DESIGN oF GLUED LAMINATED TIMBER COLUMNS

By John J. Zahn'and Douglas R. Rammer’

ABsTRACT : The column design criterion adopted in the 1991 National Design Specification (NDS) contains
a parameter c that depends on homogeneity and straightness. The objective of this study was to determine
whether the improved homogeneity and initial straightness of laminated members are sufficient to justify a
more liberal c-value for glued laminated (glulam) compared with that of solid sawn lumber. For Douglasfir
and southern pine glulam columns of four laminations, laminating did not exert a significant effect on c. For
Douglas fir, the most likely value of cwas found to be 0.76 (probable range, 0.63-0.89). For southern pine,
the most likely value of cwas 0.83 (probable range, 0.78-0.87). These values do not differ significantly from
the value of ¢ = 0.8 adopted for dimension lumber. Therefore, we conclude that laminating does not exert
a dignificant effect on cin glulam of four laminations. However, the NDS column design criterion is still
conservative in the design value for compressive strength parallel to grain.

INTRODUCTION

In 1991, the National Design Specification (NDS) for Wood
Construction (National 1991) adopted the Ylinen (1956) col-
umn design formula, replacing the 4th power parabola that
had been in use, which was based on tests of large timber
columns (Newlin and Gahagan 1930). Modern tests of sawn
lumber showed the 4th power parabola to be unconservative
(zahn 1986). The new column formulain the 1991 NDS con-
tains a parameter c. If this parameter were adjusted to fit the
Newlin and Gahagan (1930) timber column data, it would be
0.97; if the parameter is fitted to modem lumber column data,
cwould be 0.8. The difference in performance has been at-
tributed to differences in material homogeneity and straight-
ness of members (Zahn 1991).

The objective of this study was to determine the extent to
which the performance of lumber under column loading is
improved by the effects of laminating the lumber into mem-
bers of at least four laminations. Although more laminations
may show a greater effect, four-lamination members are com-
mon in large timber trusses. The measures of performance
were crushing strength parallel to grain, buckling strength,
and the extent of interaction between these two failure modes.
The crushing strength was obtained from tests of very short
columns; buckling strength was inferred from the measured
modulus of elagticity; and the extent of interaction was mea-
sured by the fitted parameter c, which is affected by homo-
geneity, straightness, and plasticity.

The Ylinen (1956) column formula is a failure model that
contains three parameters. zero-length column strength, F;
buckling strength, F.; and an interaction parameter, c. If ¢
= 1.0, there is no interaction and the formula reduces to
pure crushing and pure buckling. For all real materials, ¢ <
1. The formula has been adopted for use in design by assigning
design values. F.and F, in place of F,and F_, respectively.
The value of c, however, is not reduced by any safety factor.
It is the same in both the failure model and the design model,
and it can only be measured by fitting the failure model to
mean failure data

'Retired; formerly, Res. General Engr., USDA Forest Service, Forest
Products Lab.. Madison, WI 53705.

’Res. General Engr., USDA Forest Service, Forest Products Lab.,
Madison. WI.

Note. Associate Editor: Dan L. Wheat. Discussion open until May 1,
1996. To extend the closing date one month. is written request must be
filed with the ASCE Manager of Journals. The manuscript (or this paper
was submitted for review and possible publication on November 28, 1994.
This paper is part of the Journal of Structural Engineering, Vol. 121, No.
12, December, 1995. ©ASCE, ISSN 0733-9445/95/0012-1789-1794/$2.00
+ $.25 per page. Paper No. 9679.

NEW COLUMN DESIGN CRITERION

In the current NDS (National 1991), a prime is used to
denote that the tabulated design value F, has been multiplied
by all applicable modification factors, such as load duration,
moisture content, and temperature. The resulting quantity is
called the “allowable design value .” The effect of slenderness
on the allowable design value is accounted for by one mod-
ification factor, the column stability factor, C,The slender-
nessratio 1 /d is limited to a maximum value of 50, in which
l.is effective length and d is the corresponding depth of cross
section in the direction of buckling.

The column stability factor C,is calculated from Ylinen's
(1956) formula

1 + (F../F2) 1 + (F/F2)\  FIF?
C = ——Zc—— - 2c T e O

in which F*% = tabulated compression design value multiplied
by all applicable modification factors except Cr < 1.0 and C,
(Cr is the compressive size factor for sawn lumber); F.z =
[K.eE'/(1,/d)*}; K.p = 0.3 for visually graded lumber; and
K. g = 0.418 for products with COV, = 0.11 (where COV
is coefficient of variation).

