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SUMVARY

In this paper, existing lanination and beam test results are analytically reviewed to
quantify the lanminating effect for European and North American glued-lamnated (glulam
tinber. Estinates are made of the nagnitude of the laminating effect, and relationships
are presented to describe its character based on an evaluation of beam and |am nation
test data.

| NTRODUCTI ON Simlarly, a laninating factor can be
calculated for the effect of finger

An inportant characteristic of glulam joints by conputing the ratio of the

manufacture is that the bonding of |am - bending strength of a population of

nations nmay result in beanms of greater glulam beans (failing at finger joints)

strength than the single laninations from to the tensile strength of a popul ation

which they were constructed. An increase of finger joint specimens, as follows:

in strength is of significant inportance

because quality control neasures used to A= fp,g1/fc, £5 (2)

determ ne necessary lamnation quality

are dependent on its magnitude. where f; ¢; is the nean tensile strength

of a population of finger joints.
The objective of this paper is to discuss

the laninating effect and quantify its Because characteristic strength values

magni t ude based on both European and (typically lower 5th percentiles) are

North Amrerican lanination tensile used to establish design values for

strength and glulam beam bending strength glulam there is a need to determne a

dat a. laminating effect at this characteristic
strength level. Deternmining characteris-

FUNDAMENTAL  CONCEPTS tic strength values from a popul ation of
test data can be directly determ ned

As described in Falk and Colling (1993), using a characteristic form of Equa-

the lanminating factor is typically com tion(l):

puted by determining the ratio of the

ultimate bending strength of a popul ation A = fp,g1,k’fr, lam, k (3)

of glulam beans to the tensile strength

of a population of |amination |unber, and where fp o | s the characteristic bend-

is given the synbol I: ing strength of a population of glulam
beams, and f{ |amk IS the characteristic

A= fp,g1/fc, 1am (1) tensile strength of a population of Iam-

nation lunber. The subscript k refers to

where f, , is the nmean bending strength characteristic.

of a porit?l ation of glulam beans, and

ft,1am is the nean tensile strength of a Lami nation and beam test results suggest

popul ation of lam nation |unber. that the apparent strength increase due
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to the lanination effect is a sunmmation
of separate, although interrelated physi-
cal effects; sonme of which are effects of
testing procedure and others which are
due to the lamnation bonding process.
These include (1) an effect of tension
test procedure, (2) defect reinforcenent,
and (3) an effect of dispersion and are
represented by Ktest, Kreinf, and kgijsp.
respectively. These factors are described
in detail in Falk and Colling (1993).

EXPERI MENTAL AND SI MULATED DATA ANALYSI S

Beam and |anmination test data as well as
results of conputer sinulated beam
strengths were evaluated to quantify the
magnitude of the lamnating effect. This
analysis focused on the lamnating effect
computed from lanmination |unber strength
(not finger joint strength) and beans
exhibiting wood failures (not finger
joint failures). Both European and North
Anerican lunmber lamnation and beam
strength data were considered.

Al though considerable experimental beam
test data are available for both European
and North American glulam relatively few
studies include information on |amnation
tensile strength. For this paper, only
beam data were considered for which ap-
propriate lamnation tensile strength
data could be found.

A finite-element-based conputer nodel
devel oped in Germany for the analysis of
glulam beans, referred to as the
"Karlsruhe Mbdel,"” was used in our study
to supplement the European beam test data
by simulating the strength of European
manuf actured glulam beanms (Ehlbeck et al.
1985, Colling 1988, 1990b). This nodel
utilized statistical input on the proper-
ties of the lamnations and finger joints
of glulam beams (lunmber density, nodulus
of elasticity (MX), and strength) to
predict the strength and stiffness of
beans of various |ayups.

Li kewise, a conputer analysis nodel de-
veloped in the United States, referred to
as PROLAM (PRObabilistic modeling of

LAM nations), was used to sinulate the
strength of North American glulam beans
(Hernandez et al. 1992). This nodel used
distributions of the nmechanical proper-
ties of lamnating stock (long-span MXE
and short-span tensile strength) to

determine the nechanical. properties of
the glulam beans.

Adjustnents to Experimental Data

In addition to adjusting all experinmental
test data for noisture content and | oad-
ing configuration, adjustments were nade
for nenber size. The European experinen-
tal beam data were adjusted by multiply-
ing the determned bending strength val-
ues by the following factor:

Kn,q1 = (h/600)0-2 (4)

whi ch adjusts beam strength to a depth
(h) of 600 mm (24 in.) (Comte European
de Normalisation 1993). 'The |lunber ten-
sile strength was adjusted to a common
width using the following (Conmte Euro-
pean de Normalisation 1991):

K tam = (w/150)0-2 (5)

For the North American data, the follow
ing volune equation was used to adjust
beam strength data to a common size (AITC
1991).

