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Abstract. The orthotropic and temperature-dependent nature of the mechanical
properties of wood is well recognized. However, past studies of mechanical properties
at elevated temperatures are either limited to temperatures below 200 °C or focus
only on the direction parallel to grain. The effect of time-dependent pyrolysis during
measurement is often neglected. This paper presents a novel method for determining
elastic modulus at high temperatures and thermal expansion coefficient in different
orthotropic directions via Dynamic Mechanical-Thermal Analyser (DMTA). The
method allows for drying, drying verification, and measurement in one chamber,
eliminating the possibility of moisture reabsorption from ambient air. The repeat-
able measurements can be carried out in temperatures up to 325°C, adequate for
observing time-dependent pyrolysis during measurement. Results of the measure-
ments of Norway Spruce provide data of its mechanical response at temperature
range previously not explored widely, as well as in the orthotropic direction. Time-
dependent behaviour was observed in the thermal expansion and shrinkage experi-
ment, where above 250°C the amount of shrinkage depends on heating rate. At such
temperature, elastic moduli measurement also shows time dependence, where longer
heating at certain temperature slightly increases the measured elastic modulus. Addi-
tionally, bilinear regression of the relationship between elastic moduli and tempera-
ture shows quantitatively good fit. Numerical simulation of the DMTA temperature
history and wood chemical components mass losses show the onset of shrinkage and
onset of hemicellulose mass loss occurring at around the same time, while decomposi-
tion of cellulose correlate with the sudden loss of elastic moduli.
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Dynamic Mechanical-Thermal Analysis

Climate-controlled room with 20°C temperature and 45% relative humidity
Thermogravimetric analysis

Fire Dynamics Simulator

Finite difference method

Fire-safe materials by pyrolysis modelling

Modular compact rheometer

Convective temperature device

Solid rectangular fixture

Strain (-)

Thermal expansion coefficient (/°C)
Temperature (°C)

Time (s)

Density (kg m~?)

Specific heat capacity (Jkg~' K1)
Thermal conductivity (Wm™' K)

Elastic modulus (Pa)

Elastic modulus reduction rate (Pa K1)
Tensile force (N)

Wood is known for being anisotropic, with mechanical properties commonly iden-
tified in three orthogonal directions: radial (R), tangential (T), and longitudinal
(L), as shown in Fig. 1. Knowing the mechanical properties in all three directions
and at different moisture conditions is important for the detailed modelling of the
mechanics of wooden structures. Additionally, modelling fire situations requires
material properties at elevated temperatures. Values of the elastic modulus and
tensile strength in the three orthogonal directions are reported in the literature [1,
2]. In many cases, the ratios between L and R or T are provided at room temper-
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Figure 1. The orthotropic directions of wood.
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ature only, while the available high temperature data mostly covers only the L
direction and up to 200°C to 275°C [3, 4]. Additionally, many studies only postu-
late the behaviour at higher temperatures. For example, there is no consensus on
the shape of the relationship between the elastic moduli in the L direction and
temperature above 200°C [4-9]. The curves for those relationships are sometimes
developed using a different sample for each temperature, in which case the sam-
pling uncertainty propagates to the obtained temperature dependence. For engi-
neering purposes, the assumptions of linear strength and moduli reductions,
reaching zero at 300°C, are suggested for practitioners [10].

The sample cross-sections during the elastic moduli evaluation are typically
greater than 10 mm x 10 mm and up to 50 mm x 50 mm [3]. The seclection of
proper sample size for experimental evaluation of the mechanical properties in the
R and T directions is complicated. Increasing the sample size will lead to higher
probability of localized alterations or imperfections in the mechanical properties,
transferring the analysis from pure material scale towards real-life structures. On
the other hand, the equipment optimized to studying wood in L direction may not
be sensitive enough for the measurement in R and T directions, and the geometri-
cal design of the equipment may not be suitable for vastly different sample sizes.

The effect of temperature on wood is well established in terms of mass loss (see
e.g. [11-14]). However, seldom is it taken into account in the mechanical tests.
One rare example is the study by Goodrich et al. [15], connecting compressive
strength to Thermogravimetric Analysis (TGA). Some of the discrepancies
between the reported changes in the elastic moduli in relation to increasing tem-
perature could potentially be related to the differential temperature distribution
within the sample. The heating rates and the level of pyrolysis are often not dis-
cussed in the context of an experimental parameter for the mechanical response in
bulk. Considering the different rates of pyrolysis at various temperatures [11, 16],
it is postulated that the size of the sample, as well as the time during which the
sample remains at elevated temperature, should be parameters of the elastic mod-
uli measurement.

The goal of this paper is to present an experimental methodology for the reli-
able estimation of defect-free clear wood mechanical properties at elevated tem-
peratures by optimizing the sample size to ensure thermal equilibrium. The focus
of this research is in evaluation of the mechanical behaviour of spruce in the R
and T orientations at temperatures above 200°C. The methodology tests one sam-
ple across the entire temperature range of 25°C to 325°C, eliminating the effects of
the differences between samples. The effect of thermal expansion and pyrolysis are
closely investigated to explain observed behaviours.

2. Methods Overview

The research process presented hereby comprises parallel numerical analysis and
experimental tests, with their relationship presented in Fig. 2. The whole method
consists of interconnected analyses but can be categorized into the main part that
is the DMTA experiment and two numerical simulations (Finite Difference Analy-
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Figure 2. Overall research process flowchart.

sis and FDS (Fire Dynamics Simulator) analysis) which supports the experiment in
terms of method optimisation and data interpretation. Besides supporting another
study in simulating microscopic behaviour of wood under fire within the
FISAMA project, the produced data can provide insight into the evolution of
mechanical behaviour of wood under fire and offer material parameter input into
simulations involving wood material and fire.

3. Material and Sample
3.1. Test Material

The experiment uses Norway Spruce (Picea abies) samples sourced in the same
way as those in other related FISAMA (Fire-safe materials by pyrolysis modelling)
project studies (see e.g. [17, 18]). The data related to the mass loss during pyroly-
sis of the samples from the same batch is provided by Rinta-Paavola and Hos-
tikka [18]. Tensile strength and elastic modulus of moisture-conditioned at
45%RH and dry specimens were investigated previously by Kuronen [17] up to
250°C.
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Kuronen initially planned to heat the samples of 20 x 7 mm size with the heat-
ing rate of approximately 20°C/min, but noticed using the thermocouple that this
approach does not result in achieving the set temperature inside of the sample.
The final heating rate in Kuronen’s study was approximately 6°C/min, but the
scatter of the results was significantly high to be considered repeatable. It was
postulated that the size of the sample, the differences between samples, moisture
content and heating rate potentially contribute significantly to the scatter. The aim
of hereby presented procedure was to minimize the effect of the mentioned param-
eters to the result of measurements.

