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Abstract
N

Properties of vertically laminated beams
were studied to determine the effects of
number and quality of component lamina-
tions on structural performance. Deter-
ministic and probabilistic analyses were
both used to show how performance varies
with number and quality of laminations and
with assumed loading parameters. Increase
in allowable stress with number of lamina-
tions, currently recognized as a constant ad-
justment for three or more laminations, was
significant for two-lamination beams as well.
This increase proved to be inversely related
to lumber quality. Results will be helpful to
organizations publishing engineering design
stresses in establishing a more efficient
design of vertically laminated beams.

Abbreviations Used

B = safety index
LVDT = linear variable differential transducer
MOE = modulus of elasticity
MOE = mean modulus of elasticity
MOR = modulus of rupture
MOR = mean modulus of rupture

N = number of laminations

SR = bending strength ratio
Q2 = coefficient of variation
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Introduction

Vertically glued, laminated beams are
designed with stresses developed following
ASTM D 245 (2).° This standard permits a 15
percent increase over single member bend-
ing stress for systems containing three or
more members, provided they are spaced not
more than 24 inches apart. This provision is
directed specifically at repetitive member ap-
plications in light-frame components, such
as roof or floor systems. However, it has also
been applied to vertically glued, laminated
beams consisting of three or more lamina-
tions. No provision is made in ASTM D 245
for two-lamination members and no further
factors are applied to members with more
than three laminations.

Hypothetically, the integral gluing of
pieces of lumber might provide greater ad-
vantages than recognized by ASTM D 245.
Also, the relative tensile strength of multiple
laminated members is known to be related to
grade, with lower grade lumber demonstrat-
ing greater advantages due to laminating
(19).

' Research conducted in cooperation with the American
Institute of Timber Construction (AITC).

1 Maintained at Madison, Wis., in cooperation with the
University of Wisconsin.

3 Numbers in parentheses refer to literature cited at end
of this report.
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The purpose of this study was to deter-
mine the strength and stiffness of vertically
laminated beams and to show their relation-
ship to number and quality of laminations.
This information should contribute to more
efficient design in vertically glued, laminated
beams.

Background

A number of studies of vertically
laminated beams have been made, but few
have attempted to determine beam strength
based on the mechanical properties of the
component lumber. Wilson and Cottingham
(20) suggested that the average strength ratio
of the individual laminations represents a
reasonable estimate of the strength ratio of
the beams. However, their results were lim-
ited to a few tests of four-lamination beams.

McAlister (10) determined that two No. 2
southern pine boards laminated together
were superior to No. 2 southern pine dimen-
sion lumber. In comparison with the dimen-
sion lumber, each of four systems used to
laminate the two pieces together—(1) no
fastening, (2) nailing with 6d common nails,
(3) gluing with phenol resorcinol, and (4) glu-
ing with neoprene-base mastic adhesive—re-
sulted in higher allowable stresses due to de-
creased variability.




Nemeth (13) derived an equation to pre-
dict strength of three-ply beams based on
knot distribution in single members. His
work, however, was iimited to one grade of
material and his derivation to beams of three
laminations. Bonnicksen and Suddarth (9)
compared single- and three-ply nail-lam-
inated beams as a means of introducing reli-
ability-based theory to wood design. Refer-
ence (9) demonstrates the increased reliabili-
ty of the three-ply members, but the study
was not concerned with lumber quality or ef-
fects of the number of laminations.

These reports (9,710,13) indicate depen-
dence of beam strength on both quality and
number of laminations. However, no attempt
has been made to define this relationship.

Research Materials

Eftects due to material quality as well as
to number of laminations were considered
here by using three laminating grades of
lumber and five beam sizes. The laminating
grades were selected using the bending
strength ratio (SR) (2) based on the maximum
allowable edge knot size given in the stan-
dard grading rules (75,78) as an index of
quality. Beam size categories inciuded a con-
trol group (single 2 by 6’s) and four beam
groups of two, three, four, and five lamina-
tions respectively.

The lumber used consisted of L1 Doug-
las-fir (SR = 0.60), N2D southern pine (SR =
0.47), and L3 Douglas-fir (SR = 0.26). In each
case, the material was selected at the lam-
inating plant where the beams were manu-
factured. Table 1 lists the sample sizes se-
lected for each grade. The smaller samples
of N2D southern pine resulted from an insuf-
ficient inventory at the plant where these
beams were fabricated. This slight modifica-
tion of the intended sample sizes, however,
had little effect on the sampling objective: To
provide 80 percent confidence that the lower

Table 1.—Number of samples

Total lumber sample  Specimens for each
(pieces 2in. x 6 in. Number of laminations

x 121t) P 2 3 8 9

Grade and species

L1—Douglas-fir 564 100 40 32 32 32
N2D0—Southern pine 512 80 36 30 30 30
L3—Douglas-fir 564 100 40 32 32 32

—

95 percent tolerance limit on modulus of rup-
ture (MOR) is within 10 percent of the true
population value (5).

