDS for recommendations.

Emergency Overview I:ight to dark brown viscous liquid with a slhight phenaolic odor.,

Eye irritation or injury may result from exposure to this product.

Potential Health Effects

Eye Contact Contact with liquid or mist can cause moderate to severe eye irtation or injury. Prolonged
exposura fo vapors released from hot or curing product may cause mild to moderate eye
imitation. Symptoms may include redness, watering, itching, or a burning sensation in the
ayes.

Continued on Next Page Page: | Effective Date: 07/03/2000
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LAMINATED VENEER LUMBER

149°C (300°F)

Manufactured from:

Practice Billet:
Test Billets:

Appendix Pages:

171°C (340°F)

Manufactured from:

Practice Billet:
Test Billets:

Appendix Pages:

193°C (380°F)

Manufactured from:

Practice Billet:
Test Billets:

Appendix Pages:

October 31, 2000 until November 1, 2000
MEL 300-p, LVL
300-n (n = 1 through 15)

279 - 286

November 2, 2000 until November 14, 2000
EL340-2, LVL
340--n (n = 1 through 15)

287 - 294

November 16, 2000 until November 20, 2000
MEL380-1, LVL
380--n (n = 1 through 15)

295 - 302
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Thickness (in.)

Washington State University
Williams & White Press
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Williams & White Press
15:38:45, October 30, 2000
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Thickness (in.)

Thickness (in.)

Washington State University
Williams & White Press

16:12:13, October 30, 2000
Run MEL300-4, LVL

204 480+ -400 80
1.87 420—5[ . - 350
1E'Eﬁ35,u-;lL__ 5 — " -300 |60 g:
43 & 300- Lm0 T 8
] 3 = |
1.2 4 1 1 .S -
1@ 240 - 200 E—-m i}
104 @ 11 : &
o . [ =
1% 1807 450 E |
08+ 2 ] - | E
] 3 S100 20
061 1207 : I
0.4 Wy S |
DE_ u T T T T X P o | T T T | B (L ERTEE Ll FRL UM T --D D

0 4 B 12 16 20 29 28

Time (min)
Mat Pressure  —— Mat Thickness —— Core Temperature #1
Core Temparature #2 —— Core Gas Pressure #1 Core Gas Preasure #2

Promsbidh  WELI00-40208-2001

Washington State University
Williams & White Press

16:34:23, October 30, 2000
Run MEL300-5, LWL
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Thickness (in.)

Thickness (in.)

Washington State University
Williams & White Press

13:35:02, October 31, 2000
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Washington State University
Williams & White Press
13:57.08, October 31, 2000
Run MEL300-7, LVL
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Pressbiddi  WELSD0-T 02-08-2000



Washington State University
Williams & White Press

14:18:54, October 31, 2000
Run MEL300-8, LVL
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Washington State University
Williams & White Press
14:40:37, October 31, 2000
Run MEL300-9, L\VL
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FresshlAN  MELX0-S 5)-08-2009



Thicknass (in.}

Thickness (in.)

Washington State University

Williams & White Press

15:02:35, October 31, 2000
Run EL300-10, LVL
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Prossflsll  ELI00-9002-08-3000

Washington State University

Williams & White Press

15:24:18, October 31, 2000
Run EL300-11, LVL
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Thickness (in.}

Thickness {in.)

Washington State University
Williams & White Press

15:59:44, October 31, 2000
Run EL300-12, LVL
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PreasfiEN  ELIO0-1Z 2087000
Washington State University
Williams & White Press
14:53:15, Movember 01, 2000
Run EL300-13, LVL
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EopamMaN  EL0-13 02082001



Thickness (in.)

Thickness {in.)

Washington State University
Williams & White Press

15:15:21, November 01, 2000

Run EL300-14, LVL
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Washington State University
Williams & White Press
15:37:41, November 01, 2000
Run EL300-15, LVL
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Thickness (in.)

Thickness (in.)

Washington State University

Williams & White Press

14:08:30, November 02, 2000
Run EL340-2, LVL
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Washington State University
Williams & White Press
156:25:46, November 02, 2000
Run MEL-340--1, LVL
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PromabAN L5401 D208-2001



Thickness (in.)

