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Abstract
Not before the year 2016, the European standard system did allow for classifying the durability of treated wood in addition 
to natural durability of untreated wood species. After its latest revision, EN 350 (2016) allows a durability classification 
of solid wood and wood-based materials with the help of five durability classes (DC) between ‘very durable’ (DC 1) and 
‘non-durable’ (DC 5). However, different test methods, assessment measures, and calculation methods can be used for dura-
bility classification. This inevitably leads to different assessments of the biological durability of wood. This study aimed 
therefore on a comparative durability classification of preservative-treated and chemically modified wood (here: treated 
with 1,3-dimethylol-4,5-dihydroxyethyleneurea, DMDHEU) using different laboratory and field test methods. Durability 
classes of the tested timbers differed not only between tested materials, but depended also on the applied test, assessment, 
and calculation method. In this respect, the use of relative values (x-values), i.e., mass loss (ML) or MOE loss data compared 
with a non-durable reference material can help to harmonize the classification and make DCs more comparable. The use of 
relative values can also help to reduce the effect of varying virulence of test fungi, activity of test soil substrates, and the 
climate-induced hazard of test sites.

1  Introduction

In the building sector, wood needs to compete with many 
other materials. An important criterion within this com-
petition is its biological durability. According to EN 1001 
(2021) wood’s durability to biological agents is defined as 
the ‘inherent resistance of a wood species or a wood-based 
material against wood decay organisms’. Customers request 
an easy system for the classification of wood durability that 

allows comparative assessment of different wood species and 
treatments, ideally also with different non-wood materials.

Not before the year 2016, the European standard system 
did allow for classifying the durability of treated wood in 
addition to natural durability of untreated wood species. 
After its latest revision, EN 350 (2016) allows a durability 
classification of solid wood and wood-based materials with 
the help of five durability classes (DC) between ‘very dura-
ble’ (DC 1) and ‘non-durable’ (DC 5). Wood-based materi-
als are defined as ‘any processed matrix containing and/or 
made of a specific percentage of wood. […] Wood-based 
materials are those derived from trees and include amongst 
others: untreated wood, heat treated wood, chemically modi-
fied wood, glue laminated wood, wood-based panels, wood 
polymer composites and wood treated with wood preserva-
tives’ (EN 350, 2016).

In principle, the durability of wood-based materials 
against wood-destroying fungi can be determined in labo-
ratory and field tests; and both can be performed with and 
without soil contact. Soil contact field tests, so-called grave-
yard tests, can be conducted according to EN 252 (2015) 
where wood stakes are buried in the ground to half of their 
length and assessed annually with respect to the occurrence 
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and extent of decay. In analogy, decay can be assessed on 
wood specimens exposed above ground. However, the few 
European standard methods were not intended for testing 
durability, but the efficacy of wood preservatives (EN/TS 
12037, 2022; EN 330, 2015). Nevertheless, EN 350 (2016) 
allows to use both standardized and non-standardized above-
ground field test methods for determining the biological 
durability of wood. Among the latter are ground proximity 
(AWPA 2018) and double-layer tests (Rapp and Augusta 
2004) as well as the Bundle test (Brischke et al. 2023a) that 
was applied in this study. However, the standard EN 350 
(2016) lacks guidance on durability classification for each 
of these above-ground test methods. Hence, the assessment 
scheme and related measures have been frequently adapted 
from in-ground tests according to EN 252 (2015) and so did 
we in this study.

In laboratory, mass loss (ML) data from agar plate tests 
with basidiomycete monocultures according to EN 113–2 
(2021) can be used to assign DCs. Depending on the test 
material, different white and brown rot fungi are obligatory. 
The basis for durability classification is the median ML, 
but the variability in durability shall be regarded through 
looking at empirical distributions (EN 350, 2016). Different 
probability density functions can also be applied to the ML 
data to assign DCs, whereas the required procedure stays 
unclear to a certain extent (Brischke et al. 2023b). However, 
variability can get indicated through a range of DCs or the 
index ‘v’ (‘variable’). In contrast to EN 113–2 (2021), dura-
bility classification on the basis of data from soil bed tests 
(CEN/TS 15083–2, 2005) refer to relative values. Relative 
ML data are used for classifying hardwoods, and relative 
MOE (modulus of elasticity) loss data for softwoods. Con-
sequently, different materials are treated differently during 
durability testing and classification. Further inhomogene-
ity comes into play with the spans of relative values (i.e., 
x-values) assigned to the five durability classes as shown 
in Table 1. It stays unclear whether these discrepancies are 

the result of an adaptation process to align with an existing 
durability classification of wood species, e.g., according to 
EN 350–2 (1994) or have been made arbitrarily. Different 
authors reported on the dependence of durability classifica-
tion on the applied test methods and assessment measures 
such as differences between ML data and x-values (Van 
Acker et al. 1999; Plaschkies et al. 2014) and between ML 
and MOE loss data (Militz et al. 2003; Brischke et al. 2018), 
while others (e.g., Van Acker et al. 2003) found similar DCs 
using percentage ML and x-values from previous versions 
of EN 350, i.e., EN 350–1 (1994).

