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Abstract. Hollow glulam beam has some advantages that the traditional solid glulam beam does not have,
such as the convenience for wiring construction and comparably light weight. Four-point bending tests of
three solid glulam beams and 15 hollow glulam beams with various sizes of rectangular holes produced from
small-diameter larch timber were conducted to investigate the influence of the hollow ratio and wall
thickness on bending stiffness and load capacity. The midspan deflection, cross-section strain, and ultimate
load were obtained from the tests, and the detailed failure modes and apparent MOE for all specimens are
reported. Hollow glulam beams with the hollow ratio ranged from 25% to 40%, and the wall thickness
greater than 20 mm after the assumption of plane section under bending moment. The apparent bending
stiffness and ductility of hollow glulam beam were less than those of solid glulam beam, and the apparent
MOE is 0.86 times the elastic modulus value calculated by theory of elasticity. In addition, a calculation
formula for the ultimate bending moment is proposed.
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INTRODUCTION

Glulam is a type of high-quality building material
and has a lot of advantages such as strength-to-
weight ratio, environmental friendliness, and
attractive appearance. Glulam materials are ap-
plied in the engineering field, which are helpful to
reduce the dependence on heavy polluting
products, such as steel and cement. Thorough
processing can shape glulam into different spans
and section sizes to accommodate the wide range
of applications (Lestari et al 2015). In addition,
the effective use of glulam material consisting of
small-diameter lumber, and it is an important
approach to the efficient use of wood resources.
Under bending, the solid glulam beam exhibits
low strain and stress efficiency near the neutral
axis. Therefore, the material properties were not
fully used. This study proposes a type of glulam
beam with a hollow cross section that can realize
further optimizations to solid beam. Compared
with solid wooden beam, the hollow glulam beam
has lighter weight and higher strength-to-weight
ratio. The internal hole in the hollow glulam beam
can be used to install pipes and cables.

Currently, studies on wooden hollow beam are
relatively uncommon. Sasaki conducted a series
of studies on the manufacturing technology of
hollow cylindrical laminated veneer lumber
(LVL) and developed an engineered wood
member that consists of a spirally wound LVL
encapsulated by a circular steel tube. This hollow
cylindrical LVL exhibits high strength and can be
used in construction (Sasaki et al 1994, 1996). In
addition, Yang and Berard published results on
the residual stress distribution and end strength of
cylindrical LVL (Yang et al 1999; Berard et al
2011). Studies of hollow cylindrical LVL have
mainly focused on processing technology and the
mechanical properties needed for column mem-
bers. Harries conducted axial and flexural tests on
hollow built-up columns. All column sections
were fabricated from 33 mm sawn timbers glued
together. The results are compared with standard
calculations of allowable design capacities for
nonbuilt-up timber columns. The results show
a significant advantage in load-carrying capacity
of the built-up sections over solid sections for

columns having dimensions greater than 127 X
127 mm. It showed that the ultimate load-
carrying capacity of axially loaded specimens
is 1.7 times higher than the National Design
Specification (NDS) estimates, and the flexural
capacity is 3.7 times higher than the NDS esti-
mates (Harries et al 2000). Guo proposed
a composite hollow oriented strand board (OSB)-
bamboo beam with box section with glue-
laminated bamboo as flange and OSB as web.
A four-point bending test was conducted on the
mechanical properties of 12 beams using pa-
rameters such as shear-span ratios and stiffening
ribs of composite beams. The results show that
when the shear-span ratio is less than 2.0, the
composite beam has obvious shear failure char-
acteristics, and the ultimate capacity decreases
obviously with the increase in shear-span ratio
(Guo et al 2015). Pangfeng (2011) performed
tensile, compressive, and bending tests on
specimens of laminated larch composite, studied
about glued laminated techniques, and processes
small-diameter Larix gmelinii Rupr plantation,
and observed at the effect of diameter of early or
late wood on the strength. The results indicated
that there were variations in wood properties
within and between individual trees. However,
the properties of small-diameter L. gmelinii Rupr
are suitable for its materials as structural glulam.
Patterson produced inside-out (ISO) beams with
center hole from small-diameter hardwood logs.
The test result found that there was no statistically
significant difference between the ISO beams
and the solid beams in mechanical properties
(Patterson and Xiaoling 1998). Hongdi studied the
craft and performance of a small-diameter larch
and confirmed that the mechanical properties of
a beam that consists of small-diameter larch meet
the criteria for architectural structures (Hongdi
et al 2008). Some researchers have studied the
effect of changing the cross sections of beams
used in traditional buildings on their bending
capacities. Qian adopted a mechanical analysis
method to determine the bending capacity of
superposed beams and composite beams in his-
torical buildings. The results concluded that the
bending capacity of superposed beams with “I-
shaped” cross section rarely change compared
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with that of beams with the corresponding equal
rectangular cross section (Qian and Weiming
2012). Qing performed tests to determine the
failure mechanism, the bending capacity, and the
strain distribution of superposed timber beams
with small tops and large bottoms (Qing et al
2014).