The 1986 NDS column design formula and the new column
design formula with several c-values are compared in Fig. 1.
The value ¢ = 0.97 nearly matches the 4th power parabola
of the 1986 NDS, whereas the value ¢ = 0.8, which was
adopted for solid sawn lumber, is considerably more con-
servative.

Fig. 2 shows the sensitivity of Ylinen’s (1956) formula to
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FiG. 1. Comparison of 1991 and 1986 NDS Column Formulas
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FIG. 2. Sensitivity of Ylinen's Column Formula to Value of Pa-
rameter ¢; Plotted at Point of Maximum Sensitivity

TABLE 1. Experimental Design

Width Depth Length Length/ | Sample

Species { mm [ in. { mm { in. m ft depth size

(1 @ (@@ 6|16 | D (8) 9

Douglas firj 110 | 4.25 | 150 | 6.00 | 0.30 i 0 88

1.37 | 4.5 10 48

1.68 [ 5.5 12 48

2.13 7 14 48

) 244 | 8 16 48
Southern

pine 75 | 3.00 { 140 | 550 | 0.30 1 0 17

1.83 1 6 12 9

130 | 5.00 0.30 1 o 15

1.83 6 12 5

2.13 7 14 8

274 | 9 18 13

335 1 an 22 17

3.96 | (13) 26 5

“These specimens were used to measurc zero-length column strength, F,.

the value of c, plotted for that slenderness at which the for-
mula is most sensitive, namely the slenderness at which the
Euler stress equals the compressive strength. The effect is
nonlinear. Increasing ¢ from 0.8 to 0.9 increases the allowable
column load by 10%, whereas decreasing ¢ from 0.8 to 0.7
results in a decrease of only 7%.

MATERIALS

All material was derived from the unfailed ends of previ-
ously tested large glued laminated (glulam) beams. Two spe-
cies were available: Douglas fir and southern pine. The Doug-
las-fir beams were larger and yielded most of the material for
this study. Irregular sample sizes were obtained from the
southern pine beams. Sample sizes are shown in Table 1.

All the column specimens came from the middle third of
the cross sections of the beams. The Douglas-fir laminations
were grade L3 (Standard 1995) and the southern pine lami-
nations were grade No. 2 (Sandard 1994). All members were
carefully inspected for evidence of cracks, and al suspicious
material was rejected. None of the column failures showed
evidence of association with prior materia failure. Thus, we
believe that these laminations, from the center cross sections
of outer beam ends. were unaffected by prior beam tests.

The Douglas-fir columns were 150 mm (6 in. ) deep and
110 mm (4.25 in. ) wide. The southern pine columns were 140
mm (5.5 in. ) deep and either 75 mm (3 in.) or 130 mm (5
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in.) wide. Individual laminations were 38 mm (1.5 in. ) thick
(Douglas fir) or 35 mm (1.375 in. ) thick (southern pine).

EXPERIMENTAL METHODS
Preliminary Tests

The Ylinen (1956) formula[(1)] reduces to F_ (compressive
strength) at zero length. In this paper, we call the zero-length
column strength F,. The 0.30 m (1 ft) members listed in Table
1 were tested in compression, parallel to grain, to obtain the
zero-length column strength of the material. Rigid plat-
ens were used as end supports, and the head speed was 1.0
mm/s (0.0392 in./s). The distinction between compressive
strength and zero-length column strength is further discussed
in the section titled “Results.”

The flexural modulus of elagticity, E, of each column was
obtained from a static bending test with loads applied at the
third points. Bending stresses were kept less than 3.5 MPa
(500 Ib/in.%). Load was applied in the strong axis direction
(perpendicular to the wide face of laminations), with the other
direction supported to prevent lateral buckling. The head
speed was sufficient to reach the desired maximum stress in
approximately 5 min. Note that E varied systematically with
the length of the member (Fig. 3), indicating a possible effect
of shear deformation on E. Had we used an overal average
E for each species, the inferred c-values would have been
lower than those reported here, (In Fig. 3, there is an in-
creasing error with a shorter length. )

Column Tests

All members were laterally supported at the third points
to prevent buckling in the weak direction. This simulated the
lateral support given to truss chords by the attached decking.
End supports were on rollers equivalent to a pinned-end con-
dition (Fig. 4). The head speed was equa to the length of
the specimen divided by 1,000 s.

