
United States
Department of
Agriculture Reliability
Forest Service

Forest Formulation for theProducts
Laboratory

Research Strength and FirePaper
FPL 460

Endurance of
Glued-Laminated
Beams
D. A. Bender
F. E. Woeste
E. L. Schaffer
C. M. Marx



Abstract Contents

A model was developed for predicting the statistical distribution
of glued-laminated beam strength and stiffness under normal
temperature conditions using available long span modulus of
elasticity data, end joint tension test data, and tensile strength
data for laminating-grade lumber. The beam strength model
predictions compared favorably with test data for glued-laminated
beam strength data with 8 and 10 laminations; however, the
model predicted strength values 30 percent higher for
glued-laminated beam strength data with 4 laminations.

Fire endurance and structural resistance were evaluated by
artificially reducing the cross section. This reduction accounts for
char depth as well as for reduced wood strength caused by the
elevated temperature. Average time-to-failure predictions using
the developed model compared well with those from
conventional prediction methods.

Keywords: Glulam, beams, fire endurance, strength, model,
reliability, testing.
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Introduction

The goal of this research was to develop a reliability-based model
to predict the strength of glued-laminated (glulam) beams under
normal temperature conditions and then extend the model to
predict the time to failure for fire-exposed beams. Before the
analysis is described in detail, a brief historical account of the
evolution of laminated timbers and their performance is provided.

Structural glulam timber is an engineered, stress-rated product of
a timber-laminating plant, comprised of suitably selected and
prepared wood laminations securely bonded together with
adhesives (1),4 Before the advent of structural glulam timber,
solid timbers were used. These massive, solid members were
used extensively in New England textile mills, which accounts for
the name “mill construction” (20). Historically, heavy timbers
have exhibited a natural resistance to fire, due to minimal
combustible surface area as well as low thermal conductivity. In
addition, the char layer which forms on the surface of the timber
provides another thermal barrier.

As the demand for heavy timbers increased, the availability of
trees large enough to supply them declined, and laminated
timbers were developed. These timbers, comprised of several
smaller pieces of lumber, displayed the same natural resistance to
fire as solid timbers.

In time, a special “heavy timber” fire rating for mill-type
construction evolved, based on the assumption that these timbers
could support their full design load under fire exposure for
1 hour. However, these ratings have been based on historical
evidence from actual fires rather than on a uniform time rating
system, One of the goals of this study was to provide the base for
a more rational method of assigning fire ratings for timber beams.

This paper deals specifically with laminated beams which are
loaded in bending. Several studies (e.g., 16, 23, 26, 28, 37)
have indicated that bending failures usually initiate in the outer
tension zone and that glulam generally exhibits elastic behavior to
failure. Based on this information, a computer model was
developed and checked for its ability to predict failure in the
tension zone of the laminated beams both at room temperature
and under simulated fire exposure.

1Now Assistant Professor, Texas A&M University, College Station, TX.
2Now Vice President, PFS Corp., Madison, WI.
3Now Engineer, Alpine Engineered Products, Inc., Pompano Beach, FL.
4Italicized numbers in parentheses refer to literature cited at end of this report.



Background Information

Conventional Glulam Beam
Strength Prediction

Bending strength of glulam beams is greatly affected by the
strength-reducing characteristics found in the wood. Traditionally,
researchers have tried to describe beam strength by beginning
with clear wood flexural properties and then applying
strength-reduction factors to account for these characteristics. The
most popular approach to bending strength prediction has been a
method which utilizes a ratio of moments of inertia, IK/IG, to
arrive at a reduction factor to account for the effect of knots on
bending strength (17).

The basic concept of the IK/IG method is described as follows: IK

is the sum of the moments of inertia of the cross-sectional areas
of all knots within 6 inches of a single cross section of a beam;
IG is the moment of inertia of the full or gross cross section.
Equations relating the ratio IK/IG to bending strength and stiffness
have been empirically derived (17). The strength-reduction factor
obtained from these equations is then directly applied to the clear
wood flexural properties. A detailed discussion of the procedures
involved in the IK/IG prediction method is found in USDA
Technical Bulletin 1069 (17).

Discrepancies between actual test values and predicted IK/IG

bending strength values have been noted (e. g., 28). Research has
been conducted at the U.S. Forest Products Laboratory to refine
the IK/IG method by providing supplemental criteria for specially
graded tension laminations to ensure the IK/IG method was
applied as originally intended (9).

Strength-prediction methods other than IK/IG have been attempted
on shallow laminated beams. Marx and Moody (26) found that an
alternate prediction method based on a strength ratio concept was
the most accurate predictor of bending strength for shallow
glulam beams of a uniform grade.

The conventional glulam strength-prediction methods formed the
basis for ASTM D 3737 (6), the basic reference for current
industry standards (2). These methods were used to predict
design bending strength values; consequently, emphasis was not
placed on defining the entire statistical distribution of bending
strength.

Recent Innovations in Glulam Beam Strength
Prediction

Because the previously discussed prediction methods were not
concerned with entire statistical distributions, they are not well
suited for probabilistic design methods which require that
information to be known. Recent research efforts have attempted
to incorporate a probabilistic framework into beam
strength-prediction models. One such model has been developed

by Foschi and Barrett (16), whoused computer simulation to
estimate the distribution of beam strength. Their model is based
on the assumptions that failures of glulam beams initiate in the
tension zone and that there is elastic behavior to failure.

The Foschi-Barrett (16) model employs a combination of Monte
Carlo simulation, strength-reduction factors, and finite element
analysis. A brief outline of their procedure follows:

1.

2.

3.

4.

5,

6.

End joint Locations and associated tensile strengths are
assigned.

Clear wood flexural properties are randomly generated using
the two-parameter Weibull probability density function.

Various factors are applied to clear wood flexural properties to
account for knot size and location as well as load sharing
between adjacent laminations,

Finite element analysis is used to predict failure in the tension
zone. Knots are represented by cracks in the finite element
scheme,

The ultimate bending stress is recorded and steps 1, 2, 3, and
4 are repeated until sufficient data have been generated.

The statistical distribution of bending strength is then
estimated using the data from step 5.

Available data indicate that the Foschi-Barrett model can predict
beam strength with reasonable accuracy. However, this model is
rather complex, and is based on the assumption that the flexural
properties of actual lumber can reestimated from clear wood
flexural properties with reduction factors applied.

Another rational alternative to classical beam strength prediction
is contained in a computer model by Brown and Suddarth (13).
In this model, Monte Carlo samples of modulus of elasticity (E)
are drawn from distributions according to grade and then a
transformed section analysis is performed to calculate gross E and
the allowable moment carrying capacity of the beam.

The Brown-Suddarth (13) model was intended as an aid to
design; hence, allowable fiber stresses were used rather than
ultimate stresses, Apparently, no attempt was made to validate
the model with respect to ultimate bending strength. The model’s
intrinsic appeal comes from the fact that actual E values for the
lumber are used in the simulation rather than clear wood
properties. The model is limited in that the effect of end joints is
not included. Hence, the same set of flexural properties is used
for the entire length of each lamination.

