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Yue et al—FLEXURAL BEHAVIOR OF GLULAM BEAMS

Abstract. In this study, to improve the structural applications of glued laminated timber (glulam) in high
RH environment according to its relatively lower MOE, fast-growing poplar laminae with a thickness of
35 mm were thermally treated at 200°C for 3.5 h. The effects of thermal treatment and RH in the surrounding
environment on laminae strength class was conducted. Afterward, 12 full-scale same-grade composition
glulam beams made out of untreated and thermally treated poplar laminae were prepared. The four-point
bending tests were conducted to reveal the effects of laminae thermal treatment and RH in the surrounding
environment on flexural properties of glulam beams with a span-depth ratio of 18. The results showed that
the strength class of fast-growing poplar laminae was negatively related to RH in the surrounding condition,
and thermal treatment can contribute to the increase in strength class. In 90% RH, strength class increased
from untreated laminae Mg7 to the heat-treated laminae Mg10, according the China standard. The rela-
tionship between bending properties of glulam beams and RH in the surrounding environment was neg-
atively correlated, as well as thermal treatment, whereas MOE was improved significantly after thermally
pretreated, especially in high RH. In 90% RH, MOE of glulam beams made of thermally pretreated laminae
was 29.57% higher than the untreated beams with an MOR reduction of 8.82%. The results of characteristic
load—deformation curves, characteristic load—strain curves, average extreme fiber strain, and the failure
mode can support each other in this study. Industrial thermal treatment technology to laminae improved the
MOE of glulam beams significantly in high RH with a reduction in MOR, and glulam beam made out of
thermally treated fast-growing poplar laminae can be used in construction, but need checking in MOR or be
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used for a limited range of structural elements.

Keywords:
flexural properties.

INTRODUCTION

Wood has been widely used as building material
worldwide according to its mechanical properties
and environment-adjusted nature (Yue et al 2017,
2018). However, wood material is severely re-
stricted throughout outdoor conditions on account
of its poor decay resistance against decay and insect
attack (Yang et al 2012), dimensional stability
(Sjodin and Johansson 2007), and the reduction
in mechanical properties caused by a high RH in
the surrounding environment (Mitchell 1988).

Wood preservatives are widely used to improve
the decay resistance. Copper-based preservatives
have been extensively used according the rela-
tively low toxicity (Goodell et al 2007; Gaspar
et al 2010). The effective ingredient in water-
borne preservatives is vulnerable to leaching
during service, shows decreased durability with
time (Zhang and Kamdem 2000), and leads to
pollution. The fixation of active ingredients in
treated wood are studied many times, and some
measures were proved to be effective (Humar
et al 2006; Lin et al 2009). However, the fixation
of effective ingredients of preservatives in treated
wood is too complicated, not easy to control, and
has not been completely resolved.

Full-scale glulam beam, fast-growing poplar lamina, industrial thermal pretreatment, RH,

The RH changes caused moisture gradients in
timber, inducing internal stresses that generated
uneven shrinkage and swelling. The internal
stresses can lead to cracks, which were usual in
massive timber structures. It was reported that the
capacity of notched beams, curved beams, and
prismatic glulam loaded perpendicular to the
grain can be negatively affected by the moisture
gradients according to the cracks (Aicher et al
1998; Gustafsson et al 1998; Jonsson 2004,
Osmannezhad et al 2014; Mirzaei et al 2017). If
the position of the timber was fixed, the internal
stresses may cause serious damage to the struc-
ture as a whole (Sjodin and Johansson 2007).
Therefore, there was an urgent requirement for
the reduction in internal stress of structural timber
element, especially for fast-growing tree species
with low density and loose texture under a fre-
quent high—low variation in moisture (Hill 2006).
According to Gerhards (1982), 1% increase in the
MC results in 1.65% and 4.3% decrease in MOE
parallel to the grain and compression strength
perpendicular to the grain, respectively, because
bound water performs as plasticizer in texture of
wood material (Mirzaei et al 2017). More on the
effects of MC on the mechanical properties were
reported in the studies by Kretschmann (2010)
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and Dinwoodie (2000). Therefore, it is generally
accepted that mechanical properties of wood
strongly depend on its MC, decreasing with in-
creasing MC below the FSP (Gerhards 1982;
Pearson et al 2015; Pekka and Mark 2016).