Another shortcoming of the current normative specifica-
tion is a lack of guidance on the sampling of wood-based 
materials, especially if those are impregnated with preserva-
tives or other modifying chemicals. Solely, the following 
general instructions are provided by EN 350 (2016):

•	 The sampling should take into account the variability of 
the wood-based material to be tested.

•	 For each variation in processing parameters (e. g. change 
in temperature, particle size, wood species), a minimum 
of 30 specimens is required (from at least 3 produced 
items, e. g. boards) sampled at random from 3 different 
batches. A minimum of 5 specimens from each batch 
should be tested.

•	 If the material contains sapwood and heartwood, care has 
to be taken that both sapwood and heartwood are used to 
produce test specimens.

From this, no exact sampling procedure can be derived, 
which will particularly have an impact on the durability 
assessment of heterogeneous or heterogeneously treated 
materials such as impregnated boards or poles. Hence, 
performance or product testing appears more appropriate 
compared to material testing (Brischke et al. 2023c), but 
respective test methods are neither standardized nor estab-
lished, yet.

Table 1   Overview of measures (here: upper thresholds) used for assigning durability classes (DC) according to different CEN/TC 38 standards 
and the Bundle-test method (Brischke et al. 2023a) as well as adapted measures used for this study

Durability class EN 113–2 CEN/TS 15083–2 EN 252 Bundle-test

Mass loss Mass loss/ 30% Mass loss or
MOE loss

Mean Lifetime Median decay rate

Median x-value x-value x-value Inverse x-value f-value

[%] [-] [-] [-] [-] [-]

DC 1 5 0.17 0.10 5 0.20 5
DC 2 10 0.33 0.20 3 0.33 3
DC 3 15 0.50 0.45 2 0.50 2
DC 4 30 1.00 0.80 1.2 0.83 1.2
DC 5 ∞ ∞ ∞ 0 ∞ 0
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The aim of this study was the durability classification of 
chemically modified (1,3-dimethylol-4,5-dihydroxyethyl-
eneurea, DMDHEU) and preservative-treated timber made 
from different hardwood and softwood species. The impact 
of different test methods (laboratory and field tests) and 
evaluation criteria on the durability classification should be 
examined and proposals for harmonization should be made. 
For this purpose, ML and MOE loss data from agar plate 
and soil bed tests respectively, as well as decay ratings 
from graveyard and Bundle-tests should be determined and 
used for assigning DC of the differently treated wood-based 
materials according to EN 350 (2016).

2 � Materials and methods

2.1 � Wood specimens

Specimens of 15 × 25 × 50 (ax.) mm3 (basidiomycete 
test), 5 × 10 × 100 (ax.) mm3 (soft rot test), 25 × 50 × 500 
(ax.) mm3 (graveyard test), and 25 × 50 × 500 (ax.) mm3 
and 25 × 50 × 250 (ax.) mm3 (Bundle-test) were made 
from Scots pine sapwood (Pinus sylvestris), Radiata pine 
sapwood (Pinus radiata), Poplar (Populus nigra), Beech 
(Fagus sylvatica), and Norway spruce (Picea abies). The 
Norway spruce specimens were used exclusively as addi-
tional untreated controls. All specimens were free from 
defects such as cracks, knots, resin pockets, discoloration 
and decay. The specimens were modified with 1,3-dimeth-
ylol-4,5-dihydroxyethyleneurea (DMDHEU) or treated 

with a water-based copper-containing wood preservative. 
All treatments were carried out in a semi-industrial scale 
impregnation plant at the University of Goettingen. Table 2 
gives an overview of the wood species and treatment levels.

After conditioning at 20  °C, 65% relative humidity 
(RH), specimens of each wood species for the different tests 
were impregnated under vacuum pressure (1 h at 50 mbar, 
2 h at 12 bar) with 20, 30 and 50% aqueous solutions of 
a commercially available DMDHEU formulation (active 
DMDHEU content: 70%). After impregnation, treated 
boards were wrapped in foil and stored under room climate 
conditions (20 °C) for 120 h. Subsequently, impregnated 
specimens were transferred to a superheated steam drying 
process and the modification chemical (DMDHEU) was 
cured at 120 °C (curing phase: 24 h).

Identic process conditions (1  h at 50  mbar, 2  h at 
12 bar) were applied during the preservative treatment 
of corresponding wood specimens, which had been con-
ditioned at 20 °C, 65% RH prior to the impregnation. A 
commercially available water-based copper-containing 
wood preservative was selected, which was marked as 
preventive against insects and fungi, suitable for weath-
ered wood, and in soil or fresh water contact according 
to DIN 68800–3 (2020), and thus was permitted for use 
classes (UC) 1, 2, 3 and 4 applications (EN 335, 2013). 
Specimens were treated with the preservative concentra-
tion recommended for UC 3 applications (technical data 
sheet, 1.0) as well as one quarter (0.25), one half (0.5) 
and double (2.0) of this obligatory UC 3 concentration. 
Afterwards, the active ingredients were fixated inside the 