Each piece of lumber was assigned to a
beam size category—and given an orienta-
tion and location in a specific beam—by us-
ing a random number schedule. Moisture
content was then determined using a power
loss meter, and the weight and modulus of
elasticity (MOE) were measured using an E-
computer. Finally, knot sizes and locations
were determined using the displacement
method described in section 5.3.4 of ASTM D
245 (2).

The lumber selected was 12 feet long
with no end joints. The laminating process
conformed to PS 56-73 (76). All beams were
surfaced to a uniform depth of 5-1/8 inches
and shipped to the U.S. Forest Products Lab-
oratory (FPL) by truck.

Research Methods

Research methods conformed to es-
tablished standards given in ASTM D 198
(4).

Conditioning

When the material was received at FPL,
moisture contents were determined with a re-
sistance-type meter. The Douglas-fir mea-
surements appeared to be close to those
taken in the field; thus, these beams were
tightly stacked and wrapped until they were
tested. The moisture content of southern
pine, however, was found to be slightly
higher than that measured in the manufac-
turing plant. To prevent a steep moisture gra-
dient from developing, these pine beams
were conditioned at 12 percent moisture con-
tent until time of test.

Procedure

The beams were tested in bending, us-
ing a two-point load on an 11-foot span. Load
heads were placed 22 inches either side of
midspan, and deflection readings included
load head movement as well as the midspan
deflection.

A special yoke was made, using clear
plastic sides, to hold the two linear variable
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differential transducers (LVDT's) used to
measure beam deflection. These transparent
sides permitted viewing fracture propaga-
tions during the test.

Before testing, each beam was marked,
measured, and weighed. Because the beam
failure sections were to be cut out and photo-
graphed after testing, orientation lines were
drawn at 2-foot intervals and identified as to
distance from the zero or numbered end. Sec-
tion dimensions were then measured at the
4- and 8-foot marks.

Each beam was placed on test supports,
and the special yoke was supported on nails
placed along the beam’s centroidal axis
above each reaction point. The main body of
the LVDT, which monitored beam deflection,
was permanently attached to the yoke and its
core arm extended downward to rest on a
hinged angle placed at the centroidal axis of
the beam. Lateral supports were used to
keep the single members vertically alined
during tests.

Test and recording equipment were ze-
roed using a 50-pound preload prior to each
test. The load was then applied at a rate to
cause failure of most specimens between 4
and 7 minutes. To prevent damage, the LVDT
measuring full-span deflection was removed
at about one-half the full scale load. The load
head LVDT remained connected to detect
any plastic behavior prior to failure. The test
was stopped when the machine load dropped
to 50 percent of maximum attained.

Notes were taken to record beam behav-
ior under load. These included loads at which
either audible or physical signs of distress
were first noticed, the appearance of com-
pression wrinkles, and estimates of the order
of failure propagation.

After the test, sections were taken near

the failure in each beam to determine
moisture content and specific gravity by the
ovendrying method.

Presentation and Analysis
of Results

Tables 2 and 3 summarize physical and
mechanical beam properties. Values listed in
table 2 include distribution parameters for
moisture content and specific gravity as well
as allowable knot sizes and SR’s determined
according to ASTM D 245 (2). The original and
adjusted mechanical property values are
given in table 3.

Moisture content variations were smal!
within any single group, but the differences
between groups were significant. Thus, for
purposes of analysis, values of MOR and
MOE were adjusted to a common value of 12
percent (3).

Types of Failure

Most beam failures appeared to begin in
tension. However, it was difficult to accu-
rately classify the actual initiating factors.
Many of the beams—more often for the
Douglas-fir—gave audible signs of distress
prior to any visual signs. Many beams also
displayed compression wrinkles. These
signs seemed to indicate continual stress
redistribution throughout the test.

In some beams, weaknesses such as
knots on the tensile or compressive face or
local grain deviations provided rather ob-
vious failure sources. However, in multiple
member beams an edge defect on one mem-
ber might be compensated by stronger, adja-
cent members. Failure types were classified
into the general categories of tension, com-

Table 2.—Physical properties of material used

Moisture content

Specitic gravity

Maximum allowable Bending strength ratio

Grade and species

Average Quc' Average Q56" edge knot size? from ASTM D 245
Pct Pct Pct Pct

L1—Douglas-tir 9.0 " 0.49 10 25 0.60
N20—Southern pine 1.5 14 .52 1 31 47
L3—Douglas-fir 8.3 12 47 9 50 .26

' 2 = coefficient of variation.

