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ABSTRACT . A red oak glued-laminated beam combination was developed to achieve a bending strength of 16.5 MPa
(2,400 psi) and a modulus of elasticity of 12.4 GPa (1.8 × 106 psi). Thirty beams of two sizes were evaluated to determine
the adequacy of ASTM D 3737 (ASTM, 1992a) procedures for prediction of glued-laminated beam design stress and
stiffness, and to verify the volume effect equation currently in use. Lumber properties were recorded prior to beam
manufacture for use in the ASTM D 3737 analysis. Data were analyzed using both knot data collected for each lamination
grade, and for the pooled knot data of combined lamination grades to increase knot data sample size. Beam data were
normalized to distinguish the difference in bending strength due to volume effect from the difference in bending strength
due to lumber properties. Beam strengths from pooled knot data were not normalized. Beam tests indicate that ASTM D
3737 can be used to satisfactorily predict the strength and stiffness of red oak glued-laminated beams, and that the
current volume effect model adequately predicts the behavior of red oak glued-laminated beams.
Keywords. Red oak, Glued-laminated beams, Strength, Stiffness, Volume-effect.

P rior research has determined the volume effect for
red maple and yellow poplar glued-laminated
beams to be similar to the volume effect for
softwoods and also showed that the design strength

and stiffness of the red maple and yellow poplar beam were
satisfactorily predicted using the procedures outlined in
ASTM D 3737 (Manbeck et al., 1993, 1994 Moody et al.,
1993). This research, which was conducted between
October 1993, and June 1994, was designed to determine if
the current volume effect model (eq. 1) can be used for
beams manufactured with red oak as well.
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The current specifications for hardwood glued-
laminated timber (AITC, 1985) limits hardwood glued-
laminated production to uniform lumber quality
characteristics, in terms of maximum knot size, throughout
the cross-section. This specification also requires more
restrictive slope of grain values (primarily in the core
laminations) compared to more conventional lumber grades
incorporated into softwood glued-laminated manufacture
(AITC, 1993). Application of ASTM D 3737 (ASTM,
1992a) procedures permits more efficient glued-laminated
sections to be developed from less restrictive material
qualities (i.e., no. 2 or lower grade lumber as core
laminations and mechanically sorted lumber for more
critical outer beam zones). The recent work with red maple
and yellow poplar has shown that the calculation
procedures used for softwood glued-laminated design
outlined in ASTM D 3737 may possibly be used for all
hardwoods. Data on a third hardwood species, such as red
oak, will add immeasurably to the hardwood glued-
laminated database and help generalize the procedures for
designing efficient hardwood glued-laminated beams. This
research is needed to continue the development of the
design specifications for hardwood glued-laminated
timbers by using the available lumber resources in a more
efficient and economic manner.

O B J E C T I V E S

The objectives of this research were to:
  Develop a red oak glued-laminated combination,

using a high percentage of no. 2 grade material, with
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a 16.5 MPa (2400 psi) bending design value and is
12.4 GPa (1.8 × 106 psi) design stiffness.
Determine if the volume effect model currently in
use for softwoods, yellow poplar. and red maple can
be applied 10 red oak glued-laminated beams.
D e t e r m i n e  i f  A S T M  D  3 7 3 7  p r o c e d u r e s
satisfactorily predict the bending design stress and
modulus of elasticity (MOE) of a red oak glued-
laminated beam.

M A T E R I A L S  AND M E T H O D S
An overview of the experimental plan and testing

procedures follows. Detailed procedures and analysis are
presented by Shedlauskas (1994).

The procedures outlined in ASTM D 3737 were used
with assumed knot properties to design an 8 lamination
(small beam group) and an 18 lamination (large beam
group) beam cross-section with target bending design
strength and stiffness of 16.5 MPa (2.400 psi) and
12.4 GPa (1.8 × 106 psi), respectively (fig. 1). Eighteen
beams with dressed dimensions of 76 × 305 mm × 6.1 m
(3.0 × 12.0 in. × 20 ft) and 12 beams with dressed
dimensions of 130 × 686 mm × 12.2 m (5.125 × 27.0 in. ×
40 ft) were planned. These two beam sizes were chosen to
provide a predicted strength difference due to volume
effect of approximately 15% assuming an exponent of
1/x = 1/12.5 in the volume effect factor (eq. l). The
exponent value (1/12.5) is approximately equal to the
value found for red maple and yellow poplar (Minbeck et
al., 1993: Moody et al., 1993). The relative placement of
these beam sizes on the CV versus beam volume curve is
shown in figure 2.