Table 2   Wood treatment 
parameters Wood 

species
Botanical 

name
Wood preservative 

concentration 
ratio1 [-]

ID
DMDHEU 

[%]
ID

Norway 
spruce

Picea 
abies

0.00 P.a.
control/reference

0 P.a. control/reference

European 
beech

Fagus 
sylvatica

0.00 F.s.
control/reference

0 F.s. control/reference

0.25 F.s. Cu 0.25x 20 F.s. D 20%
0.50 F.s. Cu 0.50x 30 F.s. D 30%
1.00 F.s. Cu 1.00x 50 F.s. D 50%
2.00 F.s. Cu 2.00x

Poplar Populus 
nigra

0.00 P.n.
control/reference

0 P.n. control/reference

0.25 P.n. Cu 0.25x 20 P.n. D 20%
0.50 P.n. Cu 0.50x 30 P.n. D 30%
1.00 P.n. Cu 1.00x 50 P.n. D 50%
2.00 P.n. Cu 2.00x

Scots pine 
sapwood

Pinus 
sylvestris

0.00 P.s.
control/reference

0 P.s. control/reference

0.25 P.s. Cu 0.25x 20 P.s. D 20%
0.50 P.s. Cu 0.50x 30 P.s. D 30%
1.00 P.s. Cu 1.00x 50 P.s. D 50%
2.00 P.s. Cu 2.00x

Radiata 
pine 
sapwood

Pinus 
radiata

0 P.r. control/reference
20 P.r. D 20%
30 P.r. D 30%
50 P.r. D 50%

1Specimens were treated with the preservative concentration recommended for UC 3 applications (technical data sheet, 1.0) as 
well as one quarter (0.25), one half (0.5) and double (2.0) of this obligatory UC 3 concentration.

concentration 
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wooden structure by storing impregnated specimens at 
20 °C, 65% RH for 504 h.

2.2 � Durability tests with monocultures 
of Coniophora puteana and Trametes versicolor

Laboratory decay resistance tests were conducted according 
to a modified EN 113–2 (2021) protocol as follows: Thirty 
replicate specimens were oven-dried at 103 °C until con-
stant mass, and weighed to the nearest 0.001 g. Afterwards, 
all specimens underwent a leaching procedure according 
to EN 84 (2020), were oven-dried, weighed again, and 
conditioned at 20 °C/65%RH to constant mass. Two speci-
mens of the same material were steam-sterilized (20 min at 
121 °C in an autoclave) and placed on fungal mycelium in a 
Kolle flask. To avoid direct contact between wood and over-
grown malt agar (4%) stainless steel washers were placed in 
between. The incubation time was 16 weeks. The following 
test fungi were used: Coniophora puteana = (Schum.:Fr.) P. 
Karsten BAM Ebw. 15 and Trametes versicolor = (L.:Fr.) 
Pilat CTB 863A. Each wood-based material was incubated 
with both test fungi. After incubation, the specimens were 
cleaned from adhering mycelium, weighed to the nearest 
0.001 g, oven-dried, weighed again, and mass loss (MLF) 
was calculated according to Eq. 1.

Calculation of percentage mass loss by fungal decay 
MLF [%]:

m0,L	� oven-dry mass before incubation after leaching [g]
m0,F    �oven-dry mass after incubation [g]

2.3 � Durability tests in terrestrial microcosms 
against soft‑rot causing micro fungi

Prior to a soil bed test in unsterile soil according to CEN/
TS 15083–2 (2005), the specimens underwent a leaching 
procedure according to EN 84 (2020). Before and after 
leaching, the specimens were oven-dried at 103 °C and 
weighed to the nearest 0.001 g. In accordance with CEN/
TS 15083–2 (2005), treated and untreated hardwoods were 
tested as follows:

•	 After 16 weeks of exposure in a compost-sand soil sub-
strate (produced at the University of Goettingen), the 
test specimens were removed from the soil and oven-
dried. The mean water holding capacity (WHC) of the 
soil substrate was 60% and the soil moisture was main-
tained at 95% of its WHC. After 16 weeks of exposure, 
the required minimum ML of 20% was exceeded and 

(1)MLF =
m0,L − m0,F

m0,L

∙ 100

the test was terminated. The reference wood species for 
hardwoods was beech.

Treated and untreated softwoods were tested according to 
CEN/TS 15083–2 (2005) as follows:

•	 Before exposure to soil contact, the specimens were 
immersed in water for 2 h as described in EN 84 (2020), 
and then subjected to 3-point-bending tests using the 
universal testing machine Zwick 10 kN (ZWICK GmbH 
and Co. KG, Ulm, Germany) for determining the flexural 
modulus of elasticity (MOE). Afterwards, the test speci-
mens were conditioned at 20 °C/65% RH to constant 
mass and exposed to the soil.

•	 After 32 weeks, the test specimens were removed from 
the soil, immersed in water for 2 h according to EN 84 
(2020) and submitted again to a 3-point-bending test for 
determining the MOE. The difference in MOE before 
and after the test was used to determine the decrease in 
MOE (MOE loss, Eq. 2)). Subsequently, the test speci-
mens were oven-dried again to determine their ML.

