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Introduction

In China, wood has been utilized since an-
tiquity as building material for civil and cul-
tural heritage architecture. Especially in the
South of the country, Chinese fir (Cunning-
hamia lanceolata [Lamb.] Hook.) was often
the timber species chosen to this aim (Que
et al. 2017). Indeed, Chinese fir is a fast-
growing straight tree whose content in ex-
tractives confers to the wood a good natu-
ral durability (Lu et al. 1987, Chen et al.
2017).

At present, in the country the perfor-
mance of the materials used for historical
building construction and the structural
and mechanical behaviour of the wooden
buildings are determined principally during
emergency reparations and strengthening
research projects. Instead, it would be
highly desirable to assess the performance
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The relationship between the mechanical properties of Cunninghamia lanceo-
lata (Chinese fir) wood and the development of fungal decay was investigated
with the aim of implementing a statistical model useful as a non-destructive
and a fast method for determining the state of conservation of in-service tim-
ber structures. Artificial decay due to brown rot fungi was induced on wood
specimens and physical and mechanical test were performed periodically, as
well as anatomical observation of wood, FT-IR spectroscopic and XRD diffrac-
tion analysis. As a result, Chinese fir was confirmed to have a good durability
against fungi, showing a mass loss percentage of 7.21% on average after 14
weeks of exposure. On the contrary, the mechanical properties reduced dra-
matically during the decay test: a 19% decrease was observed for compression
strength and 21% for tensile strength. The mechanism of decay was explored
and the corresponding damage constitutive model was proposed.
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of wood based on the knowledge of both
the inherent durability and the climatic
conditions (climate and microclimate)
where the building is placed. This can also
help planning the proper interventions of
maintenance during the service life (Teo-
dorescu et al. 2016).

The aim of this study is to find the rela-
tionships between the mechanical proper-
ties of Chinese fir wood and the develop-
ment of fungal decay, aimed at the imple-
mentation of a statistical model useful as a
non-destructive and a fast method for de-
termining the state of conservation of in-
service timber structures.

In the past, Wilcox (1978) reviewed the
effect of the early decay on wood strength
and reported that, referred to brown rot
decay on softwood, toughness and impact
bending decreased of 60-80% when the
fungal decay, measured as mass loss per-
centage was around 5-10%. Later, Winandy
& Morrell (1993) found a linear relationship
between the weight losses due to brown
rot and the bending strength losses in Dou-
glas fir (Pseudotsuga menziesii). A drastic
decrease in bending strength and modulus
of elasticity (MOE) was observed in Scots
pine during the initial phase of decay and
this change was exponential: a 50% de-
crease in bending strength for 7% of mass
loss in the case of brown rot and 20% for
white rot; MOE values were reduced by
about 50% in the case of white rot for a
mass loss of 40%, while for brown rot a 50%
decrease in MOE was found after a mass
decrease as low as 20% (Witomski et al.
2016). Looking at these findings, other au-
thors proposed to use wood MOE as an in-
dicator of rot-fungal attack, and the results
showed actually that it is a sensitive and re-
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liable indicator of rot-fungal attack, regard-
less of fungus or wood species. The MOE
analysis of untreated wood reduced the 12-
to 16-week exposure time necessary for
the standard mass loss measurement to
four weeks (Ma et al. 2017).

In the same context, Chen (2011) per-
formed accelerated decay tests on Chinese
fir by brown rot Gloeophyllum trabeum,
finding that, when the wooden mass loss
rate was 1.35%, 5.03% and 10.12%, the tensile
strength parallel to grain of the decayed
specimens was reduced of 5.52%, 13.21% and
29.86% respectively. He also found a rela-
tionship among decay, wooden chemical
components and the corresponding me-
chanical strength and suggested that
brown-rot fungus reduced the wooden
strength for cellulose’s depolymerization
by combining the evidences found through
the FT-IR spectroscopy, the electron-scan-
ning microscope, and the X-ray powder dif-
fraction techniques (Chen 2011). Cowling
(1961) added that, even when the wooden
mass loss rate is low, brown-rot fungus can
reduce the wooden degree of polymeriza-
tion rapidly (from 1800-2000 to 150-200
glucose units). Moreover, Curling et al.
(2002) explored the relationship between
the degradation of hemicelluloses and the
reduction of wooden mechanical strength,
i.e., the reduction of arabinose and galac-
tose can be associated to an early mechani-
cal strength decrease (up to 40%), whereas
the reduction of mannose and xylan can be
observed when the mechanical strength
loss is over 40%. Contrastigly, Pizzo et al.
(2016) demonstrated that the strength re-
duction is imputable to both the mass loss
occurred in the wood and the different
chemical composition between fresh and
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decayed material; namely, the residual
strength of the wood is strongly associated
to the effective content of holocellulose.