Column tests were delayed until the results of al prelimi-
nary tests were available. Knowledge of E and F% alowed
the column length to be selected so that the Euler stress was
approximately equal to the crushing strength. This ensured
that the column tests would fall in the range where Ylinen's
(1956) formula is most sensitive to c. The column lengths
shown in Table 1 were deemed suitable to determine c.

Exploratory testing of scrap materia revealed that dith-
ering was necessary. Dithers are vibrators that supply the
energy needed to break static friction. Under a heavy axial
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FIG. 3. Average Measured Modulus of Elasticity as Function of
Member Length for Douglas Fir
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load, the rollers in the end supports (Fig. 4) would sometimes
lock up. If the member were centered very accurately and its
cross sections had good material symmetry, enough rolling
friction could develop to make the test behave like a test of
square ends on rigid platens rather than a test of simple sup-
port. Friction between the specimen and lateral supports could
also have been a factor to prevent buckling. During these
exploratory tests without dithering, the column load would
often exceed the Euler load (Fig. 5) and, in rare cases, it
reached nearly as high as F,.

For simply supported columns, the Euler load is always an
upper bound on the real column capacity. Further, in real
structures the end condition is more like that of simple
support than that of a rigid platen. Therefore, a vibrator
was attached to the bottom support to prevent the rollers
from locking up. This gentle vibration was also sufficient to
break static friction at points of lateral support. Dithering
eliminated al occurrences of loads in excess of the Euler
load.

RESULTS
Compressive Strength Tests

Mean zero-length column strength values, (F, were in-
ferred from AITC 117-93 (Sandard 1993), the published de-
sign values, asfollows. According to the ASTM D3737 (San-
dard 1994a) standard. multiplying the published design stress
by 1.9 should give the 5th percentile strength. Assuming a
normal distribution, the mean can be inferred from the 5th
percentile by the following relation:

5th percentile
1 - 1.645 COV

Data from the in-grade program (Green and Evans 1987)
suggest that the COV of compressive strength is approxi-
mately 0.20 for No. 2 Douglas fir and 0.16 for No. 2 southern
pine. The column specimens as tested had laminations that
were all of one grade. The results were compared to axial
combinations listed in AITC 117-93 (Standard 1993): No. 1
and No. 47 axial combinations for Douglas fir and southern
pine, respectively. Values for design stress in compression,
parallel to grain, for these combinations are 10.7 MPa (1.55
x 10°Ibfin.?) for Douglas fir and 13.1 MPa (1.90 x 10°Ib/
in.”) for southern pine. Therefore, (2) gives the estimated
mean compressive strength of L3 Douglas fir as

03

mean =

__ 10709 _ -
Fo = T reas03) = 203 MPa (4390 Ib/in.5)  (3)
and that of No. 2 southern pine as
_ 13109 -
Fo = T T eas0.16) ~ J0-2 MPa (5:840 Iblin.5)  (4)

The mean vaues of zero-length column strength, F,, are
shown in Table 2 along with their COV values and the esti-
mated mean compressive strength, F . Table 2 also shows
low and high values of measured strength, F,, obtained from
the mean plus or minus one standard deviation. In al cases,
experimental results exceeded the adjusted estimated mean
compressive strength (F,,values. This phenomenon was a
direct result of test methods used to determine F,and F,.

Current published parallel-to-grain compressive strength
(F,) valuesignore both the length effect and laminating effect.
Consider first the length effect. The F value is based on
lumber strength values derived from either tests of short mem-
bers with the worst defect (based on grading rules) or tests
of long members laterally supported at 0.30 m (1 ft) intervals
(Standard 1994b). In either case, the strength is governed by
the worst defect. However, random shorter members have a
smaller likelihood of containing a defect and are inherently
stronger. Length effects of this type have been previously
observed loaded in tension. Studies by Showalter et a. (1987)
showed that shortening a test specimen from 3.05 m (120 in.)

TABLE 2. Results of Short-Block Compressive Strength Tests

Test F, (MPa) Fop

num- Ib/sq in.

