
Vol.:(0123456789)1 3

European Journal of Wood and Wood Products (2019) 77:327–340 
https://doi.org/10.1007/s00107-019-01388-w

ORIGINAL

Prediction of bending strength of thermally modified timber using 
high-resolution scanning of fibre direction

Joran van Blokland1 · Anders Olsson2 · Jan Oscarsson2 · Stergios Adamopoulos1

Received: 7 July 2018 / Published online: 7 February 2019 
© The Author(s) 2019

Abstract
The market share of thermally modified wood (TMW) has increased in Europe during the past few years as an environ-
mentally friendly and durable building product. However, TMW products of today are not permitted for use in structural 
applications, because the reduction in strength that is caused by thermal treatment cannot be accounted for. The purpose of 
this paper was to investigate the bending properties of thermally modified timber (TMT) of Norway spruce, and to explore 
possibilities to predict the bending properties of TMT. A sample of 100 boards from a 2X-log sawing pattern of 100 logs 
was thermally modified according to the  ThermoWood® process, while the mirror 100 boards served as an unmodified 
control sample. Two non-destructive methods were employed: (1) a novel method based on scanning of fibre directions to 
obtain the lowest edgewise bending modulus of elasticity (MOE) along a board, and (2) a conventional excitation method 
to determine the first axial resonance frequency used to calculate the axial dynamic MOE. Finally, the boards were bent to 
failure according to European standard EN 408. Despite the fact that bending strength was reduced by 42% due to thermal 
treatment, the type and location of failure in TMT remained related to the presence of knots. Prediction of bending strength 
based on local fibre direction and axial dynamic MOE gave coefficients of determination of 0.51 for the thermally modified 
boards and 0.69 for the control boards, whereas axial dynamic MOE alone gave 0.46 and 0.57, respectively. These results 
indicate that although Norway spruce TMT has lower bending strength compared to unmodified timber, predictions of the 
bending strength can be made with good accuracy.

Abbreviations
ρ  Board’s air-dry density
ρOD  Oven-dry density of a board’s section
Eb,90,nom  Lowest edgewise bending MOE as moving 

average over a board length of 90 mm and based 
on the fibre direction on a board’s surface and 
nominal material parameters

Ea,1  Dynamic MOE based on a board’s first axial 
resonance frequency and ρ

fm  Static edgewise bending strength
Em,l  MOE based on local deflections in static 

bending
Em,g  MOE based on global deflections in static 

bending
WML  Work to maximum load in static bending

1 Introduction

In the last few decades thermally modified wood (TMW) 
has been commercialised and spread throughout Europe. 
The technology provides a sustainable alternative to tropi-
cal hardwood and preservative treated wood, and the total 
production of TMW was approx. 280,000  m3 in 2010 
(Militz and Altgen 2014) and 300,000 m3 in 2015 (Altgen 
2016). However, current TMW products are limited to non-
structural applications, since the loss in strength and the 
increased brittleness that are attributable to thermal treat-
ment cannot be accounted for (Stamm et al. 1946; Kubojima 
et al. 2000; Arnold 2010; Widmann et al. 2012). Whereas 
strength diminishes when wood is exposed to heat, it was 
shown that dimensional stability and resistance against 
decay increase significantly (Stamm et al. 1946; Rowell 
et al. 2009; Metsä-Kortelainen et al. 2011). During thermal 
treatment, the cell wall material is chemically deteriorated 
to a certain extent, which results in a permanent change of 
the material properties. The deterioration includes a loss in 
hemicelluloses, and since this component is highly hydro-
phobic, this loss in mass is one of the main explanations for 
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the decrease in equilibrium moisture content (EMC) and 
increase in dimensional stability and durability of TMW 
(Mahnert et al. 2013; Rowell et al. 2013; Altgen 2016). It is 
also assumed that the decrease in strength is largely related 
to this loss in mass (Windeisen et al. 2009; Rowell et al. 
2013; Winandy and Rowell 2013). Another reason that lim-
its the use of TMW products to non-structural applications 
is that there is insufficient available data to establish relation-
ships between various strength properties. Furthermore, the 
current European standard on strength grading of structural 
timber (EN 14081-1 2016) does not include the influence of 
process factors, whereas the effect of thermal treatment on 
the mechanical properties of TMW is process-dependent.

In thermal modification methods that are commercially 
available today, temperatures between 160 and 240 °C are 
used, the exclusion of oxygen is aimed for, and each have 
distinctive process conditions. After treatment, the material 
properties will depend on wood species and process condi-
tions, the latter being controlled by a number of key fac-
tors, i.e. temperature, duration, initial moisture content, and 
oxygen level (Militz and Altgen 2014). Besides industrial 
processes, there are a vast number of treatment methods that 
have been performed on a laboratory scale (e.g. MacLean 
1954; Mitchell 1988; Kubojima et al. 2000). These studies 
often aimed at evaluating the influence of process condi-
tions on mechanical properties. Kubojima et al. (2000) stud-
ied the stress–strain curve in static bending and force–time 
curve in impact bending of Sitka spruce modified at 160 °C 
with durations from 0.5 to 16 h in an enclosed environment 
with nitrogen or air. In general, mean values of static and 
dynamic modulus of elasticity in bending, bending strength 
(also known as modulus of rupture) and absorbed energy 
in impact bending increased, compared to untreated wood, 
for short treatment durations, but decreased for longer dura-
tions. The presence of oxygen led to a higher decrease for all 
the investigated entities. As concluded earlier by MacLean 
(1954), the static bending properties were affected in ascend-
ing order: modulus of elasticity (MOE), modulus of rupture 
(MOR) and work to maximum load (WML). Similar differ-
ences in MOE and MOR between unmodified and TMW 
were reported by others, such as Metsä-Kortelainen and 
Viitanen (2010) and Rautkari et al. (2014).