Cy = (5.125/wm0 1 2/ 0121/ 01 (6)

Equation (6) references a beam 5-1/8 in.
(130 mm in width (w), 12 in. (300 M)

deep (d) , and 21 ft. 16.4 m in length
(1).

European Data

Table 1 is a summary of test data and
lam nating factors conputed from test
data for European glulam Bending tests
were perfornmed by Larsen (1982) on a
total of 144 glulam beans (233 mm

(9.2 in.) in depth) representing 33 dif-
ferent beam |ayups. By conparing nean
tensile strength values of the Iam na-
tions with the mean bending strength
values of the glulam beans, a lam nation
factor | was calculated for each beam
type. Values of | were found to increase
with decreasing grade and ranged from
1.06 to 1.30.

Tests by Gehri (1992) estimated both |
and |, based on 35 tension tests of high-
stiffness lamnations and 8 bending tests
of 500-mm (19.7-in.-) deep glulam beans.
The results indicated | = 1.12 and

lk = 1.56.
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Tabl e | -European beam data and conputed |am nating factors

Source and fe.lam, 052 ft,lam,50% fb,gl,05° fb,g1,50°
lamination Beam c}epth (MPa (MPa (MPa (MPa
grade (mm (in.)) " (1p/in2))  (lb/in?)) (1b/in2)) (1b/in?)) M A
Larsen (1982)
T400+ 233 - 52.6 - 55.7 - 1.06
(8.2) (7,623) (8,072)
T400 233 - 36.1 - 41.1 - 1.14
(9.2) (5,232) (5,957)
T300+ 233 - 41.4 - 47.9 - 1.16
(9.2) (6,000) (6,942)
T300- 233 - 24.7 - 27.7 - 1.12
(9.2) (3,580) (4,014)
Ucl+ 233 - 31.7 - 40.2 - 1.27
(9.2) (4,594) (5,826)
Ucl 233 - 22.5 - 26.0 - 1.16
(9.2) (3,261) (3,768)
Ucl- 233 - 21.3 - 27.8 - 1.30
(9.2) (3,087) (4,029)
Gehri (1992)
500 32.0 50.0 50.1 55.9 1.56 1.12
(19.7) (4,638) (7,246) (7,261) (8,101)
Falk (1992)
C30 300 18.7 30.4 29.8 38.4 1.59 1.26
(11.8) (2,710) (4,406) (4,319) (5,565)
c37 300 23.6 37.0 34.3 45.5 1.45 1.23
(11.8) (3,420) (5,362) (4,971) (6,594)
€37/30 300 23.6 37.0 34.1 42.3 1.44 1.14
(combined) (11.8) (3,420) (5,362) (4,971) {6,130)
4adjusted to 150-mm width per Equation (5).
bAdjusted to 600-mm depth per Equation (4).
Recent testing by Falk et al. (1992) the Karlsruhe nodel (Gdrlacher 1990,
provided estimates of | and |, for Norwe- 1992). Figure 1 indicates a strong |inear
gi an-produced glulam For honmbgeneous relationship between the lanination ten-
beams constructed of C30 tension |am na- sile strength and the beam bending
tions, | = 1.26 and |y = 1.59. Use of strength. Note also that the results of
higher grade C37 laninations in a honoge- the Karlsruhe nodel simulation followed

neous layup resulted in | = 1.23 and

|k = 1.45. The C37 grade used as the
outer lamnations in a conbined |ayup
results in beans with | = 1.14 and | =
1.44. This investigation, which was based
upon several hundred lamnation and beam
bending tests, confirned a decreasing
lamination effect with increasing |amna-
tion quality and a greater |amnation
factor at the 5th percentile level than
at the nmean strength |evel.

To illustrate the results of our analysis
graphically, the experimental beam data
are shown in Figure 1. Note that these
results were conbined with data from
Colling (21990a, 1990b) and Colling et al.
(1991), which were a mxture of GCerman
test data and simulation results using
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the same trend as did the experimentally
tested beans. Data from Table 1 are plot-
ted in Figure 1 and can be described by
the following regression equation (in
MPa) :

fp,g1,k = 7-35 + 1.12 « f¢ qanm,x  (7)

with a coefficient of correlation
r = 0.945, or by using Equation (3)

}"k = 1.12 + 7'3/ft,lam,k (8)

This relationship indicates a range of |
of 1.4 to 1.9 for lamnnation tensile
strength (5th percentile) ranging from 10
to 30 MPa (1,450 to 4,350 Ib/in%), wth
the highest value of Ik corresponding to
the lowest strength val ue.
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Figure |-European glulam data.
Considering the test results of Falk et
al. (1992), Gehri (1992) proposed the
following relationship for estinmating the
characteristic bending strength of
600-mm  (24-in.-) deep glulam beans on
the basis of the characteristic tensile
strength of the laninations:
fp,g1,k = 12 + fr ilam, k (9)
This relationship is also shown in
Figure 1, and a conparison with test and
simulation results shows that this rela-
tionship predicts a greater |amnation
effect than that predicted by Equation
(8)) especially for lowaquality Ianina-
tions. Using Equation (3), the follow ng

can be witten:

A = 1+ 12/f¢ 1am, k (10)
Equation (10) has been adopted into the
current draft of the European standard
prEN 1194 (Comite European de Normali -
sation 1993). Note that FEquations (7)-
(10) are valid only for strength values

in Ma.