As a chemical-free modification, thermal treat-
ment on wood has been proved efficient in the
improvement on decay resistance and dimen-
sional stability. Low oxygen thermal modifica-
tion at 160-260°C have been widely studied and
successfully industrialized (Esteves and Pereira
2009; Cademartori et al 2013; Li et al 2017).
Thermal treatment decreases hygroscopicity
obviously according to thermal degradation of
hemicellulose, as well as cellulose and lignin at
higher temperature than 200°C (Hill 2006;
Cademartori et al 2013). Heated wood grows
dimensionally stabilized when humidity fluctu-
ates (Tjeerdsma et al 1998). Many test results
showed that the durability of the treated laminae
can be improved significantly, with reduced hy-
groscopicity, but it decreased mechanical prop-
erties in varying degrees (Santos 2000; Kamdem
et al 2002; Icel et al 2015). Amounts of the lit-
eratures reported mechanical properties decreased
with the increase in heating temperature (Moraes
et al 2004, 2005; Kocaefe et al 2007, 2010; Jiang
et al 2014; Zhong et al 2015), especially at 200°C
and higher (Poncsédk et al 2006). Therefore, the
use of heat-treated wood in load-bearing con-
structions does not seem to be desirable (Jamsa
and Viitaniemi 2001).

The importance of the decrease in internal stress
in timber has increased in the few years because
large cross-section of glulam was required be-
cause of the need for load-bearing when used in
long-span and medium-rise construction. The
cross section of glulam was determined by MOE,
not load capacity, especially in high RH. This
may be currently hindered by knowledge gaps
and perceptions regarding the poor dimensional
stability and low MOE of timber buildings.

Thermal modification can attribute to enhanced
decay resistance, dimensional stability, and less
hygroscopicity with less reduction in mechanical
properties using a slightly high temperature (Mitchell
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1988; Poncsak et al 2006). Therefore, ideas for
using friendly chemical-free thermal treating
technology to improve the flexural properties of
glulam in high RH may provide an attractive
alternative. Fast-growing poplar is one of the
most common wood species and intensively used
in wood product industry in China (Yue et al
2019). Improving the hygroscopic characteristics
of fast-growing poplar by industrial thermal
treatment technology would offer the timber
product industry many interesting opportunities.
To our knowledge, there is little reference about
the influence of heat treatment on bending prop-
erties of full-scale glulam beam made out of
thermally treated fast-growing wood in high hu-
midity. In general, 60% and 90% RH represent the
general application and extreme high RH, respec-
tively, and the two RHs were used in this study.
Hence, the moisture- and thermal treatment—
induced bending properties of the glulam beams
are important properties for structural designing
that should be calculated in detailed designing of
the timber construction (Ranta-Maunus 2003;
Mirzaei et al 2017). Therefore, the main objective
of the current research work is to investigate the
impact of industrial thermal treatment and RH in
the surrounding environment on bending prop-
erties of full-scale glulam beams made out of the
thermally treated poplar wood, including MOE,
MOR, the characteristic load—deformation curves,
the characteristic load—strain curves, the average
extreme fiber strain, and the failure mode.