Larsen (23) is also conducting research to determine the strength
and stiffness of glulam beams with finger joints included in the
analysis. He has modeled mechanical properties of lumber used in
glulam and is developing a theory for the strength of glulam
based on properties of the constituent lumber,

Most of the recent innovations in predicting glulam strength
utilize computer simulation models. Although the approach taken
for each model varies, their common goal is to establish the
statistical distribution of strength for use in probabilistic design.
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Fire Endurance

The fire endurance of a structural member is defined as its ability
to withstand exposure to fire without loss of its load-bearing
function. As previously stated, heavy timbers (minimum
dimensions are 6 by 10 in. nominal) have often been assigned a
1-hour fire rating, based on historical evidence. A more rational
approach to fire rating was provided with the advent of widely
accepted standard ASTM E 119 (7). This standard describes a
procedure whereby full-scale components are subjected to
controlled fire conditions that produce a given ambient
temperature over time (35). The ASTM E 119 time-temperature
curve is shown in figure 1. It should be noted that the standard
fire test of ASTM E 119 is not intended to describe actual fires,
which grow and decline in intensity with the passage of time. The
primary function of ASTM E 119 is to prescribe a standard fire
exposure for comparing the performance of various building
materials and construction assemblies.

One of the major differences between solid timber and glulam is
the presence of glue lines between the laminates. The behavior of
these glue bonds when exposed to fire is of great importance.
Schaffer (36) and Wardle (40) claim that thermosetting synthetic
resin types of adhesives, such as phenol or phenol-resorcinol,
retain their bond during fire, with final destruction coming from
charring at about the same rate as timber. Wardle concludes that
structural glued-laminated timber is similar to solid timber with
respect to fire endurance when such adhesives are used.

Fire Endurance Prediction

The most common fire endurance prediction methods assume a
constant char rate and simply calculate the amount of wood
consumed during some interval. The strength of the uncharred
beam cross section is then calculated using classical beam
bending theory. Finally, a strength-reduction factor is applied to
account for the temperature and moisture increase in the residual
wood, along with a factor for load conditions (22, 24, 35).

The following assumptions are necessary to predict fire endurance
by the previously mentioned methods:

1.

2.

3.

4.

5.

The member is exposed to standard fire conditions, as in
ASTM E 119.

The residual cross section is rectangular in shape during fire
exposure.

The ratio, k, of allowable bending strength to ultimate bending
strength before fire is known.

The ratio between the fundamental strength properties of the
beam after and before the fire equals α.

The rate of charring can be approximated by a constant
average value β .

The time to failure is measured up to the point where the
allowable bending moment for the design load equals the ultimate
bending moment of the charred beam. Based on these
assumptions, Imaizumi (22) derived the critical residual depth, d,
for a beam that is heated on all four sides:

where

B = initial width of beam
D = initial depth of beam
k, α as previously defined

The time to reach the critical depth for char rate β is given by:

[1]

Imaizumi (22) has provided graphs of safe burning times for
beams loaded to their full allowable bending stress (fig. 2). The
strength-reduction factor, α, was assumed to be unity.

[2]
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The factors k and β can be estimated from well established
references. For example, k for bending stress is assumed to equal
0.476, ASTM D 2915 (5). The most widely accepted value of
char rate, β, is approximately 1/40 inch per minute
(22,24,30,34,39,40). The char rate remains fairly constant
throughout the fire. However, there is little agreement as to the
appropriate value of the strength-reduction factor, α. Imaizumi
(22) and Odeen (29) estimate the range of α to be about 0.80 to
0.90. Lie (24) recommends using a value of 0.80. Wardle (40)
reports that New Zealand has adopted a reduction factor of 0.50.
Owing to the fact that most fire tests of beams have been
terminated before failure due to load occurred, no universally
accepted values for k and α have been established (35).

Lateral torsional buckling is an important consideration in fire
endurance prediction, since the depth-to-width ratio is continually
changing due to the reduction in beam cross section. The risk of
buckling is also increased if intermediate supports fail during fire
exposure (18). Imaizumi (22) was the first to recognize the
importance of lateral torsional buckling and incorporate it into a
fire endurance model. He states that lateral buckling may occur
when the ratio of b/d reaches a critical value of r. The time to
failure for this situation is given by:

[3]

The value of r depends on a number of factors, including support
conditions and type of loading. Values of r have not been
determined to date.

Pettersson’s equation for the critical moment in bending is given
by:

[4]

where

EIy = bending stiffness about weak axis of section
GJ = torsional stiffness of section

Iy/Ix = ratio of moments of inertia of section about weak and
strong axes, respectively

L = unsupported length of the beam

The coefficient m is dependent on load and support conditions.
For example, m equals 28 for a simply supported beam under a
uniform load. Values of m for other load and support conditions
have also been established (32).

In a more effective way, Fredlund (18) outlined a procedure for
designing fire-exposed laminated beams with respect to lateral
buckling. He followed the same basic procedure of predicting fire
endurance outlined by Imaizumi, but used a lateral buckling
equation derived by Pettersson (32).
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Monte Carlo Simulation

Monte Carlo simulation is a method for obtaining information
about system performance from component data. Monte Carlo
simulation is useful in analyzing system response when the
component variables are described by complex and intractable
functions. Basically, a Monte Carlo analysis requires the
statistical distribution of each component variable and the
relationship between the component variables and system
performance. If these two things are known. then it is
unnecessary to physically build the system; rather, high-speed
digital computers can be used to evaluate system performance
through many replications of the experiment. The degree of
accuracy obtained by a Monte Carlo simulation depends on the
accuracy of the statistical distributions of the component variables
and the correctness of the functional relationships between the
component variables and system performance. Due to the random
nature of the simulation, the accuracy also depends on the
number of trials in the simulation. A flow chart of the Monte
Carlo simulation method, obtained from Hahn and Shapiro (21),
is shown in figure 3.

[ 5 ]

Monte Carlo simulation requires the generation of random
variables from known statistical distributions. Hahn and Shapiro

(21) give procedures for generating variates from several common
distributions. Of special interest in this study are the statistical
distributions for modulus of elasticity (E) of various laminating
grades of lumber and tensile strength of end joints. Two
frequently used theoretical distributions in these types of
applications are the Weibull and the log-normal. Pierce (33) and
Larsen (23) recommend the use of the three-parameter Weibull
when dealing with lumber mechanical property data. Woeste et
al. (42) reached similar conclusions specifically for sets of E
data.