The rate of change in properties of thermally modified 
products depends mainly on the treatment temperature and 
time (Winandy and Rowell 2013). For example, a loss in 
MOR was noticeable after heating Sitka spruce in the 
absence of air for 5 h at 160 °C or for 10 min at 210 °C 
(Stamm et al. 1946; Kubojima et al. 2000). The mechani-
cal properties of TMW are not only determined by treat-
ment temperature, duration and level of oxygen, but also 
by the relative humidity (RH) in the heating atmosphere. 
TMW modified at low RH was more brittle than TMW 
modified at a higher RH, which could be attributed to 

realignments of the amorphous polymers in the cell wall’s 
ultra-structure that reduced plastic deformations (Borrega 
and Kärenlampi 2008; Hughes et al. 2015; Altgen and Mil-
itz 2016). Furthermore, the resistance against decay fungi 
is enhanced with increasing treatment temperatures. To 
achieve sufficient decay resistance, temperatures above 
200–220 °C for 3 h are required (Jämsä and Viitaniemi 
2001; Syrjänen 2001; Metsä-Kortelainen and Viitanen 
2010), which as a consequence, can lead to a loss in MOR 
as high as 50% (Bekhta and Niemz 2003).

The  ThermoWood® process is the most common 
industrial thermal modification method in Europe (Alt-
gen 2016). In this method, superheated steam at atmos-
pheric pressure is used to transfer heat to the wood and 
to shield off oxygen (Hill 2006; Militz and Altgen 2014). 
Although it is common practice to modify spruce and pine 
at target temperatures of 180 °C (Thermo-S) and 212 °C 
(Thermo-D), several hardwood species can also be modi-
fied (International ThermoWood Association 2003, 2016). 
Thermo-D softwood is mainly used in cladding and deck-
ing as well as in furniture products that are exposed to wet 
conditions, which can be either indoors (e.g. saunas and 
kitchens) or outdoors. Mechanical properties of small clear 
wood samples of spruce modified using the  ThermoWood® 
process have been reported in the literature by for exam-
ple Frühwald (2007) and Metsä-Kortelainen and Viitanen 
(2010). However, since the number of specimens in these 
studies was small, the data therein can only be consid-
ered as indicative for mechanical properties of spruce 
 ThermoWood®.

For more than 1250 clear wood samples of Norway 
spruce, coefficients of determination (R2) describing the 
relationships between MOR and MOE in bending, MOR 
and density, and MOE and density were found as high as 
0.76, 0.66 and 0.64, respectively (Foslie 1971). Although 
wood density is not always a strong indicator of strength 
and stiffness properties, wood having a relatively low den-
sity is expected to have a relatively low MOR and MOE in 
bending as well (Johansson 2003). However, the decrease 
in density due to thermal treatment does not correspond to 
the change in MOR of modified clear wood. In addition, 
the levels of MOE as well as the MOE-density relationship 
remained similar to unmodified clear wood, whereas density 
decreased due to thermal treatment (Frühwald 2007; Arnold 
2009, 2010). This illustrates that the effect of treatment on 
MOR and MOE cannot be explained, or at least not directly, 
by the mass loss that resulted from thermal treatment, and 
therefore has to be related to changes in the cell wall chemis-
try. For this reason, many studies have investigated the rela-
tionship between changes in wood chemistry and mechanical 
properties of TMW (Tjeerdsma et al. 1998; Boonstra et al. 
2007b; Windeisen et al. 2009; Winandy and Rowell 2013), 
but no clear relationships have been presented yet.
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Although it has been shown that thermal treatment affects 
mechanical properties of clear wood to varying degrees, 
only few studies have focussed on the strength assessment 
of thermally modified timber (TMT). As a result of thermal 
modification (max. 220°C/5 h, duration 5 days), the mean 
static edgewise bending strength (fm) of spruce and pine 
timber decreased as much as 50% compared with unmodi-
fied timber, whereas changes in static bending MOE were 
non-significant (Bengtsson et al. 2002). In addition, correla-
tions between fm and bending MOE of TMT were weaker 
than those for unmodified timber, but the former correla-
tions illustrated that possibilities for strength predictions 
do exist. At the same time, the bending strength of beech 
TMT was more difficult to estimate due to the low coef-
ficients of determination between fm and static and dynamic 
MOE, respectively (Widmann and Beikircher 2010). Smaller 
reductions in bending strength of timber can be expected 
at lower treatment temperatures than those used in ther-
mal modification. For example, high-temperature drying 
of Norway spruce timber at 115 °C and 120 °C resulted 
in 9.5 and 11.5% lower fm, respectively, compared to con-
ventional kiln-drying (75 °C) while density (ρ) and static 
MOE remained unaffected (Bengtsson and Betzold 2000). 
Moreover, according to that investigation, the relationships 
in terms of coefficients of determination between fm-MOE, 
fm-ρ and ρ-MOE were not changed compared to the corre-
sponding relationships between properties for conventional 
kiln-drying timber.

Previous results illustrate that TMT has a potential for 
use in constructions (Bengtsson et al. 2002; Boonstra et al. 
2007a; Widmann et al. 2012), and the industry shows inter-
est in the use of such products for structures exposed to load-
ing. However, such application requires a more thorough 
understanding of the level and variation of the strength that 
remains after thermal modification. In particular in the con-
struction sector, it is important for many practical applica-
tions that reliable predictions of mechanical properties of 
timber are made.

In this paper, the bending behaviour of spruce TMT was 
investigated with the purpose to get a clear insight into its 
strength properties and to explore possibilities for predict-
ing the bending properties of TMT. By means of careful 
material selection, it was aimed at better analysing the influ-
ence of the thermal modification process on basic bending 
properties of timber. In addition, high-resolution fibre scan-
ning, a technique that has shown high yields in grading of 
structural timber (Olsson et al. 2013), was employed to 
study not only the location of failure in TMT but also pos-
sibilities to improve bending strength predictions of TMT. 
Axial dynamic excitation, a conventional technique used in 
today’s machine strength grading, was also used and served 
for comparisons. The results could provide better insights 

into bending strength properties of TMT that are needed for 
expanding its uses.