MATERIALS AND METHODS
Materials

The fast-growing poplar wood (Populus spp.)
with an air-dried density of 444 kg/m® (at 12%
MC) from Jiangsu province, China, was used in
the test. Defect-free flatsawn lumber from the
sapwood was selected. The dimensions of the
lumbers were 35 x 140 x 3050 mm® (thickness
by width by length), and the MC was controlled
to 8-12%. According the nondestructive three-
pointed static bending test specified in China
standard GB/T 26899 (2011), every piece of
lumber was carefully stress graded. The strength
class of laminae in the absence of finger joints
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was determined by MOE according to China
standard GB/T 26899 (2011). The lumbers with a
same strength class were used. The lumbers were
divided into two groups. One group was condi-
tioned at a temperature of 25°C and an RH of
60% and then was labeled with Uy ¢g. The other
group was conditioned in 25°C and of 90% RH
environment and was labeled with Ujgo. The
conditioning time was both more than 1 mo until
the laminae attained constant mass before being
tested or preparation of the glulam beams.

Commercial exterior-grade phenol resorcinol
formaldehyde (PRF) adhesive from Aike Indus-
trial Co., Ltd. (Nagoya, Japan) was used in the
current research work to mount the laminations.
The adhesive with a pot life of 35 min at 20°C
was dark brown. Phenol resorcinol formaldehyde
adhesive consisted of two components: main
agent solution and paraformaldehyde powder.
Before each test, paraformaldehyde for hardener
was added into the PRF main agent and then was
homogenized for at least 3 min using a mixer
running at a pumping capacity of 200 L/min. The
viscosity of the adhesive at 20°C was 7500 MPa.
Its solids content and pH value at 20°C were
35.8% and 7.6.

Thermal Treatment

The dimensional lumber was dried to less than
3% MCt, and then thermally treated in a kiln with
a capacity 40 m> by a wood-modified manufac-
turer (Zhejiang Shiyou Timber Co., Ltd., Nanxun,
China). The temperature was set to 200°C according
to the literature (Mitchell 1988; Poncsak et al
2006), in which the research works pointed out
that the reduction of mechanical properties can be
ensured within allowable limits. The thermal
treatment was conducted using an industrial
treating technology of 3.5 h at 200°C. The su-
perheated vapor was used as both a protection
gas and a heat transfer medium. After thermally
treated, the lumbers were then divided into two
groups. The two groups were conditioned in an
RH of 60% and 90% and were labeled with Ty ¢
and Ty g, respectively. The conditioning was con-
ducted at a temperature of 25°C, and the duration
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was more than 2 wk to reach EMC before being
tested or preparation of the glulam beams.

Preparation of Glulam

All the glulam beams were made of poplar
laminae in the absence of finger joints. The
laminae were planned and finished to prepare
fresh surfaces before bonding. The PRF adhesive
was applied on surfaces of the laminae as 300 g/m*
with a brush. The laminae were laid up to as-
semble glulam beam specimens and then pressed
for 6 h at ambient temperature under a pressure of
1.0 MPa. The beam specimens, with a dimension
of 75 x 150 x 3000 mm® (width by depth by
length), had a length of 20 times the depth of the
cross section. Each glulam beam contained six
laminae with a same thickness of 25 mm. The
beam specimens labeled with Uggy and Uggg
were fabricated with Upgy and Upgg poplar
laminae, respectively. Those labeled with Tggq
and Ty were layered up with Ty ep and Ty og
poplar laminae, respectively. The preparation
of all glulam beam specimens was carried out
at ambient temperature and humidity ranging
from 55% to 75%. Afterward, the beams la-
beled with Ugep and Tgeo Were conditioned in
60% RH, and UBgo and TB90 at 90% RH. The
conditioning temperature of all glulam beam
specimens was 25°C and the duration time was
more than 4 mo.

Determination of MC

The MC of laminae was determined in accor-
dance with EN 13183-1 (2002). Defect-free test
pieces were the full cross section and were all cut
to a dimension of 35 x 140 x 20 mm? (thickness
by width by length) according to BS EN 408
(2012) and EN 13183-1 (2002). The MC o was
determined using the following Eq 1.

o = (my —mg)/mo, ()

where w is the MC (%), m, is the mass of the test
piece before drying (g), and m is the mass of the
oven dry test piece (g).
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Determination of Strength Class of Laminae

The strength classes of laminae in the absence of
finger joints were determined by MOE according
to China standard GB/T 26899 (2011), and MOE
tests were conducted by a nondestructive three-
point static bending method in accordance with
China standard GB/T 26899 (2011). The flexural
testing was carried out using a universal test
machine (Hangzhou Meters of Mechanical and
Electronic Control Engineering Co., Ltd., China)
with a 250 kN load cell. Load was applied con-
tinuously at a rate of 5.0 mm/min. Twelve repli-
cates were performed for each condition (U g,
UL, Treo and Tyrop).