The three-parameter Weibull distribution is bounded on the left
by location parameter µ. The density function is given by:

0 elsewhere
where

σ = scale parameter
η = shape parameter
µ = location parameter
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Model Development

The behavior of any structure subjected to loads is dependent on
the properties of its constituent elements. In the case of timber,
the engineering properties of the structural elements are highly
variable and behavior is difficult to predict. For this reason, a
great deal of research has been targeted at finding new ways to
determine the strength characteristics of heavy timber members,
This section discusses a computer simulation model to predict the
performance of structural glued-laminated timber beams under
various loading conditions.

General Approach

The computer model developed here uses a statistical approach to
beam strength prediction. Since the strength of actual lumber
grades is modeled, no strength-reduction factors are necessary, as
required by the clear wood adjustment approach.

One method of estimating the statistical distribution of glulam
beam strength would be to initiate a large-scale destructive testing
program. An appropriate statistical distribution could then be
fitted to the data from which design stress levels could be
established. Assuming that the sample size was sufficiently large
and representative of the population, this approach would yield
accurate results. However, the cost associated with a testing
program of this magnitude would be prohibitive.

A computer model eliminates part of the need for large-scale
destructive testing. The model of this study uses a Monte Carlo
simulation technique to assemble a large number of beams in the
computer and compute their bending strengths. In this manner,
any beam size or layup can be easily analyzed.

The model is based on the observation that glulam beams behave
elastically to first failure and that most bending failures of glulam
beams initiate in the tension zone. If failure is assumed to initiate
in the tension zone, the ultimate moment carrying capacity of the
beam can be predicted with reasonable accuracy if the tensile
strength and stiffness of each lamination is known. The ultimate
moment is calculated by the transformed section method, which is
used to analyze the elastic behavior of beams comprised of two or
more materials with varying properties.

A brief description of the Monte Carlo scheme used in this model
follows: Imaginary beams are built in the computer in the same
manner that actual beams are assembled in a laminating plant.
Laminations are selected according to grade requirements
specified by the beam layup. One beam length lamination is made
up of several pieces of laminating lumber connected by end
joints. Each of these lamination segments has an associated
modulus of elasticity (E), tensile strength, and length. All of
these properties are random variables and must be generated from
appropriate distributions. As previously mentioned, E and tensile
strength are used in the transformed section analysis. The length
of each piece of lumber must be included since it dictates the
number and location of end joints in the beam. The tensile
strength of end joints must be included in the model since tensile
failures can also occur at an end joint. After the beams have been
assembled, the “first failure” point in each beam is located and
the corresponding ultimate moment is recorded. From this
ultimate moment, an apparent modulus of rupture can be

calculated from the usual flexural formula by assuming a
homogeneous beam cross section. Finally, a theoretical statistical
distribution is fitted to the modulus of rupture data for the
assembled beams.

Monte Carlo simulation utilizes a number of component variables
to predict system performance. The component variables used in
this simulation are listed as follows:

1. Modulus of elasticity, E

2. Tensile strength of laminates, TL

3. Length of laminates, L

4. Tensile strength of end joints, TJ.

Some of these variables are statistically correlated. For example,
E and TL are positively correlated and must be generated in
pairs. The following sections discuss the statistical modeling of
each component variable.

Modeling of Laminate Modulus of
Elasticity and Tensile Strength

It is well known that for lumber, tensile strength parallel to grain
is generally positively correlated with modulus of elasticity (e. g.,
19). For this reason, E and TL must be generated in pairs.
Woeste et al. (42) outlined a procedure whereby a random
selection of E from an appropriate distribution is followed by
generation of a companion TL value from a regression equation
relating TL to E. The same procedure was used here to generate
E-TL pairs. Before the procedure is discussed in detail, the data
used in this study will be described.

Pairs of E and TL data were obtained from a study that evaluated
three U.S. laminating grades: 301A, Ll, and L2 Douglas-fir
(31). Grade 301A was a special tension lamination grade similar
to the current grade 302-24 (2); L1 and L2 are commonly used
U.S. Douglas-fir laminating grades. Within each of these grades,
two levels of quality were sampled. One level was to represent a
typical random sampling of the grade and the other was to
represent lowline or near-minimum quality. The lowline data
were chosen to contain the maximum-sized strength-reducing
characteristic for the grades of interest. The raw material was
nominal 2- by 6-inch by 16-foot Coast Region Douglas-fir.

Modulus of elasticity data for laminating grade L3 were obtained
from a report by Wolfe and Moody (43). The corresponding
tensile strength values for this lumber were not modeled, since L3
Laminating stock is only used in low-stress areas in high-grade
beams. For such high-grade beams, bending failures only rarely
initiate in the L3 material. All of the modulus of elasticity (E)
values were measured using a flatwise vibration technique.

Distribution of the E values is shown in figure 4.
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Figure 5 shows the plots of the transformed regression linesThe procedure uses to model and subsequently generate
compatible sets of strength and E values is described next. The
analysis is summarized in three main steps.

1. For reasons given in the background information, the E data
were fitted by the three-parameter Weibull distribution. The
Weibull parameters were estimated numerically using the
method of maximum likelihood (38). Figure 4 shows
histograms of the three sets of normal and lowline E data with
the corresponding probability density curves.

Normally, a goodness-of-fit test would be conducted to
evaluate how well the estimated density curves described the
variation of the E data. However, since the sample sizes were
on the order of 20, formal statistical tests will not generally
discriminate between one distribution and another. Therefore,
a visual appraisal was used to evaluate the data fit. In all
cases, the distribution seemed to fit the data well.

2. For each of the six groups, scattergrams of tensile strength (Y)
versus modulus of elasticity (X) were constructed. A weighted
least squares regression analysis was then performed using a
model of the form

[6]

with the variance of ε equal to a constant K times the
independent variable X. This variation in ε was chosen
because tensile data for lumber appear to have residual
function which varies with E (25,42). The parameters β1, β 0,
and K were estimated by b1, b0, and K as follows:

[7]

[8]

[9]

where r is the estimated linear correlation coefficient, SX is the
estimated variance of X, and the summation over i = 1, . . . n
is implied (42),

Scattergrams of actual E-TL pairs with overlays of the
regression lines exhibited a lack of fit near the lower boundary
curve. To compensate for this lack of fit, Woeste et al. (42)
found that a logarithmic transformation on the dependent
variable, tensile strength, will greatly improve the relationship.
Hence, the new regression model is given by

along with the 99 percent boundaries overlayed on
scattergrams of the actual data. These models displayed no
obvious lack of fit and, therefore, were used to simulate
subsequent tensile strength values. (The logarithmic
transformation is also desirable in that the probability of
simulating values of near zero strength is very low, which is
in agreement with actual experience. )

3. The final step was to generate values of tensile strength (TL)
and compare them with the actual TL data. Corresponding
values of E and TL were generated by the following
procedure. First, a random value of E was generated from the
appropriate three-parameter Weibull distribution. Then, a
random residual, ε, defined by the regression model was
added to the value of β 1 E + β 0 . The inverse of the logarithmic
transformation of the weighted least squares regression
equation produces a random value of TL. The appropriate
equation for this simulation is given by:

[11]

Figure 6 shows histograms of the actual TL data along with
the simulated values. The sample sizes of the simulated and
actual data were on the order of 2,000 and 20, respectively.
Again, a visual appraisal of goodness of fit was dictated by
the small sample sizes involved. The question was asked,
“Could the actual data be a sample from the simulated
population?” In all six cases, there did not appear to be any
significant lack of fit.