3.2. Sample Size Optimization

The determination of sample size was closely tied together with the experimental
equipment and procedure. Firstly, the sample needed to be thin enough to ensure
uniform temperature distribution throughout, which is related to the heating rate.
Secondly, the specimen dimension itself needed to consider the available space of
the fixture and the convective oven. Thirdly, measurement of the specimen should
be possible within & 40 N of normal force (exceeding £ 50 N may damage the
equipment). Finally, the specimen dimensions should be sensible for the labora-
tory technicians to produce.

After iterative trial-and-error process, we decided the most optimum specimen
size was 4 cm long, 1 cm wide, and 1 mm thick. The small thickness allowed uni-
form temperature distribution within the specimen. A finite difference method
(FDM) simulation assures minimum error due to temperature gradient. The prob-
lem simulated by our FDM model is similar to that in [19, 20], with experimental
study across different specimens sizes (scales) in [21]. However, our simulation
aimed to predict the resulting mechanical processes that lead to measurement
errors. Additionally, we omitted irreversible effects, as the occurrence below 200°C
and for such short period of time would be insignificant (see [16]).

For a typical 2°C/min heating rate, finite difference simulation predicted only
0.02°C difference between minimum and maximum temperature, and 3.17% error
in terms of thermal expansion evaluation (see “Appendix A”). Combined with
length and width of 4 cm and 1 cm, the sample fits comfortably with the specimen
fixtures and within the available room inside the convective oven. The small sam-
ple thickness also allowed for visual inspection of wood defects.

Fabrication of such thin specimen resulted in some thickness variation (0.72
mm to 1.17 mm). However, variations of thickness—and other dimensions—were
taken into account in the data analysis. Our result repeatability suggested that this
variation would not affect the result significantly. The use of the load controlled
slow sawing devices was also considered and investigated for the purpose of sam-
ple preparation but ultimately decided against. The equipment requires lubricant
such as water or glycol during the sawing process, which may influence the sample
behaviour.
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Figure 3. The schematic of sample fabrication: A wood beam is cut
info 4 cm X 1 cm cross sectioned blocks in such a way that
accommodates the desired material direction to measure. The blocks
are then further sliced into 1T mm thick pieces.

3.3. Sample Preparation

Large beams of Norway spruce were cut into small strips of around 1 mm thick-
ness, 10 mm width and 40 mm length. The small sample dimensions allowed us to
hand-pick defect-free specimens in R, T, and L directions. Figure 3 shows an illus-
tration of specimen fabrication process. Section 4.3 explains the drying procedure
carried out within the same oven as the experiment, otherwise the specimen would
quickly reabsorb moisture upon contact with ambient air.

Initially, the plan included moisture conditioning of the thin samples in the
RH45% room for 21 days, but after the evaluation of the moisture content of
such small samples it became apparent that this parameter is hard to control.
Moving such small samples with high surface area to volume ratio between the
climate room and measurement equipment reduces the expected 10% to 12%
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moisture content to 3% to 8% at the measurement room (testing in winter with
low humidity). Additionally, drying also occurs continuously at significant rate
during measurement due to high temperature and dry air supplied into the oven
chamber. Therefore, we decided to measure dried specimens, which we can reli-
ably prepare and maintain during measurements.

Two drying methods were explored: drying via convection oven at 105°C for
1 h and stream of nitrogen (AGA, 99.9% purity) for 16 h. The resulting mass loss
were similar, however during transport and attachment process to the DMTA
oven chamber significant moisture reabsorption occurred, which can be signifi-
cantly observed in the form of shrinkage due to losing the reabsorbed moisture
during measurement. The phenomenon was also shown by Rinta-Paavola and
Hostikka [18] in the form of 2% mass drop due to moisture loss during the Ther-
mogravimetric Analysis (TGA) below 100°C.

Since our experiment measures displacement resulted from small strains, this
shrinkage affects the result significantly. Therefore, we propose a drying method
carried out inside the oven chamber itself, allowing for seamless transition
between drying and measurement, eliminating specimen exposure to ambient air
whatsoever. The following section explains the drying procedure and the tech-
nique to verify adequate drying in more detail.

4. Experimental Method

The following description of experimental method consists of two distinct mea-
surements of quantity: thermal expansion and shrinkage (expansion/shrinkage
program), and elastic modulus (moduli program). Figure 4 illustrates a simplified
experimental procedure for both expansion/shrinkage program and moduli pro-
gram. All procedures related to preparations and cooling down are exactly the
same for both expansion/shrinkage and moduli program. The programs differ in
terms of measurement procedures, which are the main parts of both programs.
The expansion/shrinkage program measures a history of specimen extension/con-
traction due to thermal expansion and pyrolysis shrinkage given a certain temper-
ature increase rate, while the moduli program measures elastic moduli at several
temperature points, several times each, for every specimen.

4.1. Equipment

The equipment with the option to typically study Dynamic Mechanical Thermal
Analysis of solids, namely MCR 302 with CTD 450 oven (Anton Paar, Germany)
using the Solid Rectangular Fixture (SRF) (Fig. 5) was used for the studies after
alterations to the typical DMTA testing protocol. Other necessary equipment
included 99,9% purity nitrogen tank to avoid combustion, and dry air supply as
part of the drying process, and liquid nitrogen for faster cooling after experiment.
These three gasses were connected to the CDT oven one at a time, as illustrated
in Fig. 6.
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Figure 4. Overall experimental procedure.
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(b)

Figure 5. The equipment (a) and a sample assembled inside of a CTD
on the SRF (b) before and (c) after the measurement.
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Figure 6. Experiment schematic: CTD Oven with SRF connected to dry
air, N2 gas, and liquid N, one at a time.