Calculation of percentage MOE loss by fungal 
decay [%]:

MOEL	� MOE before incubation of wet specimens after 
leaching [N/mm²]

MOEF    �MOE of wet specimens after incubation [N/mm²]

2.4 � Durability field tests (Graveyard 
and Bundle‑tests)

Durability field tests with all materials were conducted at the 
North Campus test site of the University of Goettingen. In-
ground durability tests were performed according to EN 252 
(2015). Therefore, n = 10 specimens were buried to half of 
their length and assessed annually with respect to the occur-
rence of decay. With the help of a pick-test using a pointed 
knife, depth and distribution of decay were rated according 
to EN 252 (2015) on a five-step scale as 0 (sound), 1 (slight 
attack), 2 (moderate attack), 3 (severe attack), or 4 (failure).

Above-ground durability tests were performed using 
the Bundle-test method (Brischke et al. 2023a). There-
fore, specimens were exposed horizontally on aluminium 
L-profiles on racks 20 cm from the ground, which was kept 
free from vegetation. The specimens consisted of three 
segments, one bottom segment of 25 × 50 x 500 (ax.) mm3, 
and two upper segments of 25 × 50 x 250 (ax.) mm3 held 
together with cable straps (Fig. 1).

(2)MOEloss =
MOEL −MOEF

MOEL

∙ 100
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The specimens were dismantled and assessed annually 
with respect to the occurrence of decay. In analogy to the 
in-ground test specimens, the EN 252 (2015) rating scheme 
was used, but slightly modified with respect to the fail-
ure criterion. As soon as the decayed cross-sectional area 
exceeded 50% ​​the test specimen was considered to fail.

2.5 � Durability classification and statistical analysis

The durability of the differently treated materials was 
classified according to EN 350 (2016). In addition, and 
deviating from the standard, the durability classification 
was based on different measures for comparison as follows 
(Table 1):

•	 median mass loss MLF (EN 113–2, 2021)
•	 x-value based on median MLF (EN 113–2, 2021, see 

Eq. 3)
•	 x-value based on median MLF (CEN/TS 15083–2, 2005, 

see Eq. 3)
•	 x-value based on median MOE loss (CEN/TS 15083–2, 

2005, see Eq. 4)
•	 x-value based on mean Lifetime (EN 252, 2015, Eq. 5)
•	 1/x-value based on mean Lifetime (EN 252, 2015, Eq. 6)
•	 f-value based on the median decay rate v (Brischke et al. 

2023a, Eq. 7)

Calculation of x-values based on median mass loss by 
fungal decay [-]:

MLmedian,test	� percentage mass loss of tested material [%]
MLmedian,reference	  �percentage mass loss of untreated 

reference [%]

Calculation of x-values based on median MOE loss by 
fungal decay [-]:

(3)x =
MLmedian,test

MLmedian,reference

MOE lossmedian,test	    �percentage mass loss of tested 
material [%]

MOE lossmedian,reference	� percentage mass loss of untreated 
reference [%]

Calculation of x-values based on mean Lifetime [-]:

Calculation of inverse x-values based on mean 
Lifetime [-]:

Lifetimemean,reference	� Mean lifetime of the untreated refer-
ence specimens [years]

Lifetimemean,test	        �Mean l ifet ime of the tested 
material [years]

Calculation of f-values (durability factors) based on the 
median decay rate [-]:

vmedian,reference	� highest median decay rate of the reference 
species under test [%/year]

vmedian,test	           �median decay rate of test wood material [%/
year]

The decay rate was calculated after each inspection, sepa-
rately for each test wood specimen and each reference speci-
men (Eq. 8). The quotient of decay rating d and the time of 
exposure t was multiplied with 25% in accordance with the 
calculation of the index of decay as suggested by Borsholt 

(4)x =
MOElossmedian,test

MOElossmedian,reference

(5)x =
Lifetimemean,test

Lifetimemean,reference

(6)x =
Lifetimemean,reference

Lifetimemean,test

(7)f =
vmedian,reference

vmedian,test

Fig. 1   Configuration of Bundle 
test specimens. Left: Specimen 
consisting of three members 
held together by cable straps. 
Right: Exposure of bundle 
test specimens on aluminium 
L-profiles
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Table 3   Mass loss after 
16 weeks of incubation 
with Coniophora putena 
(C. puteana) and Trametes 
versicolor (T. versicolor) in 
agar plate tests according to 
EN 113–2 (2021). The x-values 
referring to the fungus causing 
the highest mass loss are 
marked grey

Material
Mass loss [%]

C. puteana T. versicolor
Median Mean SD x Median Mean SD x

P.a. control 36.98 35.26 5.63 0.94 16.47 16.23 2.22 0.61
F.s. control 36.91 37.21 2.20 1.00 26.92 27.71 3.14 1.00