The three-step procedure just described was used to generate
E-TL pairs used in the prediction model for beam strength. It
is important to note that the accuracy of any Monte Carlo
simulation is partly contingent on the accuracy of the
generated component variables. Therefore, it would be
desirable to have a larger data base of E-TL pairs in order to
obtain better estimates of the corresponding model parameters.
Since no other data were available for 2- by 6-inch Douglas-fir
laminating grades, the model parameters based on sample
sizes of 20 were used to generate subsequent values of E and
TL in the Monte Carlo simulation.

[10]

where the variance of ε is K times X, and β 0 , β 1 , and K are
estimated as before with the exception that In (Y) replaces Y.
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Modeling of Lumber LengthModeling of End Joint
Tensile Strength

Tests have shown that failure of a glulam beam may also initiate
at an end joint (e. g., 27). For this reason, end joints must be
included in a computer model of beam strength. The end joint
data used in this study were from 128 Douglas-fir tension tests
made available by the American Institute of Timber Construction
(AITC). Three end joint configurations were tested: horizontal
finger joints, vertical finger joints, and scarf joints.

Although a small number of the end joint specimens had been
edge-surfaced down to the usual finished Douglas-fir beam width
of 5-1/8 inches, the majority had not. Yet, data from
edge-surfaced end joints were required to estimate the necessary
distribution parameters used in the beam strength model, since all
joints are edge-surfaced in the manufacturing process for
structural glulam timber. To account for this, a multiple linear
regression model employing “dummy variables” was developed to
remove the effects of edge-surfacing as well as the type of end
joint. A complete discussion of the use of dummy variables in
multiple regression is given by Draper and Smith (15), while a
detailed description of the entire end joint data expansion
procedure is given by Bender (8).

The three-parameter Weibull distribution was chosen to model the
tensile strength of the end joints. The Weibull parameters were
again estimated numerically for each type of joint using the
model of maximum likelihood (38). Three-parameter Weibull
density functions were then overlayed on histograms of the
expanded data sets. Visual inspection of the distributions
indicated a good fit.

In addition to this visual check, the Kolmogorov-Smirnov (K-S)
test was used as a test for goodness of fit. The basic procedure of
the K-S test involves the comparison between the experimental
cumulative frequency and the assumed theoretical distribution
function. If the discrepancy is large, the assumed model is
rejected. The K-S test indicated an excellent fit. None of the
three-parameter Weibull functions was rejected at the 20 percent
level of significance (the higher the level, the easier to reject).
The K-S test critical values are listed in table 1 and they are valid
for a nonparametric test where the distribution parameters are
specified. Critical values of the K-S test applicable to the
three-parameter Weibull are unknown. According to Crutcher
(14), if the critical value is exceeded by the test statistic, the null
hypothesis is rejected with considerable confidence. This means
that for a selected critical level of significance, say 0.2, the actual
level of significance will be smaller. The estimated Weibull
parameters are given in table 1.

The length of the laminating lumber is important since it
determines the location of end joints. The distribution of length
depends primarily on the length of available laminating stock,
minus end trim. The assumed range of lengths in production
beams was based upon estimates by several laminators.
Higher-quality tension laminations were assumed to be somewhat
shorter in length due to additional trimming for upgrading. For
the purposes of this study, length was assumed to follow a
log-normal distribution. Assuming that the range of the lengths
was equal to four standard deviations, the log-normal parameters
were estimated. Estimates of the log-normal parameters for mean
(λ) and variance (ξ) are given in table 2.

Table 1.—Estimated end joint tensile strength Weibull parameters
and K-S values for the expanded Douglas-fir data sets (the
hypothesized distribution is rejected if the computed value of the K-S
statistic exceeds the critical value)

Table 2.—Estimates of average length and range of lengths for 2- by
6-inch Douglas-fir laminating lumber, along with the associated
log-normal parameters
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Transformed Section Analysis

The statistical modeling of the random variables (E, TL, L, TJ)
makes it possible to generate appropriate synthetic values for use
in the Monte Carlo simulation. These component random
variables combine to form a strength distribution for glulam
beams. The functional relationship used to combine these
variables to arrive at estimates of beam performance involves a
transformed section type of analysis.

Brown and Suddarth (13) developed a generalized computer
program which performs the necessary calculations for a
transformed section analysis. This program computes the
maximum allowable moment for the i-th lamination, denoted m,,
by the following relationship:

[12]

where

Es = modulus of elasticity of the standard material
Ej = modulus of elasticity of the i-th lamination
Fi = allowable stress for the i-th lamination
Is = moment of inertia of the transformed section
N = number of laminations
Ci = distance between the neutral axis of the transformed section

and the extreme fiber of the i-th lamination

The maximum moment carrying capacity of the glulam beam is
then determined by the minimum value of mi.

Portions of the Brown-Suddarth (13) computer program were
used in this study to perform the transformed section calculations.
The major change in the program concerned the selection of a
suitable value of Ci. As previously mentioned, Ci is the distance
from the neutral axis of the transformed section to the extreme
fiber of the i-th lamination. Although Ci is usually measured to
the outer edge of the i-th lamination, for purposes of this study Ci

was measured to the center of the i-th lamination. The reason is
that the tensile strength values simulated in this study were
derived from test specimens loaded in pure tension. As a result,
the tensile stresses were uniformly distributed. The actual stresses
in the tension laminations of a glulam beam in bending vary
linearly. To equate the two stress distributions, Ci was measured
to the center of the i-th lamination. In this manner, the average
tensile stress in an actual tension lamination in a beam would be
equal to the magnitude of the uniform stress distribution, which is
the approximate state of stress of a tensile-tested lamination. This
makes a difference in estimating the strength of shallow beams,
but is of negligible effect for deep beams.

Summary of Beam Strength Model

The following steps provide a summary of the simulation
procedure for a single beam. These steps are repeated according
to the desired sample size:

1.

2.

3.

4.

5.

6.

7.

8.

Lumber of randomly selected length, modulus of elasticity,
and tensile strength are dealt into the bottom layer of the beam
until the beam length requirements have been satisfied. Each
subsequent layer is generated according to the grade
specifications of the beam.

A random end joint tensile strength, drawn from the
appropriate distribution, is assigned wherever two laminates
meet end-to-end. End joints are not allowed to occur within
6 inches of each other in adjacent laminations in the tension
zone as specified by PS-56-73 (3).

Steps 1 and 2 are repeated until the entire beam has been
assembled. All of the random strengths and moduli of
elasticity, E, are recorded in arrays, along with the location of
each end joint.