2460 Fire Technology 2021

1000
800 r
& & % ®x
.T.
T 600 +5%
o
2
w400
200
0 1 1 1 1 1 1
0 0.5 1 1.5 2 2.5 3
Loading Rate (mm/s) %107

Figure 7. The effect of shaft lift velocity on the established elastic
modulus value at room temeprature.

4.2. Lift Velocity

Primarily, it was established that within the lift velocity range of 0.5 pm/s to
2.5 um/s the effect on the measured elastic moduli was less than £ 5% error at
room temperature (see Fig. 7). In the case when the sample was initially dried to
constant height in dry air, the differences in elastic moduli were even smaller. The
use of extremely slow velocity caused samples to remain for longer period at ele-
vated temperatures (250°C +), leading to further progression of pyrolysis at the
corresponding temperature, but the high velocity could cause damage to the sam-
ple during the measurements at high temperatures. As a result, the optimal lift
velocity in this case was chosen as v = 1.5 um/s. However, whether the velocity
at pyrolysis temperatures affects the elastic moduli result significantly remains to
be determined and is encouraged for further studies.

4.3. Thermal Expansion|Shrinkage Program

The expansion/shrinkage program consists of specimen drying and expansion/
shrinkage measurement. Figure 10 shows the history of displacement and temper-
ature throughout time. After attaching specimen to the fixture and closing the
oven, the experiment proceeds with three major procedures: drying, measurement,
and cooling.

As mentioned before, drying the sample before measurement is not possible, as
the thin specimen absorbs moisture in a matter of seconds when exposed to ambi-
ent air. Therefore, drying the specimen is carried out inside the oven chamber by
exposing the specimen to the dry air at the rate of 850 Nl/h and elevated tempera-
ture of 50°C. During the drying process, the shrinkage of the sample is observed.
The end of the drying process is established at the point in which the sample no
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longer changes its dimensions. We established that 30 min of exposure to dry air
at the temperature of 50°C (with additional time of heating up and cooling down)
guarantees sufficient drying. A small tensile load of 0.9 N is applied during the
whole process in order to avoid compression, which may cause buckling and dam-
age the equipment. Additionally, by maintaining a small tension, specimen failure
can be detected from its sudden absence, which then triggers a shut-down proce-
dure to avoid equipment damage.

After the drying process and cooling oven down to 25°C, the dry air supplied
to the oven is switched to nitrogen gas of 99.9% purity with flow rate of 500 NI/
h. Assuming the nitrogen gas carries no moisture is reasonable, necessary in the
dry check procedure. During the switch, constant tension of 0.9 N still applies.

To check whether drying is sufficient, a simple “pull and release” test is carried
out. This test is in fact the same as the main part of elastic moduli test. By pulling
and releasing at a constant rate, the specimen is deemed sufficiently dry only if the
load—displacement curve stays in the same path instead of drifting to the direction
of negative displacement value. The pull and release test procedure is explained in
more detail in Sect. 4.4. During dry check, the maximum 2 N load was applied to
the sample and the displacement monitored. If the load—displacement curve stays
on a single line, the sample was deemed sufficiently dry. Figure 8a and b show
comparison between failed and successful dry check via pull-and-release test.

After the specimen is considered dry, the main part of the program begins:
expansion and shrinkage measurement. The small constant tension of 0.9 N
resumes, while temperature is increased at a constant rate. Displacement is then
monitored, from which expansion/shrinkage strain can be calculated. Other neces-
sary quantities are specimen’s width, thickness, and free-hanging length, which are
measured before the experiment.

Table 1 lists the specimen names, their material orientations, and the applied
heating rates. The additional so-called “‘fast™ heating rate aims to study the effect

azy b 25¢
2 b
2 215
o |End Start o
o o 1r
-0y - tart
05+t End
-1 : : : : 0 : : :
0.06 0.08 0.1 0.12 0.14 -5 0 5 10
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Figure 8. Examples of dry check; unsuccessful drying (a) shows load-
displalcement curve drifting to the left-hand side when specimen is
pulled and released as sample continues to shrink during the
measurement, while successful drying (b) shows load-displacement
curve going back and forth at the same location.
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Table 1
The Heating Rate Used for the Determination of Expansion
Coefficients

Heating rate (°C/min)

Orientation Code < 200°C > 200°C
R SR1 7 1
R SR2 2 2
R SRfast See Fig. 9
T ST2a 2 2
T ST2b 2 2
T ST5 5 5
T ST7 7 7
L SL2a 2 2
L SL2b 2 2
350
300
250 r
)
°_ 200 r
£
o 150 1
'_
100
50
0

64 66 68 70 72 74 76
Time (minutes)

Figure 9. Temperature history of ‘“fast’’ heating.

of high heating rate to the progression of pyrolysis shrinkage. The oven applied
such heating rate by trying to reach 325°C as fast as possible, averaging at
25.38°C/min (see Fig. 9). The experimental data for the thermal expansion/shrink-
age program is included in [22].

The choices of heating rates are optimized towards slightly different purposes.
SR1, SR2, and SRfast are aimed towards FDS modelling of pyrolysis reactions by
simulating the realised temperature history within the CTD oven during experi-
ments. R experiments are chosen as the resulting strain histories are the most lin-
ear. SRI features 7°C/min and 1°C/min heating rates due to high possibility of
running out of nitrogen if the experiment applies 1°C/min since the beginning. On
the other hand, specimens ST2a, ST2b, ST5, and ST7 are aimed towards result
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Figure 10. Displacement and temperature history throughout the
thermal expansion coefficient program (left) and illustration of key
time points (right): (a) just before heating up; (b) extension due to
thermal expansion; (c) net shrinkage due to pyrolysis.

replication. As will be explained in Sect. 6.1, an odd pattern emerged from the
thermal expansion strain vs oven temperature plot for T specimens. Variation of
heating rate can determine whether the pattern is time-dependent. Lastly, L speci-
mens are incredibly difficult to conduct, as attempts at measurements might have
already exceeded the capability of the equipment. Having constant 2°C/min at
allowed the measurement to reach the target temperature of 325°C without the
specimens breaking or slipping from the fixture clamps.

Figure 10a shows a typical temperature and displacement history of the sample
undergoing the program. Three key time points during measurement mark distinct
states of the specimen: (a) dried before heating up, (b) extension from thermal
expansion, and (c) net shrinkage due to pyrolysis. These three points are illus-
trated in Fig. 10b.