2 From standard grading rules.
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Table 3.—Summary of modulus of elasticity and modulus of rupture results

Modulus of elasticity

Modulus of rupture

Adjusted to 12 percent Adjusted to 12 percent

I';;r:miro:; ’:ge"(l:?;;:; Unadjusted values moisture content? Unadjusted values moisture content?
Mean @ Mean Q@ Mean Q Mean »
'mz?? Pct %’2’?7 Pct Lb/in? Pct Lblin.? Pct

L1—DOUGLAS-FIR
1 100 217 17.2 2.03 17.5 7,130 36.8 6,520 37.3
2 40 2.22 10.6 2.10 1.3 7,140 25.4 6,620 26.5
3 32 2.25 9.8 2.15 9.8 7.860 19.7 7.340 20.1
4 32 2.27 8.1 2.17 8.5 7,910 16.0 7.400 16.3
5 32 2.27 8.1 2.18 84 8,250 16.9 7,750 17.2
3+4+5 96 2.26 86 217 8.9 8,000 175 7,500 17.9
N2D—SOUTHERN PINE
1 80 1.74 216 1.69 21.8 5,600 38.0 5,420 38.8
2 36 1.69 13.6 1.68 13.2 6.050 21.0 5,990 21.0
3 30 1.82 13.1 1.82 133 7120 205 7.100 211
4 30 1.79 7.7 1.78 7.9 6,890 17.6 6,860 17.5
5 30 1.7 9.3 1.70 8.9 6,900 15.3 6.890 15.0
3+4+5 90 1.77 10.0 1.76 10.0 7.000 17.8 6,950 179
L3—DOUGLAS-FIR

1 100 1.61 23.6 1.50 24.0 3.910 51.8 3,520 52.6
2 40 1.84 13.8 1.73 143 4,980 319 4,550 324
3 32 1.77 10.0 1.67 10.3 5,070 14.1 4,660 14.2
4 32 1.84 79 1.72 8.3 5,080 16.1 4,700 16.5
5 32 1.76 7.9 1.67 8.0 5,140 17.3 4,740 17.8
3+4+5 96 1.78 8.6 1.68 8.9 5,100 15.7 4,700 16.2

' Q = coefficient of variation.
2 Adjustments according to ASTM D 2915, section 5.

Table 4. —Classification of beam failures

Number of Tension knots " Horizontal
laminations and deviation Comprossion shear
Pct Pct Pct
L1—DOUGLAS-FIR
1 82 15 '3
2 95 5 o
345 74 26 -
N20—SOUTHERN PINE
1 80 17 22
2 90 1" —
345 98 12 —
L3—DOUGLAS-FIR
1 92 8
2 97 3 -
345 100 0 -

' Three specimens failed at caiculated stresses of 90, 152, and
224 1b/in.?

? Two specimens failed at calculated stresses of 171 and 264
Ib/in.?

pression, and horizontal shear (table 4). The
appearance of a compression wrinkle was
taken to mean that the tensile edge must be
stronger than the compression edge; thus,
all beams displaying compression wrinkles
are placed in the failure category of ‘“‘com-
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pression.” Horizontal shear failures occurred
only in single member tests of L1 Douglas-fir
and No. 2D southern pine. The lowest value
calculated for maximum shear stress was 90
pounds per square inch. Inspection after
testing indicated that this may have been
due to the presence of end-grain seasoning
checks.

Modulus of Elasticity

Table 3 lists values for mean MOE and
the corresponding coefficients of variation
(©) for each test sample.

As was expected, the number of lamina-
tions (N) had no significant effect on average
MOE (i.e., MOE) values. However, the variabil-
ity decreased with an increase in N. This rela-
tionship is best represented by an averaging
model which predicts no change in mean
with a change in N,

h-ﬂo—_én = M_-OEl (1)

and an inverse relation between Q and the
square root of N,

Qv = Quon (V)
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The best estimate of Q,, based on the
single member MOE values, was 19 percent.
In all cases except the L3 singles, this model
provided estimates of the coeftficient of varia-
tion within 2 or 3 percent of actual values (fig.
1). For the L3 singles, the predicted 2 was 5
percent lower than the measured value.