This study tested the bending performance of
hollow glulam beams made from small-diameter
larch materials and investigated the hollow ratio,
wall thickness, and other parameters that influ-
ence the bending stiffness and ultimate loading
capacity. The study also investigated the failure
mechanism, the value of hollow ratio range, and
the characteristic MOE for hollow glulam beams.

MATERIALS AND METHODS
Materials

Larch is an important fast-growing tree species
and is widely used in China. The excellent me-
chanical properties of larch can meet the pro-
duction requirements of glulam (Junling et al
2008). Therefore, fast-growing, small-diameter
Xingan larch (Larix dahurica) timber was used
as the raw material for the hollow glulam beam
specimens. The diameters of the larch logs ranged
from 100-140 mm, and the ages ranged from 25
to 29 yr. Visual stress grading method was used to
select components. According to CNS (2005), the
grade of larch logs was IL,. The properties of the
materials can be obtained via testing by referring
to ASTM (2013). The final MC was 12.84%, and
the density was 0.63 g/cm’. The compressive
strength parallel to grain was 43.72 MPa, the
tensile strength parallel to grain was 72.58 MPa,
and elastic module was 144.15 GPa.

Specimen Design

The hollow glulam beams were processed in
Jiangshi Wood Industry Co., Ltd. (Yangzhou,
China) at an ambient temperature of 25°C and
humidity of 60%. The larch logs were placed into
adrying kiln and processed to ensure that the MC
was 12%. Then, the raw materials were subjected
to sawing, planing, finger jointing, cold-press

gluing, and other processing steps. Polyure-
thane glue was spread at a quantity of 0.2 kg/m?
by adopting double-sided glue. The laminated
splicing pressure was 2.0 MPa over 6 h. The slope
of finger joint was 1/10, and the finger length was
20 mm. The finger joints were prevented from
appearing in the middle of the two loading point
areas of the beam. According to CNS (2005), the
grade of lamination was II,. After gluing, the
laminations were glued into the hollow glulam
beam with rectangular cross section.

Six groups of specimens, including three solid
glulam beams and 15 hollow glulam beams,
were constructed with the same length of
3650 mm (fiber direction). All specimens were
designed with the same external cross section
(100 x 200 mm) and span (3450 mm), with
various sizes of internal rectangular holes (50 x
100, 50 x 130, 50 x 160, 40 x 130, and 60 x
130 mm), to determine whether there was any
cross-section effect on hollow ratio and wall
thickness. The specimen dimensions were designed
in accordance with theprocess referenced in
ASTM (2015); the cross-section hollow ratio
was designed according to CECS (2012). Each
group consisted of three identical specimens.
The internal hole matched the centroid hole of
the external cross section to allow for con-
struction convenience. The hollow ratio of the
cross section of the glulam beam can be defined
as follows:

o= (1)

where ¢ is the hollow ratio (%), A is the hollow
area of the cross section (mm?), and Ao is the
gross area of the cross section (including the
hollow area, mmz).

The sectional structure and the schematic diagram
of the specimens are shown in Fig 1, where 4 is
the external height of the cross section, b is the
external width, h; is the internal height, b; is
the internal width, #; is the wall thickness in the
height direction, and #, is the wall thickness in the
width direction. The parameters of the beam
specimens and the corresponding values for the
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Figure 1.

Hollow glulam beam.

cross section are shown in Fig 2 and Table 1. In
Table 1, group JHL1 was solid glulam beams and
others were hollow glulam beams.

Experimental Methods

The beams were oriented with the longer side
vertical, and the test arrangement is illustrated in
Fig 3. The displacement of the two supports and
the midspan deflection were measured by two
linear variable differential transformers (YHD-
50, China), and one laser displacement sensor
(KEYENCE IL-300, Japan) was installed under
the middle span of the beam. Five strain gauges
parallel to the longitudinal direction of the beam
were symmetrically installed on the side surface
of the middle span, and one strain gauge pasted
on each of the bottom face and the top face, as
shown in Fig 4. The test was formed using
a microcomputer-controlled electro-hydraulic
servo testing machine with a capacity of 300
kN and a TDS data acquisition system.