MOE of the laminae was determined by the
following Eq 2.

BAF

MOE=-———
AbI3AY

2

where MOE is the modulus of elasticity (MPa), [
is the span in bending (mm), b is the width of
cross section in a bending test (mm), & is the
depth of cross section in a bending test (mm), AF
is an increment between upper and lower load
limits (&), and Ay is an increment of deformation
corresponding to the AF (mm).

Flexural Tests

All full-scale glulam beam specimens were tested
using the four-point bending method in accor-
dance with BS EN 408 (2012), with the test setup
as shown in Fig 1. The flexural behavior of all
glulam beam specimens were carried out using a
universal test machine (Hangzhou Meters of
Mechanical and Electronic Control Engineering
Co., Ltd.). Load was applied at a constant of 5.0
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mm/min until failure. Lateral roller-type restraint
was used to prevent buckling and lateral torsional
effects. The glulam beams were symmetrically
loaded in bending at two points over a span of
18 times the depth as shown in Fig 1. A com-
bination of YHD-200 linear variable differential
transformers (LVDTs) and DH 3816 static strain
box (Donghua Testing Technology, Co., Ltd.,
Taizhou, China) was used to record the defor-
mation of glulam beam, and the LVDTs were
located at both the midpoint and end supports
of glulam beams. The strains were monitored by
BX120-50AA paper-based strain gage (Zhejiang
Huangyan Testing Apparatus Factory, Taizhou,
China) with a sensitivity coefficient 2.08 + 1%
at the midspan of glulam beams both throughout
the depth with a space of 25 mm and on the two
face laminae. The four beam groups (Uggp, Ugogo,
Tgeo, and Tgog) were three replicates for each.

Bending strength (f,,) and MOE (E,, .pp) of
glulam beam were calculated by the following
Eqgs 3 and 4, respectively.

afl,

fm = W’ (3)
BAF 3a a\ 3

"8 = pi3Ay [(41) -(7) } @

where E,, , is the MOE (MPa), f,, is the bending
strength (MPa), F, is the maximum load (N), W is
the section modulus (mm?®), a is the distance
between loading position and the nearest support
(mm), [ is the span in bending (mm), b is the
width of cross section in a bending test (mm), / is
the depth of cross section in a bending test (mm),
AF is an increment between upper and lower
load limits (), and Ay is an increment of de-
formation corresponding to the AF (mm).

r a=900mm " @=900mm ‘ a=900mm y
.ELVDT .—ifz 2 ’i LYDT ir
strain gauges glulam beam ——————
LvDT
| #=3a=2700mm
£=3000mm

Figure 1. Bending test setup and arrangement.
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RESULTS AND DISCUSSION
MC and Strength Classes of Laminae

The data in Table 1 provided how MC and
strength classes of laminae in the absence of
finger joints were affected by thermal treatment
and RH in the surrounding environment.