A comparison of average MOE with the
MOE values published in AITC 117(7) for use
in design is shown in figure 2. The values
published in AITC 117 are applicable to mem-
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Figure 1.—Decrease in modulus of elasticity
variability with more laminations.

bers with two or more laminations and are
from two different editions of the standard
(the 1976 edition and a proposed revision).
The 95 percent confidence intervals on the
mean of these groups either contain the pub-
lished values or are quite close to them. If the
three-, four-, and five-lamination beams were
combined, the confidence interval would
contain the published value for the L1 and
N2D grade and exceed it for the L3. Thus,
MOE of the material was quite close to
average values published for the grade.

Modulus of Rupture

Average performance reflects general
trends in the data while near-minimum
strength forms the basis for present design
stresses. Thus, both average and near-mini-
mum strength will be discussed. New proce-
dures are being applied to structural safety
analyses that consider both load and re-
sistance functions as random variables.

I :95% CONFIDENCE INTERVAL
ON MEAN

—— : DESIGN VALUE FROM (1)

26 ~—-- :PROPOSED REVISION OF (1)
b T :ESTIMATES OF RANGE
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(M 146 724)

Figure 2.—Comparison of test values with design modulus of elasticity (7).
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These reliability-based design procedures,
described by Zahn (22), will also be used to
evaluate the data.

Average MOR

Average results together with their Q val-
ues are summarized in table 3. There was no
significant difference in the average strength
of three-, four-, and five-ply specimens but all
were significantly higher than the single-ply
ones. These results differ from what Bon-
nicksen and Suddarth (9) found for me-
chanically laminated specimens—i.e., that
the mean strength of one- and three-ply
specimens does not differ significantly.

Two-ply specimens of the highest grade
had strengths near the single-ply specimens,
while two-ply specimens of the lowest grade
resembled the group with three or more lam-
inations. Variability decreased significantly
with more laminations (fig. 3).

An empirical equation was developed to
describe mean MOR as a function of quality
(grade) and number of laminations using re-
gression techniques. Knowing the MOR of a
single ply sample, the mean MOR (i.e., MOR)
of a vertically glued, laminated sample would
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Figure 3.—Decrease in variability in modulus
of rupture with more laminations.
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be as follows:

MORy = (MOR) (N©) (3)

where MOR, = mean MOR for beams of N
lamination

MOR, = mean MOR for single

lamination beams
number of laminations

an empirical measure of
the influence of lumber
quality; ie., « = 0.329
(1-1.049 SR), where

SR = minimum bending strength
ratio of a single ply of a
certain grade according to
ASTM D 245 (2).

Using single member MOR values, the
following expression was developed to
model MOR;:

MOR, = MOR. (SR)" (4)
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Figure 4.—Comparison of mean modulus of
rupture values with those predicted by

equations (3) and (4). (M 146 717)
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where MOR. = predicted average strength
of defect-free material based on
ASTM D 245 (2) and adjustments
for size and method of loading.
For this study, MOR. was taken as
10,000 pounds per square inch for
both Douglas-fir and southern pine
of the size and loading method
used.
v = 0.81, empirically determined con-
stant.

Derived values are compared with actual
mean MOR values in figure 4. Using an
averaging model, the 2 was determined by

= Dy )
where

Qy = coefficient of variation of speci-
mens with N plies

2, = coefficient of variation of single-ply
members which averaged 36 per-
cent for the three grades.

The model and the data for Q are com-
pared in figure 3. This model also closely fits
the Q of one- and three-ply data obtained by
Bonnicksen and Suddarth (9).

Near-Minimum Strength

One method of assigning design
stresses to timber members is to determine
the near-minimum strength of a representa-
tive sample and then apply adjustment fac-
tors (3). Thus, different methods of predicting
near-minimum strengths can be evaluated by
applying the adjustment values in reverse to
the published design values. Generally, the
near-minimum minimum strength is as-
sumed to be near the fifth percentile of the
population (appendix Il).

Design values derived using standard
procedures for the three grades of materials
are given in table 5. Also included are es-
timated fifth percentile values for the test
data by three methods. The purpose of the
study was not to evaluate the appropri-
ateness of single member design values.
However, a comparison of the estimated
near-minimum strength with the actual data
showed a much larger portion of the single-

o — ———— e ———

ply pieces to be below the predicted value
than the 5 percent expected. As shown in
table 5 for the three grades, between 17 and
28 percent of the data were below, with the
higher percentage in the higher grades. This
suggests that significant adjustments are
needed if the visual grading, strength ratio
method is to accurately predict the lower
fifth percentile of single members. The
amount of adjustment needed is indicated by
the various estimates of the fifth percentile
listed. Tolerance limits estimated, assuming
a lognormal distribution, indicate that reduc-
tions of 30 to 40 percent are appropriate with
the higherreduction in the higher grade.