The four-point bending experiment was per-
formed according to ASTM (2015). The total
load on the beam was symmetrically and mo-
notonously applied at two points equidistant from
the reactions. The load was applied initially
through a load control program. Taking specimen
JHLA4-2 as an example, the load was ramped up
linearly to 16 kN at a rate of 6 kN/min and then
reduced to 4 kN at the same rate. The load was
then cycled linearly between 4 and 16 kN, a total
of five times to evaluate the elastic modulus
accurately. The load was then increased linearly
to 30 kN at the same loading rate after which the

100 3333 33
—— ar —
3 al o
ol L
0 ) 4
9 - -
0
o]
2 5 + =/ H
=} 4 o
2 o ol ] =
e}
o]
3 — -
'e]
) o
B 0 S
(a) 33 ) 33 | 33 | Bottom (b) 25, 50 1254 Bottom
33 | 33 | 33 33 | 33 | 33
@ | ‘ ol 1l [T 1L
- 0
3
i o S I iy g
— - o
o M
) o 5"_ 1 i
- — 8 2
2 for R -
- - o
3
B o il -
e @
P | ‘ o S -
Ll Ll o o
ol sL L1 T J8[
(c) 25, 50 135, Bottom (d) M,t Bottom
33 | 33 | 33 33 | 33 | 33
al o] w] { ’ w]
o] " 5 "
o - G —
M ]
o o [ ]
F) o Lt o
- — — = — — — =
o - o -
5] n
w I~ I's] B
M ]
L L[ e B LI [ ]9
L] L) L] L]
© 30 | 40 | 30| Bottom ® 20p 80 120} Bottom

Figure 2. Cross section configuration of the specimens
(mm): (a) Group JHL1, (b) Group JHL2, (¢) Group JHL3,
(d) Group JHL4, (e) Group JHLS, and (f) Group JHLG6.

testing process was changed to displacement
control. The test continued at a displacement rate
of 5 mm/min until the specimen had sustained
significant damage, at which time the testing was

Table 1. Test specimen parameters.

No. hy (mm) by (mm) f; (mm) 1 (mm) © (%)
JHL1 - - - - -
JHL2 100 50 50 25 25.0
JHL3 130 50 35 25 325
JHLA 160 50 20 25 40.0
JHES 130 40 35 30 26.0
JHL6 130 60 35 20 39.0
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Test site.

Figure 3.

halted. The variation of load with time for
a typical test is shown in Fig 5.

For bending of the hollow glulam beams, the
MOE and the MOR were calculated using Eqs 2
and 3, respectively.

aAP

MOE = 2 _44° 2
OF = 18iag L —4a )
P,
MOR:% (3)
2(bh —bihy )
6h

Here, a is the distance between loading support
and loading points, AP is the load increment in
the elastic stage, o is the deflection of the middle
span point under AP, [ is the span of the beam, / is
the moment of inertia of the beam, and P, is the
maximum bending load.

RESULTS AND DISCUSSION
Failure Modes and Mechanism Analysis

Three typical failure modes can be seen from Fig
6. Each specimen behaved elastically at the be-
ginning of loading. Load cycling was undertaken
in the elastic region. After completion of cycling,
with the increase in loading, 1) the hollow glulam
beams (specimens JHL2-3, JHL3-1, JHL3-3,
JHL6-1, JHL6-3; groups JHL4 and JHLS)
showed a small amount of plastic deformation,
and the stiffness of the beams decreased mark-
edly. As the deflection became obvious, cracks

LVDT l P Load Evener LVDT
7

/
[] [ ]

Beam
v 1

Strain Gauge

| 1150 | 1150 | 1150 |
! !

3450

Figure 4. Test setup.

(accompanied by a slight noise) appeared on the
bottom tensile surface. Once the bottom-most
layer of fibers separated, the beam split longi-
tudinally, and the whole specimen was damaged
instantaneously. In these phenomena, the load
decreased suddenly as soon as the beam split. The
beams shed most of the load at this time and could
be considered to have failed. These beams failed
at the bottom surface and split up the middle
through the height of the beam. The failure of
these specimens was characterized by the brittle
tensile failure. Figure 6(a) and (b) illustrates this
failure mode of the typical specimen JHLS-1. 2)
Figure 6(c) and (d) illustrates the second typical
failure mechanism of the hollow glulam beams.
The bottom fiber of the beam was pulled apart
layer by layer gradually, and damage occurred in
the midspan area of the beam where there was
a larger bending moment. As the outermost layer
fiber at the bottom bears the highest tensile stress,
the fiber was torn apart layer by layer in the
loading process. Different from the first failure

40
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Figure 5. Typical loading regime (specimen JHL4-2).