Species| bers Low® Mean Hight [COV [MPa| x 10°
(1) (2) (3) (4) (5) 6y | (M (8)

Douglas
fir 88 |37.4 (5.43)°143.5 (6.31)49.5 (7.18)70.139| 30.3 4.39
Southern
pine 35 }45.2 (6.56)<{50.4 (7.32)55.7 (8.08)10.104 | 40.2 | 5.84

“Mean minus one standard deviation.
®Mean plus one standard deviation.
Ib/sq in. x 108
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TABLE 3. Effects of Laminating on Mean, 5th Percentile, and De-
sign Values*

Percent Change in

Compression Strength|  AITC Design
from Laminating Values®
Grade and 5th per- Ib/sq in. | Ratio to
species Mean® centilec | MPA x 10° | design®

(1) & &l 4 {5) (6)

L3 Douglas fir +24(=9) + 61 8.27 1.20 1.47
No. 2 southern

pine +13(=8) +28 7.92 1.15 1.65
No. 2 southern
pine (1.6E) +11(=5) +21 7.92 1.15 1.83

“sMoody (1981).

*Values in parentheses are for 95% confidence interval.

“Calculated assuming normal distribution with 75% confidence at 5th
percentile.

9Values given in AITC-93 assuming medium grain.

<5th percentile values’l.9 divided by AITC design values.

TABLE 4. Results of Tests on Modulus of Elasticity

Measured Mean Design Mean*
Ib/sq in.
Species GPa x 10° cov MPa b/sq in.
(1) 2) (3) 4) (5) (6)
Douglas fir. L3 9.09 1.32 0.175 10.3 1.5
Southern pine.
No. 2 10.0 1.52 0.133 9.65 1.4
“Standard (1993).

to 0.62 m (30 in. ) increased tension, parallel to grain, by at
least 16%.

The laminating effect also increases strength. Where de-
fects do occur. they are locally reinforced by defect-free ad-
jacent laminations. Moody (1981) investigated laminating ef-
fects on long compression specimens constructed with various
grades of Douglas-fir and southern pine laminating material.
In comparing the parallel-to-grain compression strength of
single members and two-ply laminated members, Moody (1981)
concluded that laminating significantly increases compressive
strength. Not only was the mean strength increased, but the
coefficient of variation was reduced, resulting in a substantial
increase in design values. Table 3 lists the percent change in
mean strength and 5th percentile values, American Institute
of Timber Construction (AITC) design values, and design
ratios, which indicates how much design values would be
increased by taking the laminating effect into account. In all
cases, the design values could be increased at least 50%.

In this study, the zero-length column strength F,, was ob-
tained from tests of a0.30 m (1 ft ) laminated column without
visibie defects. Therefore, F,values were significantly greater
than the estimated mean compressive strength values (F,)
obtained from published alowable values because of length
and laminating effects

Modulus of Elasticity Tests

Measured modulus of elasticity values of the tested columns
are shown in Table 4. Published values (design mean values)
are shown for comparison. The published modulus of elas-
ticity values of glued, laminated (glulam) members with four
or more laminations is 10.3 GPa (1.5 x 10°Ib/in.?) for L3
Douglas fir and 9.0 GPa (1.3 x 10°lb/in.*) for No. 2 southern
pine (Standard 1993).
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Column Tests

For each column, width b. depth d, length |, and failure
load P were recorded. Column strength fand Euler stress
F., were calculated as follows:

P =’ Ed?
f=%a = 1o

All data for a given species were plotted on a single figure
of f/IF,versus V F,/Fg [that is, (lI/lwd)V12F,/E]. The scatter
on such a figure shows the variability in f, but it does not
reflect the variability in F,and F_(Figs. 6 and 7). These
figures show the best-fitting Ylinen (1956) formula for com-
parison, with c obtained by nonlinear least squares. Most
likely c- values for Douglas fir and southern pine are 0.76 and
0.83, respectively. Standard error of the c- values was 0.015
for Douglas fir and 0.024 for southern pine.

To show the influence of F,on c, a least-squares fit was
conducted assuming F,values of plus or minus one standard
deviation from the mean (Fig. 8). In Fig, 8. solid circles rep-
resent mean values and open circles represent a one standard
deviation shift of F,. A smaller value of F increases the fitted
vaiue of ¢ and vice versa. For Douglas fir, probable c-values
lie within a range of 0.63-0.89; for southern pine, probable
c-values lie within a range of 0.78-0.87. The influence of
modulus of elasticity on cis shown in a similar way in Fig.

(5. 6)

1.2

——= C=076
* *  Douglas-fir, mean F

[ ]

1.0 .

