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Abstract

Thermo-hydro-mechanical (THM) processing can improve the intrinsic properties of wood, produce new materials, and
give desired form and function to new applications. THM treatments change the mechanical properties of wood and may
change its viscoelastic properties as well. Therefore, the objective of this study was to assess the viscoelastic properties of
THM-treated wood at several humidity and load levels. To explore these changes, this study applied a THM treatment to
beech (Fagus sylvatica L.) wood with steam (620 kPa) and heat (170 °C), followed by densification and increased tempera-
ture (200 °C) in a hot-press, which was then cooled while under pressure. Two initial specimen thicknesses before THM
treatment were used to study the difference between density ratios. Specimens were tested in a humidity-controlled dynamic
mechanical analyser (DMA) to apply creep stress with different loading levels (20% and 30% of expected modulus of rup-
ture) and relative humidity levels (30%, 50%, and 65% RH). The creep compliance/recovery response was monitored, and
dynamic moduli were measured before and after the application of creep stress. The loss modulus measured was highest for
specimens tested at 65% RH and lowest in specimens tested at 30% RH, which is a direct result of the viscous response of
the material. Increased damping of the specimens was also observed at higher RH, which is typical for wood products due to
added moisture in the cell wall acting as a plasticizer to cell wall polymers. Like previous studies, THM treatment lowered
the equilibrium moisture content (EMC) of densified wood specimens, which affected their mechanical performance. THM
treatment yields higher strength and lower EMC, suggesting that this product could be suitable for structural applications
where their service life is in an indoor environment. THM treatment also resulted in decreased creep compliance and recovery
compliance as compared to control specimens.

1 Introduction

Forest-based industries are continually developing advanced
processing, materials, and wood modification solutions to
meet evolving demands and increase competitiveness. One
challenging aspect to these solutions is the viscoelastic
behaviour of wood (Wolcott et al. 1994). Owing to the vis-
coelastic nature of wood, its mechanical properties depend
on time, temperature, and moisture. At relatively short
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loading times, low temperatures, and low moisture content,
wood exhibits glassy behaviour that can be characterized as
brittle. At long loading times, high temperatures, and high
moisture content, wood exhibits rubbery behaviour that can
be characterized as compliant. Furthermore, because of its
viscoelastic nature, wood also exhibits rheological properties
such as creep and relaxation.

One approach to modify the behaviour of wood is through
the use of thermo-hydro-mechanical (THM) treatments that
combine temperature, moisture, and pressure (Kutnar et al.
2015). THM processing can improve some of the intrinsic
properties of wood, produce new materials, and provide the
desired form and function for new applications. Densifica-
tion via THM treatment makes it possible to add value and
increase the number of possible applications of a given wood
species. European beech (Fagus sylvatica L.) is a commonly
available wood species that does not have the same level of
utilisation as other hardwood species. As beech is a diffuse,
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porous hardwood, it is perfectly suited for THM treatment
where significant differences between earlywood and late-
wood can cause high variability in the resulting densified
wood. THM treatment, therefore, can produce high quality,
high strength material for application to construction where
wood is exposed to constant loads. One THM treatment
method is to increase the density of wood to enhance its
mechanical properties. Improved mechanical properties, and
the ability to control them, increase the number of poten-
tial applications. Previous studies examined the structural,
mechanical, and bonding properties of densified wood, but
none of them focused on the time-dependent behaviour of
densified wood. In many structural and non-structural appli-
cations, products are exposed to long-term loads, which can
cause time-dependent deformations. Therefore, it is essential
for potential utilization of THM-treated wood to examine
its time-dependent behaviour, like creep deformation. THM
treatments change the mechanical and chemical properties
of wood and may change the viscoelastic properties as well.
No past studies have examined the time-dependent behav-
iour of THM treated wood, but several have examined the
viscoelastic properties of other wood modifications. Lisp-
erguer et al. (2009) compared the viscoelastic properties
of untreated radiata pine (Pinus radiata) and acetylated
wood specimens and concluded that, in dry conditions, the
esterification of wood by acetylation considerably lowers
the thermal softening when compared to untreated radiata
pine specimens. Furthermore, Jebrane et al. (2011) found
that the dynamic viscoelastic properties of acetylated wood
depend on the acetylation method employed. Epmeier et al.
(2007) studied creep properties in bending of the following
modified Scots pine sapwood specimens: acetylated, modi-
fied with methylated melamine resin at two levels of resin
concentration, heat-treated in vegetable oil at 160 °C and
190 °C, and furfurylated. While several methods for esti-
mating creep deformation and relative creep were identi-
fied for untreated wood, they concluded that, for modified
wood, only the use of dynamic modulus of elasticity (MOE)
is suitable for estimating creep deformation. Furthermore,
Epmeier et al. (2007) demonstrated that the modified wood
deflected significantly less than untreated wood, while only
acetylation reduced the elastic part of the creep deflection.
These findings are significant and support the use of wood
modifications to decrease long-term deflection, which is one
of the primary design parameters for wood when used as a
structural material exposed to long-term loads. Since THM-
treated wood has the potential to be used as a construction
material, it is essential to determine its time-dependent
performance.