T
17:52
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Figure 6. Failure photos of the specimens: (a, b) Typical failure mechanism of the hollow glulam beams, (c, d) Typical failure
mechanism of the solid glulam beams and specimen JHL2-3, and (e, f) Knot crack failure mechanism.

mechanism, when the ultimate load was reached,
the solid glulam beams (JHL1-1and JHL1-3) and
the hollow glulam beam JHL2-3 were not damaged
instantaneously. The breakage of fiber proceeded
slowly in a cross-saw tooth shape for a while.
These specimens were characterized by the gradual
tensile failure of the bottom fibers. The failure of
specimens has certain ductility. 3) Knot crack
failure mechanism (JHL2-1, JHL.2-2, JHL.3-2, and
JHL6-2) occurred when a small amount of in-
evitable knots remain on the laminations with grade
II,. Knots on the midspan of the beam or near the

loading points remarkably affected the bending
performance (Fig 6[e] and [f]). The precursor of
this failure mode was not obvious. Knots consid-
erably weakened the tensile strength of lumber.
Under the load of bending moment, the specimen
with knot crack failure mechanism cannot meet the
strength requirements.

Experimental Results

The detailed test results for all 18 specimens are
presented in Table 2. P, is the ultimate load, €. is
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Table 2. Bending test results.

No. Py (kN) € (pe) D) ® (mm) Eqpp (MPa) MOR (MPa)
JHL1-1 65.56 —4488 3785 62.76 14,075 56.55
JHL1-2 58.37 —3844 5451 49.99 15,043 50.34
JHL1-3 63.52 -3172 5384 62.00 13,495 54.79
JHL2-1 30.98 —2431 2936 33.26 11,670 28.50
JHL2-2 40.29 —2513 2263 35.86 14,380 37.07
JHL2-3 53.28 —4216 3058 53.71 13,585 49.30
JHL3-1 43.82 —2433 4874 80.56 12,930 43.81
JHL3-2 36.31 —1534 2312 49.38 13,018 36.30
JHL3-3 52.66 —4508 5350 67.68 13,018 52.65
JHLA4-1 40.31 —6582 3467 70.05 12,218 46.73
JHLA4-2 40.63 —8385 4426 54.49 12,720 47.10
JHLA4-3 42.97 —3291 4244 69.73 12,730 49.81
JHL5-1 49.45 —4610 3943 58.89 11,301 47.91
JHLS-2 49.83 —-3926 3390 56.97 12,781 48.28
JHL5-3 52.51 —4328 3271 56.36 14,115 50.88
JHL6-1 46.62 —5596 3638 69.75 11,170 48.14
JHL6-2 26.82 —1995 1525 35.03 11,943 27.84
JHL6-3 45.01 —3914 3419 48.70 13,412 46.80

the ultimate compressive strain at failure, € is the
tensile strain at failure, o is the deflection of the
midspan point, and E,,, is the apparent MOE.
Figure 7 shows the plots of the load against
displacement for each group. The five load cycles
between 4 and 16 kN showed so little variation
that the cycling was not visible in the graph (all
cycles plot over the top of the main elastic
loading line). For the group JHL1 of solid glulam
beams, there was good consistency in the load—
displacement response for each of the three
specimens. The ultimate load showed a slight
difference with the load 58.37-65.56 kN. The
load—deflection curves indicated that for the
groups JHL1 to JHL6, the falloff of bending
stiffness could be divided into three stages. In the
first stage, these specimens showed clear elastic
behavior up to a load of approximately 70% the
ultimate load, followed by nonlinear softening
behavior up to the ultimate load, which was the
second stage. In this stiffness degradation stage,
cracks parallel to grain continuously appeared on
the bending surface of the beam and growingly
expanded with the increase in load. The slope of
the load-deflection curve gradually decreased,
whereas the stiffness kept reducing; some plastic
characteristics were shown on the solid glulam
beams. The third stage was the failure stage. For
most specimens, when the load reached the

ultimate load, the fibers on the bottom were
pulled off. The specimens failed suddenly and
shed most of the load. The load decreased sud-
denly once the beam split. These specimens did
not show any ductility behavior before failure, so
the failure was relatively brittle in nature. In
addition, for the solid beam groups JHL1 and
group JHL2 with a greater wall thickness at the
bottom, a certain residual loading capacity was
maintained after the damage occurred, and with
the continual increase in the deflection, the
specimens failed suddenly.

Strain Distribution

As the load gradually increased, the midspan
deflection and the strain increased. Figure 8 plots
the evolution of strain profile through the loading
for the midspan cross section of the solid beam
JHL1 (Fig 8[a]) and the typical hollow glulam
beam JHL3 (Fig 8[b]). P, is the ultimate load.
Each test shows that the strain across the cross
section of the hollow glulam beam was basically
linear throughout the loading process, following
standard beam theory, and the influence of
shearing effect on the bending of the beam may
be neglected. The envelope of longitudinal strain
remained linear; in other words, the strain at each
point of the section was proportional to the
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707 JHL1-3

50
JHL1-1
404

Load (kN)
£y

30 JHL1-2

204

(a) Deflection (mm)
60
JHL3-3
50
_ 40 ‘
i JHL3-1
-{Dv 304
8
b |
204 v
JHL3-2
10
0 T T T T T T T