For two-ply members, the strength ratio
method for single-ply members was slightly
conservative in predicting the near-minimum
test value for the N2D- and L3-grade samples.
However, 18 percent of the L1 sample was
below the predicted level, and a 10 to 20 per-
cent reduction would be necessary to reach
the estimated near-minimum strength.

For specimens containing three or more
plies, the procedure for predicting near-
minimum strength values was close for the
L1 material and conservative for the N2D and
L3 material. Based on the iognormat toler-
ance limits, increases of 10 to 20 percent for
the N2D design values, and 70 to 80 percent
for the L3, would approach the actual fifth
percentile with estimated near-minimum
strength values.

One method of predicting the near-mini-
mum strength would be to use the model pre-
viously developed for predicting mean MOR
and the Q. An estimate of the fifth percentile
can be made by subtracting 1.645 times Q
from 1 and muitiplying this by the mean:

MOR,0s = (MOR) (SR") (N*) (1 - ‘—B—ﬁﬁ) (6)
V

where all terms are as previously defined.
Values thus calculated are compared

with actual values estimated by nonparamet-

ric and lognormal tolerance limits in figure 5.

Reliability-Based Analysis

The previous deterministic analysis con-
sidered the approach suggested by ASTM D
245 (2) to evaluate the design properties of
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Table 5. —Comparison of actual data with predicted near-minimum strength
Comparison with design values
Estimated Predicted Portion of

Estimates of ! St»higer_cieninilef

design  near-  specimens Nonparametric* _ Tolerance limits (75 pct confidence)*
Number of ~ stress'  minimun  less than Estimate  Percent of Normal distribution Lognormal distribution
Grade and species —— —
P plies strength?  predicted predicted Estimate Percent of Estimate Percent of
near- predicted predictec
minimum?
Lb/in? Lbhin? Pct Lb/in? Pct Lb/in? Pet Lb/in? Pct
L1—Douglas-fir 1 2.200 4620 28 2.570 56 2.250 49 2,930 63
2 2,210 4.650 18 3.930 85 3.400 73 3.920 84
3 2.550 5.350 12 4140 77 4.600 86 4,760 89
4 2.550 5.350 6 4,590 86 5.160 96 5,280 99
5 2.550 5.350 0 6.090 114 5.270 99 5.640 105
3+4+5 2300 4,830 4 4718 98 5.140 106 5.300 110
N2D—Southern pine 1 1.720 3.620 22 2.200 61 1.690 a7 2.370 65
2 1.740 3.640 3 3.680 101 3,670 101 3.950 109
3 2.000 4190 0 4.780 114 4,300 103 4,580 109
4 2.000 4,190 0 4,730 113 4620 110 4 880 116
5 2.000 4190 0 4,740 113 4,960 118 5.130 122
34445 *1.800 3.780 0 4820 128 4,750 126 4.950 131
L3—Douglas-fsr 1 820 1.720 17 1.290 75 270 16 1.210 70
2 820 1.730 2 1.560 90 1.850 107 2.160 125
3 950 1.980 0 3.530 178 3.430 173 3.570 180
4 950 1.980 0 3.390 171 3.260 165 3.430 173
5 950 1,980 0 3.490 176 3.170 160 3.380 171
34445 *900 1.890 0 3.520 186 3.380 178 3.400 180
ASTM D 245 procedures used with clearwood stress values of 3.000 and 3.500 Ibfin ? for medium grain and dense material
respectively for 12an deep unitormly loaded beams having a 211 span-to-depth ratio Values adjusted to conditions of test
Estimated design stress imes 2 1 as suggested by ASTM D 2915 (3)
All gata adjusted to 12 pct moisture content
' Values estimated using Lagrange interpolation (27) between nonparametric distribution function values (6)
* Factors for the multipie of the standard deviation to subtract trom mean taken from Natrella (12)
“ Published design values for members less than 12 in deep. AITG 117-76 (1). A slightly higher value of 2,400 Ib/in ? has been
proposed by AITC for L1 in a proposed revision
the test samples. This analysis used estab- where
lished factors to account for the chances of Ms = stress resulting from the mean im-

possible overload and for load duration. A

m i e
reliability analysis, on the other hand, con- N e foad iRduced

siders a joint distribution of the member M. = mztarr?shsﬂ)bﬁ of the sample being
resistance (R) and the imposed loading (S). “ Srsidemed

This enables the designer to have more con-
trol over the design safety, which depends
upon the type of loading and use of the struc- 0
ture. A more detailed discussion of reliabil-
ity-based design is given by Zahn (22).

Throughout the reliability analysis, the
following equation (derived in appendix 1), is
used to relate the load and resistance
distributions:

Qs = assumed coefficient of variation of
induced stress,

the coefficient of variation of MOR,
and

3 = the safety index desired.