Dynamic mechanical analysis (DMA) is a standard
method for the characterization of materials (often poly-
meric) that exhibit a significant change in their viscoe-
lastic behaviour under varying conditions. As the wood
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components cellulose, hemicellulose, and lignin are poly-
meric, it is a natural choice to use DMA for the characteri-
zation of wood. In DMA, storage modulus E’, which is a
measure of the material stiffness; loss modulus E”, which
reflects the amount of energy that has been dissipated by the
sample; and the ratio E"/E'=tand, the index of material vis-
coelasticity, are calculated from the material response to an
oscillating force. These different moduli allow better char-
acterization of the material since this enables examination
of the material to return or store energy, its ability to lose
energy, and the ratio of these effects (damping). Kaboorani
et al. (2013) discussed the benefits of studying creep proper-
ties of wood by DMA and demonstrated that it can be a rapid
and accurate tool to assess the time-dependent behaviour of
wood under load. In the present study, DMA was used to
study the viscoelastic properties of THM-treated wood at
two degrees of densification and three different RH levels,
following the methodology of Kaboorani et al. (2013).

The objective of this research was to assess the viscoelas-
tic properties of THM-treated wood under different humidity
and load levels.

2 Materials and methods

The approach in this study was to apply creep stress using a
DMA at two load levels (20% and 30% of expected modulus
of rupture [MOR]) and three relative humidity (RH) levels
(30%, 50%, and 65%). The creep response was monitored,
and dynamic modulus was measured before and after the
application of creep stress.

2.1 Wood specimens and thermo-hydro-mechanical
(THM) treatment

Clear panels of European beech (Fagus sylvatica L.) wood
were conditioned in a controlled environment at an RH of
65% and a temperature of 20 °C until equilibrium moisture
content (EMC) of approximately 12% was achieved. Panels
were then planed to reduce the thickness to 2 mm, 1.6 mm,
and 1 mm (radial) and cut to a length of 500 mm (longitu-
dinal) and width of 160 mm (tangential). Panels with an
initial thickness of 2 mm (B1) and 1.6 mm (B2) were den-
sified with a THM treatment. The THM treatment began
with steaming at 620 kPa and heating at 170 °C. After three
minutes, the steam pressure was released, and the chamber
was completely vented for 100 s. At this point, the specimen
was compressed to a target thickness of 1 mm and held for
three minutes with a platen temperature of 170 °C. After
three minutes, the temperature was raised to 200 °C. This
temperature was held for four minutes. Finally, specimens
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Table 1 Test design for allocation of specimens

Sample Conditions
C:no heat, B1:2.0 mm initial B2: 1.6 mm initial
no pressure
Testing RH 30% RH 50% RH 65% RH
Tests MOR Creep at 20% of Creep at 30% of
MOR MOR

Five replicates of each permutation of the three variables were tested

were cooled while under pressure to 100 °C, which took
seven minutes.