F.s. Cu 0.25x 36.42 35.71 4.09 0.99 13.86 13.19 3.19 0.52
F.s. Cu 0.50x 38.50 37.79 3.83 1.04 0.40 0.57 0.56 0.02
F.s. Cu 1.00x 38.57 38.07 3.23 1.05 0.46 0.46 0.10 0.02
F.s. Cu 2.00x 2.33 3.81 3.80 0.06 0.78 0.79 0.11 0.03
F.s. D 20% 19.02 18.21 7.22 0.52 21.40 21.53 1.77 0.80
F.s. D 30% 9.45 10.53 4.98 0.26 10.88 10.46 3.22 0.40
F.s. D 50% 0.04 1.65 3.13 0.00 0.40 0.64 0.83 0.02
P.n. control 33.67 34.11 4.36 0.91 23.25 23.31 2.47 0.86

P.n. Cu 0.25x 27.07 27.95 4.23 0.73 0.20 0.43 0.55 0.01
P.n. Cu 0.50x 34.31 34.29 4.20 0.93 0.33 0.32 0.10 0.01
P.n. Cu 1.00x 36.32 35.42 5.50 0.98 0.48 0.47 0.11 0.02
P.n. Cu 2.00x 0.63 0.65 0.28 0.02 0.64 0.66 0.08 0.02
P.n. D 20% 10.29 10.88 7.66 0.28 4.39 6.32 4.67 0.16
P.n. D 30% 3.10 4.22 4.48 0.08 1.03 3.51 4.97 0.04
P.n. D 50% -1.07 -0.97 0.38 -0.02 0.08 0.02 0.23 0.00
P.s. control 39.28 39.52 2.90 1.00 16.08 16.07 1.88 1.00

P.s. Cu 0.25x 41.59 40.62 4.72 1.06 0.50 0.53 0.18 0.03
P.s. Cu 0.50x 41.47 41.51 4.30 1.06 0.45 0.47 0.15 0.03
P.s. Cu 1.00x 43.79 43.66 4.78 1.12 0.89 0.93 0.23 0.06
P.s. Cu 2.00x 2.97 3.20 1.07 0.08 1.27 1.26 0.20 0.08
P.s. D 20% 1.21 1.61 1.88 0.03 0.65 0.91 0.68 0.04
P.s. D 30% -0.73 -0.61 0.42 0.02 0.53 0.59 0.17 0.03
P.s. D 50% -0.82 -0.79 0.12 0.02 0.39 0.36 0.15 0.02
P.r. control 35.99 35.94 3.53 0.92 15.36 15.51 2.55 0.96
P.r. D 20% 3.73 4.26 3.48 0.10 0.00 0.00 0.22 0.00
P.r. D 30% -0.73 -0.49 1.12 0.02 -0.15 -0.17 0.12 -0.01
P.r. D 50% -1.13 -1.11 0.17 0.03 0.07 0.06 0.17 0.00

and Henriksen (1990). The latter refers to the four different 
levels of fungal decay according to EN 252 (2015).

Calculation of the percentage decay rate v% [%/year]:

d	� decay rating [0–4].
t     �time of exposure [years].

The durability classification was based on the highest 
median ML determined for all the test specimens within one 
test. Additional information about the spread of individual 
ML values was sought and identified using the following 
criteria given in EN 113–2. If individual ML values were 
distributed over two durability classes (x and y) with at least 
40% of values being in each of them, the retained DC was not 
based on the median ML but expressed as falling between x 
and y. If individual ML values were distributed over three or 
more DCs (x to z) with at least 15% of values being in each of 
them, the retained DC was not based on the median ML but 
as falling between x and z. If more than three individual test 
specimens (10% of the replicates) existed that differed from 
the assigned batch DC by more than one class, the letter “v” 
was appended to the class number to indicate the variability. 
The same applied for x- and f-values.

Two statistical tests were performed to verify normal dis-
tribution. First, the corresponding datasets were tested using 
a Shapiro–Wilk test (Shapiro and Wilk 1965), since this is 
the most sensitive test for detecting deviations from normal 

(8)v% =
d

t
∙ 25%

distribution (Razali and Wah 2011). In addition, the Ander-
son–Darling goodness of fit test (Anderson and Darling 1952) 
was used. This test is considered being very reliable, but less 
sensitive due to a weaker weighting of boundary values (Ste-
phens 1974; Dormann 2013). Additional visual evaluation was 
also performed.

For the evaluation of the ML after tests according to EN 
113–2 (2021), the arithmetic mean and the median were 
determined. Furthermore, the standard deviation was deter-
mined. However, mean value and standard deviation are 
meaningful only if the data show a symmetrical distribu-
tion (Dormann 2013).

3 � Results and discussion

3.1 � Mass loss by fungal decay (ML)

The mass loss (ML) data from the basidiomycete tests 
according to EN 113–2 (2021) are summarized in Table 3. 
The ML of all control species by C. puteana was well above 
30% and T. versicolor caused more than 20% ML on the 
two hardwood species. Hence, the entire test was considered 
valid. Unexpectedly, the preservative treated specimens were 
heavily degraded by C. puteana. Solely at the double con-
centration, their ML was below 3%, which is the threshold 
in efficacy tests according to EN 113–1 (2021). Significant 
ML by T. versicolor occurred only on beech wood treated 
at 0.25 × concentration, although hardwoods are generally 
considered more susceptible to white rot compared to brown 
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rot fungi (Schmidt 2006; Zabel and Morrell 2012). The ML 
of DMDHEU treated wood decreased with increasing WPG 
(Fig. 2). At 50% WPG the ML was well below 3% for all 
four wood species. Generally, ML of DMDHEU treated soft-
wood was lower compared to hardwoods at a given WPG. 
Both findings coincided with previous studies, e.g., by Boll-
mus (2011) and Emmerich et al. (2021).