The results indicated that RH had a significant
effect on MC, and MC of untreated laminae in
90% RH was 17.41% and was 83.65% higher
than that in 60% RH (see Table 1). After being
treated, all the laminae specimens reached a lower
MC in 60% and 90% RH (see Table 1). MC of
heated lamina specimens in 60% RH was 6.00%
and 14.71% in 90% RH. There was an obvious
reduction in the MC between untreated and
thermally treated laminae specimens in the same
RH. The reason for this behavior was probably
the thermal modification effect. Thermal treat-
ment was proved to turn wood less hygroscopic
because there mainly may be thermal degradation
of hemicellulose, as well as cellulose and lignin in
arelatively slight degree (Hill 2006; Cademartori
et al 2013). Li et al (2013) conducted a similar
thermal treatment to that in the present study, in
which 25-mm-thick Manchurian ash and 30-mm-
thick poplar wood were both heat treated at
200°C for 3 h. The results showed that EMC of
heated Manchurian ash ranged from 5.91% to
7.56% at 25°C in 55-70% RH (Li et al 2013), and
poplar wood 4.86-6.91% in 50.9-69.0% RH (Li
et al 2017). The test results from Li et al (2013,
2017) were generally same as the EMC value of
6.00% in this study.

Table 1 showed that the effects of thermal
treatment and RH in the surrounding environment
on the strength class were obvious significantly,

Table 1. MOE and MC of untreated and thermally treated

laminae in 60% and 90% RH.

MOE (MPa)

Specimen types Mean SD MC (%)
ULeo 9670 461 9.48
ULoo 7591 1224 17.41
Treo 13,295 1928 6.00
Troo 11,611 1396 14.71
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and both of them were negatively correlated with
the strength class. In accordance with China
standard GB/T 26899 (2011), the strength class of
untreated laminae (Upgp) was Mg9 because the
average MOE of laminae in the absence of finger
joints at EMC in 60% RH was 9670 MPa, met the
requirement from 9000 MPa to 10,000 MPa, and
can be used for the production of TCt18 glulam.
In 90% RH, the average MOE of laminae in the
absence of finger joints at EMC was 7591 MPa,
and the strength class was Mg7 (>7000 MPa
and <8000 MPa) and cannot be used for the
preparation of same-grade composition glulam
because the strength class of a lamina was not less
than Mg8 according to China standard GB/T
26899 (2011). For the thermally treated lami-
nae, the average MOE was 13,295 MPa after
being conditioned in 60% RH. The strength class
was Mgl2 (>12,000 MPa and <14,000 MPa)
and can be used for the production of TCy27
glulam according to China standard GB/T 26899
(2011). The average MOE of thermally treated
laminae in 90% RH was 11,611 MPa. The strength
class was Mg11 (>11,000 MPa and <12,000 MPa)
and can be used for the production of TCt21 glulam
according to China standard GB/T 26899 (2011).

The results of untreated and thermally treated
wood in the present study was the same as those
of Gerhards (1982), who presented that all me-
chanical properties of wood increased as the MC
decreased below FSP. It has been widely ac-
cepted that as the MC goes from green to dry, the
strength properties of wood increase. Therefore,
the thermally treated laminae with less MC had a
higher MOE than the untreated.

Load-Mid-Span Deformation Behavior and
Failure Modes

Figures 2 and 3 represented the load—deformation
behavior and failure modes of the four series of
full-scale glulam beams in 60% and 90% RH,
respectively. The results from Figs 2 and 3 in-
dicated that thermal pretreatment and RH in the
surrounding environment both caused an obvious
change in the failure mode from brittle tension of
thermally treated beams in low RH to a ductile
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Figure 2. Load—deformation curves for glulam beams made from untreated laminae (a), from thermally treated laminae in

60% (b) and 90% (c) RH.

compression failure or flexure-shear failure of
untreated beams in high RH. The flexural per-
formance of glulam beams indicated in Fig 2 was
essentially the same as that in Fig 3.