A transformed section analysis is repeated across the entire
beam cross section at a specified increment of beam length. In
each case, tensile strength and E are used to calculate the
ultimate moment. Then the ultimate moment, gross modulus
of elasticity, failure location, and failure mode are stored in an
array.

A transformed section analysis is performed at each end joint
location. End joint tensile strength and E are used to calculate
the ultimate moment. The end joint E is taken to be the
average E of the two connecting laminations.

The minimum value of the ultimate moments determined in
steps 4 and 5 is recorded. This value defines the ultimate
moment carrying capacity for the assembled glulam beam.

The apparent modulus of rupture is calculated by assuming a
homogeneous beam cross section.

The ultimate moment carrying capacity of the beam and the
associated modulus of rupture, gross modulus of elasticity,
failure location, and failure mode are recorded.

Failure is assumed to occur when the tensile strength parallel to
the grain of a lamination is exceeded, with the stress for each
lamination being calculated at the center of the lamination. This
is referred to as “first failure. ” Gradual-type failures which result
in redistribution of stresses are not predicted by this model.

This computer model uses Monte Carlo simulation to assemble
glulam beams in the computer. For each of these beams the gross
modulus of elasticity, ultimate moment, apparent modulus of
rupture, failure location, and failure mode are recorded. The
failure location is measured in inches using one end of the beam
as a reference point. Failure mode is used to indicate whether an
end joint is the cause of failure.
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Summary of Fire Endurance Prediction Model

A fire endurance prediction model was developed by making
minor refinements in the beam strength model. The fire
endurance of glulam beams is measured by the time to failure
(TTF), where TTF is defined as the length of time that the beam
will support its design load when subjected to intense fire
conditions. The fire endurance model can be used to predict the
distribution of TTF for any glulam beam of interest. Fire is
simulated by removing the char layer from the beam cross
section. The thickness of the char layer R is given by

[13]

where

β = char rate
t = fire exposure time
δ = finite thickness of residual wood which is weakened by the

elevated temperature and moisture

Two of the assumptions of this model are that char rate β and
residual thickness δ remain constant. These two assumptions have
received considerable experimental support (e. g.,
22,24,30,34,39,40). Another assumption is that the unit tensile
strength and E properties of individual laminations remain
constant as the cross section is reduced.

As previously mentioned, lateral torsional buckling is an
important consideration in a fire endurance model for beams.
Equation [4] was used as a check for lateral torsional buckling.
For the purposes of this report, the fire-exposed beams were
assumed to be uniformly loaded. Hence, the constant m from
equation [4] was assigned a value of 28.0. Additional values of m
are given by Pettersson (32) for other types of loads.

The following steps summarize the simulation procedure of the
fire endurance model for a single beam. The first three steps
involving beam assemblage are identical to those of the beam
strength model. The other steps represent modifications to the
beam strength model. These steps are repeated for each beam in
the simulation:

1,2,3. Beam assemblage.

4. Time is set equal to zero.

5. The full design load in bending is applied to the beam as a
uniform load.

6. A repeated transformed section analysis is performed across the
entire length of the beam at a specified increment. For this
study the increment was chosen as 6 inches. In each case,
the applied moment and lamination E are used to calculate
the stresses in the laminations of interest.

8. The computed stresses of steps 6 and 7 are compared to the
corresponding tensile strength values. If the tensile strength is
exceeded, failure occurs and TTF is recorded.

9. The critical moment permitted by lateral torsional buckling is
calculated. If the critical moment is exceeded by the applied
moment, failure occurs and TTF is recorded.

10. Time is increased by 1 minute and the corresponding char
thickness is removed from the cross section.

11. Steps 6 through 10 are repeated until beam failure is
detected. The program for this analysis is contained in
Appendix A.

7. A repeated transformed section analysis is performed at each
end joint location. End joint E is taken to be the average E
of the two connecting laminations. The applied moment and
the end joint E values are used to calculate the stresses in the
laminations of interest.
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Model Calibration

Preliminary Room Temperature Beam
Strength Results

Actual beam strength data were obtained from a study on the
bending strength of shallow glulam beams (27). Of 120 beams
tested, 60 were constructed from visually graded Douglas-fir
lumber. The 60 Douglas-fir glulam beams were used to calibrate
the beam strength model. The three beam sizes chosen were 4, 8,
and 10 laminations. The lay up for each beam type is shown in
figure 7. Half of the Douglas-fir beams had specially graded
tension laminations referred to as 302-24, and the other half had
tension laminations of grade L1. The 302-24 and L1 lumber used
as tension laminations were chosen to contain a strength-reducing
characteristic close to the maximum allowed for the grade, and
were referred to as “lowline” lumber. In addition, the maximum
observed strength-reducing characteristic was positioned in the
maximum-moment region of the beam.

The beams were tested according to ASTM D 198 (4). Two-point
loading was used. Spans were 9.5, 19.0, and 24.0 feet for the 4-,
8-, and 10-lamination beams, respectively. Similarly, the distance
between load heads was 2.0, 4.0, anld 5.0 feet, respectively.

The shallow glulam beam study also included individual modulus
of elasticity data for the lowline tension laminations. These data
were fitted by a three-parameter Weibull distribution which was
used to subsequently generate values of E in the simulation
model. The report also included average E values for the other
laminating grades as well as the average finger joint strength.
These average values were used to adjust the Weibull scale and
location parameters which were previously determined. A
summary of the input parameters for the beam strength simulation
model is given in table 3.

Some of the test beams exhibited a gradual type of failure with
cracking or splintering of the tension lamination, accompanied by
varying amounts of drop in the test machine load (27). For
purposes of this study, the load which caused first failure for
these beams was used in the model calibration. The beam
strength model was run for all six beam groups. The actual and
predicted values of bending strength are given in table 4 and are
graphically portrayed in figure 8.

Even though the sample sizes for the beam test data were small,
there appeared to be a major source of error in the beam strength
model. In all cases, the beam strength predictions were quite low.
The predicted coefficients of variation were one-half to one-third
of the variation observed. The reason for most of the differences
between these preliminary predictions and the beam test results is
that no provisions were included in the model to adjust from the
single lamination tensile strength data input to the full-size glulam
beam bending strength predictions. Data show that difference to
be significant (e.g., 12). Two main phenomena are thought to be
responsible for the significant difference between single
lamination tensile strength data and full-size glulam timber
bending strength data. One of these phenomena is known as the
“laminating effect,” which represents the load sharing between
adjacent laminations. The other is known as the “length effect,”
and is due to the differences between the test span lengths for the
tensile strength data input and the beam bending strength data
used for calibration. Both the laminating and length effects are
important, but we decided to modify the model considering the
length effect only.