Little research has been done on the de-
velopment of a constitutive model for de-
cayed wood. Tagarielli et al. (2005) imple-
mented a constitutive model of undam-
aged wood and developed the correspond-
ing formulations. Wang (2015) divided the
constitutive model into two stages, and
simplified them to a linear equation. Work-
ing with aged wood, Yokoyama et al.
(2009) found that the ultimate flexural ca-
pacity, rupture energy and fracture strain
limits were all lower than those of the orig-
inal wood, whereas the elastic limit strain
was higher. Furthermore, Li (2009) estab-
lished the aged wooden strength formula-
tion and suggested a calculation method
for degenerated strength of timber struc-
tural element by comparing aged and fresh
Cathay poplar. Finally, it was recently re-
ported that multivariate analyses of bio-
chemical and physic-chemical data allowed
the prediction of wood strength with accu-
racy, validated by experimental measure-
ment of the compression parallel to the
grain (Kleindienst et al. 2017).

In this paper, the relationship between
different degrees of wood decay and the
corresponding mechanical properties has
been explored and a model for fungal de-
cayed Chinese fir was proposed. At the
same time, the deterioration mechanism of
wood decay was investigated by combin-
ing the FT-IR, electron-scanning micro-
scope, and XRD analysis.

Material and methods

Specimen preparation

Cunninghamia lanceolata (Chinese fir) 30-
year-old trees were sampled from Jiangxi
(27 ° 44’ 32" N, 114° 39’ 13" E). Totally, 10
logs (average diameter of 24 cm) were col-
lected from the forest according to the Chi-
nese standard GB/T1927-2009, which pro-
vides the methods to sample trees for
physical and mechanical characterization
of the wood. Briefly, the sampled trees had
a normal growth, without visible defects
and with round and straight trunks; no
samples from neighbouring trees were col-
lected.

The wood specimens were then prepared
from the logs according to the pattern pro-
vided in the Chinese standard GB/T1929-
2009 (NTC-TSA 20093, 2009b). Two sets of
specimens were prepared, one for com-

pression tests parallel to the grain and the
other for tensile tests parallel to the grain.
The laths for preparing the specimens
were sawn from well-chosen logs following
the sawing pattern described by the Chi-
nese standard (GB/T1929-2009). The sec-
tion size of finish-cutting specimen for
compression tests was 20 x 20 mm, while
the corresponding height of specimen par-
allel to the grain was 30 mm. The minimum
section size of the effective part of each
specimen for tensile test was 15 x 4 mm.
Only specimens clear from defects such as
pith, cracks, knots and local grain deviation
were kept for the study. For each speci-
men, the ring number, density, location
within laths and log were recorded.

Decay induction

The fungus Gloeophyllum trabeum Murr.
was cultivated by the Institute of Microbi-
ology of Chinese Academy of Sciences (Bei-
jing, China), according to the Chinese stan-
dard GB[T1394 2.1-92 (NTC-TSA 2009c),
which describes the laboratory test
method for determining the natural dura-
bility of wood.

At first, the culture dishes inoculated
with the fungus were put into electro-heat-
ing standing-temperature cultivator for
one week; the related wood specimens
were sterilized in a high-pressure steam
sterilization pot in which the normal tem-
perature is 138 °C. The sterilized specimens
were then put in contact with the fungus
hyphae, maintained in a climatic chamber
(T =28 +2°C; RH = 75-85%) and checked pe-
riodically.