(c) Deflection (mm)
60
50 JHL5-3
%
1Y
_ 40
=z JHL5-1
%
B 304
[=]
o |
20 -
JHL5-2
10
0 T T T T T T
0 10 20 30 40 50 60
(e) Deflection (mm)

Figure 7. Load—deflection responses.

distance from the neutral axis. With the load
increased, the neutral axis gradually moved
downward from the center of the beam, partic-
ularly during the latter part of the process, which
indicated the difference between the tensile be-
havior and the compressive behavior of lumber.
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When the specimen lied near failure, the maxi-
mum tensile strain of the fiber in the tension area
was about 4000 p ¢, and only a small fraction of
the specimens had that of 5000 pe. The maxi-
mum compressive strain of the fiber in the
compressive area was about 4500 pe, and only
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few of the specimens had that of 5500 p €. Once
again verifying the conclusion that the fiber in the
upper compression area of the section first
yielded in the bending process.

Figure 9 plots the load against the top and
bottom strain at the midspan cross section for
two typical specimens (JHL1 and JHL4). These
figures show that the initial elastic moduli for
both compression and tension are approxi-
mately equal. The compressive strain deviated
from the initial elastic slope sooner than the
tensile strain, which results from the fact that
the tensile strength of the glulam material is
greater than its compressive strength, causing
the fibers in the compression to first enter the
plastic stage.

Figure 10 plots the height of the neutral axis
against the load for JHL4 and JHLS. This figure
shows that the descent of the neutral axis co-
incided with the onset of nonlinear de-
formation observed in the load—displacement

80
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Typical strain profile development for the midspan cross section: (a) Specimen JHL1 and (b) Specimen JHL3.

diagrams (Fig 7). Almost all other groups of
specimens demonstrated the same behavior.
When the applied load reached the elastic limit,
the fibers in the compression area entered the
plastic state gradually and the compression
elastic modulus decreased, leading to the in-
ternal force redistribution of the cross section.
Thus, the neutral axis descended to achieve
a new equilibrium.

Bending Stiffness

The statistical values of the bending test results
are reported in Table 3. I is the moment of inertia,
E is the MOE obtained by material test, and
CHAR value stands for characteristic value.
Table 3 shows that based on five groups of hollow
glulam beams, the mean apparent bending MOE
was 12,752 MPa, with a standard deviation of 372
MPa and a coefficient of variation (COV) of
2.92%. Testing the material properties of glulam,
the mean bending MOE was 14,415 MPa, with
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Figure 9. Typical load—strain curves for the midspan cross section: (a) Specimen JHL1 and (b) Specimen JHLA.
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Figure 10. Descent of the neutral axis during the loading process (typical): (a) Specimen JHL4 and (b) Specimen JHLS.

a standard deviation of 218 MPa and a COV of
1.50%. Based on the bending test and referring to
CNS (2005), the average deflection at ultimate
load of the glulam beam was far bigger than the
maximum allowable design value and is 4.5 times
the design value. The test value could not meet
the requirements of deformation in the code
for the design of glulam structures. However,
the criterion for hollow glulam beam is nor-
mally deflection rather than strength. For
structure design, the characteristic elastic
modulus is more reliable. Based on the ap-
parent and standard deviation quoted, the
characteristic apparent MOE for hollow glu-
lam beams is 12,140 MPa and for glulam
material is 14,059 MPa. This is the value
expected to be exceeded by 95% of specimens
and was calculated using Eq 4,

where Ey is the characteristic elastic modulus, p¢
is the average value, and & is the COV.

Table 3 illustrates the comparison between the
apparent elastic modulus obtained by bending
experiment and the elastic modulus obtained by
material test. The apparent bending stiffness of
the glulam beams was determined by the product
of the cross section moment of inertia and the
apparent elastic modulus. The apparent elastic
modulus of solid glulam beam is approximately
consistent with the elastic modulus obtained by
material test. However, the cross sections with
holes weakened the elastic modulus of the
hollow glulam beams. The apparent bending
stiffness of hollow glulam beams is slightly
lower than the value calculated by the theory of
elasticity and 0.86 times the calculation value
when the hollow ratio ranged from 25% to 40%.
Therefore, the reduction coefficient should be

Eyx = ur (1 - 1-6456f) (4)  considered when estimating deformations to the
Table 3. Statistical values of the bending test results.