The derivation of this equation assumes that

both the load and resistance are lognormally
distributed.

- Mg and Qg are material properties deter-

Ms = EXP [Ln(Mn) + Ln QLILL mined from tests and are known. Mg, Qg, and

* + 1 B are the three remaining variables, and the

purpose of subsequent analysis will be to ex-

- BVLN(QR? + 1) + 1) ] %) amine their interdependence. Selection of

the safety index, 3, is dependent upon the

desired reliability of the member to with-
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Figure 5.—Comparison of near-minimum
strength estimated from the data and
from equation (6). (M 146 719)

stand the imposed load. Possible values of 3
and how they might be assigned are given by
Zahn (22). The effect of changing both 8 and
s on the mean load-induced stress, Ms, was
first determined using the material proper-
ties previously discussed and equation (7).
Note that load induced stresses must be on a
5-minute basis because strength values are
based on a 5-minute test. Load-duration ad-
justments applicable to wood must be used
to extrapolate to longer load durations.

Stress produced by the average im-
posed load would vary with both g and Qg for
the grouping of three-, four-, and five-ply spe-
cimens of the three grades as shown in fig-
ure 6. This indicates the strong dependency
of the mean load on both the 3 and the Qs.
Similar information for the one- through five-
ply specimens is given in appendix I.

To evaluate the present design stresses
by this method, one further assumption
about the loading was required: Current de-
sign loads were assumed to be at the 90th
percentile of the loading distribution. Then,
the dependency of B upon Qs was deter-
mined; the published design stresses (table

5) were adjusted to a 5-minute loading (di-
vided by 0.62) to represent the load at the
90th percentile. Results are shown in figures
7, 8, and 9 for the three grades. The low
values of 3 (=2.0) for single-ply members
were expected, and reflect the unconser-
vative nature of stresses assigned to them.
The B for the three-, four-, and 5-ply group
tended to increase as grade decreased,
showing the greater benefit of laminating for
low grade lumber.

Next, specific values were selected for
both 3 and Qs to determine the 90th percen-
tile of the load-induced stress. This stress
might be interpreted as a ‘“safe” design
stress for these specific conditions. A
value of 3.0 was chosen as being applicable
to some use conditions where a vertically
laminated beam would be a single structural
component. As Qg of 0.40 was selected,
which is somewhat larger than suggested by
Zahn (22). This higher (s results in more
conservative ratios between the multiple-ply
and single-ply values (fig. 10). Also, these
ratios appear to change little for high«r
values of Q.

The 90th percentile of the load-induced
stress distributions for the three grades is
given in table 6. These values are obtained by
multiplying Ms from equation (7) by (1 +
1.282 x Q). This approach assumes that Mg
is the mean and Qs the coefficient of variation
of the parent population of induced stress.
To make valid comparisons with determinis-
tic design values (table 6, column 2), results
must be adjusted to a 10-year load duration
by the factor of 0.62. (For these adjusted
values, see column 4 of table 6.) As expected,
single member design stresses appear un-
conservative for all grades. Slight reductions
are suggested for design values for multipie
laminations of L1, while those of the N2D
grade were all close to published values. In-
creases suggested for the multiple lamina-
tions of L3(up to 49 percent)are somewhat
less than the 70 to 80 percent values in table
5. Note that different results would be ob-
tained for different values of g and Qs.

The purpose of this reliability-based
design analysis was to appraise the design
efficiency of the current recommended de-
sign stresses and also to compare results
with the deterministic analysis. In general,
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Figure 9.—Relative safety of current design
values versus load coefficient of varia-
tion for L3 Douglas-fir.
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the same trends were apparent by either

analysis.

Effect of Number of Plies
on Design

The effect of number of laminations is
apparent when design stresses for beams of
two or more laminations are expressed as
multiples of the single member values. Ta-
ble 7 shows that these ratios exceed the 1.15

“multiple member systems” factor

scribed in ASTM D 245 (2). However, their use
presumes that the near-minimum strength of
single-ply members is adequately known or
can be accurately predicted—a questionable

assumption if using present procedures.

No definite trend appeared for any in-
crease beyond three plies; the ratio for three-
ply members appeared to be higher than for
two-ply ones. For three or more plies, a ratio
slightly over 1.5 appeared applicable to the
highest grade, while a ratio between 2.5 and 3

appeared applicable to the lowest grade.