Lumber was graded following NELMA grading rules
(NELMA, 1991) to sort no. 2 grade material for fabrication
of the core laminations. During this grade sort, no. 2 and
better lumber was segregated from the core materials on
the  opt ional  bas is  of  edge knot  character is t ics  for
subsequent usc as outer laminations. No. 2 and better
lumber was further divided into two-edge knot categories
required for the outer laminations composed of E-rated
lumber. The E-rated categories includes lumber limited to
one-sixth and one-third edge knot restriction. All lumber
was kiln dried to approximately 16% moisture content.

After sorting for maximum permitted edge knots for
E-rated lumber requirements, the lumber was evalurated for
MOE properties. The beam layups required two outer and
inner beam lamination zones with 13.8 GPa (2.0 × 1 06 psi)
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and 12.4 GPa (1.8 × 1 06 psi) E-rated grades. Lumber was
graded using a Metriguard E-computer. A running average
was continuously monitored during selection to target a
final    average    MOE    value   for    the    lumber    to    meet    the    desired          
stiffness. MOE for the E-rated categories of 13.8 GPa
(2.0 × 106 psi) and 12.4 GPa (1.8 × 106 psi) was limited to
property values within an acceptable range (table 1). There
is an overlap of the MOE property values between the
E-rated lumber grades of each stiffness group designation
(table 1). Pieces of lumber which were acceptable for both
grades were distributed randomly between the two E-rated

grades. Prior to manufacture of the test beams, knot data
were collected from samples of each grade.

All test beams were manufactured in accordance with
current AITC standards at an AITC certified laminating
plant. At the time of manufacture, the location of each end
joint and the MOE (E-rating) of each piece of lumber were
recorded on a beam map. The beam map data were used to
evaluate the actual MOE values used in each stiffness zone.
Due to a planer setup error, the laminations in four of the
small beams were planed to a thickness of 33 mm (1.3 in.)
rather than the intended 38 mm (1.5 in. ) resulting in a beam
depth of 267 mm (10.5 in.) rather than 309 mm (12 in.)
depth specified. After gluing. the beams were planed to a
uniform width of 76 mm (3.0 in. ) for the small beams and
130 mm (5.125 in.) for the large beams.

All  beams were  inspected for  compliance wi th
ANSI/AITC A190.1 (ANSI, 1992). Tension laminations
were evaluated to classify each beam as having lO W,
medium, or high quality tension laminations. This is not an
ANSI/AITC A190.1 (ANSI, 1992) requirement, but was
done to achieve a variation in tension lamination quality
from those of minimal quality to those which greatly
exceed minimum requirements in the test beams. Quality
criteria were based on edge knot, center knot, and slope of
grain characteristics, and are summarized in table 2.

Beams were  tes ted  to  fa i lure  in  accordance wi th     
ASTM D 198 (ASTM, 1992b). The weight and dimensions
of each beam, as well as the moisture content of each
lamination were recorded. After testing, the failure mode
and pattern of each beam were recorded. Candidate failure
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R ESULTS AND D I S C U S S I O N

Results of the analysis of lumber and tension lamination
grade characteristics are given in tables 4,5,6, and 7. Knot
properties for tension lamination grades differed greatly
between the beam groups (table 4). Average knot size (x),
expressed as fraction of the cross-section occupied by
knots, for tension lamination material of the small beam
group was less than one-third the average knot size (x) for
tension lamination material of the large beam group (0.006
versus 0.022). Average plus 99.5 percentile knot size (x +
h) for the one-third knot grade of the small beam group
was approximately half that of average plus 99.5 percentile
knot size for the large beam group (0.053 vs. 0.112). The
differences are probably due to the limited knot data
sample size in these grades. Knot sizes for the no. 2 core
material were similar for both beam groups.