The load—deformation behavior of all the un-
treated beams in 60% and 90% RH (Ugeo and
Uggg) are shown in Fig 2(a). All three of glulam
beam specimens (Uggp) at EMC in 60% RH
exhibited slight nonlinear behavior until the
failure at the tension face was due to the presence
of either knots or cross grain. No compression
yielding occurred in the compression zone of the
glulam beams, and the failure was slightly duc-
tile. The fracture surfaces of the untreated beams
(Uggo) In 60% RH were uneven section, and
cracks occurred along the wood fiber direction
(see Fig 3(a)). As can be seen from the load—
deformation curves of the untreated beams in
90% RH (Uggp) shown in Fig 2(a), nonlinear
behavior occurred obviously before the maxi-
mum load was reached. This meant that the
yielding of the wood in the compression zone
occurred before the wood of tension face reached
the ultimate tensile strain, and the failure was in

the compression mode, which showed obvious
wrinkling in the compression zone before tensile
fracture (Uggg) (see Fig 3(b)). Therefore, the
failure was significantly ductile. The curves of
load with deformation of thermally treated beams
exhibited linear elastic behavior as seen in Fig
2(b) and (c) in spite of the difference of RH
between them. The fracture surfaces of the
thermally treated beams (Tggp and Tggg) in 60%
and 90% RH were irregular and flat. Thermal
treatment caused wood material brittleness. The
thermally treated beams (Tgep) in 60% RH also
failed in the tension mode at the location of
natural defects and was similar with that of the
untreated beams (Uggg) in 60% RH (see Fig 3(c)).
The thermally treated beams (Tggg) in 90% RH
all failed in combined flexure and shear mode (see
Fig 3(d)). It should be noted that the plastic de-
formation of thermally treated beams (Tggp) in 90%
RH was less than that of the untreated beams in 60%
RH. This indicated that the effect of thermal pre-
treatment was more than that of high RH in the
present study. Therefore, the conclusion can be
drawn that linear elastic behavior of glulam beam

Figure 3.

Bending properties of glulam beams at EMC in different RHs.
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can be achieved using industrial thermal treatment
technology, and it may be attributed to less hy-
groscopicity of wood caused by heating technology.

The test results about flexural properties are
summarized in Fig 4. It can be seen from Fig 4
that the bending strength and MOE were obvi-
ously effected by both thermal pretreatment and
RH in the surrounding environment. The bending
properties of both the untreated and thermally
treated glulam beam decreased with the increase
in RH since plasticity increased with MC. MOE
and MOR of glulam beams both decreased after
being thermally treated.

Mechanical Properties of Glulam

The mechanical properties of glulam beams are
shown in Fig 2. The results are plotted in Fig 4.

As seen in Fig 4, the average MOR of the un-
treated beams (Uggg) at EMC in 90% RH was
46.5 MPa and was 21.85% less than that in 60%
RH. The average MOE of the untreated beams
(Uggo and Uggg) at EMC decreased from 11,438
MPa to 10,257 MPa when RH increased from
60 to 90%. The increment of MOE in different
RHs was 10.33%. The relationship between the
bending properties of beams and RH in the
surrounding environment was negatively corre-
lated according to the MC difference of wood.
For the thermally treated beams, MOR and MOE
were both negatively correlated, like the un-
treated beams. It should be noted that the effects
of RH on MOR and MOE of heated beams were
less than those of the untreated beams. For the
thermally treated beams, MOR in 60% RH was
3.42% higher than that in 90% RH, and the
difference of MOE between the two RHs was
12.94%. The results showed that the hygro-
scopicity of beams decreased after being ther-
mally treated, and then the heated beam was not
susceptible to moisture when RH increased.

It was still obvious that there was a relatively
large decrease for MOR after laminae used in
glulam beams were thermally pretreated. MOR of
thermally treated beam in 60% RH was 26.22%
lower than that of the untreated beams in 60%
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Figure4. Typical failure modes of full-scale glulam beams:
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pression failure of the untreated beam in 90% RH (b), tension
failure of the thermally treated beam in 60% RH (c), and flexure-
shear failure of the thermally treated beam in 90% RH (d).