0.8

0.6

04

Column strength ratio, fIF

0.2

0.0 -
0 1 2 3

(1 /nd) V(12F [E)

FIG. 6. Resuits of 192 Dougias-Fir Column Tests, Based on As-
sumption that F, = 37.4 MPa (Mean Value)

1.2
- C=0.83

w® 1.0 * southern pine, mean F
=3
g
T 08
=
4
o 06+
»
c
E o4
©
(8]

0.2 —

0.0 L L

0 1 2 3

(1,/xd) ¥ (12F JE)

FIG. 7. Resuits of 89 Southern Pine Column Tests, Based on As-
sumption that F, = 50.4 MPa (Mean Value)



1.2
- (a) —— ¢ =0.63 (F,= mean plus std. dev.)
1.0 — — ¢=0.76 (F = mean)
A NN ¢ = 0.89 (F = mean minus sid. dev.)
= ®  Dougias-fir
£ 08
4
£ -
g 06
2 !
# L
c . e
E 04
(& .
02+ \\\
L
0.0 L ! " | N
0 1 2 3
(|°/1td) v (12F°/E)
12
(b) — ¢ =0.78 (F,= mean plus std. dev.)
— = ¢ =083 (F, = mean)
w® ] TN, ¢ = 0.87 (F,= mean minus std. dev.)
? @ Southem pine
§
£
o
€
@
@ A
E oa|
2
<}
Q
02+ .
‘\
0.0 . | . ! N
0 1 2 3

(1,/xd) V(12F JE)

FIG. 8. Eftect of Variability in F, on Fitted c-Value: (a) Douglas-
Fir Columns; (b) Southern Pine Columns

9. Again, c was fitted by least squares and E was varied by
plus or minus one standard deviation. The variabilities in F,
and E have approximately the same effect on c. (In both Figs.
8 and 9, the marker size is congruent with the sample size.)

Implications for Column Design

The c values obtained here for glulam do not differ signif-
icantly from the value of ¢ = 0.8 adopted for dimension
lumber in the current NDS (National 1991). Therefore, we
conclude that laminating does not exert a significant overall
effect on cin the glulam of four laminations. This result is
most evident in Fig. 10, in which sample averages of both
species are plotted with Ylinen's (1956) formula at ¢ = 0.8.
In this figure. the relative size of the southern-pine samples
is indicated by a relative marker size. (In Fig. 10, the solid
line is the current failure model for lumber.)

This result was not anticipated. The value of ¢ = 0.9 in
the current NDS (National 1991) was chosen in the belief that
glulam would have a higher c-value than dimension lumber
because of its greater homogeneity and improved straight-
ness. We now believe that the laminating effect on cis the
product of two effects: improved homogeneity, which in-
creases c. and the laminating effect on strength. which de-
creases c. The laminating effect on strength is caused by in-
creased plagticity; that is, by the fact that the increased failing
stress exceeds the proportiona limit. The two effects are es-
sentially equal and opposite, resulting in a c- value for glulam
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that is approximately equal to the c-value for the dimension
lumber from which it is made.

The current NDS (National 1991) has not been unsafe. It
is conservative at al column lengths, in spite of having a too-
liberal value of ¢ = 0.9, because the design value of F._is
conservatively low as aresult of not taking into consideration
laminating and length effects on compressive strength.
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CONCLUSIONS AND RECOMMENDATIONS

For glulam columns with only four laminations. laminating
exerts only a small effect on c. This study showed that the
most probable value of ¢ for glulam with four laminations
was 0.76 for Douglas fir and 0.83 for southern pine, with the
larger F values. This result is in general agreement with the
value c = 0.8 adopted for lumber. Additional laminations
may show more of an effect, but it would be awkward to use
a different failure model (i.e., assign a different c- value) for
different numbers of laminations. Further, four laminations
is a common construction.

Laminating may exert an effect on the compressive strength,
F., as suggested by the large difference between measured
F,and the design mean inferred from the published F..

These data show a small difference in ¢ between Douglas-
fir and southern pine glulam, but it does not appear to be
significant. Small differences in c are difficult to measure
experimentally. and it would be awkward to assign c¢ according
to species in design.
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APPENDIX Il. NOTATION
The following symbols are used in this paper:

b = width of cross section;
Cr. C» = modification factors in the 1991 NDS;
¢ = Ylinen parameter;
d = depth of cross section;
E = modulus of elasticity;
F. = compressive strength;
F.. = allowable buckling stress in the 1991 NDS;
Fe = Euler stress;
F, = zero-length column strength;
f = column strength;
K_r = reduction factor on £ in the 1991 NDS;
i, i, = length of simply supported columm, or equivalent

length; and
P = column capacity.
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