Rela t ive  qual i ty  of  the  tens ion laminat ions  are
summarized in tables 5 and 6 for both the small and large
beam groups. Five, 4, and 9 of the small beam group had
low, medium, and high quality, respectively; 5, 5, and 2 of
the large beam groups had low, medium, and high quality,
respect ively .  The smal l  beam group outer  tens ion
lamination qualities arc skewed toward the high quality end
(13 of 18, or 72%, rated as medium or high). The large
beam group outer tension lamination qualities arc skewed
toward the low quality end (10 of 12, or 83%, rated as
medium or low).

The results of the MOE lumber evaluation are listed in
table 7. ASTM D 3737 procedures were used to predict the
bending strength and stiffness of each beam group based on
the collected knot and MOE data. The results arc presented
in table 8. The predicted bending design strength of the
small beam group is 17.8 MPa (2,600 psi), compared to the
predicted bending strength of 15.8 MPa (2,300 psi) for the
large beam group. Predicted modulus of elasticity values
were similar [12.0 MPa (1.74 × 1 06 psi) for the small beam
vs. 12.2 MPa (1.77 × 106 psi) for the large beam].

Ultimate load data were used for the evaluation of the
volume effect and bending strength of the beam groups.
Evaluation of the small beam group involving the modulus

modes were tension in a strength reducing characteristic,
tension in clear wood, tension in an end joint, shear, or
compression.

Two approaches were used to analyze beam knot data:
(1) knot sizes were evaluated for each grade lumber used in
both the small beam and large beam group and (2) knot
sizes were “pooled” across lamination grade to increase the
knot data sample size. The actual mean modulus of
elasticity and knot size values for each grade for each test
beam group were determined and used in ASTM D 3737
based calculations to predict the bending strength and
stiffness of the test beams. Knot data were analyzed
according to USDA Technical Bulletin 1069 (Freas and
Selbo, 1954). Load test data were analyzed to characterize
the effect of volume on the strength of the beams. Finally,
the bending design stress and modulus of elasticity of the
test beams were compared to ASTM D 3737 predictions.

The MOE values obtained by using the E-computer for
lumber in the beams were recorded on beam maps during
manufacture. The MOE values were taken from these maps
and adjus ted  by  l inear  regress ion .  The  MOE of  a
representative sample of each grade was measured using
the long span static method with span-to-depth ratio greater
than 30 to 1 for all pieces. Test specimen orientation was
random with respect to beam layup. The MOE results from
the two methods were regressed to obtain a relationship
between the static and dynamic MOEs for the small and
large  beam groups . The regress ion constants  and
correlation coefficients for the relationship, MOE (static) =
A + B ( MOE (Dynamic) are given in table 3.

For each beam group, knot evaluation was required for
only three lamination grades—tension laminations, one -
third, and no. 2. Tension laminations refer to AITC 302-24
grade with one-sixth edge knot restriction; the 1/3 grade
refers to both the 13.8E (2.0)-1/3 and 12.4 (1.8)-1/3
lamination grades. The knot data for these two E-rated
grades were combined since both grades are limited to
having edge characteristics less than one-third the area of
the cross-section of a lamination. The original lumber
selection (sorting) based on knot characteristics was
independent of the MOE sorting of the lumber.
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of rupture required an analysis using a sample size of 14
beams as well as a sample size of 18 beams. The difference
in depth resulted in approximately a 0.02 m 3 (87 in.2.f t )
volume difference [0.11 m 3 (567 in.2.ft) versus 0.13 m 3

(654 in. 2.ft)]. The difference between the modulus of
rupture using the 14 versus 18 beam sample size was only
0 .1  MPa (11  ps i )  ( tab le  9) ,  (Shedlauskas ,  1994) .
Consequently, the MOR results reported herein are based
on the 18 beam sample for the small beam size group.
ASTM D 3737 calculations for MOE are based on the
number of laminations rather than the depth of the beam.
The effect of lamination thickness difference on MOE were
assumed small and a sample size of 18 beams was used for
MOE calculations. A summary of the load data, including
primary failure modes, is presented in table 9.