2  Material

The material used in this study consisted of 200 Norway 
spruce (Picea abies L. Karst) boards with cross-sectional 
dimensions of 45 × 145  mm2 (t × h) and 3.6 to 4.8 m in length 
(L). Boards were sawn with a 2X-log pattern from 100 logs 
with a minimum diameter of 200 mm harvested in the inlands 
north of Karlstad, central Sweden. After sawing, the boards 
were dried to 12% moisture content and then planed. The saw-
ing, drying and planing was carried out at Stora Enso’s saw-
mill in Gruvön located close to Karlstad. One of the boards 
taken from each log, i.e. a total of 100 boards, was thermally 
modified (TM) according to the  ThermoWood® process in an 
industrial batch to meet class Thermo-D. The process has a 
maximum temperature of 212 °C for 3 h with a total treatment 
time of 3 days (International ThermoWood Association 2003). 
The thermal modification was performed at Stora Enso’s treat-
ment facility in Launkalne, Latvia. The remaining 100 mir-
ror boards served as a control sample to evaluate the effect 
of thermal treatment on the static edgewise bending strength 
(fm) and bending behaviour of the boards, and relationships 
between boards’ properties and fm. An overview of the prepa-
ration of control and TM boards is given in Fig. 1.

3  Methods

3.1  Non‑destructive tests and calculation 
of indicating properties

3.1.1  Density

The air-dry density (ρ) calculated as board’s mass divided 
by board’s volume was determined prior to thermal treat-
ment for the 100 control and the 100 unmodified TM 
boards. After thermal modification, ρ was determined 
again for the 100 TM boards. The air-dry condition was 
reached after storing the boards in the laboratory hall 
(approx. 20 °C and 60% RH).

3.1.2  Axial dynamic excitation

Prior to thermal treatment, a standard longitudinal vibration 
method was employed to determine the first axial resonance 
frequency (fa,1) for the 100 control and the 100 unmodified 
TM boards. The details of this free-free vibration method 
involving tapping by a small hammer, detection of the tap 
tone by a microphone and identification of the resonance 
frequencies by a fast Fourier analyser can be found in Olsson 
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et al. (2012). On the basis of the obtained data, the axial 
dynamic MOE (Ea,1) of each board was established as:

The excitation method was repeated after thermal modi-
fication to determine Ea,1 for the 100 TM boards.

3.1.3  Scanning of fibre direction

A WoodEye 5 high-resolution laser scanner (WoodEye AB, 
Linköping, Sweden) was used to obtain the fibre direction 
on the boards’ surfaces prior to thermal treatment for the 
100 control and the 100 unmodified TM boards. Based on 
the scanning of fibre directions, a local bending MOE profile 
was calculated. A description of a method developed for this 
purpose by Olsson et al. (2013), and how it was implemented 
in the present study, is described as follows:

(1)Ea,1 = 4�f 2
a,1
L2

(a) The in-plane fibre direction on the surfaces of each 
board from end-to-end was obtained from laser scanning 
(Fig. 2a, b). The out-of-plane fibre angle (e.g. described 
in Simonaho et al. 2004) was ignored. The obtained reso-
lution of fibre direction data was 3.6 mm in transverse 
and 0.8 mm in longitudinal direction of the board

(b) The in-plane angle of the fibre direction (φ) represented 
a small area on the board’s surface as shown in Fig. 2a. 
The φ of such an area was assumed valid to a certain 
depth into the board

(c) A local MOE, Ex(x, y, z) that is effective in the longitu-
dinal board direction x was calculated for every posi-
tion within the board’s volume, and was based on φ and 
a set of nominal material parameters. To define these 
nominal values, nine independent material parameters 
(3 moduli of elasticity, 3 shear moduli and 3 Poisson’s 
ratios) that describe the material of Norway spruce 
wood were obtained from Dinwoodie (2000)

Species: Norway spruce
Growth region: mid-Sweden

Forest Harvest Sawmill Treatment plant

No. logs: 100
Min. Ø: 200 mm

Length: 3.6-4.8 m

Sawn: 2X-log.
Kiln-dried: 12% MC

Planed: 145×45 mm2

Thermally modified
process: ThermoWood®

max. temp.: 212°C/3h
duration: 3 days

Control

TM
(unmodified)

TM
(modified)

Fig. 1  Preparation of control and TM boards
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Fig. 2  Graphical illustration of the high-resolution scanning of fibre 
direction technique. a Local fibre directions scanned on a board’s sur-
face by means of a row of laser dots with a segment length dx for 

which the edgewise bending MOE is calculated by integration over 
the board’s cross section, b WoodEye-scanner, and c a bending MOE 
profile obtained by considering all the segments of the board
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(d) The edgewise bending stiffness for each position x was 
calculated by integration over the cross-sectional area 
of a board slice with length dx illustrated in Fig. 2a, as:

where:

(e) A high-resolution bending MOE profile Eb(x) along the 
length of the board was calculated as:

  Figure 2c shows a bending MOE profile that was 
obtained by calculating a moving average of Eb(x) over 
a length of 90 mm, i.e. Eb,90(x). The lowest bending 
MOE along this profile is assigned as Eb,90,nom. The 
subscript nom refers to the assigned nominal material 
parameters.

The application of laser scanning on TMT was not a 
scope of this study, and therefore scanning of fibre direction 
of TM boards was not included.

3.2  Static bending test

The 100 control and the 100 TM boards were tested in a four-
point bending test following EN 408 (2012) to determine the 
static edgewise bending strength (fm), and the local- (Em,l) 
and global (Em,g) moduli of elasticity. The expected weakest 
section that could be positioned between the load points was 
identified using the bending MOE profile as shown in Fig. 2c. 
Global deflection (w) was measured in the board’s neutral 
axis at mid-span over a total span of 2,610 mm (18 h); local 
deflection (v) was recorded on the tension side between the 
load points over a length of 725 mm (5 h). The tension side 
was selected randomly, but it was made sure that each pair 
of boards was oriented in the same way (i.e. shared knots in 
the control and TM board cut from the same log were always 
positioned either in tension or compression). The test machine 
ALWETRON TCT 100 (Lorentzen & Wettre AB, Stockholm, 
Sweden) was used, which has a 100 kN load cell and applies 
load by pulling the specimen upwards. Two lateral supports 
were installed on the outside of each loading point to prevent 
lateral torsional buckling. The test was performed deformation 
controlled after 150 N preloading, followed by a constant load 
speed of 5 mm/min until 0.50 mm local deflection, and then 

(2)EIz(x) = ∬ Ex(y − ȳ)2dzdy

(3)ȳ =
∬ Exydzdy

∬ Exdzdy

(4)Eb(x) =
EIz(x)

1

12
th3

continued at 15 mm/min up to failure. During testing, failure 
at maximum load (Fmax), the position of failure and time to 
failure were recorded. Preliminary failures, i.e. failures that 
occurred before reaching Fmax, were identified by jumps in the 
load–deflection curve. Moisture content (MC) and oven-dry 
density (ρOD) of each board were determined directly after 
testing following EN 13183-1 (2002). Bending properties and 
density were not adjusted to a MC of 12%, because the estab-
lished conversions to this MC level are not valid for TMT. In 
addition, bending strength values were not adjusted to a board 
height of 150 mm, since this correction would be negligible. 
The shear modulus was set to infinity when calculating Em,g 
according to the expression given in EN 408 (2012).