Effect of Length on Tensile Strength

As mentioned in the statistical modeling of the laminations, the
tensile strength regression parameters were estimated from test
data on 16-foot-long specimens. The specimens were gripped for
a distance of 2 feet on each end; therefore, the length actually
subjected to the tensile load was 12 feet. However, the lengths of
the laminations in the most critically stressed portions of the
beams were considerably shorter than 12 feet. To account for this
situation, the tensile strength values need to be adjusted.

A specimen loaded in tension will fail at the weakest point, or in
the case of lumber, it will fail at the most severe
strength-reducing characteristic. Hence, the longer the specimen,
the higher the likelihood of encountering a severe
strength-reducing characteristic. This problem can be analyzed by
equating a long piece of lumber to a simple series system.
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Table 3.—Input parameters used to calibrate the beam strength-prediction model (Weibull parameters for modulus of elasticity data, regression
parameters which relate lamination tensile strength to modulus of elasticity, log-normal parameters used to define the length of the lumber
comprising the laminations, and Weibull parameters for the tensile strength of vertical finger joints)

Table 4.—Estimated Weibull parameters for the six sets of lamination
tensile strength data used in the strength-modulus of elasticity
regression model
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If the components of a system are connected in series, failure of
any component constitutes failure of the system. Therefore, the
reliability of the system is dependent on the number of the
components and their respective reliability functions. This concept
is expressed mathematically as follows:

[14]

where

RN(T) = reliability function of the system
R1(T) = reliability function of the component

T = random variable of interest
N = number of components

In the case of lumber, RN(T) is the reliability function of the long
pieces and T represents tensile strength. R1(T) is the reliability
function of the short pieces where N is determined by the ratio of
the lengths of the long pieces to those of the short pieces.

To transform the tensile strength of a long specimen to that of a
short specimen, the two reliability functions are set equal to each
other. For example, a value T corresponding to the fifth
percentile from the long specimen distribution would be
transformed to a fifth percentile value T' of the short specimen
distribution. The transformation is carried out by solving the
following equation for T':

[15]

Assuming that the tensile strength of the long pieces follows a
three-parameter Weibull distribution, the transformation equation
which can be used to convert a known long value of T to the
appropriate short value T' is given by:

where

N = ratio of lengths of long pieces to short pieces
η = Weibull shape parameter
µ = Weibull location parameter

It is interesting to note that the problem of amount of material
exposed to maximum moment or volume experienced in this
research is the same problem identified and solved by Bohannan
(10, 11). Bohannan’s solution was based on the Weibull “weakest
link theory,“ and beam strength was obtained by integrating a
material function over the area of the beam defined by its depth
and length. The parameters of the material function were
evaluated from test data on 2,056 clear, straight-grained
Douglas-fir beams.

[16]
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For the research described in this paper, we chose to solve the
problem of volume or stress exposure by a different approach,
since we could not integrate over a region of lamination or slices
of different laminating stress grades. However, with lamination
tension data being available, it was thus possible to adjust the
long test lengths to shorter lengths comparable to the laminated
beam test configuration using the Weibull “weakest link theory. ”
This procedure is almost identical to the integration procedure in
that (1) most failures occur in the tension zone where the
adjustments were made and (2) the individual lamination
adjustment can be thought of as a numerical integration of the
integral used by Bohannan (10,11). It should not be argued that
the individual lamination adjustments made in this research are
superior to the area integration of the material function.

Final Room Temperature Beam Strength
Results

Adjustments were made in the preliminary model using the theory
developed in the previous section. Predictions made with the
modified model were then compared with the beam strength data.

To use the length effect transformation, it was necessary to obtain
estimates of the Weibull parameters for the six sets of original
tensile strength data from the E-TL analysis. The maximum
likelihood estimates are given in table 4. The value of N in
transformation equation [16] was computed by dividing the length
of the original tensile specimens (12 ft) by the length of the
maximum moment region of the test beams. The latter length was
equal to the distance between the loading heads for each beam
size. This varied from 2.0 to 4.0 to 5.0 feet and resulted in
values of N equal to 6.0, 3.0, and 2.4 for the 4-, 8-, and
10-lamination beams, respectively. The tensile strength
transformation equations were then incorporated into the beam
strength-prediction model and the calibration procedure was
repeated. The resulting beam strength predictions appear in table
6, and are compared more graphically in figure 9. The final
version of the refined simulation computer model is contained in
Appendix B.

Table 5.–Actual and predicted beam strength values (the tension
laminations were selected from “lowline” material)

Table 6.–Actual and predicted beam strengths, coefficients of
variation, and sample sizes from the refined beam strength model
(the tension laminations were selected from “lowline” material)

The beam strength predictions for the 8-lam and 10-lam beams
with 302-24 lowline tension laminations agreed with the test
values almost exactly. The strength predictions for the 8-lam and
10-lam beams with Ll lowline tension laminations were 14 and
17 percent lower than the test values, respectively. The predicted
strength values for the 4-lam beams were approximately
30percent higher than the test values. The discrepancies between
the predicted and actual strengths for the 4-lam beams are
probably due to several faulty assumptions. For example, the
tension laminations are assumed to be in pure tension; however,
this assumption is less valid for shallow beams. A second reason
for the discrepancies for the 4-lam beams is that shallow beams
are more sensitive to sampling error. Due to the small sample
sizes involved in the simulation, sampling error alone could
account for the discrepancies. The predicted coefficients of
variation were lower than those of the test data by varying
degrees; however, the predictions were greatly improved over the
original predictions given in table 5.
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All factors considered, the beam strength simulation model
reasonably predicted glulam beam strength. One cannot conclude
that the model is either verified or discredited by the evidence
gathered and analyzed. Several factors probably contributed to the
discrepancies between predicted and observed. results. The
regression parameters used to generate lamination tensile strengths
were estimated from sample sizes of only 20. Furthermore, all of
the test specimens used to estimate the regression parameters
were obtained from a single laminating plant and thus may not be
representative of typical laminating grades. One final
consideration is that the sample size of the test beams used in the
calibration was small. The estimated variance of observed beam
strength, and hence coefficient of variation, is subject to
significant sampling error with a sample size of 10.

With the length effect adjustment, the predicted and actual beam
test results agree as well as can be expected. Thus, further
refinement of the model for the “laminating effect” was not
pursued.

In short, the predictive ability of the model is promising but
further validation by conducting bending experiments on beams
designed for this purpose is required. Such effort is underway.

Fire Endurance Results

Owing to a lack of available fire endurance data, the fire
endurance model (Appendix A) was run for a typical glulam
beam size and the results were compared with conventional fire
endurance estimates. A uniformly loaded 11-lamination
Douglas-fir beam with a 302-24 tension lamination was chosen
for investigation. Beam construction was assumed to be
Douglas-fir combination 24F-V4 as specified by
AITC 117-79 (2). The beams were assumed to be 5-1/8 inches
wide, 16-1/2 inches deep, and 27 feet long.