Based on test results, the mean modulus of rupture for
the large beam group was significantly smaller than for the
small beam group [46.0 MPa (6,670 psi) vs. 60.4 MPa

(8,760 psi)]. The mean beam MOE values were not
significantly different by size groups and ranged from 12.8
to 13.0 GPa (1.86 × 106 to 1.88 × 106 psi).

The first analysis approach was to use the actual
(as collected) knot data for each beam size group. The
effect of beam volume on the bending strength could not be
evaluated directly with the load test results in table 9. The
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difference in modulus of rupture was a result of both the
volume effect and the differences in lumber quality (Outer
tension lamination quality—tables 5 and 6; knot data and
MOE—tables 2 and 7) between the beam size groups
(fig. 3). Therefore, a normlalization process was used to
differentiate between lumber properties and volume effect.

To determine the effect of the variation of lumber
properties, ASTM D 3737 was used to predict the bending
design strength of both beam groups using the actual knot
and MOE properties of lamination grades (tables 2 and 7).
A theoretical bending design strength was found for the
small beam group based on both the small and large beam
group lumber data; similarly, a theoretical bending strength
was found for the large beam group based on both the
small and large beam group lumber data. The results are
summarized in table 10.

The normalized values in table 10 were assumed to
represent the bending strength for a sample with the same
statistical distribution as the actual load test results
(e.g., same COV, sample size, and probability leve1). A
theoretical modulus of rupture (MOR) was then calculated
based on the coefficients of variation and t-statistics of the
actual load test data corresponding to the lumber data used
for the ASTM D 3737 predictions (eqs. 2 and 3).

Sample calculations are presented by Shedlauskas
(1994). Adjusted mean MOR’s were calculated using a

sample size of 18 for the small beam group and 12 for the
large beam group. The differences between the adjusted
and actual mean MORs for a beam size estimates the
por t ion  of  the  bending s t rength  d i f ference  due  to
differences in lumber properties between the two beam
groups. The remaining difference is indicative of the
change in bending strength due to the volume effect
(fig. 3).

The adjusted mean MOR of the large beam group was
52.2 MPa (7,570 psi) compared to the actual mean MOR of
the small beam group of 60.4 MPa (8,760 psi). The
resulting difference is 8.2 MPa (1,190 psi) for the 18 beam
sample. Actual MOR for the large beam group was
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46.0 MPa (6,670 psi). The adjusted mean MOR for the
smal l  beam group was  54 .8  MPa (7 ,950  ps i ) .  The
difference was 8.9 MPa (1,280 psi). Results of t he se
analyses are summarized in table 11 and figures 4 and 5.
For all cases, the volume effect difference between mean
and adjusted mean MOR's was significant.

The volume effect was assumed to be described by
equation 1. The adjusted mean MORs for one size group,
as calculated by equation 3 and summarized in table 11.
were compared to the actual MORs for the other size group
for four cases (A, B, C. D). Case A and C represent the
analysis using a sample size of 14 for the small b e a m
group. Only cases B and D are presented here. A complete
analysis is detailed by Shedlauskas (1994). The exponent
(x), which describes the difference, was then calculated
using equation 4.

Figure 5-Comparison of the actual MOR of the large beam group to
the actual and adjusted MOR of the small beam group.

Case D: Adjusted mean MOR of small beam group
using 18 beams (MOR 4,18 ). compared to
actual  mean MOR of  large  beam group
(MOR 6).

The exponent values derived from these test data were
14.6 and 12.2 for cases B and D, respectively, with a mean
value of x = 13.4 (table 11). The exponent for the red oak
beams is greater than the value used for size effect (x = 9)
for solid sawn members (NFPA. 1991). However, the value
is very close to the values reported for red maple (x = 14.1)
and yellow poplar (x = 11.4) glued-laminated beams
(Manbeck et al., 1993, 1994; Moody et al.. 1993). The
exponent also compares favorably with AITC practice for
hardwoods (x = 15) and NDSR recommendations (x = 10 to
20) for glued-lamintited beams.