3.3  Statistical analysis

The prediction of bending strength (response variable) of 
spruce TMT based on various non-destructive properties 
(predictor variables) was established through simple and 
multiple linear regression. In connection with strength grad-
ing of timber, the predictor variable is often referred to as 
indicating property (IP). When several predictor variables are 
involved, the IP is defined by a (linear) combination of these 
variables. In this paper, the IPs that correspond to variables 
and their combinations, which were determined (1) before 
and (2) after thermal modification were: (1) board density 
(ρ), axial dynamic MOE (Ea,1) and lowest local bending MOE 
(Eb,90,nom), and (2) board density (ρ), axial dynamic MOE 
(Ea,1), global static MOE (Em,g) and local static MOE (Em,l).

A key output of the regression analysis is the coefficient 
of determination (denoted by R2). It is interpreted as, for 
example, the proportion of the variance in bending strength 
that is predictable from a certain IP. Here, use was made of 
the adjusted R2. Descriptive statistics were also computed 
and included standard error of estimate (SEE), sample’s 
mean, standard deviation (std) and coefficient of variation 
(CoV). The statistical significance of differences between 
mean values and standard deviations of the control and TM 
boards were based on a two-sample t-test and two-sample 
F-test, respectively. The F-test was also used to determine 
the statistical significance of regression models. All statistics 
were calculated using the software  Matlab®.

4  Results and discussion

4.1  Board properties

Table 1 shows mean values, standard deviations and CoVs 
for measured properties of the 100 control and 100 TM 
boards, respectively. The mean values of MC, ρ and ρOD 
were significantly lower after thermal treatment, whereas 
their standard deviations were statistically equivalent. The 
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mean value of MC at the time of testing was 12.9% for the 
control and 4.6% for the TM boards. This difference in 
MC is in line with expectations for unmodified and Ther-
moWood-D spruce that is conditioned at a relative humid-
ity of 60% (International ThermoWood Association 2003). 
Depending on the process conditions, TMW experiences an 
MC of 12% in air (20 °C) that is nearly saturated (Interna-
tional ThermoWood Association 2003; Arnold 2010). It is 
therefore of little practical importance to compare the con-
trol and TM boards at similar levels of MC (e.g. a level of 
12% MC as prescribed in EN 408 (2012)). Nevertheless, it 
is important to note that strength and stiffness properties of 
TM small clear wood specimens loaded in bending were 
found lower for increasing levels of MC, but the influence 
of MC on these properties was smaller compared to unmodi-
fied reference samples (Arnold 2010). It should also be kept 
in mind that the effect of MC on properties was determined 
on small clear wood specimens. For (unmodified) structural 
timber, it is known that the decrease in bending properties 
with increasing MC depends on timber quality (Green et al. 
1999). The mean value of ρ was 9% lower for TM boards 
compared to control boards. Comparing the mean ρOD of 
both samples, a 6% loss in dry density can be attributed to 
the treatment process. In fact, the loss in wood substance 
as a result of thermal modification was higher, since the 
cross-sectional area that was also reduced by the treatment 
process was used to calculate ρOD. The time to failure was 
on average 230 s for control boards and 163 s for TM boards. 
For a proper interpretation of the results, it should be noted 
that cross-sectional dimensions of each board at the time of 
destructive testing were taken into account when calculat-
ing their stiffness and strength properties. In addition, the 
mean values and standard deviations of properties that were 
determined non-destructively prior to thermal treatment (i.e. 

ρ and Ea,1) were statistically equivalent between the control 
and unmodified TM boards (data not included in this paper). 
Therefore, follow-up comparisons between the two sample 
sets should give a good indication of the effect of thermal 
treatment on the mechanical properties of timber.

The local moduli of elasticity in bending (Em,l) in Table 1 
were within a similar range for the control and the TM 
boards, and mean values and CoVs were 12.7 GPa and 17%, 
respectively, for both samples. The mean values of Em,l of 
the spruce boards obtained in this investigation are compa-
rable with results achieved in other investigations on spruce 
that was grown in Sweden (Bengtsson and Betzold 2000; 
Bengtsson et al. 2002; Ranta-Maunus and Denzler 2009; 
Olsson and Oscarsson 2017). In a two-sample t-test and 
F-test, no significant differences were found when different 
MOEs (Ea,l, Em,g and Em,l) were compared between control 
and TM boards (Table 1). The mean MOEs and their stand-
ard deviation of the control and TM boards were therefore 
statistically equivalent as was confirmed earlier for mean 
values of static MOEs (Bengtsson et al. 2002; Widmann 
et al. 2012). In addition, the relationship between the static 
bending MOEs remained valid after thermal treatment as 
stated by Widmann et al. (2012), and the ratios found herein 
are in line with previous results from research in which 
MOEs of unmodified and TMT of spruce have been com-
pared (Bengtsson et al. 2002). In detail, the mean Em,l was 
higher than the mean Em,g with a ratio (Em,l/Em,g) of 1.11 and 
1.13 for the control and TM boards, respectively. Moreover, 
the ratios between static and dynamic MOE were within the 
same range as what has been reported for unmodified spruce 
(Ravenshorst and Van de Kuilen 2009; Olsson et al. 2012).