Cooling procedure immediately follows upon the completion of the measure-
ment. Gas supply is switched from regular nitrogen gas to liquid nitrogen, provid-
ing cooling while still preventing combustion. The oven chamber can be opened
only when the thermocouple indicates oven temperature below 30°C to prevent
heat-striking the equipment.

4.4. Moduli Program

The main goal of the moduli program is to measure elastic modulus of the speci-
men several times at a certain temperature by repeatedly increasing and decreasing
the applied tensile force. By comparing the change of tensile force to the change
of displacement, elastic modulus can be extracted. Consequently, unlike the
expansion coefficient program, the moduli program holds temperature at certain
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point throughout a set of pull-and-release cycles. Temperature increases a certain
amount only in between sets.

The measurement is conducted between 25°C and 325°C with step-wise temper-
ature increase of 25°C. A series of 9 pull-release cycles is attempted at set temper-
ature or for the period of 10 min, whichever trigger is reached first. Peak pull tops
at 2 N of tensile force, while maximum release is set at 0.5 N. In between, the pull
or release process occurs at a displacement-controlled rate of 1.5 pum/s. Addition-
ally, as a safety precaution, if the sample fails (tensile force drops to 0 N), the
measurement aborts. Note that while the measurement procedure differs, drying
and cooling procedures that respectively precedes and follow after measurement
are the same as those described in Sect. 4.3.

Additionally, the pull-and-release cycles double as time-dependent-deformation
detector. The first pull-and-release cycle (executed at 25°C) doubles as dry check,
detecting any shrinkage due to still-ongoing drying. At temperatures below 200°C,
the cycles are able to detect any creep behaviour should there be any. At tempera-
tures of 250°C and higher, pyrolysis shrinkage is expected to be the dominant
source of time-dependent deformation. In fact, the pyrolysis shrinkage occurred in
way which resembled creep behaviour during the release halves of the pull-and-re-
lease cycles. This phenomena is discussed further in Sect. 6.2.

Figure 11 shows the typical displacement and temperature history of measure-
ment via the moduli program for one specimen. A more close-up snapshot of the
history is shown in Fig. 12 (left), with three key points marked in the pull-release
cycle. These three points in time are illustrated in Fig. 12 (right), showing the
specimen extending at peak pull compared to the state at maximum release. Since
the difference in tensile force is given, the measured difference in displacement rel-
ative to a constant datum determines the elastic modulus. Table 2 shows the nam-
ing of the specimens, while experimental data for the moduli program is included
in [22].

Drying to 13%0
1 k .
constant size 1300
N
e 0r 1250 &
E g
- (0]
S 1t 1200 §
g ©
s | 1150 &
5 2 §
2 1100 2
8 [t
St 150
4 : : : : 0
0 50 100 150 200 250

Time (minutes)

Figure 11. Displacement and temperature history throughout the
moduli program.
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Figure 12. Displacement and temperature history throughout one
cycle of pull-and-release of the moduli program (left) and illustration
of key time points (right): (a) at maximum release; (b) at maximum
pull; (c) at maximum release on the next cycle.

Table 2
E vs T Specimen Naming

Orientation Specimens

R ER1, ER2, ER3
T ET1, ET2, ET3
L EL1

5. Numerical Methods

Two numerical methods are conducted in this study. Firstly, Finite Difference
Method (FDM) simulation predicts temperature distribution throughout the speci-
men thickness and the resulting measurement error of the specimen. Secondly,
Fire Dynamics Simulator (FDS) simulation outputs decomposition history of
wood primary components under temperature histories realized in the DMTA
experiments. The following describes the FDS simulation, while “Appendix A”
explains the FDM simulation in more detail.

The FDS model involves zero-dimensional simulations of mass loss of pyrolyz-
ing Norway spruce specimens under the temperature histories from DMTA exper-
iments. The primary component distribution of the spruce wood in simulations is
assumed identical to that reported by Sjostrom [28]. The simulations assume a
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completely dry wood with zero water content. The kinetic parameters and the
char yields for the pyrolysis reactions are estimated from Thermogravimetric
Analysis (TGA) experiments in the work of Rinta-Paavola and Hostikka [18],
including the description of the assumed pyrolysis reaction in the numerical
model.

The pyrolytic decomposition of wood in the simulations is described by the par-
allel reactions model, i.e. each main component (extractives, hemicellulose, cellu-
lose, lignin) pyrolyzes through their respective reactions, each with their individual
kinetic parameters (frequency factor A, activation energy E,, reaction order n) and
char yields. The residual ash is inert. Pyrolysis reactions follow the typical reac-
tion order (Arrhenius) model. As the TGA experiments are carried out under a
flow of pure nitrogen, the reaction model does not consider oxidation. The
DMTA experiment was conducted under nitrogen flow as well, with the heating
rates similar to those used in TGA, therefore the developed models are considered
the perfect tool to study compositional changes in material during the DMTA
experiments.

The first experiment is the E vs T Radial #2 (specimen ER2) (see Fig. 18) with
step-wise heating (see Table 2). The second and third specimens are thermal
expansion/shrinkage experiment for radial direction with heating rates of 7 to
1°C/min (SR7-1), and as fast as possible (SRFast) (see Table 1). As the simula-
tions are zero-dimensional, the wood specimen following the temperature program
precisely and non-existent temperature gradients within the specimen are assumed.

6. Results and Discussion

6.1. Thermal Expansion Coefficient

The expansion coefficient measurements at various heating rates suggest that the
expansion follows an almost linear trend until up to 200°C. Until that tempera-
ture thermal expansion in the sample is independent on the heating rate. Above
200°C the shrinkage is observed and the rate of shrinkage depends on the heating
rate. This was incorporated into some of our measurements, in which the initial
heating rate would be 7°/min below 200°C and for example 1°C/min above it.
Such alteration of testing program allows for lower consumption of inert gases.
Figure 13a shows the expansion and shrinkage strains of R specimens with vari-
ous heating rates.

The strain history is then approximated by a 2nd order polynomial regression
(see Fig. 14), which first derivative gives thermal expansion coefficient.

Ethermal expansion = 1.85 X 1077 7% 4+ 5.21 x 107°T — 0.00134 (1)
= o= —ag‘thmg;Xpa“Si"“ =37x 1077 +5.21 x 1073 (2)

Other thermal expansions are expressed as:
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Figure 15. Thermal expansion experimental data in R (a), T (b), and
L (c) directions.