The two THM modifications and the control yielded
five panels each. As is customary in statistics, the ter-
minology “treatment” is used to indicate the degree of
THM treatment, with C designating no pressure, no heat
treatment. The five panels for each control and densi-
fied treatment were conditioned at 65% RH and 27 °C. In
total, 45 test specimens were cut for each treatment from
the five panels and randomly assigned to each humidity
condition. Fifteen specimens per treatment were condi-
tioned at each RH (30%, 50%, 65%), from which five were
tested for MOR determination. This MOR data was used
to determine the 20% and 30% MOR loads (specimen
allocation shown in Table 1). Five specimens were tested
at 20% MOR and five were tested at 30% MOR. Test
specimen dimensions were 10 mm in width (tangential)
and 60 mm in length (longitudinal). The recovery of com-
pressive deformation (set-recovery) was also calculated
to determine if there were any changes in the specimens
due to conditioning.

2.2 Determination of modulus of rupture

MOR was determined using three-point bending for
control and densified samples. Five specimens of each
group were loaded at a rate of 0.5 mm/min on an Instron
5544 Load Frame, screw-driven with maximum force of
2000 N, using Instron Merlin Control software (Instron
Corporation, Norwood, Massachusetts, USA). The span
was 50 mm with 5 mm radius load head. These MOR
values were used to determine 20% and 30% of maximum
MOR for the creep experiments using the remaining test
specimens. It is known that creep is caused by long-term
exposure of wood to constant load, even when the loads
are in the elastic range of the stress—strain relation of
wood; 20% and 30% of failure load is known to be in this
elastic range. To study creep properties (increase in strain
under the constant load), the experiments have to be per-
formed under loads in the elastic range; whereas, higher

loads would result in permanent, plastic deformation and
creep would not be studied properly.

2.3 Dynamic mechanical analysis

Creep testing was performed in three-point bending with a
span of 50 mm in a TA Instruments Q800 DMA. Tests were
conducted in a custom-made, humidity and temperature-
controlled chamber constructed at the US Forest Products
Laboratory (Madison, Wisconsin, USA). Humidified air was
supplied at 5 L/min, and target RH was produced using an
InstruQuest Humisys HF humidity generator (Instruquest
LLC, Coconut Creek, Florida, USA). Specimen dimen-
sions were 60 mm X 10 mm X 1 mm (longitudinal X tangen-
tial X radial) with creep measured in the radial direction.

Before and after the creep test, a dynamic bending seg-
ment at 1 Hz, 0.01% strain was performed with a 15-min iso-
thermal segment at 21 +3 °C to assess changes in dynamic
moduli affected by the creep test. The data were monitored
to verify minimal drift in dynamic properties that might be
due to differences between the conditioning room and DMA
humidity chamber. The creep phase was entered after the
pre-test dynamic segment, which consisted of one hour at
the target creep stress, followed by three hours in the recov-
ery phase (Fig. 1). A final dynamic segment was performed
under the same conditions as the pre-test to allow compari-
son of dynamic moduli before and after the test. The envi-
ronmental conditions generator remained on until after the
specimen was removed. Following the post-creep dynamic
test, specimens were weighed and returned to the condition-
ing room. On completion of all tests, the samples were oven-
dried at 105 °C for 24 h to determine their specific gravity at
Zero percent moisture content.

The data from the creep and dynamic tests were exported
as text files from the DMA software (WinUA, TA Instru-
ments, New Castle, Delaware, USA) for subsequent data
analysis. Relative humidity during the test sequence was
recorded by the Instruquest control software.