No. P, (kN) & (pe) g (pe) ® (mm) 1 (mm4) MOR (MPa) Eypp (MPa) E (MPa) % (%)
JHL1 62.48 —4488 3785 62.38 6.67 x 107 53.89 14,204 14,325 0.99
JHL2 53.28 —4216 3058 53.71 6.25 x 107 49.30 13,212 14,844 0.89
JHL3 48.24 —4508 5350 74.12 5.75 x 107 48.23 13,084 14,538 0.90
JHLA4 41.30 —3291 4244 69.89 4.96 x 107 46.40 12,557 14,269 0.88
JHLS 50.06 —4610 3943 54.71 5.93 x 107 49.02 12,733 14,307 0.89
JHL6 45.82 —5596 3638 59.14 5.57 x 107 43.23 12,175 14,205 0.86
Averag?)d —4452 4003 62.31 47.24 12,752 14,415
Std dev 676 701 8.23 2.24 372 218
Ccov 15.10 17.51 13.21 475 2.92 1.50
CHAR 12,140 14,059 0.86

COV = coefficient of variation.

P ¢ The value of apparent MOE was calculated for the hollow glulam beams (JHL2 to JHL6).
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hollow glulam beams. In addition, for the
specimens (group JHL2, JHL3, and JHL4) with
the same wall thickness and internal width, they
also have different hollow ratio. While the
hollow ratio was 25%, 32.5%, and 40%, re-
spectively, the apparent elastic modulus de-
creased. Figure 11 plots that the curve almost
decreases linearly. For the specimens (group
JHL4 and JHL6) with the same hollow ratio and
the apparent elastic modulus, the bending
stiffness of JHL6 was approximately 11.3%
higher than that of JHL4 because of the different
moment of inertia.

Figure 12 indicates the relationship between the
bending stiffness and the hollow sectional shape
varied by the hollow ratio. As mentioned pre-
viously, where Eyppy is 12,140 MPa and Ej is
14,059 MPa; I; is the moment of inertia of the
hollow section and I is the moment of inertia of
the solid section. Figure 12(a) shows that for
cross section with the same hollow ratio, the
bending stiffness shows an increase tendency as
the internal width b, increased. The slope and rate
were more obvious with greater hollow ratio and
wider internal width. Conversely, Fig 12(b)
shows that for specimens with the same hollow
ratio, the bending stiffness tends to decrease
gradually with the increase in the internal height
h1, and the decrease rate would faster with greater
hollow ratio. Consequently, for hollow glulam

13350

JHL2

13200 .
\JHL3

13050
12900
12750

12600
JHL4

Apparent elastic modulus (MPa)

12450 ; ; ‘ ; ; ; .
25 30 35 40

Hollow radio (%)

Figure 11. Relationship between the hollow radio and the
apparent MOE.

beam with superimposed centroid and constant
hollow ratio, the internal width should be en-
larged first to increase the bending stiffness of the
section.

Load Capacity

According to the failure mechanism of each
specimen and the data measured in Table 2, in
specimens JHL.2-1, JHL.2-2, JHL.3-2, and JHL6-2,
initial defects such as knots occur because the
specimens become damaged before achieving
the estimated ultimate load. The deformation of
the tensile and compressive region has not been
developed completely. Consequently, the four
specimens were removed. The hollow section has
a great influence on the plastic deformation of the
material, and it also affected the loading capacity.
When the load increased, the fiber in the top of the
compression area of the beam, which was over
the neutral axis of the section, first reached the
plastic state, leading to the internal force re-
distribution of the cross section. Subsequently,
the damage occurred on the beam bottom when
the fiber of the tensile area reached the ultimate
tensile stress. Figure 7 shows that JHL1 reached
the elastic-plastic state when the load reached
about 50 kN. With the rapid increase in deflection
and strain, the ultimate load reached 62 kN, and
the load increased in the elastic—plastic state
about 19.4% of the ultimate load. However, the
hollow glulam beams did not show an obvious
yield deformation stage compared with the solid
glulam beam, the development of plastic de-
formation was smaller, and the ultimate load
decreased in large amplitude. Table 3 shows that
for the hollow glulam beams, the cross-section
area decreased by 25%, 26%, 32.5%, 39%, and
40% compared with the solid glulam beam,
whereas the ultimate load decreased in the hol-
low glulam beams were 14.7%, 19.9%, 22.8%,
26.7%, and 33.9% of the ultimate load of JHL1.
Figure 13 shows that for specimens with the same
internal width (JHL2, JHL3, and JHL4) or in-
ternal height (JHLS, JHL3, and JHL6), the ulti-
mate load decreased with the increase in the
hollow ratio, and the curve decreased linearly.
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Figure 12. Relationship between the section shape and the bending stiffness: bending stiffness with the same hollow ratio
and (a) variable internal width and (b) variable internal height.