Table 3
Thermal Expansion Coefficients Determined from the Measurements
from 25°C to 50°C

6
Heating rate = (107)

Direction  Code (°C/min) A B T=25C T=2375°C T = 50°C
R SR2 2 9.99E-07 3.98E—-05 64.8 77.3 89.7
R SR1 7-1 —3.19E-07 8.09E—05 73.0 69.0 65.0
R SRfast fast —9.13E-07 1.18E—04 95.3 83.9 72.5
T ST2a 2 6.76E—07 6.26E—05 79.5 87.9 96.4
T ST2b* 2 1.33E-06 5.02E-05 83.6 100.2 116.9
T STS 5 5.21E-07 6.26E—05 75.6 82.1 88.6
T ST7 7 —2.00E-07 9.29E—05 87.9 85.4 82.9
L SL2a 2 1.35E-06 1.66E—06 353 52.2 69.0
L SL2b 2 7.41E-07 2.10E—05 39.5 48.8 58.0

“Outlier
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o=AT + B (3)

With 4 and B shown in Table 4

For each strain history, two regressions are carried out at different temperature
ranges. The first regression approximates the strain history from 25°C to 50°C, so
that the results can be compared to existing reports found in literature [29]. The
second regression takes into account the data from 25°C to 200°C, since hereby
study is aimed towards high temperature. Figure 15 shows the experimental data
of thermal expansion strain vs temperature for R, T, and L directions, which raw
data can be accessed in [22]. Tables 3 and 4 present the thermal expansion coeffi-
cients from the former and latter temperature ranges respectively. Additionally, by
knowing the thermal expansion coefficient, thermal expansion can be subtracted
from total strain history, resulting in pyrolysis shrinkage strain history only, as
shown in Fig. 13b.

Table 3 presents the thermal expansion coefficients from strain history range of
25°C to 50°C. Compared to previous reports (see [29]), we observe similar pattern
of thermal expansion coefficients in R direction being comparable but on average
slightly lower than the coefficients in T direction. Additionally, the thermal expan-
sion coefficients in L direction is significantly lower than those in R and T.

Results of the thermal expansion coefficient calculation from 25°C to 200 °C is
presented in Table 4. Compared to the former results, we see a significant differ-
ence most profoundly found in the T direction. Looking closer into the data, we
observed a significantly nonlinear strain history for T direction, and L direction at
lesser extent, above 50°C. Amongst each material direction, the nonlinearity is
replicated by every sample' via closely-matching strain-temperature curves despite
the variety in heating rates. Therefore, time-dependent processes such as unfin-
ished drying, creep, or pyrolysis can be ruled out as the cause of this behaviour.

6.2. Elastic Moduli

The described moduli program successfully measured elastic moduli values with
good repeatability for temperatures low enough to have negligible pyrolysis
shrinkage, which threshold for the timescale of the proposed measurement method
is around 200 to 250°C. Below this temperature, no time-dependent behaviour was
detected. In contrast, above this temperature threshold, irreversible pyrolysis pro-
cess manifest itself to an extent that is significantly observable from the measure-
ment data in at least three aspects. First of all, the presence of pyrolysis shrinkage
necessitates additional data processing method to correctly extract elastic moduli
values from the raw measurements (Figs. 16, 17), which results are the main goal
of the moduli program and presented in Figs. 18, 19, 20. Additionally, close
observation at the equipment’s measurement history and the processed data

! ST2b did not exhibit the same behaviour. ST2a, ST5, and ST7 having very similar strain-temperature
curves lead us to conclude ST2b to be an outlier for reasons we are unable to identify. Such circumstance
would be impossible to identify had we not conducted our measurements above 50°C, as results from
below 50°C suggests reasonably similar result.
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revealed a creep-like behaviour and increase of elastic moduli over time at a given
temperature.

Firstly, the pyrolysis shrinkage affects the elastic moduli readings. As described
in the experimental method of the moduli program (Sect. 4.4), the procedure
involves increasing (pull) and decreasing (release) the amount of tensile load while
monitoring the change of top fixture position. At high temperatures, the presence
of pyrolysis shrinkage affects this result, signified by pull and release measure-
ments showing substantial difference in elastic moduli readings. The extent of this
shrinkage is demonstrated by the thermal expansion and shrinkage experiment
discussed in the previous subsection, more specifically Fig. 13. This alone could
have been the source of the error in the past measurements. The correction factor,
considering the shrinkage, was used to recalculate the obtained load—displacement
curved and determine the elastic modulus from shrinkage corrected data. “Ap-
pendix B” details the shrinkage correction procedure, while Fig. 17 shows the
result of the procedure for specimen ET3.

Secondly, the load—displacement curves of the pull-release cycles at high temper-
ature reminisce the curve of creep during release stage of the program, as shown
in Fig. 16a. The applied load was always between between 0.5 N and 2 N (tensile
pull followed by release) at each temperature. At room temperatures, approxi-
mately 6 cycles can fit within a minute. However, above the pyrolysis onset tem-
perature, the shrinkage causes the increasing normal force on the sample resulting
in the slower return to the value of 0.5 N. Since pyrolysis at an isothermal condi-
tion progresses in an asymptotic fashion [11], supported by an overall constantly-
decreasing shrinkage rate occurring at a certain constant temperature shown in
Fig. 11, it can be deduced that at a given temperature pyrolysis shrinkage occurs

25 : : : : 150 , , ,
Cycle 9 Cycle 1 X Uncorrected Pull
5| 3 J = +  Uncorrected Release
% Corrected
=100 1 « X ox X ox x XXX
S 15¢t g
= 3
@ o
S 1 =
g 50
2] +
© ++
0.5 i +
Lo
+
0 : : : : 0 —_————
0 0.1 0.2 0.3 0.4 5 10 15 20 25 30
Disp (mm) Time (minutes)

(a) (b)

Figure 16. Load-displacement measurement (a) and elastic moduli
measurement with/without correction (b) of specimen ER3 at 300°C.
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Figure 18. The elastic modulus in the R direction after shrinkage
correction measured from three samples indicates very good
repeatability.

asymptotically. Combined with the pull-and-release cycle, the resulting curve
becomes similar to that of creep, which slowly vanishes after few loading cycles.
Thirdly, as shown in Fig. 16b, elastic modulus increases over time as pyrolysis
progresses. It is therefore postulated that this phenomenon may introduce a
potential measurement artefact due to pyrolysis at transient state. A sample which
has not reached a constant height at the temperature of measurement, meaning,
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several tries and scattered resuvlit.