From the DMA creep data, creep compliance and creep
recovery were used for statistical analysis because they allow
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Fig. 1 Experimental creep data highlighting key parameters
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comparison of samples without the influence of stress level.
This is supported by Zhang et al. (2011) who indicated that
creep compliance of a linear viscoelastic material is inde-
pendent of applied stress. The creep compliance and recov-
ery compliance were fit to linear models and analysed with R
(R Core Team 2019). To model creep compliance, the maxi-
mum observed value for each specimen was fit against load,
treated as a two value factor (20%, 30%), relative humidity,
treated as a three level factor (30%, 50%, 65%), and treat-
ment (a three level factor with control, 2 mm original thick-
ness, and 1.6 mm original thickness as values); interaction
effects were found to be insignificant and were excluded
from the reported model. Recovery compliance was fit to
the same model, again using the maximum observed value
per specimen as the response. Contrasts and their 95% con-
fidence intervals were calculated using the emmeans pack-
age (Lenth 2019). Confidence intervals and p-values were
adjusted using Tukey’s method for family of three compari-
sons for both RH and treatments. The reported p-values were
derived from the linear model fit to the data. Summary sta-
tistics were calculated in R and Python.

The experimental variables used in this study were
defined as follows:

e Creep strain—deformation occurring after the target
stress is reached until unloading.

¢ Instantaneous strain—deformation occurring from initial
loading until the target stress is achieved.

e Creep compliance—strain variation under a constant,
target stress.

3 Results and discussion
3.1 THM treatment

The THM treatment resulted in two densification levels
(Table 2). With a target thickness of 1 mm for both densifi-
cation groups, group B1 resulted in a density ratio of 1.87.
Group B2 had a slightly lower density ratio of 1.75. These
differences are due to different initial thicknesses. The post-
densities of 1.24 and 1.15 are consistent with total densifi-
cation throughout the thickness of the specimen as seen in
studies using similar treatments (Schwarzkopf et al. 2017).

3.2 MOR determination and effect of conditioning

Set-recovery, EMC, and MOR values of conditioned speci-
mens are presented in Table 3. Group B1 and B2 both had
relatively low set-recovery values, with the highest at 22%.
Group B2, with a densification ratio of 1.75, had relatively
consistent set-recovery values with little change between
conditioning levels. Group B1 had the highest densification
ratio of 1.87 and experienced the highest set-recovery lev-
els. It is known that temperature and steam conditions of
the compression environment influence the set-recovery of

Table3 Mean set-recovery, EMC, and MOR of conditioned test
specimens; n=5 at each condition; standard deviation shown in
parentheses

. . .o . Speci- RH [%] EMC [%] Set-Recovery [%] MOR [MPa]
e Recovery compliance—strain variation when releasinga .
constant, target stress to zero load. group
e Relaxation recovery—amount of deformation recovered
. . . Bl 30 44 (+0.26) 13 (x15) 203 (+5.80)
after the load is released at a given time.
. . . . 50 6.2 (£0.14) 22 (x13) 191 (£27.0)
e Dynamic mechanical analysis variables—storage modu- 65 1 1(2038) 20 (10 181 (2123
lus (E"), loss modulus (E"), and the ratio between the two 1(0.38) (10) (+12.3)
(tand) B2 30 43(x£0.26) 18 (x21) 183 (+46.7)
' 50 6.3(+£0.34) 16(x18) 194 (£52.5)
65 7.1 (x£0.24) 21(x19) 190 (+47.4)
C 30 6.3(+0.18) - 148 (+5.00)
50 9.0 (+0.31) - 138 (+16.2)
65 9.5(+0.20) - 124 (+ 14.6)
Table 2 Results of THM densification treatment
Specimen group Initial OD density Post density [p2] Density ratio (p2/p1) Initial thickness  Densified thick- Thickness
[p1] [g/m?] [g/cm?] (T1) [mm] ness (T2) [mm] ratio (T1—
T2)/T1
B1 0.66 (+0.01) 1.24 (+0.08) 1.87 (+0.10) 2.03 (+0.04) 1.12 (+0.07) 0.45
B2 0.66 (+0.04) 1.15 (+0.09) 1.75 (+0.13) 1.57 (+0.04) 0.93 (+0.07) 0.41
Control (C) 0.69 (+0.01) - - 1.02 (+0.07) - -

Density ratio varies based on the original thickness of the specimens. Five panels were made for each treatment from which test specimens were

cut
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compression deformation and that wood with higher levels
of densification shows the highest potential for set-recovery
(Kutnar et al. 2009; Kutnar and Kamke 2012), which is con-
sistent with these results.