A pre-test was performed to assess the
time needed for the mycelium to degrade
Chinese fir wooden specimens. Lin et al.
(2009) observed a reduction of mechani-
cal strength of 50% already at an early
stage of decay (less than 10% of mass loss).
According to the pre-test results and the
findings by Lin et al. (2009), the mechanical
tests (described below) were performed
every 2 weeks, starting from the sound
specimens (time o, before any contact with
the fungus) up to 14 weeks after inocula-
tion.

Measurements and tests on decayed
specimens

The measurements and the tests per-
formed are summarized in Tab. 1. Accord-
ing to the goals of investigation, ring num-
ber, density and the location of each speci-
men within lath and log, wooden speci-

Tab. 1 - Number and type of specimens used for different tests. (N): Replicates per
decayed period; (1): “compression type” specimen; (2): “tensile type” specimen.

Group Test Specimen type N
1 Mass loss 1 3x8
Compression parallel to the grain, Chemical
2 - 1 6x8
components and cellulose crystallinity
3 Tensile parallel to the grain 2 6x8
4 Anatomical observations 1 1x8
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mens were arranged into four different
groups: group 1 for the calculation of the
mass loss, groups 2 and 3 for the chemical
and mechanical tests, and group 4 for
anatomical observations (Tab. 1).

Before the tests, all the specimens were
kept in the constant temperature-humidity
chamber (T = 20 = 2°CG; RH = 60-70%); all
specimens were marked and weighted.
Only the specimens aimed to the calcula-
tion of the mass loss were formerly dried in
the oven (T = 100 * 5 °C) to determine the
anhydrous weight and then put in the con-
stant temperature-humidity chamber again
to reach the equilibrium moisture content.
Afterwards, specimens were inoculated
with the fungus and put at constant condi-
tions (T = 28 £ 2 °C; RH = 75-85%) for the
scheduled period according to the test
scheme.

At the end of each planned decay period,
3 specimens ‘“compressive type” were
took out from the chamber, cleaned from
superficial mycelium, dried in the oven (T =
100 * 5 °C), and weighted. The mass loss
was calculated as (eqn. 1):

_MI_MO

= . 1
Y w=—pr 100 Q)

0

where y, is the mass loss of the specimen;
M, is the dried mass of the specimen after
inoculation; M, is the dried mass of the
specimen before the test.

At the same time, 6 specimens for each
decay period from group 2 and 3 were at
first conditioned at T =20 + 2 °C and RH =
60-70% until constant mass, then under-
went mechanical and chemical analysis.

The specimens “compression type” un-
derwent the compression test and finally
the determination of chemical composition
and cellulose crystallinity.

The mechanical tests were performed us-
ing a universal testing machine (WDW-
20KN®, HST, Jinan Hensgrand Instrument
Co., Jinan, China) with an accuracy of 10 N.
The compressive load was applied slowly
with a loading rate between 200 and 300
kPa per second, in order to reach the fail-
ure within 1.5-2.0 minutes. Compression
strength parallel to grain was calculated as
the load at failure divided by the cross
specimen area measured at the testing
time. Compression modulus of elasticity
(MOE) was determined in the straight line
portion of the load-deformation curve.

The modifications of the chemical compo-
sition after the compression test were ana-
lysed by FT-IR spectrograms (infrared spec-
troscopic analysis), using the infrared spec-
trometer Varian® 670-IR+610-IR (Agilent,
Santa Clara, CA, USA). For each decay pe-
riod, 3 specimens “compression type”
were chosen randomly and put into the
oven up to their dry condition, then ground
to powder and briquetted to the transpar-
ent ingot by potassium bromide pellet
technique, so that the FT-IR spectrograms
could be obtained.

The cellulose crystallinity was measured
by D8 Advance X-ray Powder Diffractome-
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ter (Bruker, Billerica, MS, USA). The pow-
der was scanned by the XRD in the scan
range 5-45° and at the 0.1° sec” scan speed
in triplicates.