The bending design stress was calculated for each beam
group by calculating the mean modulus of rupture,
corrected for the volume effect by normalizing the data to
the standard size beam of 130 × 305 mm × 6.4 m (5.125 ×
12.0 in. × 21 ft.), and applying equation 2. Mean MORs
were normalized to the standard size beam by dividing the
calculated bending design stress by the value given by
equation 1, using an exponent of x = 13.4. lt was necessary
to correct each beam individually for volume effect
because beam dimensions within each group vary slightly
due to machining processes. Final results arc summarized
in table 12.

The actual calculated bending design stress for the small
beam group was 19.5 MPa (2,820 psi) compared to a
predicted value of 17.8 MPa (2,579 psi) giving an
actual/predicted ratio of 1.09 (table 12). Similarly, the
actual calculated bending strength for the large beam group
was 19.4 MPa (2,810 psi) compared to the predicted value
was 15.8 MPa (2,300 psi). The actual/predicted bending

(table 12). The actual bending design stress exceeded the
ASTM D 3737 predicted values for all cases.

beam group using the slope of the load deflection curves.
Analysis was performed in accordance with ASTM D 198
(ASTM, i984), and final results are listed in table 12.
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Ratios of actual MOE to predicted (1.08 and 1.05,
respectively, for small and large beams) were slightly
higher than published ratios for red maple (1.01)
(Manbeck et al., 1993) and yellow poplar (1.02)
(Moody et al., 1993).

The second analysis approach used combined (pooled)
knot data for certain lamination grades. Knot data samples,
by beam size and grade, were small (table 4) and may not
accurately reflect the actual population knot characteristics.
Thus, a comparison of beam strength and stiffness was
performed using pooled knot data. This procedure may
better reflect the characteristics of the laminating lumber.
Similar lumber grades of the small and large beam groups
in table 2 were combined to increase the knot data sample
size. In addition, the knot data for the no. 2 and the one-
third edge knot lumber were combined. The resulting knot
data are summarized in table 4. Theoretical bending design
strength and MOE were again calculated using ASTM
D 3737 and the combined knot data. The results are
presented in table 13.

Results from the pooled data indicate that both beam
groups should be classified as 16.5 MPa (2,400 psi) beams.
The bending design value for the small beam group
[16.3 MPa (2,360 psi)] rounds to 16.5 MPa (2,400 psi). The
calculated bending design value for the large beam group
[17.6 MPa (2.550 psi)] cxceeds 16.5 MPa (2,400 psi);
however, to achieve this design bending value, slope of
grain in the tension lamination is limited to 1:20. Lumber
was not initially sorted to meet this criteria (table 3). With a
slope of grain limitation of 1:18, the predicted bending
strength is 16.5 MPa (2,400 psi). The predicted MOE
values did not change when pooled knot dots were used
(table 12).

Based on the results using pooled knot data, the entire
difference between the observed beam bending strength of
the small and large beams (table 9) can be attributed to the
volume effect. Using a regression analysis of the beam
MOR data to calculate the volume effect, the best fit
volume effect exponent (x) (eq. 4) is 8.18.

The volume effect exponent value (x = 8.18) using
pooled knot data is close, but smaller than the value (x =
10) recommended for glued-laminated beams in the
National Design Specification for Wood Construction
(NFPA, 1991). The true value for x probably lies between
the values obtained using the actual (13.4) and pooled
(8.18) knot data in the analysis. Thus, the value
recommended in the NDS (x = 10) appears appropriate for
red oak glued-laminated beams.

C O N C L U S I O N S

The conclusions derived as a result of this research are:
Red oak glued-laminated beams, using a high
percentage of no. 2 grade material, with a bending
design value of 16.5 MPa (2,400 psi) and MOE of
12.4 GPa (1.8 × 106) are technically feasible.
ASTM D 3737 can be used to satisfactorily predict
the bending design stress and stiffness of red oak
glued-laminated beams. Bending strength values
predicted by ASTM D 3737 were less than or equal
to values calculated from load test data. Predicted
modulus of elasticity values were within 8% of
those calculated based on load test data.
The volume effect model used for softwood, red
maple, and yellow poplar glued laminated (eq. 1)
satisfactorily estimates the volume effect on the
bending strength of red oak glued-laminated
beams.
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