Both B1 and B2 groups had lower EMC values compared
to control values in all conditioning levels. The THM treat-
ment used in this study is known to reduce EMC of densified
wood specimens (Kollmann and Cote 1968; Metsa-Korte-
lainen et al. 2006). It was foreseen that the MOR values
would decrease with increasing EMC, which was observed
in B1 and control groups. In the B2 group, the MOR values
did not follow this pattern and had relatively large standard
deviations, making the significance of any trend difficult to
discern. Kutnar and Kamke (2012) studied the influence of
temperature (150 °C, 160 °C, and 170 °C) of compressive
treatment and steam conditions during THM treatment and
reported that higher temperatures resulted in lower EMC of
densified specimens, while the steam conditions during the
treatment and the post-heat treatment did not have significant
effect. Since this study used the same temperature, steam
pressure, and time parameters for the treatment of B1 and
B2 groups, the difference in the MOR values of B1 and B2
specimens is suspected to be a consequence of set-recovery
of compressive deformation and density of the specimens.
Furthermore, the study applied the THM treatment to speci-
mens of two different initial thicknesses, targeting the same
final thickness and, consequently, different final densities.
As presented in Table 1, density ratios of B1 and B2 groups
differed, but the thickness ratios were quite similar despite
targeting the same thickness. Due to the known set-recovery
effect of densified wood specimens (i.e., increasing with
increased density), the densities of specimens exposed to
RH 30%, RH 50%, and RH 65% were different to their den-
sities immediately after treatment. The higher set-recovery
values (Table 3) of B1 specimens, which had higher density
after the THM treatment, caused the B1 and B2 groups to
have small differences in their resulting densities. This small

difference in densities also accounts for small differences in
their resulting MOR values.

3.3 Creep behaviour at different loads and relative
humidity environment

Deformation occurring between initial loading and target
load (instantaneous strain) and deformation occurring after
the target stress is reached for 60 min (creep strain) (Fig. 1)
is presented in Table 4. Results are also grouped by target
MOR levels as previously determined (Table 3). 50% higher
stress levels at 30% or MOR resulted in approximately 50%
higher creep strain and instantaneous strain, as expected
(Table 4).

Creep compliance, grouped by loading level, is shown
in Fig. 2. As expected, there was no significant difference
(Table 5) in creep compliance based on loading level. After
controlling for RH and loading, creep compliance of THM-
treated specimens was much lower than the control group,
but there was no significant difference between B1 and B2
THM groups. The difference in creep compliance between
THM-treated and control specimens may be attributed to
reduced EMC of the densified specimens (Table 3) caused
by the THM treatment’s high temperature. However, little
difference is seen in creep compliance between THM groups
due to the higher levels of set-recovery in group B1, making
the B1 and B2 groups similar in density. The only significant
RH-driven difference between treatment groups is seen at
the most aggressive conditions of 30% MOR and 65% RH.
The higher RH level had higher creep compliance. The dif-
ference between 30 and 50% RH was minimal and would
not likely have any effect on the performance. The estimated
difference in creep compliance between 50 and 65% RH is
more likely to have negative performance ramifications.
This can be attributed, again, to the effect that EMC has on
MOR as seen in Table 3. This means that the applications
to wood treated with the THM treatment in this study would

Table 4 Average creep strain

30% Loading

Instantaneous strain [%] Creep strain [%] Instantaneous strain [%] Creep strain [%]

(n=35) after 60 min at 20% rSn;?;m— RHE[%]  20% Loading
and 30% of e.xp.ected MOR; group
standard deviation shown in
parentheses Bl 30 0.180 (+0.017)
50 0.180 (£0.023)
65 0.172 (20.021)
B2 30 0.176 (+0.025)
50 0.183 (+0.030)
65 0.181 (£0.059)
C 30 0.177 (20.014)
50 0.182 (+0.013)
65 0.176 (+0.012)