As for the specimens of group 3, six speci-
mens per decay period were tested in ten-
sion parallel to the grain using the same
machine described above for the compres-
sion tests. The two ends of the specimens
were clamped in the grips of the testing
machine so that the wider side was in con-
tact with the grips and at a distance of at
least 20-25 mm from the gauge portion.
The specimens were mounted vertically.
The load was applied slowly with a loading
rate between 200 and 300 kPa per second.
Tensile strength parallel to grain was calcu-
lated as the load at failure divided by the
cross area of the gauge portion measured
at the testing time; tensile modulus of elas-
ticity was determined in the straight-line
portion of the load-deformation curve.

Finally, one specimen “compression
type” per each decay period was kept for
the anatomical analysis, performed by an
environmental scanning electron micro-
scope (XL-30 ESEM, FEI/Philips, Hillsboro,
OR, USA). A transverse section (1 mm
thick) was cut from the decayed surface of
the specimens, polished and observed by
the ESEM.

Data analysis and definition of Decay
Constitutive Model (DCM)

Data analysis
The results of mechanical tests were used

Fig. 1 - Changes in anatomi-
cal characteristics of a Chi-
nese fir wood specimens
inoculated with the fungus
Gloeophyllum trabeum at
several stages of decay (o,
4, 8, and 14 weeks after
inoculation).
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Properties of Chinese fir wood decayed by brown rot

to calculate the loss of mechanical perfor-
mance as the ratio between the mechani-
cal property of sound specimens (before
the inoculation with fungi) and the same
property measured at several times along
the decay period. The loss of performance
was related to the mass loss, hereafter in-
dicated as ‘“decay ratio”. The values were
fitted with linear and polynomial regres-
sion.

Definition of DCM

The stress-strain curves of each specimen
were obtained directly during the mechani-
cal test. Thus, the average stress-strain
curve of specimens of each decayed condi-
tion for compression and tensile tests were
calculated. The DCM consisted of the aver-
age stress-strain curves of 8 different de-
cayed condition for “compressive type”
and “tensile type”.

Results and discussion

Artificial decay

After decay induction, the mass loss rate
at each decay period was calculated and
the results are shown in Tab. 2. These re-
sults confirmed the good natural durability
of Chinese fir against rot fungi (Lu et al.
1987, Chen et al. 2017), since after 14 weeks
of exposure to fungal attacks, the wood
material lost only 7.21% of its mass, on aver-
age.

The percentage of mass loss is hereafter
indicated as decay ratio (ym). The conse-
quent reduction in mechanical properties

Tab. 2 - Average mass loss of the wood
samples at different stages of decay
after inolculation.

Decay period Mass loss rate

(weeks) (%)
0 0
2 0.24
4 0.9
6 1.4
8 2
10 3.34
12 5.36
14 7.21

was analysed to establish the relationship
between the decay ratio and the loss of
performance of the material.

The anatomical analysis showed the evo-
lution of microstructure pattern of Chinese
fir wood. Some longitudinal anatomical pic-
tures of samples at 0, 4, 8 and 14 week of
fungal exposure are shown in Fig. 1. There
were no hyphens visible within the tra-
cheid walls at the beginning, but during the
first four weeks of degradation brown-rot
fungi spread into the wood and multiplied
rapidly, scattering around the pits and
spreading to other cells through pits. The
bordered pits seemed damaged, in facts
most of the torus disappeared. At this
stage, apparently only bordered pits
showed traces of the attack, while fungus
did not degrade the cell wall seriously. Af-
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Fig. 2 - FTIR spec-
trogram of the
specimens for o
(A), 6 (B), 14 (C)
weeks of con-
tact with brown
rot fungi.
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ter 8 weeks, there was mass hyphae within
the lumina of the tracheids and the hyphae
had invaded and damaged the cell walls. At
the same time, the mass and the mechani-
cal properties of those specimen decrease
rapidly. After 14 weeks, the tracheid walls
appeared decayed and damaged, even if
the mass loss was less than 10%. According
to the literature (Eaton & Hale 1993),
brown rot fungi mostly depolymerize the
holocellulose, causing the reduction in the
strength and elastic property of wood,
though the mass loss was below 10% (Pizzo
etal. 2016).