Table 1 shows significant differences between mean val-
ues and standard deviations of control and TM boards for 
bending strength (fm) and work to maximum load (WML) in 

Table 1  Mean value ± standard 
deviation (CoV) for different 
properties of control and TM 
boards

1 Test-valuep-value

2 Fibre direction was obtained by scanning the unmodified TM boards (i.e. before modification)

Control TM t-test1 F-test1

Property
 MC (%) 12.9 ± 0.7 (5.1%) 4.6 ± 0.6 (13.2%) 93.1< 0.001 1.160.450

ρ  (kgm− 3) 467 ± 38.0 (8.1%) 425 ± 34.7 (7.9%) 8.17< 0.001 1.270.238

ρOD  (kgm− 3) 427 ± 39.3 (9.2%) 401 ± 35.2 (8.8%) 4.85< 0.001 1.250.275

Scanning of fibre direction
 Eb,90,nom (MPa) 8076 ± 940 (11.6%) 8143 ± 850 (10.4%)2 0.520.601 1.220.322

Axial dynamic excitation
 Ea,1 (MPa) 12,651 ± 1882 (14.9%) 12,370 ± 1881 (15.2%) 1.050.294 1.000.996

Static bending test
 fm (MPa) 45.1 ± 11.7 (25.9%) 26.0 ± 8.9 (34.3%) 12.97< 0.001 1.710.008

 Em,g (MPa) 11,444 ± 1868 (16.3%) 11,224 ± 1882 (16.8%) 0.830.408 0.990.941

 Em,l (MPa) 12,739 ± 2100 (16.5%) 12,685 ± 2180 (17.2%) 0.180.859 0.930.708

 WML (mmN/mm3) 0.0267 ± 0.0159 (59.5%) 0.0075 ± 0.0043 (57.0%) 11.66< 0.001 13.78< 0.001
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static bending. A mean bending strength of 45 MPa with a 
CoV of 26% was found for the control boards, which is typi-
cal for Norway spruce timber coming from the Nordic coun-
tries (Johansson 2003; Olsson and Oscarsson 2017). The 
mean bending strength of the TM boards was 26 MPa, which 
is 42% lower than the value for control boards, whereas 
the CoV was increased to 34%. This decrease in bending 
strength was less compared to findings by Bengtsson et al. 
(2002), which is most likely caused by the lower treatment 
intensity (duration and temperature) in the present research. 
A similar increase in the coefficient of variation due to ther-
mal treatment has been reported before, for both clear wood 
and timber, and for both softwoods and hardwoods (Bengts-
son et al. 2002; Arnold 2009; Widmann et al. 2012).

4.2  Bending behaviour

4.2.1  Bending strength

The bending strength values of control and TM boards are 
depicted in a cumulative frequency diagram in Fig. 3. The 
data in this figure show that the increase in CoV after treat-
ment is related to the decrease in mean strength and not to 
an increase in the standard deviation of bending strength, 
which was significantly lower for TM boards (Table 1). The 
bending strength of the control boards was spread over a 
range of 54 MPa between 16.2 and 69.9 MPa whereas that of 
the TM boards was spread over a range of 41 MPa between 
8.7 and 49.4 MPa. The lines in Fig. 3 indicate the mean and 
characteristic strength of each sample set. The latter is the 
lower fifth percentile bending strength (fm,k). The charac-
teristic strength for the control boards was 23.9 MPa, and 
the corresponding value for the TM boards was 11.7 MPa, 
respectively. That is a reduction of 51% due to thermal modi-
fication. This more pronounced decrease in the characteristic 

values compared to mean values was observed in previous 
research concerning both high-temperature dried timber 
(Bengtsson and Betzold 2000) and thermally modified 
timber (Bengtsson et al. 2002; Widmann et al. 2012). At 
the same time, Fig. 3 also illustrates that the absolute dif-
ference in bending strength between the control and TM 
boards (ΔCTM) was larger for timber with a higher bend-
ing strength. Since the bending strength of timber is mainly 
determined by the presence of knots (Johansson 2003), 
higher quality timber is characterised by fewer and smaller 
knots. Under the assumption that the presence of knots is 
also governing the bending strength of TMT, the findings 
based on Fig. 3 suggest that knot-free wood is affected more 
in terms of MPa by thermal treatment compared to wood 
containing knots. This fact was reported earlier for chemi-
cally treated wood (Winandy and Rowell 2013). However, 
it is evident that further studies regarding the relationship 
between the presence of knots and strength of TMT are 
required before more certain conclusions could be drawn.

4.2.2  Load–deflection curves

Figure 4a shows examples of load–deflection (F–w) curves 
obtained from the bending tests of 4 board pairs. The figure 
illustrates the global deflection (w) versus force (F) until 
point of maximum loading (Fmax). The maximum deflec-
tion (i.e. deflection at Fmax) was lower for TM boards. The 
control boards failed at a deflection of 24–93 mm, whereas 
TM boards failed after deflections of 11–40 mm. Based on 
F–w curves of the 100 control and the 100 TM boards, four 
different types of curves could be distinguished: (1) sudden 
failure, (2) preliminary failure prior to failure at Fmax, (3) 
non-linearity prior to failure at Fmax, and (4) preliminary 
failures and non-linearity prior to failure at Fmax. Figure 4b 
illustrates these four types and shows how many boards in 
each sample set behaved according to each curve type. A 
number of control boards showed non-linearity in the F–w 
curve. The TM boards, however, failed either suddenly, 
i.e. according to curve type 1 (38% of the TM boards), or 
after some preliminary failures, i.e. according to curve type 
2 (62% of the TM boards). The area under the F–w curve 
must have been reduced by 66% due to thermal modification, 
given that: (1) both the control and the TM boards behaved 
linear elastically up to failure, (2) thermal treatment does 
not change the slope of the F–w curve (which is shown in 
Table 1 by the unaltered MOE after modification), and (3) 
that bending strength (fm) of TM boards was reduced by 
42% (Table 1).