According to Equation (10), a lamnation
with a characteristic tensile strength of
18 MPa (2,600 Ib/in?) would be strength-

ened by about 67 percent (I = 1.67)

after being bonded into a glulam beam
Note that Equations (7) to (10) are valid
only for beam strength values at a depth

of 600 mm (24 in.).
North American Data

To establish a nmeaningful relationship
between fi | am kand fp gl k. a wde

f bglk {ibvin?)

range of lamnation tensile strength
values needs to be considered. Unfortu-
nately, only limted strength data exist

on North Anerican glulam beans con-

structed with |lower grade tension |am na-
tions. Typically, special high-grade
tension lamnations are used in nost

North Anerican glulam nmanufacture (Marx
and Evans 1986, 1988). An exception is
the study perforned by Marx and Mody
(1981) where 90 beanms of |ower grade
(Douglas Fir L1, L3 and Southern Pine

No. 2 grades) were tested. These data are
shown in Table 2.

The bending capacity of
gl ul am beans of different
| ayups was studied by Foschi and Barrett
(1980). Analysis of these test data indi-
cated a clear tendency of decreasing |
with increasing quality of the I|amna-
tions. As indicated in Table 2, |amnat-
ing factors from 1.14 to 1.43 were found
for higher grade laninations (grade B)
and between 1.41 and 1.63 for the |ower

| amination grade D

Dougl as-fir
si zes and

Rarmer and Soltis t he
bending and shear perfornmance of 20
Southern Pine glulam beams of two depths
and lengths. These beanms were nanufac-
tured with 302-24 tension |Ianinations.
Because this study did not include the
collection of Ilanination tensile strength
data for this lamnation grade, |anina-
tion data from Marx and Evans (1986) were
used. Table 2 indicates that [|anination
factors of Iy = 0.95 and 1.04 were found
for these data.

Moody et al. (1990) provided the results
of bending tests on 45 glulam beans of
24 in. (600 mMm and 48 in. (1,200 mm)
depth. These data represent the |argest
beans evaluated, although |am nating
factors were found to be nearly equal
the two sizes, |k= 1.27 and 1.29.

(1994) investigated

for

The conputer nodel PROLAM was al so used
to estimate the strength of glulam beans.
Because PROLAM requires a statistical
distribution of lanination tensile
strength for each lamnating grade, and
currently the necessary input data are
not available for Southern Pine |amnat-
ing lumber, only Douglas-fir beams could
be simulated using this nodel. The sinu-
lation data are shown in Figure 2 and

represent Douglas-fir beam |ayups using
laminating grades L1, L2, L3, and 302-24,
meeting the requirenents of AITC (1993).
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Table 2-North Anerican beam data and conputed |anminating factors

ft.lam,05 ft,lam,50 fn,g1,05% fb,gl,502

Source gnd Beam depth {1b/in2 (1b/in2 (1b/in2 (1b/in2
lamination grade (in. (mm})) (MPa) ) (MPa}) ) (MPa) ) (MPa) ) Ak A
Foschi and Barrett
(1980)
B 12 - 5,177 - 7,419 - .43
(305) (35.7) (51.2)
B 18 - 5,177 - 5,748 - 11
(457) (35.7) (39.7)
D 6 - 2,758 - 4,484 - .63
(152) (19.0) (30.9)
D 12 -~ 2,758 - 4,195 - .52
(305) (19.0) (28.9)
D 12 - 2,758 - 3,875 - .41
(305) (19.0) (26.7)
D 24 - 2,758 - 4,214 - .53
{610) (19.0) (29.1)
Rammer and Soltis
(1994)
302-24 (SP) 11 6,330 - 6,602 - .04 -
(279) (43.7) (45.5)
302-24 (SP) 24 6,330 - 6,028 - .95 -
(279) (43.7) (41.6)
Marx and Moody
(1981)
L1 3 2,470 - 4,744 - .92 -
(76) (17.0) (32.7)
L1 6 2,470 - 6,040 - .44 -
(152) (17.0) (41.7)
L1l 9 2,470 - 4,965 - .01 -
(229) (17.0) (34.3)
L3 3 1,050 - 2,410 - .29 -
(76) (7.3) (16.6)
L3 6 1,050 - 2,136 - .03 -
(152) (7.3) (14.7)
L3 9 1,050 - 2,514 - .39 -
(229) (7.3) (17.3)
No. 2 3 1,520 - 3,510 - .31 -
(76) (10.5) (24.2)
No. 2 6 1,520 - 3,822 - .51 -
(152) {10.5) (26.4)
No. 2 9 1,520 - 2,937 - .93 -
(229) (10.5) (20.3)
Moody et al.
(1990)
302-24 (DF) 24 4,020 - 5,115 - .27 -
(610) (27.7) (35.3)
302-24 (DF) 48 4,020 - 5,197 - .29 -
(1,220) (27.7) {35.9)