The model was run for two cases. In the first case, the ratio k of
allowable design stress to ultimate stress at room temperature was
equal to 0.476 (i.e., 1/2.1) as specified by ASTM D2915 (5). In
the second case, k was arbitrarily chosen as 0.333 (i.e., 1/3). For
both runs, char rate β and residual depth δ from equation [13]
were assigned values of 1/40 inch perminlute and 0.2 inch,
respectively. Also, three-sided fire exposure was assumed.
Uniform loads of 572 and 400 pounds per linear foot were
calculated for the stress ratios of 0.476 and 0.333. All other input
parameters are given in table 3.

Before fire endurance could be predicted, the previously
discussed lamination tensile strength transformation had to be
modified due to the different loading condition. The room
temperature beams were tested under two-point loading, which
resulted in a constant moment section at the midspan. All of the
simulated beam failures initiated in this constant moment section.
Hence, the load span was used to calculate the value of N used in
transformation equation [16]. On the other hand, fire-exposed
beams are typically tested under a uniform load. The approach
used for the fire-exposed beams was to define an effective length,
1*, to be used in place of the load span for the calculation of N
in equation [16]. For the uniformly loaded beams, the effective
length 1* was defined as:

[17]

where L is the beam length and d is the beam depth. The
relationship for effective length was derived from the room
temperature beams under two-point loading.

The average time to failure (TTF) for k equal to 0.476 was 40.3
minutes with a coefficient of variation of 11.9 percent. The TTF
was also estimated using a method derived by Lie (24). Lie’s
derivation is similar to that of Imaizumi (22) with the exception
of three-sided fire exposure. The average predicted value of TTF
using Lie’s method was approximately 39 minutes. Similarly, fire
endurance was predicted fork equal to 0.333. The average TTF
predicted by our model was 53.1 minutes with a coefficient of
variation of 8.9 percent. This also compared favorably with Lie’s
estimate of 54 minutes.

There are many practical applications of the fire endurance
prediction model formulated in this report. The estimated
distribution of TTF could be used in a second moment reliability
analysis (41). With a second moment safety analysis, numerous
design alternatives could reinvestigated. For example, the effect
that changing laminating grades in beam combinations has on fire
safety could be investigated. Furthermore, optimum beam
geometries with respect to fire safety could be established.
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Summary and Conclusions

A computer simulation model was developed to predict the
bending strength of glued-laminated beams (Appendix B). The
model was then extended to predict the fire endurance of glulam
beams (Appendix A). The beam strength model was calibrated
and refined using actual beam test data on 4-, 8-, and
10-lamination Douglas-fir beams.

The model predicted the bending strength of 8- and 10-lamtination
beams with good accuracy (fig. 9); however, the strength
predictions for the 4-lamination beams were considerably higher
than the test values. As a result, the model appears to favor deep
beam strength prediction. This requires further validation,
however. Fire endurance also was predicted for 11-lamination
Douglas-fir beams. The fire endurance predictions were in
excellent agreement with predictions made from a method
described by Lie (24).

In conclusion, the statistical approach outlined seems well suited
for predictions of the strength and fire endurance of glulam
beams. The simulation model was derived using data on 2- by
6-inch Douglas-fir laminating stock; however, the model can be
easily adapted to predict the strength of other species as modulus
of elasticity and tensile strength data are made available. Another
feature of this model is that it is especially suited for parameter
sensitivity studies. For example, the effect of lumber length (and
hence the number of finger joints) on beam strength could be
easily determined. In addition, the effect of grade combinations
and beam geometries on fire endurance could be assessed.
Finally, the fire endurance simulation model can be used, along
with a second moment reliability analysis, to analyze glulam
beams with respect to fire safety.

Further Research Needs

1. Verify a staistical length relationship for the tensile strength of
laminating lumber.

2. Delineate the proportion of the influence on glulam beam
strength prescribed by model parameters due to “length
effect” and “laminating effect. ” How is each effect
influenced by beam geometry, beam span, and number and
quality of laminations?

3, Obtain additional information on the tensile strength of end
joints to improve on the confidence of the existing data base.

4. Obtain additional data on E and tensile strength for laminating
lumber.

5. Obtain information on the statistical distribution of the length of
various grades of laminating lumber.

6. Obtain information on end joint stiffness

7. Evaluate the beam depth limitations of the model reported
herein.
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Appendix A
User’s Guide and Program Listing
of Fire Endurance Model

This program uses a Monte Carlo simulation scheme to predict
the time to failure of fire-exposed glued-laminated beams under a
uniform load. Standard fire exposure is simulated by artificially
removing a char depth from the beam cross section until the
applied load is equal to the ultimate load which the charred beam
can support. The char depth is calculated by multiplying a
constant char rate times the fire exposure time. An additional
thickness of residual wood is then removed from the uncharred
cross section to account for wood which is damaged by the
elevated temperature and moisture content.

The input quantities are defined in the order that they are read
into the computer program. The following is a guide for inputting
these quantities.

Basic Parameters:

FORMAT (3I5, F10.5, D16.0, 3F10.2)

NLAMS = Number of laminations.
NINT = Number of tension laminations which are to be checked

for failure.
NBEAM = Number of beams to be simulated.

BASE = Width of the beam.
DSEED = A double precision integer value in the exclusive range

(1, 2147483647). This value is used to seed the
random number-generating subroutines.

LBEAM = Length of beam in inches.
XC = Distance from the left end of the beam to the first point

load, measured in inches.
XXC = Distance from the left end of the beam to the second

point load, measured in inches.

Basic Parameters:

FORMAT (15, 4F10.3)

NEXP = The number of sides which are exposed to fire (i.e., 3-
or 4-sided exposure).

ULOAD = The uniform load applied to the beam in pounds per
linear inch.

CRATE = Char rate in inches per minute.
TINC = Time increment used to calculate time to failure in

minutes.
RESID = Finite distance into the residual wood damaged by the

elevated temperature and moisture in inches.

Tensile Strength Transformation Parameters:

FORMAT (4F7.3, 4F9.2, F8.3)

SHAPE 1 = Weibull shape parameter for the tensile strength data
used in the regression model for E-TL pairs, This
shape parameter should correspond to the lamination
grade used in the bottom lamination of the glulam
beam.

SHAPE2 = Shape parameter corresponding to the first lamination
from the bottom of the beam.

SHAPE3 = Shape parameter corresponding to the second
lamination from the bottom of the beam.

SHAPE4 = Shape parameter corresponding to the third lamination
from the bottom of the beam,

ZLOC1 = Weibull location parameter for the tensile strength data
used in the regression model of the E-TL pairs. This
location parameter should correspond to the
lamination grade used in the bottom lamination of
the glulam beam. The location parameter is
expressed in psi.

ZLOC2 = Location parameter corresponding to the first
lamination from the bottom of the beam.

ZLOC3 = Location pamrneter corresponding to the second
lamination from the bottom of the beam.

ZLOC4 = Location parameter corresponding to the third
lamination from the bottom of the beam.

FACTOR = This value is equal to (12/load span in feet).