3 OR MORE PLIES

L3

N2D
Ll

bl 1

By

0.0 .l

il ol
£ .3 4 5 6 7

CIENT OF VARIATION

(M 146 716)

Figure 10.—Laminating effect at a safety index 3 = 3.0
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Table 6.—Comparison of results of reliability analyses with estimated design stress

Estimated design

Results of reliability analysis
for 3=3.0 and Q5 =0 40

Grade and Number of stress for (90th percentile)
species plies 10-year 5-minute 10-year Percent of
duration' test duration? design
stress
Lb/in? Lb/in? Lb/in?

L1 Douglas-fir 1 2.200 2.050 1.270 58
2 2.210 2.640 1.640 74

3 2.550 3,200 1.980 78

4 2.550 3.410 2110 83

5 2.550 3.530 2,190 86

B+4+5 2.300 3.370 2.090 91

N2D Southern pine 1 1.720 1.670 1.040 60
2 1,740 2.570 1.590 91

3 2.000 3.050 1.890 94

4 2.000 3.120 1.930 96

5 2.000 3.220 2.000 00

3B+4+45 1.800 3.120 1.930 107

L3 Douglas-fir 1 820 830 500 61
2 820 1.590 990 121

3 950 2.200 1.360 143

4 950 2.170 1.350 142

5 950 2.130 1.320 139

B+4+5 900 2.160 1.340 149

' ASTM D 245 procedures used with clearwood stress values of 3.000 and 3.500 Ib/in ? for medium grain and dense material
respectively. for 12-in -deep. uniformly loaded beams having a 211 span-to-depth ratio Values adjusted to conditions of test

’ Results of 5-min test multiplied by a load duration factor of 0.62

' Values for design stress obtained from AITC 117-76

Table 7.—Ratio of multiple lamination *‘design
stress’’ to that for single member

Conclusions

Bending tests on a sample of vertically
laminated members with up to five plies of

three grade (quality) levels revealed the

following:

Ratio
Number of Estimated
Grade and species plies fifth percentile  Reliability
using lognormal  analysis?
distribution’
L1—Douglas-fir 2 1.34 129
3 1.62 1.56
4 1.80 1.66
b 1.92 172
3+4+45 1.81 164
N2D—Southern pine 2 1.67 1.54
3 1.93 1.83
4" 2.06 1.87
5 2.16 1.93
3+44+5 209 1.87
L3—Douglas-fir 2 1.79 1.92
3 2.95 265
4 2.83 2.61
5 279 257
J+4+45 2.81 2.60

"ASTM D 245 procedures used with clearwood stress
values of 3.000 and 3 500 Ib/in ? for medium grain and dense
for 12-in -deep. uniformly loaded
beams having a 21 1 span-to-depth ratio Values adjusted to

material. respectively

conditions of test

? Results of 5-min test multiplied by a load duration factor

of 062
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1. Average MOE was not affected by

number of laminations. Also, average
values were close to design values
published for the different grades.

. Up to three laminations, mean MOR

increased with more laminations.
However, there was no significant dif-
ference between the average strength
with three-, four-, and five-ply mem-
bers.

. Variability in both the MOE and MOR

results decreases with more lamina-
tions as measured by the coefficient
of variation Q. The relationship could
be approximated using the inverse of
the square root of the number of lam-
inations (N) and values could be by

@ = 19 for MOE and @ = 38 for MOR.
VN VN




4. The near minimum MOR, which forms
the basis for present deterministic
design stress, was strongly affected
by N, with significant increases in the
level between one and two and be-
tween two and three plies. Small dif-
ferences between the three-, four-,
and five-ply specimens suggested
grouping them for design considera-
tions.

5. The near-minimum strength of single
members was considerably less than
predicted using ASTM methods. Ad-
justments of 30 to 40 percent are sug-
gested by both deterministic and reli-
ability-based methods.

6. Procedures for estimating the near-
minimum strength (and thus, for as-
signing design values of vertically
laminated members) were found to
vary in their conservatism depending
upon quality and number of plies. The
procedures when applied to two-ply
members were slightly unconserva-
tive for the highest grade and some-
what conservative for the lowest
grade. In addition, the procedures
when applied to three-ply members
were very conservative for the lowest
grade. It appeared that the lowest
grade of lumber could justify design
stresses up to 70 percent higher than
now used.

7. Structural safety analysis conducted
using reliability-based procedures
yielded results consistent with the
deterministic analysis of near-mini-
mum strengths.

8. Assuming known strength properties
of single members, thecommonly used
multiple-member factor of 1.15 is ex-
tremely conservative for two or more
ply members, varying from 1.5 for the
highest grade to over 2.5 for the low-
est grade.