The average deflection at the ultimate load of the
hollow glulam beams was 62.3 mm, which was
far greater than the maximum allowable design
value of 13.8 mm. The serviceability limit state
design specified in the Chinese wood structure
design specification CNS (2005) states that the
middle deflection should be less than [/250
(where [ is the span of the beam). The average
deflection at the ultimate load of hollow glulam
beams is 4.5 times the design value, and the
maximum ultimate deflection of the hollow
beams can reach [/47 before damage. However,
the critical design criterion for hollow glulam
structures is generally deflection rather than
strength. In addition, the advantage of deflection
over strength is that it can be measured directly on
the beam. Consequently, hollow glulam beams
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Figure 13. Relationship between the ultimate load and the
hollow radio.

with various hollow ratios (JHL2 to JHL6) have
a certain surplus of strength.

Deformation Calculation

The apparent bending stiffness of the hollow
glulam beams is slightly smaller than the value
calculated using the theory of elasticity. The hollow
glulam beam structurally designed by the theory of
elasticity, the calculated deflection may be smaller
than the actual value, which is unsafe for structure
designs. Therefore, a reduction coefficient y was
added to reduce the bending stiffness calculated
using the theory of elasticity. Hence, the effective
apparent bending stiffness of the hollow glulam
beam can be expressed as follows:

Eapp,kl =vEx! (5)
where E,,, « is the effective bending stiffness of
the glulam beam (N/mm?), E, is the elastic
modulus obtained by material test (N/mm?), I is
the moment of inertia (mm®), and y is the re-
duction coefficient, which is 0.86 for the hollow
glulam beam.

Considering the bending test results for the
hollow glulam beam and based on the static
equation, the midspan deflection of the beam can
be expressed as follows:

Pa

_ 2 4.2
0= 4—8Eapp,k1 (31 da )

©)

where o is the deflection of the midspan point
under P (N/mm?), P is the concentrated load on
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the glulam beam (N), [ is the span of the beam
(mm), a is the distance between the loading
support and loading points (mm), and Eq,p, kI can
be obtained from Eq 5 (N-mm?).

Figure 14 plots the load against deflection for the
glulam beams, respectively. The comparison
between the calculated deflection obtained from
Eq 6 and the experimental deflection of each
specimen shows that the calculated values were
generally consistent with the experimental
values. Both the curves in the elastic state were
less than that of experimental curves, which in-
dicated that a certain redundancy was reserved
for the hollow glulam structural design. Conse-
quently, the method to calculate the deflection of
hollow glulam beams is feasible.

Ultimate Loading Capacity Calculation

Li (2011) proposed a calculation method of the
bending capacity of the solid glulam beam. The
method assumed that the mean strain of the cross
section was in accord with the plane-section
assumption and adopted the constitutive re-
lationship for laminated wood suggested by
Chen (2003). As shown in Fig 15, the material
would be regarded as an elastic perfectly plastic
material under compression, and it would be
regarded as a perfectly elastic material under
tension. Hence, the analytical expressions of the
stress—strain model can be given as follows.

o — { Es.,
¢ f;ley

Ot :EEt,

0<e <ece
8CC Ssc S 8Cu

)

& <€ ®)

where o, is the compression stress value of the
fiber in the compression area (MPa), € is the
compression strain value (U€), € is the ultimate
elastic compression strain (U€), fee 1S the stress
value when the fiber reached the ultimate elastic
compression strain (MPa), €., is the ultimate
compression strain value (pe), o, is the tensile
stress value (MPa), & is the tension strain value
(pe), € is the ultimate elastic tensile strain value
(pe), and fi is the stress value when the fiber
reached the ultimate elastic tensile strain (MPa).

For the solid glulam beam, the fiber at the bottom
reached the ultimate strain under the ultimate
bending moment, which shows that the fiber in
the compression area reached the plastic stage
synchronously. According to the constitutive
relationship of Chen (2003) and the assumption
of the failure mechanism, the section can be
subdivided into three areas based on the height.
The top area is the plastic compression area; the
area between the plastic area and the neutral axis
is the elastic compression area; and the area under
the neutral axis is the tensile area. Therefore, the
diagrams of the stress and strain over the section
can be plotted as shown in Fig 16.

In this figure, ok is the height of the plastic
compression area, i is the height of the elastic
compression zone, and yh is the height of the
elastic tensile zone. If fi, /f.e = no and yh/ph = ny,
then the material test indicates that ny &~ 2. Based
on the static equilibrium of the section, the height
of the neutral axis and the ultimate bending
moment of the solid glulam beam can be obtained
by the following equation:

nz+1
g p o 1) €))
3710—1 2
Myo = ———feebh 10
0 6(n0+1)f (10)

where € is the height of the neutral axis (mm) and
M, is the ultimate bending moment of the solid
glulam beam (kN-m).

For normally designed hollow glulam beams
(group JHL2 to JHL6), the fiber on the bottom of
the beam reached the ultimate strain under the
ultimate bending moment, which is a sign of
damage. Therefore, the diagrams of the stress
and strain over the hollow glulam beam section
under the ultimate bending moment can be
plotted as shown in Fig 17.