0.015 (+0.002)

0.275 (+£0.027)

0.025 (+0.003)

0.016 (£0.002) 0.237 (+0.016) 0.024 (+0.004)
0.017 (£0.003)  0.267 (+0.044) 0.028 (+0.008)
0.014 (£0.002) 0.241 (+0.054) 0.022 (+£0.007)
0.016 (£0.002)  0.233 (+0.031) 0.022 (+£0.004)
0.018 (£0.006) 0.317 (+0.044) 0.035 (+0.009)
0.018 (£0.002) 0.274 (+0.018) 0.036 (+0.003)
0.020 (£0.002)  0.237 (+0.043) 0.029 (+0.007)
0.020 (£0.003)  0.266 (+0.015) 0.039 (+0.008)
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Fig.2 Creep compliance as
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a function of relative humid-

ity and loading level (n=>5). 1001
The box and whisker plots .
represent the distribution of z
the data, where the lower and ~ 801
upper bounds of the box mark g Ej
the 25th and 75th percentile ~ ° ¢ °
of the data, the center bar is at § 601
the median of the data set, the © EE EE
whiskers extend to the mini- E- 404 ° °
mum and maximum of the data o
set excluding outliers, and the (i
circles represent outliers g 20

o

0 -

4
G

Treatment

Loading: 30% of MOR
Group
=L

S E

¢ B3 ci

30 50

Table 5 Analysis of creep compliance in comparison

Comparison Estimate [um?/N] 95% CI [um*N]  p-value
MOR 20%-MOR 0.75 —2.69t04.19 0.6663
30%

B1-B2 -1.49 —6.54t03.56 0.7623

B1-C —-22.32 —27.38t0 <0.0001
- 17.27

B2-C —20.84 —25.89 to <0.0001
- 15.78

30% RH-50% RH 0.53 —4.53t05.58 0.9663

30% RH-60% RH  —7.95 —13.0to —2.90  0.0009

50% RH-65% RH  — 8.48 —135t0-343  0.0004

Each comparison is averaged across all other factors. Confidence
intervals and p-values were adjusted using Tukey’s method for a fam-
ily of three estimates

Fig.3 Recovery compliance as

Loading: 20% of MOR

65 30 50 65
Relative Humidity (%)

be limited to indoor environments to achieve lower creep
compliance.

Recovery compliance was measured from the point of
load release for 180 min of relaxation and is shown in Fig. 3.
The results follow the same pattern as for creep compliance.
There was no statistically significant difference in recovery
compliance between load levels (Table 6), but there was a
significantly lower recovery compliance due to RH level and
THM treatment. When looking at simple contrasts between
RH treatments, there was no statistically significant differ-
ence in creep recovery compliance between 30 and 50% RH,
but evidence of a difference was found between 30 and 65%
RH as well as a significant difference between 50 and 65%
RH.

Loading: 30% of MOR

a function of relative humid-
ity and loading level (n=35).
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the median of the data set, the
whiskers extend to the mini-

100 A

023
o
1

-

EI?E?

Recovery Compliance (an/ N)

mum and maximum of the data 401

set excluding outliers, and the

circles represent outliers 204
0 -

Treatment
Group

-
. &
o ol TS

¢ =

]

30 50

@ Springer

T T T T

65 30 50 65
Relative Humidity (%)



European Journal of Wood and Wood Products

Table 6 Analysis of recovery compliance in comparison

Comparison Estimate [um?N] 95% CI [um*N]  p-value
MOR 20%-MOR  0.11 —3.56t03.77 0.9542
30%

B1-B2 —2.84 —8.22t02.54 0.4225

B1-C -21.98 —27.36t0 <0.0001
- 16.59

B2-C - 19.14 —24.52t0 <0.0001
- 13.75

30% RH-50% RH  2.50 —2.891t07.88 0.5131

30% RH-60% RH - 6.70 —-121t0-132 0.0107

50% RH-65% RH —9.20 —14.6t0-3.81 0.0003

Each comparison is averaged across all other factors. Confidence
intervals and p-values were adjusted using Tukey’s method for a fam-
ily of three estimates

Table 7 Average relaxation recovery (n=>5) at 180 min of the recov-
ery phase; standard deviation shown in parentheses

Table 7 summarizes the amount of deformation recov-
ered after 180 min of load removal. This value is closely
tied to recovery compliance, which causes higher recov-
ery levels in THM-treated specimens when compared with
control specimens. However, effect of the RH environment
is not seen here.