—— e ———
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Appendix |. Reliability Model

The objective of a reliability analysis is to determine the probability of failure of a given
member or system through jointly considering the distributions of resistance to ioad (R) and the
imposed loads (S). For a structural component to fail, the load must exceed the resistance;
therefore, the probability of failure is

P, = P[R < S]orP[R-S < 0]

For this analysis, both load and resistance are assumed to be distributed lognormally. This
eliminates any consideration of values less than zero for load or resistance. The lognormal assup-
tion says that the logarithms of R and S are normally distributed. The notation used to describe
these variables will be as follows:

A\s = expected value or E [Ln R}
As = E[LnS)
wr? = var[LnR]
us® = var[Ln S|
Pi=P[LnR - LnS < 0]
Normalizing this equation yields

P' - P Lf‘lR e Lns —(XR o As)< "(XR ' )\5)
Voue? + ps? Vope! + s’
The left side of the bracketed inequality is normally distributed with mean zero and standard

deviation equal to 1. This is known as the standard normal distribution function and may be ex-
pressed as

Pi=6[-8]=1- 68
in which case f designates the standard normal probability distribution function and

Vour' + ps’
Using the following relationships
x|

Ln(M) — _“zl.

w' = Ln (R + 1)

Then, given a lognormal load distribution, and a specified coefficient of variation Qs and safety in-
dex j3, the mean value of the load distribution may be found using the expression

Q2 + 1

For this study, parameters for the resistance distribution, My and Q., were obtained from test
results. Various values of the safety index 3, depending upon the degree of safety desired, as well
as values for load coefficient of variation Qs were used in equation (I-1) in order to derive the
desired design load. Figures I-1 through I-5 indicate how design load values vary with reliability
level and load coefficient of variation.

M= Exp [Ln(M.,) +n VI 1 ga/iniee + 1)@ + 1)1] (1-1)
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Figure I-1.—Comparative reliability plots for single member beams at four safety levels (A-D) for
i three grades of material quality. Loads were applied parallel to the wide face.
i A Safety index 3 = 1.645 — reliability level = 0.9500
{ B Safety index 3 = 2.330 — reliability level = 0.9900 (M 146 712)
C Safety index 3 = 3.100 ~ reliability level = 0.9990
D Safety index 3 = 3.750 — reliability level = 0.9999
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Figure 1-2.—Comparative reliability plots for two lamination beams at four safety levels (A-D), for
three grades of material quality (Safety index values as for fig. I-1). (M 146 718)
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Figure I-3.—Comparative reliability plots for three-lamination beams at four safety levels (A-D), for
three grades of material. (Safety index values as for fig. I-1). (M 146 715)
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Figure I-4.—Comparative reliability plots for four-lamination beams at four safety levels (A-D), for
three grades of material quality. (Safety index values as for fig. |-1). (M 146 711)
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Appendix Il. Analytical Concepts
A. Estimating the Fifth Percentile from Test Results

The fifth percentile of a distribution has also been referred to as the lower 5 percent exclusion
limit. When some degree of confidence is associated with it, it is called the 95 percent tolerance
limit. It is the value that would be expected to be exceeded by 95 percent of all values of the
referenced population and is usually expressed in terms of the mean (X) and the coefficient of
variation, {:

Xos = X(1-KQ)
where

K = tolerance limit factor dependent upon sample size and degree of confidénce desired (12).

B. Estimating the Expected Near-Minimum Strength from Design Values

Design values for the different number of laminations of the three grades can be estimated
using procedures from ASTM D 245 (2) and a proposed ASTM standard for glulam timber. A clear-
wood design stress for medium grain Douglas-fir and southern pine will be assumed to be 3,000
pounds per square inch and dense material of the same species as 3,500 pounds per square inch.
These apply to 12-inch-deep beams at 12 percent moisture content with a 21:1 span-depth ratio.
For beams of a specific grade and size, the proper strength ratio and size factor must then be ap-
plied. Then, for beams of three or more laminations, single member values are increased 15 per-
cent (2).

Calculated design values are given in table II-1.

Table II-1.—Estimated design values for grades and species evaluated

Grade and Number of Clearwood Bending Size Multiple Design
aci lies design strength factor lamination stress
Species AL stress ratio factor
L1 Douglas-fir 1 3,500 0.60 1.048 1.0 2,200
2 3,500 .60 1.055 1.0 2,210
3 or more 3,500 .60 1.055 1.15 2,550
N2D Southern pine 1 3,500 47 1.048 1.0 1,720
2 3.500 47 1.055 1.0 1,740
3 or more 3.500 47 1.055 145 2,000
L3 Douglas-fir 1 3,000 .26 1.048 1.0 820
2 3.000 .26 1.055 1.0 820
3 or more 3,000 .26 1.055 1.15 950
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