Thickness {in.}

Washington State University
Williams & White Press

14:54:40, November 03, 2000
Run L-340-2, LVL
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Washington State University
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15:17:07, November 03, 2000
Run L-340--3, LVL
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Thicknass (in.)

Thicknass (in.)

Washington State University
Williams & White Press

15:39:05, November 03, 2000
Run L-340—4, LWL
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Washington State University
Williams & White Press
16:01:16, November 03, 2000
Run L-340--5, LWL
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Thicknass (in.)

Thickness (in.)

Washington State University
Williams & White Press

15:00:36, November 08, 2000
Run MEL340--6, L\VL
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Washington State University
Williams & White Press
15:22.55, Movember 08, 2000
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Thickness ({in.)

Thickness (in.)

Washington State University
Williams & White Press

15:08:40, November 14, 2000
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Washington State University
Williams & White Press
14:47:18, November 14, 2000
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Thickness {in.)

Thickness (in.}

Washington State University
Williams & White Press

16:49:04, November 13, 2000
Run L340--10, LVL
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Washington State University
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16:27:11, November 13, 2000
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Thickness {in.)

Thickness {in.)

Washington State University
Williams & White Press

16:04:30, November 13, 2000
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Washington State University
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15:42:21, November 13, 2000
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Thickness {in.)

Thickness {in)

Washington State University
Williams & White Press

15:20:01, November 13, 2000
Run L340--14, LVL
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Washington State University
Williams & White Press

14:41:54, November 13, 2000
Run EL340-15, LWL

PressWAN L3094 D208-200N
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Thickneass (in.)

Thickness (in.)

Washington State University
Williams & White Press

14:01:50, November 18, 2000
Run MEL380-1, LVL
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Washington State University
Williams & White Press
16:45:05, November 20, 2000
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Thickness (in.)

Thicknass (in.)

Washington State University
Williams & White Press

16:14:11, November 20, 2000
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15:41:10, November 20, 2000
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Thickness (in.}

Thickness {in.)

Washington State University
Williams & White Press

15:08:38, November 20, 2000

Run L3BD—4_ LVL
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Washington State University
Williams & White Press
14:29:37, November 20, 2000
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Thickness {in.)

Washington State University
Williams & White Press

13:53:65, November 20, 2000
Run L3806, LVL
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Washington State University
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11:35:29, November 20, 2000
Run L3807, LVL
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Thickness (in.}

Washington State University
Williams & White Press

11:01:14, November 20, 2000
Run L3808, LVL
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APPENDIX D

CUMULATIVE DISTRIBUTION FUNCTIONS



INTRODUCTION

Cumulative distribution functions (CDFs) were used extensively to graphically determine
if given populations possessed similar or dissimilar distributions. This method was imperative to
the justification of specimen sorting techniques. Because the value of the CDF was found in its
comparative ability, plots within this appendix represent two or more populations.

CDFs were also used to help determine the best nondestructive predictive method for the
static modulus of elasticity for laminated veneer lumber. CDFs representing populations of
dynamic modulus of elasticity and calculated modulus of elasticity values from the laminated
beam theory are provided in this appendix. Accompanying these CDFs are correlation graphs
for the nondestructive testing (NDT) techniques. Charts depicting the percent difference
between several of the different NDT techniques are al'so provided. Actual calculated values for

all the nondestructive techniques are also located within this appendix.
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PoPULATION COMPARISONS
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CDF:

StressWave Time of Veneer, Solid Sawn Lumber, and Laminated Veneer Lumber (useable)
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Fx(X)

CDF: Egynamic Of Veneersand Unheated Solid Sawn L umber
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Fx(X)

CDF: Solid Sawn Lumber Sorted for Heating
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Fx(X)

CDF: Egynamic Of Pre and Post Heating of Solid Sawn Lumber
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CDF: Egynamic Of Pre and Post Heating of Solid Sawn Lumber
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Fx(X)

CDF: Egynamic Of Pre and Post Heating of Solid Sawn Lumber
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Fx (X)

CDF: Egynamic Of Veneersand Laminated Veneer Lumber (useable)
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Fx (X)

CDF: Egynamic Of Solid Sawn Lumber and Laminated Veneer Lumber (useable)
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