RH. By comparison, MOE of thermally treated
beam in 60% and 90% RH was 33.47% and
16.19% higher than that of the untreated beams in
60% RH, respectively. However, compared with
the untreated beams in 90% RH, MOR of
thermally treated beams in 60% and 90% RH
decreased by 5.59% and 8.82%, and MOE of
thermally treated beams in 60% and 90% RH
increased by 48.83% and 29.57%, respec-
tively. Widmann et al (2014) conducted MOR
and stiffness tests of glulam beams made out of
the thermally modified beech wood, which was
similar to that in this study. The tests also presented
that the thermal treatment of wood increased the
stiffness of the glulam beams with a reduction in the
MOR (Widmann et al 2014), and the conclusion
was the same as the results in this study.

Thermal treatment changed the chemical com-
position of wood materials by degrading cell wall
compounds. The hemicellulose, cellulose, and
lignin in wood cell wall were all the structural
compounds (Esteves and Pereira 2009). The most
serious degradation under thermal treatment was
hemicellulose, even at low temperatures (Tjeerdsma
et al 1998; Sivonen et al 2002; Nuopponen et al
2004). Cellulose was less affected by the thermal
treatment because of its crystalline nature (Yildiz
et al 2006; Esteves et al 2008). The heat-treated
wood had a higher content of lignin than the
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untreated wood according to polycondensation
reactions and cross-linking with other cell wall
components (Tjeerdsma and Militz 2005;
Boonstra and Tjeerdsma 2006; Zaman et al 2000;
Esteves et al 2008). Therefore, the mechanical
properties of thermally treated wood were gen-
erally same as that of the untreated.

All the aforementioned showed that MOE of
glulam beams made from low-grade fast-growing
poplar wood can be greatly improved at the
expense of a slight decrease in MOR using in-
dustrial heating technology in the extreme high
RH in the surrounding environment. A similar
conclusion was drawn by Boonstra et al (2007):
heat-treated wood can be used in construction
because of a slight reduction in the MOR and a
great increase in the MOE of heat-treated wood.

Strain Distribution

Typical load—strain curves of glulam beams in
bending tests are illustrated in Figs 5 and 6.

It can be seen from Figs 5 and 6 that the load—
strain curves for the untreated beams in 60% RH
(see Fig 5[a]) and the thermally treated beams in
90% RH (see Fig 6[b]) were slightly nonlinear,
and the untreated beams in 90% RH remained
dramatically nonlinear according to the high MC
of wood (see Fig 5[b]), whereas the thermally
treated beams in 60% RH showed linear behavior
(see Fig 6[a]).

Thermal pretreatment and low RH both led to the
reduction in the MC of wood (see Table 1).

35

‘WOOD AND FIBER SCIENCE, APRIL 2020, V. 52(2)

Therefore, it was a good explanation of the
greater deformation of the untreated beams in
90% RH than that in 60% RH. The thermally
treated beams exhibited obvious linear behavior
at different RHs, especially in 60% RH, because
the heating technology reduced the hygroscop-
icity of wood, which was also mentioned by
many other authors (Kamdem et al 2002; Esteves
et al 2007a, 2007b).

Figures 7 and 8 plotted the typical strain profiles
at midspan for typical glulam beams at different
load levels until failure.

It has been indicated in Figs 7 and 8 that the
mechanical neutral axis position of the untreated
beams gradually moved downward as the
bending load increased to failure (see Fig 7), and
the neutral axis position of thermally treated
beams was relatively stable (see Fig 8). The
mechanical neutral axis position of untreated
beams in 60% RH moved from 3.340 mm
to —2.503 mm against the geometric neutral axis
(see Fig 7[a]). The position moved from
1.096 mm to —4.191 mm in 90% RH (see Fig 7
[b]). The average extreme fiber strain for both
compressive and tensile at failure was signifi-
cantly affected by thermal pretreatment and RH
in the surrounding environment. The average
extreme fiber strain of glulam beams was posi-
tively related to the RH in the surrounding en-
vironment, and the thermal pretreatment had an
obvious negative effect on extreme fiber strain.
The average extreme fiber strain of wood at
failure of untreated beams increased from 0.560%
in 60% RH to 0.614% in 90% RH. The average
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Typical load—strain curves for the untreated glulam beams in 60% (a) and 90% (b) RH.
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Figure 6. Typical load—strain curves for the thermally treated glulam beams in 60% (a) and 90% (b) RH.

extreme fiber strains of wood at failure of ther-
mally treated beams in 60% and 90% RH were
0.295% and 0.418%, respectively. The reduction
in average extreme fiber strains in thermally
treated beams were both lower than that of un-
treated beams in each RH because of the brit-
tleness and high MOE of wood caused by thermal
pretreatment.