There is a wide scientific literature about
the use of infrared spectroscopic analysis
as a tool for deep investigations on the de-
cay of wood constitutive molecules by fun-
gal rot (Faix et al. 1991), through the evalu-
ation of the molecular interaction between
wood polymers and hydrogen bonding
within and between cellulose chains (Ma-
réchal & Chanzy 2000). Using FTIR and XRD
analysis, changes in the molecular struc-
ture and cell wall composition due to
brown rot attack can be studied (Fackler et

T T T T T T
1500 1400 1300 1200 1100

Wavenumbers ( cm™)

al. 2010, Durmaz et al. 2016). FTIR spectro-
grams (Fig. 2) of the specimens at o, 6, 14
weeks of decay period revealed that the
peaks at 1156 cm” (C-0-C), 1106 cm™ (C-OH),
and 1058 cm™ (C-0), which are correspond-
ing to holocellulose bonds, decreased with
increasing the degradation by fungi. In par-
ticular, the intensity dropped more rapidly
after 6 weeks. This is due to the fact that in
the initial decay period, the fungus feeds
on the nutriment of culture medium and
wooden cell; but after 6 weeks, when the
agar nutrients are exhausted, the fungus
degrades more intensely the cell wall, lead-
ing to the reduction of the mass and me-
chanical properties. Moreover, the peak at
1511 cm™ (C=C), corresponding to lignin, did
not change so much during the experi-
ment. Therefore, the chemical analysis con-
firmed that the cellulose and hemicellulose
were degraded by the fungus, whereas the
lignin was less degraded, as expected by a
brown rot agent (Eaton & Hale 1993). On
the opposite, the intensity of 1371 cm™ (C-H,
associated to polysaccharide), 1469 cm™ (C-
H, associated to lignin) peaks did not

change so much during the test, which is in
agreement with the findings by Witomski
et al. (2016). Compared to the decayed
wood in the waterlogged conditions (Lin et
al. 2009, Pizzo et al. 2015), the intensity of
1370 cm™ (C-H), 1158 cm™ (C-0-C), and 1104
cm™ (O-H) was decreased, while the 1733
cm’ (C=0) was also decreased, which is
contrasting with out results. This may be
due to the fact that the wood here was
less decayed out and in different condi-
tions.

The XRD diffraction analysis of the speci-
mens after o, 6, 10, 14 weeks of exposure
to fungi degradation revealed that the cel-
lulose crystallinity decreased rapidly during
the test. The peak dropped more rapidly in
later periods, because at that time the
fungi all survived depolymerizing cellulose
and hemicellulose, as already detected by
FTIR analysis.

Mechanical properties

The relationship between mechanical per-
formances (strength and modulus of elas-
ticity) and relative decay ratio was fit based
on the test data (Fig. 3, Fig. 4). As ex-
pected, both compressive and tensile prop-
erties decreased with increasing the decay
rate. The loss of strength properties, both
tensile and compressive, can be described
as merely constant with the development
of degradation by fungi. A linear relation-
ship between mass loss and strength prop-
erties was found for Douglas fir in bending
(Winandy & Morrell 1993) and for Scot pine
in compression (Witomski et al. 2016),
while for the last species, the relationship
between bending strength and mass loss
was better described by an exponential
function (Witomski et al. 2016).

After 14 weeks there was 7.21% of mass
loss. Correspondingly, the compression
strength decreased by 19.1% and the tensile
strength by 21%. The results are consistent
with previous similar analysis on Chinese fir
wood (Chen 2011). On the contrary, elastic
properties were better described using

80— Compressive strength 9- Compressive elastic modulus
X Tensile strength ]| X Tensile elastic modulus
o Xx X 20206715 -3.45068x+69.64807 8 y=(-123122E -4) x*+0.01681x”-0.2151x +6.77884
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4 ;é & e
_ 60 | CE
& @, 5 1 X
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Fig. 3 - Relationship between decay and compressive or tensile

strength parallel to the grain.
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Fig. 4 - Relationship between decay and compressive or tensile
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polynomial regression (Fig. 3, Fig. 4); both
compression and tensile elastic moduli de-
creased more rapidly until the 10" week of
fungus exposure, after which the reduc-
tion in stiffness showed a smaller rate. At
the end of the experiment, the modulus of
elasticity in compression and tension de-
creased by 24.6% and 10.6%, respectively.