aadjusteed to 12-in. depth per Equation (6).
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Figure 2-North American glulam data.

Data from Table 2 as well as the PROLAM

sinulation results are shown in Figure 2
and indicate a nonlinear relationship
between fp gl , k and fy |am k. The regres-
sion equation describing this relation-

ship is (in Ib/in?:
fb,gl,k = -12215.3 + 2145-. 1n(ft,lam,k) (11)

with a coefficient of correlation
r = 0.746, or by using Equation (3)

A = [-14877.4 + 2486 -+ 1n(fy 1am,k))/
ft,lam,k (12)
This relationship indicates a range of Ik

of 1.2 to 2.2 for lanmnation tensile
strength (5th percentile), ranging from
1,450 to 5,800 Ib/in* (10 to 40 MPa).

DI SCUSSI ON

Several observations can be nmade by com
paring the European and North American
data just described. First, the |amnat-
ing factors found in the North Anerican
data are generally greater than those
found in the European data. This is
partly because the North Anerican data

included quite lowgrade |amnations
(Marx and Mody 1981), which exhibited
greater lamnating factors than did the

eval uated European data.

Also, the size factor used to adjust the
European beam bending strength (Egq. (4))

used a different exponent and referenced
a different beam depth than did the North
Amrerican size Equation (6). This differ-

f jomik (1b/in?}

fo,glk {Ib/in?)

PO T T T L R ot s O, P P e
50 ° 7246
Best Fit - N. Americon dato
81 gy =682+ 122 amk =
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Figure 3-Conparison of North American and

Eur opean gl ul am data.

ence in size factors resulted in a
greater difference between fi |am Kk and
fb,gl,k for the North American data than
for the European data.

By observing Figure 3, we see that the
relationship between fi |gmkand fp g1
for European glulam was very linear
throughout the range of lamnation ten-
sile strength. For the North American
glulam as lamnation tensile strength
increased, the rate of increase of glulam
bending strength decreased. W suspect
that this observed behavior is a result
of the use of high strength tension |am-
nations in North American glulam This is
borne out if a graphical conparison is
made between the European and North
Anerican beam data.

Figure 3 shows this comparison by plot-
ting the European beam data (tests and
sinulations of Fig. |), overlaid wth
North American beam data (tests and sinmu-
lations) that neet European requirenents,
that is, beanms of a single honmbgeneous
grade or of a conbined layup using two
grades (the greater of which occupies
one-sixth of the tension and conpression
sides of the beam. The overlaid North
Arerican beam data were adjusted accord-
ing to Equation (4). Regression lines fit
to these two sets of data are shown in
Figure 3 and indicate that the trends of
the two sets of data are simlar. The
North Anerican data in Figure 3 does not
include beams with special tension

lam nations, while the data of Figure 2
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does. This inplies that the lower |am-
nating effect at greater |amnation
strength values shown in Figure 2 and
Equation (12) are due to the use of spe-
cial tension |amnations.

We suspect that the North Anmerican beans
constructed with special tension |amna-
tions had a sharper gradient of stiffness
than did the nore honmogenous |ayups of
European beans, resulting in |ower beam
bending strength at greater |lamination
tension strength levels. Athough this
implies that European beans possess a
nore structurally efficient balance be-
tween lanmnation tensile strength and
beam bending strength, it appears to be
at the cost of greater quantities of

hi gh-grade material used in beam con-
struction.

CONCLUSI ONS

An analysis of lanination tensile
strength and beam bending strength for
both European and North American data
indicates that lanination effects are
nore pronounced at the characteristic
strength level than at the nean strength
level. This may be explained by the
greater coefficient of variation of the
lam nation tensile strength conpared with
gl ul am bending strength data. This analy-
sis also indicates that lanination ef-
fects typically decrease wth increasing
quality and strength of the |amnations.
This can be explained by a |ower rein-
forcenent effect (caused by smaller
knots) and less influence of testing
procedure (caused by nore honpbgeneous
material properties in a higher grade).
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