3.4 Dynamic mechanical analysis

Before and after, creep test specimens were dynamically
loaded to determine storage modulus (E'), loss modulus
(E"), and the ratio between the two (tand). Measurement
results are presented in Figs. 4, 5 and 6 respectively. THM-
treated specimens had higher E’, E”, and tand values than
control specimens in all RH environments before and after
the creep test. E”” was the highest for specimens tested
at 65% RH and lowest in specimens tested at 30% RH.
This response was expected as E'"’ is a viscous response of

Speci- RH[%] 20% Loading 30% Loading the material and regarded as a material tendency to dis-
men Relaxation recovery [%] Relaxation recovery [%] sipate energy caused by applied stress. E"’ is often associ-
group ated with internal friction and is sensitive to molecular
B1 30 98.7 (+0.52) 98.9 (+0.90) motions, transitions, relaxation processes, morphology,
50 98.5 (+1.03) 98.9 (+£0.82) and other structural heterogeneities (Saba et al. 2016),
65 98.7 (+1.09) 98.2 (+0.65) and it typically increases with wood moisture content
B2 30 99.8 (+0.63) 99.3 (+0.43) (Lenth and Kamke 2001, Engelund and Salmén 2012)
50 98.7 (+0.58) 98.7 (+0.51) In all RH .environme.nts, E" was the highest3in the B1
65 99.0 (+0.15) 97.8 (+0.59) group, which had a l;lgher density .(1.24 g/cm ) than the
C 30 97.7 (+1.03) 97.5 (+0.29) B2 group (1.15 g/cm’). For all specimens, tand increased
50 97.9 (+1.02) 97.0 (+0.78) with increasing RH. Higher tand indicates greater damping
65 97.3 (+0.69) 96.2 (+1.16) coefficient, more energy absorption, and energy dispersal
for all specimens at higher RH. Higher tand at higher RH
is typical for wood products because the added moisture
in the cell wall acts as a plasticizer to cell wall polymers.
Dynamic tests after creep and recovery tests at higher RH
Fig.4 Mean values (n=>5) for Pre Post
storage modulus of treatment
groups before and after creep
testing. Error bars are + 1 stand- 277 . )
ard deviation : ) :
249 > ; .
s L o s . Treatment
— o) e 0 .
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Fig.5 Mean values (n=5) Pre Post
for loss modulus of treatment
groups before and after creep 0.57
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slightly increased the tand, which may be due to incom-
plete strain recovery during the 180-min recovery (Fig. 6).

4 Conclusion

This study delivers an important first step in character-
izing the viscoelastic properties of THM-treated wood,
which are needed if THM wood is to be used in demanding
applications, like structural components where their ser-
vice life is in an indoor environment. The THM treatment
applied in this study may benefit creep performance in
wood, resulting in values that are as good as or better than
unmodified beech. This suggests it would perform well in
structural applications where high strength and stiffness
and lower MC of THM are advantageous.

@ Springer

Relative Humidity (%)

The THM treatment resulted in decreased creep com-
pliance and creep recovery compliance but increased stor-
age modulus. The applied THM treatment lowered the
EMC compared to that of controls, but increasing RH
conditions caused larger set-recovery, which was also
larger in specimens that had higher initial densities. This
response resulted in small differences between treatment
groups B1 and B2. Because the two test groups resulted
in similar densities after experiencing set-recovery, there
were few statistically significant differences between the
two THM treatments.
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