One set of elastic modulus in the L direction requires

did not undergo the pyrolysis at the temperature may be resulting in lower moduli
reading than the sample which underwent the pyrolysis at the set temperature.
This can explain why the tests reported in the literature [4-9], and especially the
tests performed on the larger specimen of the wood used in hereby research pro-
ject (20 x 7 mm) [17], result in larger decrease of moduli with temperature and
why the significant standard deviation is observed. The effect may be coming from
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Figure 21. Simulated mass loss rate of Norway spruce wood under 7
to 1°C/min (SR1-7) (a) and ““fast’’ (SRFast) (b) heating rates and
contribution by each primary component.

the combination of shrinkage induced forces due to pyrolysis with tensile stress
applied to sample (Fig. 17).

The sample shrinks at high temperatures as is established during the expansion
coefficient experiment. During the release, the increase of the normal force reading
causes a curve to emulate the creep like behaviour. However, the pyrolysis at
given isothermal conditions proceeds only as long as the substrate for the pyroly-
sis reaction is present. Lignin, hemicellulose and cellulose are postulated to pyr-
olyze at different temperatures and with different kinetics (see e.g. [30-33]. When
the component is fully pyrolyzed, theoretically the sample would achieve the state
in which classical elastic modulus could be measured. If the measurement is con-
ducted too early and the samples was not allowed to fully undergo the pyrolysis
at considered temperature, the changes in modulus over time are observable. As
the sample shrinks, given non-restrained conditions, the elastic modulus increases
over time asymptotically (see Fig. 16b).

The elastic moduli of the wood up to 325°C was established with the developed
methodology for R, T, and L directions, presented in Figs. 18, 19, 20. Scatter of
the elastic moduli data from 3 measurements is within 10.9% and 10.3% for R
and T directions respectively, suggesting good repeatability. However, the L direc-
tion from one measurement shows significantly lower elastic modulus value com-
pared to e.g. [1, 17], while scatter is within 14.6%.
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Several reasons may contribute to the less reliable measurement of L direction.
Firstly, during the pull-and-release cycle, the stiffer response results in an order of
magnitude less displacement, reducing the measurement accuracy. Secondly, the
SRF clamps compresses L specimens in R or T direction, as opposed to R or T
specimens being compressed in L direction. The significantly less compressive
strength reduces the allowable tensile force before clamp slipping occurs. Further
optimisation of the L specimen is necessary in future studies with similar equip-
ment. Nonetheless, in the data presented by Kuronen [17] for elastic moduli at
250°C the scatter was within 4+ 66% to the average. For that reason, the hereby
presented methodology seems to produce relatively small standard deviations.

It seems, that in fact, the shape of the curve reminisces the exponential decay
above 200°C or the whole curve follows rather logarithmic trend as was postu-
lated by Lie [34], than a straight line. However, above 250°C the reading of E
depended on the pull or release mode. The question on the differences between
modulus values in tension or compression are still opened if the values recorded
from pull and release can be so drastically different. For the simplicity of input
into the tFEM simulations, the straight line below and above 200°C were fitted
into obtained data, which is consistent with Eurocode [10] suggestions and in line
with multiple previous publications [4]. Nevertheless, it is underlined hereby that
the relationship is most likely not linear.

6.3. FDS Simulation

FDS simulations of SR7-1 and SRFast specimens are presented in Fig. 21. At
temperature above 200°C where shrinkage occurs, specimen SR7-1 has the slowest
heating rate, while SRFast is the fastest. Consequently, to reach 325°C, specimen
SR7-1 takes the longest. The longer heating period results in more prominent
shrinkage by SR7-1 compared to SRFast, as shown in Fig. 21a and b respectively
as dashed thick lines. This observation is in agreement with FDS simulation
results presented as coloured regular lines in the same figure, where the slower
heating rate leads to more mass loss of primary chemical components.

However, when heated at a constant temperature, pyrolysis reaction goes
towards a certain asymptotic equilibrium [11]. Further pyrolysis continues when
temperature is increased into another constant value. This is similar to the heating
profile of the moduli program, as depicted in Fig. 11. The process of approaching
asymptotic equilibrium is clearly shown in Fig. 22c, most prominently at tempera-
tures of 275°C and 300°C, where mass loss rate gradually declines towards zero
only to increase again at a new constant temperature. The effect is also reflected
by the displacement plot from DMTA reading, but only taken at tension level of
0.72 N.? At such constant force, constant temperature of 275°C results in a
shrinkage which rate slows down gradually, only to suddenly accelerate again at
new temperature of 300°C, followed by the same slow-down pattern. This phe-
nomenon is aligned with the observation of isothermic TGA by Grioui et al. [16].

2 Tensile force of 0.72 N is tested to yield the most points for ER2 specimen discussed here.
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«Figure 22. DMTA vs FDS for elastic moduli program: (a) Elastic
Moduli and Temperature vs Time, (b) Displacement-at-constant-force
and temperature vs time, (c) Mass loss rate vs time (FDS simulation),
compared against (d) Relative amount of each Norway spruce wood
primary component and the cumulative total mass loss under the
stepwise temperature program.

As was discussed before, the discussion in the literature on the shape of the
curve describing the relationship between elastic modulus and temperature was
not conclusive [4]. Part of the researchers assumes the linear decrease of modulus
from room temperature to 300°C, part assumes that there are two linear relation-
ships, one up to 200°C and one above 200°C, while part of the researchers sup-
port the assumption that the modulus decreases above 200° but not in a linear
way [4]. Comparison of the experimentally obtained data hereby of the elastic
modulus indicates the non-linear decrease. The supplementation of the experimen-
tal data with the pyrolysis reaction modelling by FDS suggests that the mass loss
associated with loss of extractives and hemicellulose is responsible for the decrease
of elastic modulus, while the decomposition of cellulose appear to correlate with
rapid shrinkage at high temperature. Lignin loss is seemingly not contributing to
the loss of this mechanical property. This information may be used in the future
to study the degradation of other mechanical properties of wood such as strength
and durability after fire by analysis of its chemical composition.