In comparison with the results of MOE im-
provement and MOR decrease in the present
study, Mirzaei et al (2017) found that MOE and
MOE of glulam beams made out of poplar wood
both increased slightly after poplar laminae with a
thickness of 6 mm was thermally treated at 140°C
and 160°C for a duration of 30 min. There are
some literatures reporting that mild thermal
treatment of wood leads to increase in MOE
(Giindiiz et al 2009). It is well known that
hemicelluloses play key roles in the mechanical
properties of wood heated at high temperatures
(Hillis 1984). During the mild thermal wood
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c © o & 2

]

Depth (mm)
=]

[
S o

-80

1 1 1 1 1

treatment, less hemicelluloses are extracted from
wood cell walls (Tjeerdsma and Militz 2005) and
crystalline cellulose is increased because of the
thermal treatment (Yildiz and Giimii$kaya 2007).
The changes in chemical component within wood
were affected by temperature level. Therefore, the
mechanical properties of heat-treated wood would
change more slightly if being modified using a
mild thermal treatment (relatively low temperature
and shorter duration), and then there may be a
better balance between the improvement on MOE
and the reduction in MOR. Enough replications
were necessary to evaluate and provide all fun-
damental mechanical parameters of flexural
members at each treatment level for its application
in timber structure. It was not possible to conduct a
statistical evaluation of the test results in the
current research work. However, the present study
gave an idea of the possibility of the improvement
of load-bearing glulam made out of thermally
treated fast-growing wood species in high RH, and
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Figure 7. Typical strain profile for the untreated glulam beams in 60% (a) and 90% (b) RH.
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the heated glulam beams could be used for a
limited range of structural elements.

CONCLUSIONS

1. There was a negative relationship between
humidity in the surrounding environment and
the strength class of laminae in the absence of
finger joints, and the thermal treatment can
contribute to the increase in the strength class.
The strength class of untreated laminae de-
creased from Mg9 in 60% RH to Mg7 in 90%
RH. The strength class of thermally treated
laminae decreased from Mgl2 in 60% RH to
MEgl1 in 90% RH. After thermal treatment, the
laminae strength class increased from Mg9 to
Mgl12 in 60% RH and from Mg7 to Mgl 1 in
90% RH.

. Compared with the untreated beams, MOR of
thermally treated beams slightly decreased, and
MOE significantly improved. MOE of ther-
mally treated beams in 60% RH was 15,266
MPa and was 33.47% and 48.83% higher than
that of untreated beams in 60% and 90% RH,
respectively. MOR of heat-treated beams in 60%
and 90% RH was 5.59% and 8.81% than that of
the untreated beams in 90% RH, respectively.

. The curves of load with deformation, bending
failure modes, load—strain curves, and the
average extreme fiber strain of glulam beams in
each RH showed that the untreated beams
exhibited more nonlinearity than the thermally
pretreated beams, especially at high RH en-
vironment. The observations can be supported
among7/ them.

-8000 -6000 -4000 -2000 0 2000 4000 6000 8000
) Microstrain

Typical strain profile for the thermally treated glulam beams in 60% (a) and 90% (b) RH.

4. The relationship between bending properties
of glulam beam and RH in the surrounding
environment was negatively correlated, so
should be restricted in extreme high RH.
Industrial thermal treatment technology im-
proved the MOE significantly in high RH
with a slight reduction in MOR. Therefore,
thermally pretreated wood materials can be
used in construction but need checking of
MOR or be used for a limited range of structural
elements.
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