The ML of all five untreated timbers after exposure to 
unsterile soil was above 30% (Table 4). The ML of the Scots 

pine sapwood references was even close to 80%, which indi-
cates that soft rot decay did not occur exclusively (Edlund 
and Nilsson 1998). However, as exemplarily shown in Fig. 3 
both softwood and hardwood specimens were attacked by 
soft rot fungi as well. Furthermore, the reference specimens 
were so badly decayed that bending testing was not possible 
(Fig. 3) not at least because the remaining cross section could 
not be determined accurately anymore. The MOE loss of 
untreated groups of references was therefore rated as 100%.
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Fig. 2   Interrelationship between the treatment intensity and mass loss by fungal decay. (a) weight percent gain of DMDHEU treated wood, (b) 
wood preservative concentration ratio of preservative treated wood

Table 4   Mass loss and loss of 
modulus of elasticity (MOE 
loss) after 16 (hardwoods), 
and 32 weeks (softwoods) 
respectively, of exposure to 
unsterile soil in soil bed tests 
according to CEN/TS 15083–2 
(2005)

Material Mass loss [%] MOE loss [%]
Median Mean SD x Median Mean SD x

P.a. reference 64.60 63.09 9.42 0.81 100.00 100.00 0.00 1.00
F.s. reference 31.23 31.66 6.57 1.00 100.00 100.00 0.00 1.00
F.s. Cu 0.25x 23.04 23.56 4.46 0.74 40.52 42.23 12.48 0.41
F.s. Cu 0.50x 10.19 10.33 3.76 0.33 100.00 67.26 35.68 1.00
F.s. Cu 1.00x 2.70 3.00 1.08 0.09 3.80 3.22 20.53 0.04
F.s. Cu 2.00x 3.10 3.09 0.31 0.10 -0.21 -4.86 16.59 -0.00
F.s. D 20% 9.40 10.16 2.56 0.30 31.25 32.01 5.71 0.31
F.s. D 30% 7.10 7.50 1.90 0.23 23.94 24.28 5.79 0.24
F.s. D 50% 5.33 5.59 1.56 0.17 21.34 19.60 6.79 0.21

P.n. reference 52.47 55.47 16.69 1.68 100.00 100.00 0.00 1.00
P.n. Cu 0.25x 6.59 8.31 5.24 0.21 9.87 15.86 18.06 0.10
P.n. Cu 0.50x 1.83 2.06 0.64 0.06 -2.88 -2.54 8.03 -0.03
P.n. Cu 1.00x 1.74 1.81 0.44 0.06 0.94 1.13 6.39 0.01
P.n. Cu 2.00x 2.50 2.58 0.40 0.08 -0.26 0.92 7.02 -0.00
P.n. D 20% 6.50 5.55 10.80 0.21 25.98 25.06 10.07 0.26
P.n. D 30% 5.09 4.91 1.29 0.16 24.10 23.66 5.87 0.24
P.n. D 50% 3.04 3.03 0.81 0.10 11.56 10.94 6.84 0.12

P.s. reference 79.37 78.63 8.96 1.00 100.00 100.00 0.00 1.00
P.s. Cu 0.25x 20.96 22.21 6.79 0.26 56.68 59.33 14.60 0.57
P.s. Cu 0.50x 6.79 7.06 1.79 0.09 29.23 30.17 11.45 0.29
P.s. Cu 1.00x 4.23 4.35 0.58 0.05 13.97 14.59 7.94 0.14
P.s. Cu 2.00x 5.86 5.81 0.44 0.07 17.01 17.53 8.06 0.17
P.s. D 20% 0.96 1.02 0.67 0.01 8.57 9.97 5.69 0.09
P.s. D 30% 1.10 1.05 0.35 0.01 7.93 7.90 3.41 0.08
P.s. D 50% 1.19 1.17 0.29 0.02 16.07 14.65 9.28 0.16

P.r. reference 66.49 64.97 17.54 0.84 100.00 100.00 0.00 1.00
P.r. D 20% 0.95 1.03 0.69 0.01 10.48 11.06 4.58 0.11
P.r. D 30% 0.63 0.76 0.40 0.01 8.24 8.76 4.72 0.08
P.r. D 50% 0.87 0.87 0.22 0.01 8.05 8.28 4.04 0.08
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Fig. 3   Untreated specimens 
after 16 (hardwoods), and 
32 weeks (softwoods) respec-
tively, of exposure to unsterile 
soil in soil bed tests according 
to CEN/TS 15083–2 (2005)

Norway spruce Beech Poplar Scots pine Radiata pine

Generally, ML decreased with increasing preserva-
tive concentration and WPG respectively (Fig. 2), except 
against C. puteana. The latter caused slightly increasing 
ML up to a concentration of 1.00x before it dropped sig-
nificantly. However, the ML of preservative treated beech 
and Scots pine sapwood wood was still above 3% even 
at the double concentration. Solely, the poplar specimens 
treated at 0.50, 1.00, and 2.00x showed ML below 3%. The 
DMDHEU treated hardwoods showed ML above 3% even 
at the highest WPG. In contrast, the DMDHEU treated 
softwood showed ML below 2% independent of the WPG. 
Similarly, Verma et al. (2009) reported about higher dura-
bility of DMDHEU treated softwoods at a given WPG 
compared to hardwoods.