7. Conclusions

The methodologies to determine the elastic moduli, as well as the thermal expan-
sion coefficients, of the wood samples in the temperature range up to 325°C in R
and T direction were developed for small wood samples. A novel drying method
was proposed, eliminating the possibility of moisture reabsorbtion from exposure
to ambient air during transport or attachment process. Finite difference simula-
tion proved the specimens adequately thin to avoid significant temperature varia-
tion within the specimen. The measurements were conducted on wood samples
with assumed 0% moisture content, assured by the lack of changes in the dimen-
sions during the exposure to drying gases. The reliability of the data was high as
the repeatability of the test was on the level of 10.9% and 10.3% respectively.

Measurement in L direction is also conducted, though the scatter was on the
significantly-higher level of 14.6%, with measured elastic moduli significantly
lower than those from literatures. Several problems may contribute towards the
unreliable results obtained in longitudinal direction, namely the significantly
reduced accuracy due to stiffer specimen and reduced clamping force due to fix-
ture clamps compression in the weaker transverse direction. This aspect of the
study is still open for improvements in future research.

The thermal expansion coefficients in the R and T directions follow a mostly
linear trend until the onset of pyrolysis. However, in T direction the thermal
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expansion experience reduced rate between 50 and100°C. The behaviour is replica-
ble given different heating rates, concluding that the phenomena is not time-de-
pendent. Thermal expansion coefficients can be calculated from within the range
of 25 to 200°C, presented in Table 4. Above the 250°C the shrinkage is observed
in the sample. The shrinkage is dependent on the rate of the heating indicating
that kinetics of reaction governs the moduli value, causing it to be time depen-
dent. This conclusion is also supported by FDS simulations of the same tempera-
ture histories. In fact, the unrestricted specimen increases its modulus over time at
certain temperature when kept in isothermal conditions as the sample shrinks.

Prior to this research no consensus was found on the shape of the relationship
between elastic moduli and temperature. As a result of our observation, calcula-
tions and literature analysis of available data the elastic moduli of wood in the
pyrolytic conditions measured at certain temperature is dependent on:

e The temperature
e The size of the sample
e The time of conditioning of the sample at studied temperature.

Supplementing the experimental results with FDS simulations of pyrolysis indi-
cate that the loss of the modulus follows the onset of hemicellulose decomposition
and onwards.The simulations also indicate that the decomposition of cellulose clo-
sely correlates to pyrolysis shrinkage.

Such combination of experimental and numerical methods appears to be an
effective approach to linking the evolution of wood primary chemical component
degradations under fire conditions to mechanical changes. Suggestion for future
research is to study the effect on other parameters (e.g. strength and durability),
and possibly at higher temperatures.
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Appendix A: Temperature Distribution Calculation
with FDM

In the previous stage of the project, the samples of the size 20 x 7 mm were tes-
ted initially at 20°C/min [17]. The literature often reports tests performed on sam-
ples with the cross section of 0.39 x 0.39 inch (10 x 10 mm) [3]. The effect of the
sample size on the temperature gradient within the tested specimen was investi-
gated using the Finite Difference Method (FDM), to assure if significantly
homogenous temperature distribution can be achieved for this geometry [3, 8, 23—
27]. Trials-and-errors and consideration of various aspects, including the finite dif-
ference simulation, concluded 1 mm as the ideal thickness to go along with speci-
men width of 1 cm and length of 4 cm.

Calculations and results presented in this “Appendix” focus on the final itera-
tion of 1 mm-thick specimen with 2°C/min heating rate, while a hypothetical case
of 15 mm-thick specimen with 15°C/min heating rate acts as a comparison.
MATLAB code of the finite difference simulation is included in [22].
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Formulation

Transient temperature distribution throughout specimen thickness follows 1D heat
conduction equation:

2

g(u(x, 1) = a@(u(x, t)); where o :é 4)

where u = temperature, ¢t = time, x = position throughout specimen thickness,
k = thermal conductivity, ¢ = heat capacity, and p = density.

Temperature distribution for any time is approximated using finite difference
with Euler forward time integration:

Ax,t — Ax,t) — 2u(x, ¢
uent 4 Al _u(x,t)+a<u(x+ )+u(zx2 ) — 2u(x )>At (5)
With the following boundary conditions:
u(x,t = 0) = Ty (6)
ulx=0,1) =u(x=d,t) = Ty + Tt (7)

where Ty = initial temperature, 7 = heating rate, and d = specimen thickness.
The elevated temperature results in thermal expansion and reduced elastic mod-
ulus in a linear fashion.

EThermal(xy t) = (u(x7 t) - TO)OZ (8)

E(xa t) =Eo— (u(xa t) - TO)C (9)
where erherma; = thermal expansion strain, o = thermal expansion coefficient,
Ey = initial elastic modulus, and C = elastic modulus reduction rate.

For the mechanisms considered in this model, strains are identified as follows:

Etotal = Eelastic T Ethermal (10)

= &clastic = Etotal — €thermal (1 1)
The specimen is clamped, thus g, is not a function of x.
Eelastic (x7 t) = 8lotal(t) — &thermal (x7 t) (12)

When the specimen is tensioned, elastic deformation occurs:



Elastic Modulus, Thermal Expansion, and Pyrolysis Shrinkage 2481

d
XF = W/ E(x) t)gelaslic (x7 t)dx — Fension
0

d
= W/ E(x7 [)(Stotal(t) - gtherma](x, t))dx - Flension =0 (13)
0

. d
frave Jo E(x, )étherm (x, £)dx
fod E(x,t)dx

= gow(f) = (14)

The apparent thermal expansion &ermal,apparent (f) during experiment is therefore:

: d
Ee:;:le + fO E(x, t)&therm (x, t)dx B Fiensile

fod E(x,t)dx Eowd

Sthermal,apparent(t) = stotal(t) — &initial =
(15)
% + f(;l (EO - (u(xv t) - TO)C) (u(xa t) - TO)Ode _ Ftensile

fod (Eo — (u(x,t) — Ty)C)dx Eowd
(16)

= 8thermal,apparent(l‘) =

where u(x,?) is acquired from the FDM simulation. Since the transient tempera-
ture field u(x,¢) is discretized, integrations in equation are carried out numerically.