Decay Constitutive Model (DCM)

A constitutive model describes the stress-
strain (o-€) relationship of a material. It is a
key attribute, which is applied for struc-
tural analysis. The stress-strain curves were
obtained during the mechanical tests. Fig.
5 shows the average curve for all the 8 de-
cay periods.

The constitutive model followed the basic
relationships of wood material. In order to
reflect the influence of the different decay
grade on the stress-strain relationship, the
decay ratio of the specimens along the en-
tire experiment was included in the model.
The decay ratios and the stress-strain
curves observed in the mechanical tests
were used to establish the mechanical de-
generated rule in the so called Decay Con-
stitutive Model. The model obtained is the
following (eqgn. 2):

£<e,:—682.68y, £+190.603 £ —42.361
£,<e<e,: —(1338.7y,+1589) e+
(90.193 y, +15437) e+
147y,+1.52
£,<£<0:38435y2 ¢ —7025y, £ +966.88 ¢
O<e<ey: — 18808y ,e+6611.2¢

o=

Here, yn is the decay obtained from eqgn. 1
(mass loss) and the values of ¢, €, and ¢,
were calculated as follows (eqn. 3):

£,=—0.19y,—0.0469
£,=0.013y,—0.005 3)
£,=0.009y +0.01

The model can be divided into four
phases: when the values of strain and
stress are positive, the wood material is in
the stage of tension: (1) the relationship of
o-¢ follows the elastic constructive relation.
When the values of strain and stress are
negative, the wood material is in the stage
of compression and the relationship of o-¢
present three kind of stages with different
features. That is, (2) &, < € < 0, the relation-
ship of o-€ follows elastic constructive rela-
tion; (3) € < € < &, the relationship of o-¢
follows elastic-plastic constructive relation;
(4) € < &, the relationship of o-€ follows
plastic constructive relation.

The model was based on the test data
with a decay ratio between 0 and 7.21%,
thus it should be applied for decay levels
lower than 7.21%.

From DCM, the specimen for compressive
strength parallel to grain were in the elas-
tic stage under invariable original loads. At
this time, the loads and the deformation
were kept in a linear stage. After it reached
the compressive yield stress, the specimen
can turn into the elastic-plastic stage.

iForest 12: 317-322
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—— 0 decay
——0.24% decay
——0.9% decay
—— 1. 4% decay
—— 2% decay
—— 3. 34% decay
——5.36% decay
——7.21% decay
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801
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o
n

stress( MPa)

-0.20

60~

Fig. 5 - Decay constitutive model of wood with incipient brown rot.

Lastly, it was the failure stage when it
reached the ultimate compressive strength
with the obvious residual strength. Com-
paring the stress-strain curves of different
decay situation, the ultimate compressive
strength decreases during the test, so did
the elastic modulus, and the decrease be-
came faster after 6 weeks of exposure to
brown rot fungus. However, the specimen
for tensile strength parallel to grain were in
the elastic stage under invariable original
loads, and then turn into the failure stage
when it reached the ultimate tensile
strength with no residual strength. Com-
paring the stress-strain curves of different
decay situation, the ultimate tensile
strength and elastic modulus both de-
crease during the test, and the decrease
became faster after 4 weeks of exposure
to the fungus.

Conclusion

The decay test revealed that the mean
mass loss percentage after 14 weeks was
7.21%, indicating that Chinese fir wood has
a good intrinsic resistance against brown
rot G. trabeum. The mechanical properties
decreased more dramatically than the
physical ones during the decay test: after
fourteen weeks of decay, the compressive
strength decreased by 19% and the tensile
strength by 21%. The relationship between
strength and mass loss can be described by
a linear function, while the relationship be-
tween the modulus of elasticity and decay
percentage is better described by a polyno-
mial function.

The cell wall is seriously damaged by fun-
gal rot, which drastically decreases hemi-
cellulose and crystalline cellulose content,
thus reducing the mechanical properties of
wood.

The constitutive model of the decay spec-
imen could be divided into four stages:
compressive elastic stage, compressive

elastic-plastic stage, compressive plastic
stage, tensile elastic stage.
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