4.2.3  Ductility

The area below the F–w curve measures the combined 
influence of force and deflection. This area describes the 

m,mean

Fig. 3  Cumulative frequency diagram of bending strength (fm) of 
control (non-filled circles) and TM (filled circles) boards, and their 
absolute difference (ΔCTM). Note that fm,mean and fm,k denotes the 
mean and characteristic bending strength of each sample set, respec-
tively
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amount of elastic energy that is stored in the board prior to 
failure. When this is divided by the loaded wood volume 
it is known as work or energy to maximum load (WML) 
(Dinwoodie 2000). Similar to impact bending, WML is a 
measure of the toughness of a material, and already early 
studies on thermally modified wood showed that this 
mechanical property is the one affected the most by heat 
treatment (Stamm et al. 1946; MacLean 1954). A material 
with a high WML could be described as ductile whereas a 
material with a low WML as brittle. In this study, a WML 
mean value of 0.0075 mmN/mm3 was found for the TM 
boards versus 0.0267 mmN/mm3 for the control boards 
(Table 1), which is a difference of 72%. This decrease 
in WML was expected based on the earlier conclusion 
regarding the effect of thermal modification on the area 
below the F–w curve. A somewhat higher reduction in 
WML after treatment of 72% is explained by the fact that 
a number of the control boards experienced some non-lin-
earity in the F–w curve prior to failure. It should be noted 
that the percentage difference in mean WML between the 
control and TM boards was larger compared to the percent-
age difference in mean bending strength. The cumulative 
frequency diagram in Fig. 5 clearly illustrates the differ-
ence in WML between the control and TM boards, which 
increases with timber quality (i.e. for less brittle timber). 
Again, it can be observed that the ductility of higher qual-
ity timber is affected more by thermal treatment. Since 
ductility is reduced over the full range of boards (i.e. for 
both low and high quality timber), TMT can be described 
as being more brittle compared to unmodified timber as 
concluded in previous studies (Kubojima et  al. 2000; 
Arnold 2010; Widmann et al. 2012). However, it should 
be kept in mind that brittle failure occurs in unmodified 
timber as well (see Figs. 4, 5).

4.2.4  Bending failure

In the bending tests, five failure modes that correspond to 
failure modes for clear wood presented in ASTM D143-94 
(2000) were observed: (1) simple tension, (2) cross-grain 
tension, (3) splintering tension, (4) compression and (5) hor-
izontal shear failure. These five failure modes are illustrated 
in Fig. 6a–j. The figure also shows the frequency of occur-
rence of each failure type in percentage both for control and 
TM boards. In this study, a subdivision was made for types 
of simple tension failure (Fig. 6a–d) and cross-grain tension 
failure (Fig. 6e–g). Failure at Fmax was attributable to ten-
sion failure for all boards with one exception of a TM board 
that failed due to horizontal shear. Most boards failed due 
to simple tension failure. In general, simple tension failure 
occurred more often for TM boards (81% versus 67% for the 
control boards), whereas cross-grain tension and splinter-
ing tension were more common for the control boards (33% 
versus 18% for the TM boards). A similar amount of boards 
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in both samples failed either in simple tension type 1 or 2. 
An example of simple tension failure of type 1 is shown in 
Fig. 7 for one control and one TM board.

The detail depicted in Fig. 7 shows the fractured surface 
on the board’s tension side and the fracture that developed 
around the knot. The majority of TM boards showed a brash 
fracture surface (65%) and the fracture was more often 
through knots (59%), whereas the control boards primarily 

experienced a fibrous fracture surface (68%) and the frac-
ture was generally around knots (87%). Combined fractures 
through and around a knot (see e.g. detail b in Fig. 7) were 
recorded as fractures through a knot since this appeared to 
be the prominent type of failure.

4.2.5  Location of failure

The low values along the bending MOE profiles (e.g. shown 
in Fig. 2c) for the 100 control and the 100 unmodified TM 
boards corresponded well to positions of knots in a board, 
i.e. at positions where the angle of the fibre direction devi-
ates from the board’s longitudinal direction (Olsson et al. 
2013). Table 2 shows how often the location of failure in 
control and TM boards was predicted by scanning of fibre 
direction. Sixty-five percent (65%) of the TM boards and 
64% of the control boards failed at the expected position. 
An example of a bending MOE profile where the location 
of failure was predicted successfully is illustrated in Fig. 8a. 
Table 2 also shows that about one-third of the boards in 
both sample sets failed at other sections than the predicted 
ones. Failure in these cases was usually located at another 
low value along the bending MOE profile (see e.g. Fig. 8b). 
Other reasons could be reaction wood (see e.g. Fig. 8c), 
cross-grain or horizontal shear failure. The results point out 
that the location of failure in TMT was related to the pres-
ence of knots about as often as it is for unmodified timber 
(Johansson et al. 1998). In detail, failure was reported in the 
vicinity of knots in 94% of the control boards and in 91% of 
the TM boards.

4.3  Prediction of bending strength

4.3.1  Simple linear regression

The coefficients of determination (R2) for predicting the 
bending properties from various IPs and combinations of 
IPs are presented in Table 3. For the control boards, Table 3 
shows R2-values in the range of 0.53 to 0.63 for the rela-
tionship between fm and various MOEs. This is in line with 
earlier studies on Norway spruce timber where R2-values 

c

Simple tension (type 3)
  5%   Control
12%   TM

Simple tension (type 4)
  2%   Control
  6%   TMd

e

Cross-grain tension (type 1)
15%   Control
  9%   TM

Cross-grain tension (type 2)
  5%   Control
  7%   TMf

g

Cross-grain tension (type 3)
  7%   Control
  1%   TM h

Splintering tension
  6%   Control
  1%   TM

i

Compression
  0%   Control
  0%   TM j

Horizontal shear
  0%   Control
  1%   TM

a

Simple tension (type 1)
46%   Control
55%   TM

Simple tension (type 2)
14%   Control
  8%   TMb

Fig. 6  Types of failure in bending test (side view) including the fre-
quency of occurrence in percentage of control and TM boards. Note 
that the top side of the boards was loaded in tension and the bottom 
side in compression

Fig. 7  Example of simple ten-
sion failure type 1 of a control 
and b TM board
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detail b
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for these relationships typically range between 0.5 and 0.7 
(Steffen et al. 1997; Johansson 2003). Looking at the same 
relationships in Table 3 for TM boards, R2-values ranged 
from 0.35 to 0.57. The decrease in coefficient of determi-
nation for TM boards was observed for every relationship 
between bending strength and the studied IPs. This finding 
is supported by an earlier examination of the relationships 
between bending strength, and local static MOE and dry 
density of thermally modified timber of spruce and pine 
(Bengtsson et al. 2002).

The relationships between bending strength and Em,g, 
Em,l, ρ and Ea,1 are shown in the scatterplots in Fig. 9a–d. In 
addition to the coefficient of determination (R2), equations 
for the regression lines and standard errors of estimate (SEE) 
are also given in the figure. Although higher R2-values were 
found for unmodified timber, the SEEs of the TM boards 
were somewhat lower compared to the control boards. This 
implies that the difference between the predicted bending 
strength values (fm-predicted) and the observed values (fm-
test) was smaller for the TM boards.