The apparent thermal expansion &ermal,apparent(f) is the thermal expansion that
the equipment detects. However, the theoretical value should be:

8therma1,theorelica1(t) = OZ(T(Z‘) - TO) = aTlt (17)

Error is presented as the relative difference between apparent thermal expansion
and the theoretical value at the end of the simulation:

Error — 8therma17apparent(tf) - Sthermal,theoretical(tf) (18)

Ethermal,theoretical (tf )

where f; is the time at the end of simulation.

Results

For the first case, let us define the following parameters for 15 mm thickness and
15°C/min heating rate:

Ty = 25°C; T = 15°C/min = 0.25°C/s; d = 15 mm = 0.015 m (19)

While for the second case, we use the following
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Ty = 25°C; T = 2°C/min = 0.0333°C/s; d = 1 mm = 0.001 m (20)
Other parameters are taken from [35-38] as follows:

p = 425 kgm™>
c= 1114 +4.86T Jkg 'K~ (T in °C); (21)
Kk = 0.1820385(1 + 0.002(T — 7)) Wm™'K

where p = density (dry), ¢ = specific heat capacity, and k¥ = thermal conductiv-
1ty.

Solving Eqgs. 5-7 with parameters from Eqgs. 19 and 21 for the first case, and 20
and 21 for the second case, results in temperature field shown in Fig. 23. The dif-
ference between maximum and minimum temperature throughout sample thick-
ness is shown in Fig. 24, with the resulting error in thermal expansion strain
measurement in Fig. 25. The second case lacks significant temperature variation,
therefore difficult to identify visually from the surface plot. On the other hand, the
first case show substantial variation of temperature resembling a parabolic shape,
which is the chosen function to approximate temperature distribution in the ana-
lytical approximation described in [20]. The FDM simulation predicts 9.41% ther-
mal expansion strain measurement error for the first case and 3.17% for the
second case.

Continuing from the example described in Eq. 21, let us take the following
quantities [39]:

820 x 10°

Ey = 820 MPa = 820 x 10° Pa; C =
0 a x & 275

PaK™'; 4 =2.7920 x 107>
(22)

The resulting apparent thermal expansion strains are shown in Fig. 25.

Appendix B: Shrinkage Correction

At high temperature, significant shrinkage due to pyrolysis interferes with elastic
modulus measurement. As the shrinkage is unavoidable above 250°C, we propose
a method to predict shrinkage strain from the load and displacement history dur-
ing pull-release cycle. This shrinkage strain is then subtracted from the total strain
recorded as displacement by the DMTA. Figure 26 shows typical load and dis-
placement history of pull-release cycle without shrinkage, while Fig. 27 shows a
significant shrinkage at high temperature. Shrinkage can also be detected by hav-
ing load—displacement curve drifting towards a certain direction, as Fig. 28
shows.
First, let us define the components of strain observed in this experiment:

€ = Eelastic T Epyrolysis T Ethermalexpansion (23 )
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Figure 23. FDM simulation results of temperature field development
throughout specimen thickness for both the first (15 mm, 15°C/min
heating rate) and second (1 mm, 2°C/min heating rate) cases.

103 : : ;
- First Case
8 102+ Second Case | |
(0]
[$)
5 o ]
S 10 ¢ 3
=
m)]
c 100 i
g 0
5]
|_
g 107 ¢ 3
=

102 ' :

0 50 100 150 200

Oven Temperature (°C)
Figure 24. Difference between minimum and maximum temperature
throughout specimen thickness at given oven temperature above

30°C for both the first (15 mm, 15°C/min) and second (1 mm, 2°C/
min heating rate) cases.

The change of strain is therefore:

Ae = Agglasic + A‘(J‘pyrolysis + Aéthermal expansion (24)
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Figure 25. Example of apparent thermal expansion strain for first
(15 mm, 15°C/min) and second (1 mm, 2°C/min heating rate) cases.
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Figure 26. The load-displacement over time at room temperature
following initial drying step.

Shrinkage correction procedure applies at constant temperature. Figuress 29, 30
illustrate the shrinkage correction procedure with pull-release cycles at a constant
temperature of 300°C. With a constant temperature, Aéermalexpansion Vanishes from
Eq. 24, therefore:

Ae = Agelastic + A(‘»‘pyrolysis (25)
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Figure 27. The load-displacement over time at temperature of
300°C over time.
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Figure 28. Load-displacement curve at temperature of 300°C over
time.

Points (#, &) and (#;,¢;) are both at the same level of tensile force, therefore only
Aepyrolysis contributes to the difference in total strain. The shrinkage correction
method uses this difference to predict a constant depyrolysis/df between #, and #.

depyrolysi & — ¢
pyrolysis . ool 0
T = Epyroysis = Hh—t (26)
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Figure 29. One shrinkage correction procedure (strain plot).
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Figure 30. One shrinkage correction procedure (tensile force plot).

Therefore, Aepyrolysis between any two arbitrary points of time between # and ¢ is:

Epyrolysis (tb> - Spyrolysis(ta) = (tb - ta)épyrolysis fortg <t, <tpand o <1, <ty
(27)

or
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Figure 31. Elastic moduli measurement at 300 °C with/without
correction.

ASpyrolysis = épyrolysis At for fh<t<t (28)

With Aegyyrolysis established, extraction of elastic modulus from the DMTA data
now becomes possible. Let us first expand Agegic:

AF
Agelastic = f (29)

Substituting Eqgs. 26, 28, and 29 to Eq. 25 results in:

AF . AF &1 — &
o = G+ it =+ (22 (0)

Let us now focus on the release mechanism, i.e. the line connecting points (¢, &)
and (fs,¢05). Ae, AF, and At are:

Ae =95 — & (31)
AF =Fs —F (32)
At =tys — 1t (33)

Equation 30 then becomes:



2488 Fire Technology 2021

Fys — F —
(05 — &) = Fos — Fo) + <81 “

N e [0 (54)
(Fos — Fo)
(205 — €0) — (i: :fg) (tos — 1)

=E=

= Erelease (35)

For pull mechanism between points (#s,&s) and (¢,¢), similar procedure
applies. Figure 31 shows an example of uncorrected and corrected elastic modulus
data measured at 300 °C.
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