The relationship between ML and MOE loss was not 
well pronounced – most likely due to variation of MOE 
and additional impacts on MOE such as the treatment with 
DMDHEU and the copper salt themselves (Xie et al. 2013; 
Yuan et al. 2013; Humar et al. 2015).

Relative ML and MOE loss were calculated as x-values 
for all tested materials (Table 4) and afterwards used for 
durability classification as described and discussed below. 
The MOE loss of the reference species was rated as 100% 
although they showed ML between 31 and 79%. Conse-
quently, the differences in decay intensity cannot be reflected 
by the MOE loss figures for calculating x-values. Thus, a 
systematic error came into play.

3.2 � Decay rates in field tests

As expected, the decay rates in soil contact field tests were 
remarkably higher compared to those in above-ground 
tests (Fig. 4). The untreated hardwood control specimens 

in soil contact failed after two years of exposure and the 
softwood controls after three and five years respectively. 
In contrast and unexpectedly, none of the softwood above-
ground control specimens showed decay after five years, 
and the average decay rating of the hardwood control spec-
imens was between 1 and 2. Hence, the results from the 
above-ground bundle test has not been used for durability 
classification yet.

In soil contact, the preservative treated wood decayed 
more rapidly than the DMDHEU treated wood. In contrast, 
only DMDHEU treated beech specimens showed some decay 
above ground. The decay rates after five years of exposure 
were used to calculate durability factors f as a basis for a 
durability classification (Table 5).

3.3 � Durability classes

After five years of exposure in soil contact, the reference 
specimens made from four different wood species had 
failed. Hence, the graveyard durability test according to 
EN 252 (2015) was considered valid. In contrast, the refer-
ence specimens in the above ground bundle-tests were on 
average still below a decay rating of 3.0, and therefore only 
a preliminary durability classification has been conducted 
for these tests. Similarly, the very high decay activity of the 
Goettingen North campus in-ground field, and the compar-
atively low decay hazard in above-ground situations at the 
same test site has been shown in previous studies (Augusta 
2007; Welzbacher and Rapp 2007; Alfredsen et al. 2017; 
Brischke et al. 2023a). Durability factors f were calculated 
for both tests (Table 5) and used for durability classifica-
tion (Table 6). Even if it is only a preliminary classification 
so far, it became evident that not only the decay rate was 
higher in soil contact, but also the durability as a relative 
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measure was lower in soil contact. Similar observations 
were previously made by Brischke et al. (2009, 2021) and 
Emmerich et al. (2020).

In its initial version, EN 350 referred to durability 
classes, which were based on graveyard test results, e.g., 
at the BRE (Building Research Establishment) test site in 
Princess Risborough, in Buckinghamshire, England. Con-
sequently, one may consider DCs based on EN 252 (2015) 
data as a reference. All other ways of assigning DCs (see 
Table 6) led to some extent to deviations from those based 
on EN 252 (2015). Those based on EN 113–2 (2021) dif-
fered most, i.e., by 34–37 classes for all tested materials. 
Those based on CEN/TS 15083–2 (2005) are more similar 
to the EN 252–derived DCs, i.e., a difference by 13–20 
classes. The highest accordance was found between EN 
252-derived DCs and those based on ML in soil-bed tests 
using the inverse EN 252 x-value ranges for assignment of 
DCs. Generally, the use of inverse EN 252-derived x-values 

led to an improved accordance with the EN 252-derived 
DCs. A comparison between EN 113–2-derived DCs and 
those based on Bundle test results was not possible yet, but 
will also be interesting after a longer exposure period.

Provided that laboratory tests should serve to predict 
in a shorter time and under defined conditions what can 
be expected under field conditions in the long term, an 
adjustment to the current classification system appears to 
be appropriate. First, due to different wetting regimes and 
dominating decay types between soil and non-soil expo-
sures, one needs to differentiate between lab and field test 
that refer to use classes (UC) 3 and 4 (EN 335, 2013). Sec-
ondly, the technical and mathematical procedures for classi-
fying durability need to be as similar as possible when using 
laboratory and field methods to assure the highest possible 
accordance between DCs based on different test methods. 
Currently, neither of the two requirements mentioned is 
fully met by the relevant European standards.
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Table 5   Durability fac-
tors (f-values) based on 
results from field tests