For the relationship between fm and Em,l, Bengtsson et al. 
(2002) reported R2-values of 0.66 and 0.41 for unmodified 
and TMT of spruce, respectively. For the two sample sets 
investigated in the present study, the corresponding R2-values 
were 0.61 and 0.49, respectively, see Table 3 and Fig. 9b. 
Although the R2-values of unmodified timber were similar in 
the work by Bengtsson et al. (2002) and the work presented 
herein, the higher R2 that was found for the TM boards is 
most likely explained by the lower intensity of the modifica-
tion process that was applied in this study. This indicates that 
the prediction of bending strength by means of MOE is more 
difficult for higher treatment intensities (duration and tem-
perature). This was also concluded for beech and spruce clear 
wood that was modified at 180 and 220 °C (Arnold 2010).

Table 2  Prediction of the location of failure (percentage of control 
and TM boards) by scanning of fibre direction

Location of failure Control (%) TM (%)

Predicted 64 65
Not predicted
 Other low IP/knot 29 24
 Reaction wood 6 9
 Cross-grain 1 1
 Shear 0 1
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Fig. 8  Predicted location of failure along the board based on scanning of 
fibre direction versus bending test. Examples for three TM boards when 
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Table 3  Coefficients of determination (R2) incl. lower and upper 
bound at 95% confidence interval for predicting the bending proper-
ties of TM boards from various IPs and their combinations. Note that 

some IPs in the TM sample were determined prior to thermal modifi-
cation (i.e. on the unmodified TM boards)

Figures in brackets were obtained when IPs were determined on the basis of properties of the unmodified TM boards (i.e. before modification)
1 Eb,90,nom was calculated based on the fibre direction that was obtained by scanning the unmodified TM boards

IPs Control TM

Em,g Em,l fm Em,g Em,l fm

ρ 0.55 ± 0.13 0.55 ± 0.13 0.20 ± 0.14 0.52 ± 0.13 (0.50 ± 0.14) 0.47 ± 0.14 (0.46 ± 0.14) 0.17 ± 0.13 (0.15 ± 0.13)
Ea,1 0.89 ± 0.04 0.86 ± 0.05 0.57 ± 0.12 0.85 ± 0.05 (0.85 ± 0.05) 0.84 ± 0.06 (0.85 ± 0.05) 0.46 ± 0.14 (0.47 ± 0.14)
Eb,90,nom

1 0.43 ± 0.14 0.41 ± 0.15 0.53 ± 0.13 0.32 ± 0.15 0.38 ± 0.15 0.35 ± 0.15
Em,g 1 0.94 ± 0.02 0.63 ± 0.11 1 0.91 ± 0.03 0.57 ± 0.12
Em,l 1 0.61 ± 0.12 1 0.49 ± 0.14
ρ & Ea,1 0.64 ± 0.11 0.48 ± 0.14 (0.49 ± 0.14)
ρ & Eb,90,nom 0.62 ± 0.11 0.46 ± 0.14 (0.44 ± 0.14)
Ea,1 & Eb,90,nom 0.69 ± 0.10 0.51 ± 0.13 (0.52 ± 0.13)
ρ & Ea,1 & Eb,90,nom 0.69 ± 0.10 0.51 ± 0.13 (0.52 ± 0.13)



337European Journal of Wood and Wood Products (2019) 77:327–340 

1 3

Despite the fact that density is known to be a good predic-
tor of clear wood bending strength (Foslie 1971), it is in gen-
eral a poor predictor of timber bending strength, and R2-val-
ues between 0.16 and 0.40 can be expected (Hoffmeyer and 
Pedersen 1995). Not surprisingly, in this study rather low 
coefficients of determination of 0.20 and 0.17 were found for 
the unmodified and TM boards, respectively (see Table 3; 
Fig. 9c). The R2 of the ρ-fm relationship was lower for the 
TM boards compared to the control boards. Poor predictions 
of bending strength on a density basis have been reported 
previously for modified timber, but also for modified small 
clear wood samples (Bengtsson et al. 2002; Arnold 2009).

As shown in Table 3 and in Fig. 9d, the R2 between fm 
and Ea,1 was 0.46 for the TM boards and 0.57 for the control 
boards. Although the predictive power of Ea,1 was affected 
by thermal treatment, it had no influence whether Ea,1 was 
determined on the unmodified TM boards (i.e. before modi-
fication) or the modified TM boards (i.e. after modification), 
and corresponding R2-values were 0.47 and 0.46, respec-
tively (Table 3). Referring to previous observations, this 
could be expected, since the MOEs were not affected by 
thermal treatment. Currently, the sawmilling industry in 
Europe uses Ea,1 as a technique to estimate the strength of 
structural timber (Olsson et al. 2013), and coefficients of 
determination of about 0.45–0.60 are generally achieved for 

spruce timber (Hanhijärvi and Ranta-Maunus 2008). Based 
on the aforementioned, it is evident that Ea,1 is suitable to 
predict the bending strength of TMT of spruce, and Ea,1 can 
either be obtained before or after the thermal modification 
process. It is evident that these conclusions should be used 
with caution, especially for batches of timber (unmodified) 
with a weak relationship between Ea,1 and fm (i.e. with a 
low R2). The same applies to predicting the effect of ther-
mal modification on the Ea,1-fm relationship of such timber 
batches. The fact that a previous study on TMT of beech 
showed a weak correlation between the bending strength 
and dynamic MOE is most likely explained by the therein 
included correlations between bending strength and static 
MOEs, which were also poor (Widmann and Beikircher 
2010).