Modulus of Elasticity Weibull Parameters:

FORMAT (3E10.4)

**Input as many cards as NLAMS

MU = Weibull location parameter for the laminate stiffness
distribution. The location parameter is expressed in
million psi.

SIGMA = Weibull scale parameter for the laminate stiffness
distribution. The location parameter is expressed in
million psi.

ETA = Weibull shape parameter for the laminate stiffness
distribution.

Regression Parameters:

FORMAT (3E10.4)

**Input as many cards as NLAMS

B0 = Estimate of weighted least squares regression parameter
b0.

B1 = Estimate of weighted least squares regression parameter
b1.

KREG = Factor multiplied by the independent variable to obtain
an estimate of the residual variance.
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Laminate Length Parameters:

FORMAT (2F10.3)

** Input as many cards as NLAMS

XI = Estimate of the lug-normal parameter corresponding to the
expected value of the natural logarithm of the laminate
length.

TAU = Estimate of the log-normal parameter corresponding to
the expected value of the variance of the natural
logarithm of the laminate length.

End Joint Tensile Strength Weibull Parameters:

FORMAT (3E10.4)

**Input as many cards as NLAMS

SIGJNT = Weibull scale parameter for the end joint tensile strength
distribution. The scale parameter is expressed in
thousand psi.

ETAJNT = Weibull shape parameter for the end joint tensile
strength distribution.

MUJNT = Weibull location parameter for the end joint tensile
strength distribution. The location parameter is
expressed in thousand psi.

Laminate thickness:

FORMAT (1F10.5)

**Input as many cards as NLAMS

THICK = Laminate thickness in inches

Example Problem

*MODE equals 0 or 1 if failure occurs at a laminate or finger joint, respectively.

**LTB equals 1 if lateral torsional buckling governs failure, and 0 if lateral torisional
buckling does not govern failure.
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Appendix B
User’s Guide and Program Listing
of Beam Strength Model

This computer program uses a Monte Carlo simulation scheme to
analyze the mechanical properties of glued-laminated beams under
two-point loading. The transformed section method is used to
calculate the ultimate moment carrying capacity, gross modulus
of elasticity, failure location, and failure mode of the glulam
beams. The failure location is measured in inches using the left
end of the beam as a reference point. The failure mode identifies
three items:

1. The lamination number which governs beam failure, The
laminations are numbered from top to bottom.

2. Whether a laminate or an end joint governs beam failure.

3. Whether an end joint occurs in the critical failure cross
section,

The input quantities are defined in the order that they are read
into the computer program. The following is a guide for inputting
these quantities.

Basic Parameters:

FORMAT (315, F10.5, D16,0, 3F10.2)

NLAMS = Number of laminations.
NINT = Number of tension laminations to be checked for failure.

NBEAM = Number of beams to be simulated.
BASE = Width of the beam.

DSEED = A double precision integer value in the exclusive range
(1, 2147483647). This value is used to seed the
random number-generating subroutines.

LBEAM = Length of beam in inches.
XC = Distance from the left end of the beam to the first point

load, measured in inches,
XXC = Distance from the left end of the beam to the second

point load, measured in inches.

Tensile Strength Transformation Parameters:

FORMAT (4F7.3, 4F9.2, F8.3)

SHAPE 1 = Weibull shape parameter for the tensile strength data
used in the regression model for E-TL pairs. This
shape parameter should correspond to the lamination
grade used in the bottom lamination of the glulam
beam.

SHAPE2 = Shape parameter corresponding to the first lamination
from the bottom of the beam,

SHAPE3 = Shape parameter corresponding to the second
lamination from the bottom of the beam,

SHAPE4 = Shape parameter corresponding to the third lamination
from the bottom of the beam.

ZLOC1 = Weibull loctition parameter for the tensile strength data
used in the regression model of the E-TL pairs. This
location parameter should correspond to the
lamination grade used in the bottom lamination of
the glulam beam, The location parameter is
expressed in psi.

ZLOC2 = Location parameter corresponding to the first
lamination from the bottom of the beam.

ZLOC3 = Location parameter corresponding to the second
lamination from the bottom of the beam.

ZLOC4 = Location parameter corresponding to the third
lamination from the bottom of the beam.

FACTOR = This value is equal to (12/load span in feet),

Modulus of Elasticity Weibull Parameters:

FORMAT (3E10.4)

**Inputt as many cards as NLAMS

MU = Weibull location parameter for the laminate stiffness
distribution. The location parameter is expressed in
million psi.

SIGMA = Weibull scale parameter for the laminate stiffness
distribution. The location parameter is expressed in
million psi.

ETA = Weibull shape parameter for the laminate stiffness
distribution,

Regression Parameters:

FORMAT (3E10.4)

** Input as many cards as NLAMS

B0 = Estimate of weighted least squares regression parameter
b o.

B1 = Estimate of weighted least squares regression parameter
b1.

KREG = Factor multiplied by the independent variable to obtain
an estimate of the residual variance,
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Parameters: Example Problem

Input:

Laminate Length

FORMAT (2F10.3)

** Input as many cards as NLAMS

XI = Estimate of the log-normal parameter corresponding to the
expected value of the natural logarithm of the laminate
length.

TAU = Estimate of the log-normal parameter corresponding to
the expected value of the variance of the natural
logarithm of the laminate length.

End Joint Tensile Strength Weibull Parameters:

FORMAT (3E10.4)

** Input as many cards as NLAMS

SIGJNT = Weibull scale parameter for the end joint tensile strength
distribution. The scale parameter is expressed in
thousand psi.

ETAJNT = Weibull shape parameter for the end joint tensile
strength distribution.

MUJNT = Weibull location parameter for the end joint tensile
strength distribution. The location parameter is
expressed in thousand psi.

Laminate Thickness:

FORMAT (1F10.5)

**Input as many cards as NLAMS

THICK = Laminate thickness in inches.

Output:

*MODE equals 0 or 1 if failure occurs at a laminate or finger joint, respectively

**NFF equals 0 if no finger joint occurs in the critical cross section, and 1 if a
finger joint does occur in the critical cross section.
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The Forest Products
Laboratory (USDA Forest
Service) has served as the
national center for wood
utilization research since
1910. The Laboratory, on the
University of Wisconsin-
Madison campus, has
achieved worldwide
recognition for its
contribution to the knowledge
and better use of wood.

Early research at the
Laboratory helped establish
U.S. industries that produce
pulp and paper, lumber,
structural beams, plywood,
particleboard and wood
furniture, and other wood
products. Studies now in
progress provide a basis for
more effective management
and use of our timber
resource by answering critical
questions on its basic 
characteristics and on its
conversion for use in a variety
of consumer applications.

Unanswered questions remain
and new ones will arise
because of changes in the
timber resource and
increased use of wood
products. As we approach the
21st Century, scientists at the
Forest Products Laboratory
will continue to meet the
challenge posed by these
questions.