Material EN 252 
test

Bundle 
test

P.a. reference 1.51 1.95
F.s. reference 1.00 1.00
F.s. Cu 0.25x 4.13 ∞
F.s. Cu 0.50x 7.11 ∞
F.s. Cu 1.00x 11.96 ∞
F.s. Cu 2.00x 16.84 ∞
F.s. D 20% 10.44 ∞
F.s. D 30% 21.15 ∞
F.s. D 50% 21.15 ∞

P.n. reference 1.00 1.00
P.n. Cu 0.25x 10.44 ∞
P.n. Cu 0.50x 13.98 ∞
P.n. Cu 1.00x 13.98 ∞
P.n. Cu 2.00x 13.98 ∞
P.n. D 20% 16.84 ∞
P.n. D 30% 21.15 ∞
P.n. D 50% 21.15 ∞

P.s. reference 1.00 1.00
P.s. Cu 0.25x 1.67 ∞
P.s. Cu 0.50x 2.53 ∞
P.s. Cu 1.00x 3.82 ∞
P.s. Cu 2.00x 3.04 ∞
P.s. D 20% 7.45 ∞
P.s. D 30% 7.45 ∞
P.s. D 50% ∞ ∞

P.r. reference 0.75 1.00
P.r. D 20% 7.45 ∞
P.r. D 30% ∞ ∞
P.r. D 50% ∞ ∞

Table 6   Durability classification 
based on results from different 
laboratory and field tests using 
different measures and ranges 
of relative values (i.e., xand 
f-values). ML = mass loss, 
MOEL = loss of modulus of 
elasticity; DC = durability class

EN 113-2 CEN/TS 15083-2 EN 
252

Bundle 
test

DC 
(MLmed)

DC
(x)

DC
(x)

DC
(f)

DC
(f)

x-value range 
(Table 1) MLmed/

30%
EN 252 
inverse MLmed

EN 252 
inverse MOELmed

EN 252 
inverse

Material
P.a. reference 5 4 5 5 4 5 5 4 4
F.s. reference 5 5 5 5 5 5 5 5 5
F.s. Cu 0.25x 5 4 5 4 4 3 3 2 1
F.s. Cu 0.50x 5 5 5 3 2 5 5 1 1
F.s. Cu 1.00x 5 5 5 1 1 1 1 1 1
F.s. Cu 2.00x 1 1 1 1 1 1 1 1 1
F.s. D 20% 4 4 4 3 2 3 2 1 1
F.s. D 30% 3 3 3 3 2 3 2 1 1
F.s. D 50% 1 1 1 2 1 3 2 1 1

P.n. reference 5 4 5 5 5 5 5 5 5
P.n. Cu 0.25x 4 4 4 3 2 1 1 1 1
P.n. Cu 0.50x 5 4 5 1 1 1 1 1 1
P.n. Cu 1.00x 5 4 5 1 1 1 1 1 1
P.n. Cu 2.00x 1 1 1 1 1 1 1 1 1
P.n. D 20% 3 2 2 3 2 3 2 1 1
P.n. D 30% 1 1 1 2 1 3 2 1 1
P.n. D 50% 1 1 1 1 1 2 1 1 1

P.s. reference 5 5 5 5 5 5 5 5 5
P.s. Cu 0.25x 5 5 5 3 2 4 4 4 1
P.s. Cu 0.50x 5 5 5 1 1 3 2 3 1
P.s. Cu 1.00x 5 5 5 1 1 2 1 2 1
P.s. Cu 2.00x 1 1 1 1 1 2 1 2 1
P.s. D 20% 1 1 1 1 1 1 1 1 1
P.s. D 30% 1 1 1 1 1 1 1 1 1
P.s. D 50% 1 1 1 1 1 2 1 1 1

P.r. reference 5 4 5 5 5 5 5 5 5
P.r. D 20% 1 1 1 1 1 2 1 1 1
P.r. D 30% 1 1 1 1 1 1 1 1 1
P.r. D 50% 1 1 1 1 1 1 1 1 1

4 � Conclusion

In this study, the durability of preservative-treated and 
chemically modified wood was determined on the basis of 
different test methods in laboratory and field as well as dif-
ferent assessment and calculation methods. The following 
can be concluded from the results of the different decay tests 
within this study:

•	 Durability classes differ not only between tested materi-
als, but depend also on the applied test, assessment, and 
calculation method. The use of relative values (x-values), 
i.e., ML or MOE loss data compared with a non-durable 
reference material can help to harmonize the classifica-
tion and make DCs more comparable.

•	 Since some test methods deliver positive measures, such 
as the lifetime of specimens, and others reveal negative 
measures, such as ML and MOE loss, the use of inverse 
x-values is required.

•	 The use of relative values can also help to reduce the effect 
of varying virulence of test fungi, activity of test soil sub-
strates, and the climate-induced hazard of test sites.

•	 Future comparative tests and the meta-analysis of exist-
ing test data on untreated and differently treated timber 
shall help to validate the findings from this study and to 



European Journal of Wood and Wood Products	

improve the current set of European test and classifica-
tion standards, in particular with respect to their power 
to predict the real outdoor performance of wood.
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