The bending MOE profile, Eb,90(x), accounts for local 
fibre deviations on board surfaces to calculate a board’s low-
est bending MOE over a length of 90 mm. Since significant 
fibre deviations occur mainly around knots (Olsson et al. 
2013), the lowest value of Eb,90(x) can be interpreted as a 
measure of the board’s severest knot or knot cluster. It has 
been shown (Johansson 2003) that measurements of knots 
to calculate an effective cross-sectional area in combina-
tion with MOE can improve predictions of bending strength. 
Consequently, the method provided by Olsson et al. (2013) 

c

b

d

a

Fig. 9  Relationship between fm and, a Em,g, b Em,l, c ρ, and d Ea,1 for control (non-filled circles) and TM (filled circles) boards
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shows high yields for strength grading of structural timber 
with coefficients of determination of approximately 0.7. The 
local bending MOE proved to be less powerful in estimating 
the bending strength of unmodified and TM boards of spruce 
when only nominal material parameters are used to calcu-
late Eb,90,nom, and R2-values of 0.53 and 0.35 were found 
for control and TM boards, respectively. The difference in 
R2 between the control and TM boards for the fm-Eb,90,nom 
relationship is 0.18, which is the largest difference found in 
this study compared to the R2 of the other IPs included. This 
finding might indicate that measures of knots or grain devia-
tion are less effective for predictions of the bending strength 
of TMT compared to unmodified timber.

Whereas ρ decreased on average by 9% due to thermal 
treatment, it had little consequence whether the ρ was deter-
mined before or after treatment when employed as predictor 
of bending strength of the TM boards (Table 3). In addition, 
coefficients of determination for ρ-MOE relationships and 
relationships between MOEs shown in Table 3 were rather 
similar for the control and TM boards. For these reasons, it 
is thought that the ρ-fm and MOE-fm relationships changed 
due to the bending strength’s reduced standard deviation and 
the increased brittleness after thermal modification.

4.3.2  Multiple linear regression

Table 3 also shows the coefficients of determination when 
combining ρ, Ea,1 and Eb,90,nom with respect to fm in mul-
tiple linear regression. Ea,1 combined with Eb,90,nom is, as 
anticipated, a good predictor of bending strength of the 
control boards having an R2 of 0.69. Not surprisingly, coef-
ficients of determination in Table 3 were lower for the TM 
boards. However, high-resolution fibre scanning combined 
with dynamic excitation shows good potential for predicting 
the bending strength of spruce TMT with a quite strong R2 
of 0.51 using Ea,1 and Eb,90,nom. When combining Ea,1 and 
Eb,90,nom, a new indicating property (IP) to predict bending 
strength can be defined as (Ea,1 and Eb,90,nom in GPa):

and as:

for control and TM boards, respectively.

4.3.3  Grading example

Figure 10 shows the relationship between the IPs defined 
in Eqs. 5 and 6, and the bending strength of the control and 
TM boards, respectively. In this figure, the principles of 
C-class grading were applied to the TM boards as a basis 
for discussion about the possibilities of strength grading of 
TMT. This should be considered as a simplified example 

(5)IPC = −38.6 + 3.09 ⋅ Ea,1,C + 5.46 ⋅ Eb,90,nom,C

(6)IPTM = −29.7 + 2.44 ⋅ Ea,1,TM + 3.05 ⋅ Eb,90,nom,TM

since grading according to EN 14081-2 (2018) involves 
more steps. The setting value SC14 for IPTM in this example 
was 8.0 GPa. After rejecting 11 boards, 89 boards of TMT 
could be assigned to strength class C14 with a characteris-
tic bending strength of 14 MPa (EN 338 2016). The other 
grade determining properties, i.e. mean modulus of elastic-
ity parallel to the grain and the characteristic density are, 
respectively, 12.4 GPa and 360 kg/m3 and were assessed 
following EN 384 (2016) and EN 408 (2012). In a similar 
manner, it was possible to grade 91 boards of unmodified 
timber to strength class C30. It should be clear that the pre-
vious example does not imply that this batch of TMT could 
be used as C14 structural timber. For a potential structural 
application, additional mechanical properties to the ones 
considered in this study should be evaluated. In addition, 
relationships between various strength properties of TMT 
should be further investigated since these may differ con-
siderably compared to those of unmodified timber, as was 
pointed out before (Widmann and Beikircher 2010; Wid-
mann et al. 2012). As a final remark, since the effect of TM 
on the mechanical properties of timber is process-dependent, 
factory production control (EN 14081-2 2018) might be a 
necessary complement to strength grading of TMT.

5  Conclusion

The aim of this paper was to achieve a better understanding of 
the effect of thermal modification on the bending behaviour 
of Norway spruce timber, and to investigate possibilities for 
predicting the bending strength (fm) of TMT. Although the 
mean fm and WML decreased by 42% and 72%, respectively, 
because of thermal treatment, the standard deviations of these 

69

<5% of TM boards assigned to C14

Assign 89 TM boards to C14Reject 11 
TM boards

1

Fig. 10  Relationship between fm and the IPs defined in Eqs. 5 and 6 
for control (non-filled circles) and TM (filled circles) boards, respec-
tively. Setting value SC14 based on IPTM defined in Eq.  6 when the 
TM boards would be graded to class C14. Note that analogously the 
control boards would be graded to class C30
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properties did not increase but were significantly lower for 
TMT. As was the case for unmodified timber, the type and 
location of failure in TMT were related to knots. The coef-
ficients of determination between fm and the various moduli 
of elasticity confirmed that bending strength of TMT is more 
difficult to predict than what bending strength of unmodi-
fied timber is. However, the SEEs of these relationships were 
lower for TMT compared to unmodified timber. Nevertheless, 
predictions can still be made employing dynamic excitation, 
a technique that is currently used by the sawmilling industry 
for estimating the strength of structural timber. More accurate 
estimations of bending strength are, however, obtained by 
applying a novel technique based on high-resolution scanning 
of fibre directions on timber surfaces. In detail, this technique 
combined with dynamic excitation showed good potential for 
predicting fm of spruce TMT with a quite strong coefficient 
of determination of 0.51 with Eb,90,nom and Ea,1 as predictor 
variables. Since MOEs remained unaffected by thermal treat-
ment, it is thought that MOE-fm relationships are affected by 
the reduced standard deviation of fm and the increased brittle-
ness that were both attributable to thermal treatment. For this 
reason, it would be interesting to further investigate the bend-
ing behaviour of TMT especially at point of failure. Finally, 
possibilities to improve the application of high-resolution 
fibre scanning on TMT should be investigated, specifically 
by: (1) studying the effect of fibre angle on bending strength, 
(2) optimising the edgewise bending MOE of the weakest 
section based on fibre direction (Eb,90,nom), and (3) detection 
of fibre direction on the modified wood surface.
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