According to the test results, for the hollow
glulam beam, the height of the plastic com-
pression area was greater than the wall thickness
t; in the height direction. As the hollow glulam
beam section changed in the width direction, the
resultant force of the plastic compression area can
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Figure 15. Strain—stress curve.

be subdivided into Fp; and Fp», and the resultant
force of the elastic tension area subdivided into
Fie1 and Fy;. For the hollow glulam beam, the
ultimate tension strain value is associated with
the internal height /; of the section. Therefore,
the specific value of f;. and f,. can be expressed as

follows:
ﬁe <h1> 1.3
n——— 2 —_ _—
Jee h

where n is the specific value of fi. and f;. of the
hollow glulam beam.

(an

According to the balance of the axial force, the
force moment was obtained by taking the sub-
divided force against the neutral axis. The height

ah

vh

coefficient of each area of the section «, f3, and v,
and the ultimate bending moment M, of the
hollow glulam beam can be obtained for the
ultimate limit state. These values can be calcu-
lated as follows:

-+ \/qﬂ +2(b—20)(n+ 1)1,k

2(n+ 1’012 (12)
y= (211, — bty)(n — 1)h — 26,h* 13)
y=n-p (11)
a=1-y—p (12)

M, =bt;[(1 —y)h —0.51,]f.
+ 2t (ah — 17)[(1 —y)h — 0.5(ath + 1)1

2
+3 [tzﬁzhz +1 (n - &) (vh— tl)z]fc
bty 151
+7 <2nﬁ—h> (yh*O.Stl)fc (14)

where M, is the ultimate bending moment of the
hollow glulam beam (kN-m).

To validate the analytical model proposed pre-
viously, the ultimate bending moment of the solid
glulam beam and hollow glulam beam can be
calculated from Eqs 10 and 14. The calculation
results which are shown in Table 4 were com-
pared with the experimental results, & is the

& s

Figure 16. Strain-stress distribution at the ultimate failure state of the solid glulam beam.
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Figure 17. Strain—stress distribution at the ultimate failure state of the hollow glulam beam.

calculation height of the neutral axis; &, is the
experimental height of the neutral axis; M, is
the calculated ultimate bending moment; and
M, exp is the experimental ultimate bending
moment. For hollow glulam beams with the
hollow ratio ranging from 25% to 40% and wall
thickness greater than 20 mm (JHL2 to JHLO),
the experimental and calculation results are ap-
proximately consistent, which indicated that the
method presented in this article for analyzing the
bending performance of hollow glulam beams is
feasible.

CONCLUSIONS

To investigate the bending performance of the
hollow glulam beams, three solid glulam beams
and 15 hollow glulam beams were tested. Based
on the the analysis of the test data, the following
conclusions can be drawn.

1. Three failure mechanisms were observed about
the hollow glulam beams, which were char-
acterized by brittle tensile failure initiated
at the tension face of the beam. The load-
deflection curves are approximately linear,
and the strain distribution across the cross

section remains approximately linear throughout
the loading process, following standard beam
theory.

. The average midspan deflection at the ultimate

load of the hollow glulam beams was
62.3 mm, which was far greater than the
maximum allowable design value of 13.8 mm.
The maximum ultimate deflection can reach
1/47 before damage. Consequently, the critical
design criterion for hollow glulam structures is
deflection rather than strength.

. The cross-section hole weakens the apparent

elastic modulus and apparent bending stiffness
of the hollow glulam beams. The apparent
bending stiffness is slightly smaller than the
calculation value by the theory of elasticity
and 0.86 times the calculated value. The in-
ternal height of the section has a great impact
on the ultimate loading capacity and the
bending stiffness. The characteristic apparent
MOE is 12,140 MPa when the hollow section
ranges from 25% to 40% and the wall
thickness is greater than 20 mm.

. The deformation and load capacity of the hollow

glulam beam can be calculated by using the
theory of elasticity. Based on the test results

Table 4. Comparison between the calculated and experimental values.

No. &, (mm) §exp (mm) Error (%) M, (kN-m) Myexp (KN-m) Error (%)
JHL2 89.01 91.08 2.33 32.02 31.97 0.15
JHL3 88.17 87.31 0.97 29.60 28.95 2.27
JHL4 89.19 83.42 6.47 26.06 24.78 5.18
JHLS5 89.94 91.90 2.11 30.72 30.36 1.19
JHL6 85.64 80.50 6.00 28.66 27.49 4.23
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and analysis, a reduction coefficient should
be added to calculate the bending stiffness. A
calculation model for the ultimate bending
moment was proposed, and the calculation
values were consistent with the experimental
values. The result shows that the calculation
model proposed herein is feasible.
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